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Single nucleotide variants in the open reading frames (ORFs) of pharmacogenes are important causes of interindividual vari-
ability in drug response. The functional characterization of variants of unknown significance within ORFs remains a major
challenge for pharmacogenomics. Deep mutational scanning (DMS) is a high-throughput technique that makes it possible
to analyze the functional effect of hundreds of variants in a parallel and scalable fashion. We adapted a “landing pad” DMS
system to study the function of missense variants in the ORFs of cytochrome P450 family 2 subfamily C member 9 (CYP2C9)
and cytochrome P450 family 2 subfamily C member 19 (CYP2€19). We studied 230 observed missense variants in the CYP2C9
and CYP2C190RFs and found that 19 of 109 CYP2C9and 36 of 121 CYP2C19variants displayed less than ~ 25% of the wild-type
protein expression, a level that may have clinical relevance. Our results support DMS as an efficient method for the identifica-
tion of damaging ORF variants that might have potential clinical pharmacogenomic application.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
With the increasing application of next generation se-
quencing (NGS) to known “pharmacogenes,” large num-
bers of open reading frame (ORF) “variants of unknown
significance” (VUS) are being identified. However, the
functional implications of those VUS remains unclear.
WHAT QUESTION DID THIS STUDY ADDRESS?

This study was designed to determine whether the ap-
plication of DMS might make it possible to determine the
functional effects of VUS that have been observed in the
ORFs of cytochrome P450 family 2 subfamily C member

Genetic polymorphisms in or near pharmacogenes are a
major cause of individual variation in drug response phe-
notypes,.1 Cytochrome P450 family 2 subfamily C member
9 (CYP2C9) and cytochrome P450 family 2 subfamily C
member 19 (CYP2C19) are genes that encode important
cytochrome P450 enzymes that catalyze the phase | bio-
transformation of a variety of therapeutic drugs, including
antiplatelet agents, selective serotonin reuptake inhibitors,
and proton pump inhibitors.?=° Several years ago, the Mayo
Clinic launched the RIGHT 1K study, in which next gen-
eration DNA sequencing (NGS) was performed with DNA
from 1013 Mayo Biobank participants to identify variants
in 84 pharmacogenes, including CYP2C9 and CYP2C19."6
However, many of the polymorphisms observed in those

9 (CYP2C9) and cytochrome P4540 family 2 subfamily C
member 19 (CYP2C19).

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The results of the study demonstrate that deep muta-
tional scanning (DMS) can be used to determine the func-
tional implications of ORF VUS in CYP2C9 and CYP2C19.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

The application of DMS to additional pharmacogenes
would potentially expand the accuracy and clinical utility
of the application of NGS to pharmacogenomics.

patients were variants of unknown significance (VUS).""8 In

a recent publication, we functionally characterized six novel
nonsynonymous open reading frame (ORF) variants in the
CYP2C9 gene and seven nonsynonymous ORF variants in
the CYP2C19 gene observed in DNA from participants in the
Right 1K study.® Conventional methods for the characteri-
zation of individual sequence variants “one-at-a-time” are
reliable, but they are also time-consuming, labor-intense,
and not easily scalable. As a result, only a limited number
of variants can practically be investigated in that fashion. To
help address this challenge, predictive algorithms, such as
Polyphen-2, SIFT, and PROVEAN, among others, represent
efforts to help identify deleterious variants, but their reliabil-
ity is variable and inadequate for clinical application.'®~"?
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Laboratory-based assays are still required to reliably in-
terpret the impact of ORF missense variants on protein
function. As a result, a significant gap remains in the func-
tional interpretation of the large number of missense VUS
being discovered as DNA sequencing is applied ever more
broadly. Deep mutational scanning (DMS) methods provide
a platform with which a large number of missense variants
can be interrogated in parallel.’®'* For example, Fowler
et al. developed a DMS assay for all possible variants in
clinically important genes, such as BRCA1, TPMT, and
PTEN, linking genotypes to functionally determined pheno-
types.'®'® Specifically, engineered “landing pad” HEK 293T
cells were used as a platform to integrate pooled variant li-
braries, resulting in one variant per cell for further functional
assessment.” DMS includes the creation of variant libraries
for a gene, selecting the library for function (e.g., resistance
to drug or fluorescence markers of protein quantity) and—
finally—high-throughput DNA sequencing of variants to link
them with the “activity” assayed in a functional test.

In our previous “one-at-a-time” functional genomic study,
we identified a series of missense variants in the ORFs of
CYP2C9 and CYP2C19 that resulted in decreased protein
expression as a result of proteasome-mediated degrada-
tion, presumably due to an alteration in protein folding. In
the present study, fluorescence-activated cell sorting (FACS)
was used as a selection mechanism for cells expressing
variant sequences (i.e., the cells were sorted according to
the abundance of reporter protein expression). We should
point out that saturation mutagenesis can also be used to
create a “saturation” library, including all possible mutations
for an ORF sequence in a single reaction, and that approach
has been applied in some previous DMS studies.'® However,
many of the variants created are unlikely to occur clinically.
Therefore, we applied a different mutagenesis approach,
nicking mutagenesis, to generate libraries that contained
human genomic variation known to be present in the general
population. Generation of variants by nicking mutagenesis is
not exhaustive, but it is much more efficient than the genera-
tion of mutants one at a time by site-directed mutagenesis.17

In the present study, we have used DMS to analyze the
functional implications of missense variants that have been
observed in the ORFs of CYP2C9 and CYP2C19, ORFs that
were fused to green fluorescent protein (GFP). Recombinase
was used to integrate the variant libraries into landing pad
cells, one per cell. Multiplexed functional selection performed
with FACS was then used to separate the cells into different
“bins” based on fluorescence readout at the single cell level.
Amplicon sequencing of DNA in each bin, followed by com-
putational analysis of the frequency of variants appearing in
each bin, was used to determine levels of protein expres-
sion. To identify potentially severely damaging variants for
these two important CYP pharmacogenes, we analyzed 230
observed missense variants in ORFs present in a publicly
available database consisting of exome sequencing data
for 60,000 general population subjects. We included genetic
variants with allele frequencies (> 0.00001) observed by the
Exome Aggregation Consortium (EXAC; http://exac.broad
institute.org/) as well as novel ORF VUSs from the Mayo
Right 1K and Right 10K projects.>®'® The RIGHT 1K sam-
ples served as a control because we had already studied
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them individually.® We found that 19 of 109 CYP2C9 and
36 of the 121 CYP2C19 missense variants that were stud-
ied displayed less than ~ 25% of the wild-type (WT) protein
expression, a level that might have clinical relevance.® We
also compared variant calling by the DMS method with the
predictions of computational algorithms and, finally, we val-
idated serverely damaging variants by the use of Western
blot analysis. Our findings suggest that DMS can be an ef-
ficient method for the high-throughput identification of low
protein abundance ORF variants that might have potential
clinical implications.

METHODS

Generation of landing pad HEK 293T cells

The landing pad construct and the promoter-less cas-
sette for CYP ORFs was created by Gibson assembly
(Supplemental Text). TALENs were used to create double
stranded breaks at the AAVS1 site and homology-directed
repair was used to introduce landing pad constructs into
HEK 293T cells.!® The landing pad construct expressed
doxycycline inducible blue fluorescent protein (BFP), which
was used as a selection marker for landing pad inser-
tion. Thirty percent of HEK 293T cells display hypotriploid
karyotypes,.19 The assay requires that a single variant be
integrated per cell. Single cells were sorted into each well of
a 96-well plate for cloning. To identify which cells contained
a single landing pad, we used Bxb1 recombinase mediated
integration of a 1:1 ratio mixture of GFP and mCherry pro-
motor-less plasmids and analyzed fluorescence by flow
cytometry. Clones having the lowest percentage of both
GFP and mCherry were most likely to be candidate for fur-
ther assay. The attB-mCherry and attB-GFP plasmids were
transfected 24 hours after Bxb1 recombinase transfection,
and BFP induction by doxycycline. After 5 days, candidate
clones were trypsinized, washed with phosphate-buffered
saline, and were fixed in 4% formaldehyde at 4°C for 10 min-
utes. The cells were analyzed by flow cytometer FACS
CantoX (BD Biosciences, San Jose, CA) and by the use of
FACSDiva version 8.0 software and Flowjo software version
10 (BD Biosciences). The FACS CantoX instrument utilizes
colinear 405, 488, and 561 nm lasers plus forward and side
angle light scatter. Fluorescence images of variants were
visualized using fluorescence microscopy (EVOS FLoid Cell
Imaging Station; Life Technologies, Waltham, MA).

Nicking mutagenesis for variant library preparation

Nicking mutagenesis methods were modified from
Whitehead et al. to construct variant libraries for ORFs
containing CYP2C9 and CYP2C19 missense variants.”
Nicking mutagenesis uses Nt.BbvCl and Nb.BbvCl sites
and exonuclease cleavage to degrade WT template DNA.
Nt.BbvCl enzyme with nicking endonuclease and exonucle-
ase digestion of WT template DNA was used to form single
stranded DNA. At the annealing step, five oligos carrying
the variant of interest were annealed separately to single
strand templates and then pooled with five reactions in one
pot, using high fidelity DNA polymerase and Taq ligase to
close the double strand. The second template strand was
degraded by Nb.BbvCl endonuclease cleavage and exonu-
clease digestion, and a new second strand was synthesized
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with a common primer on a cassette plasmid backbone.
Phosphorylated oligos for CYP2C9 and CYP2C19 variants
were purchased from IDT (Coralville, 1A). Sanger sequenc-
ing was used to validate the sequences of variant clones.
Detailed protocols are provided in the Supplemental Text.

Fluorescence-activated cell sorting

Library cells were washed, trypsinized, and resuspended
in phosphate-buffered saline containing 5% fetal bovine
serum. Cells were then sorted on an FACSAria with 407,
488, and 532 nm lasers (BD Biosciences) into four bins,
and the cells were collected in culture medium. BFP7/
mCherry* cells containing CYP2C9 or CYP2C19 variants
were flow sorted and grown for 5 days. BFP/mCherry* cells
were sorted again to determine the protein expression of
CYP2C9/CYP2C19 variants based on their GFP/mCherry
ratios. Gates were set based on GFP/mCherry ratios for
cells integrating known CYP2C9/CYP2C19 variants and
WT proteins as gating references. Four gates were set to
dissect the pooled libraries into four different bins based
on GFP/mCherry ratios. Data were analyzed by FACSDiva
version 8.0.1 software.

Variant calling

Variant frequencies were calculated by high-through-
put sequencing of the DNA collected in each sorted bin.
Genomic DNA was extracted from sorted cells using DNA
extraction kits (Qiagen) and amplicons were sequenced
as decribed in the Supplemental Text. Fastq files were
aligned with respective CYP2C9 and CYP2C19 refer-
ence sequences using BWA mem aligner version 0.7.15.
Samtools mpileup version 1.5 was used with a custom py-
thon script for single nucleotide variation calling. VarScan
pileup2indel version 2.3.9 was used for calling INDELS.
A base quality score cutoff of 20 and a mapping quality
score cutoff of 20 were applied for both single nucleotide
variation and INDEL calling. Custom scripts were used to
summarize the data and add allele frequencies at all po-
sitions in the reference sequence.Variant counts in each
bin were tabulated and each variant’s frequency in each
bin was calculated. The effects of variants were obtained
based on the frequency of variants in each bin.

RESULTS

Generation of landing pad cell lines

The landing pad construct was generated and a promotor-
less cassette was constructed with ORFs for CYP2C9 and
CYP2C19. The ORFs were fused to GFP as an indicator of
protein expression and mCherry, which was independently
expressed as a transfection control. The DMS assay
requires that only a single transgenetic cassette be inte-
grated per cell, which could be guaranted by having only
a single landing pad per cell (Figure 1a). To generate a
cell line that integrated only a single copy of the landing
pad, the landing pad construct was inserted into HEK 293T
cells and cells were selected by BFP. Single cells positive
for BFP were sorted into each well of a 96-well plate for
cloning. We observed different levels of BFP expression
among different landing pad clones, probably because
HEK 293T cells have been reported to have hypotriploid
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karyotypes.'® To identify a candidate clone with only a sin-
gle landing pad, we selected > 30 clones with low BFP
expression levels. We then tested those clones by using
bxb1 recombinase to integrate a mixture of 1:1 ratio GFP
only and mCherry only promotor-less plasmids (plasmid
sequences are shown in the Supplemental Text) into
landing pad clones, followed by flow cytometry analysis.
If a candidate clone contained only a single landing pad, it
would integrate either GFP or mCherry, but not both. For
clone 20, quadrant Q2 for the flow cytometry showed a
negligible percentage of cells with both GFP and mCherry
expression (Figure 1b). In addition, no overlay of green
and red was observed in the fluroscence image for clone
20, once again indicating that clone 20 had only a single
landing pad (Figure 1c). As a result, clone 20 was selected
for use in the following experiments. This system allowed
us to monitor variant protein expression in a high-through-
put fashion.

Effect of CYP2C9 and CYP2C19 variants on protein
levels

In our previous study, CYP2C9 218C>T, CYP2C9 343A>C,
CYP2C19*3 (636G>A), and CYP2C19 815A>G affected
final protein quantity, resulting in varying levels of de-
creased protein expression.9 In the present study, the
reporter consisted of a promoter-less cassette containing
the C-terminus of the CYP2C9 or CYP2C19 ORFs fused
to GFP. That construct was expressed once it was inte-
grated into landing pad cells to ensure one variant per
cell and the landing pad BFP was disrupted. Flow cytom-
etry analysis of BFP/mCherry* cells showed that known
“damaging” variants expressed significantly reduced lev-
els of GFP and lower GFP/mCherry ratios, indicating that
those cells expressed less protein. Mean GFP/mCherry
ratios of known damaging variants were compared with
those of WT proteins. The value for CYP2C9 218C>T
was 28.4%; CYP2C9 343A>C was 48.7%; CYP2C19*3
(636G>A) was 17.6%; and CYP2C19 815A>G was 61.2%
of the mean WT GFP/mCherry ratios, percentages that
were roughly identical with Western blot results that
we had previously reported (Figure 2a-c).® Next, we
created constructs for nonsynonymous variants with
allele frequencies > 0.00001 as reported by the Exome
Aggregation Consortium and by the Mayo Clinic Right
1K study and created variant libraries for CYP2C9 and
CYP2C19. Pooled variant libraries for both genes were
integrated into landing pad cells. Using already known
damaging variants for CYP2C9 and CYP2C19 as well as
WT constructs as references for FACS gating, the cells
were sorted into different “bins” based on GFP/mCherry
ratios (Figure 2d). Variants of CYP2C9/CYP2C19 with the
lowest GFP/mCherry ratios (< 25% protein expression)
were sorted into bin1 and were classified as severely
damaging. WT-like variants were sorted into bin4. The
gating for four-way sorting of CYP2C9/CYP2C19 pooled
variants libraries is shown in Figure 3a,b. Pools of cells in
each bin were collected and were then used as input ma-
terial for DNA sequencing. We used NGS to monitor the
frequencies of variants in each bin. Variant frequencies
(F,) appearing in each bin were then used to determine
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Figure 1 Generation of HEK 293T landing pad cells. (a) Plasmid maps of the landing pad construct and the promoter-less cassette for
CYP open reading frames that were fused to green fluorescent protein (GFP) and engineered for the simultaneous expression of IRES-
mCherry. (b) Flow cytometry results for landing pad HEK 293T clone 20 that had a low percentage of both GFP and mCherry, compatible
with the conclusion that clone 20 contains a single landing pad. (c) Merged fluorescence photos showing that mCherry and GFP did not
superimpose for clone 20. The landing pad clone 20 integrated either GFP or mCherry, which indicated that clone 20 contained a single
landing pad. BFP, blue fluorescent protein; CMV, human cytomegalovirus promotor; IRES, internal ribosome entry site.

protein abundance scores. Abundance scores for each
CYP2C9 and CYP2C19 variant were calculated by use of
the following equation:

Abundance score
_ (F\,,bin1 x0.25) + (F\,Ybin2 X 0.5) + (F\,,bins X 0.75) + (F\,,bin4 x1 )

(Fupint +Fupinz +Fypins + Fypina)

For each experiment, an “abundance score” for each vari-
ant studied was obtained by multiplying the variant frequency
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by weighted values (0.25-1) with bin1 assigned 0.25 and bin4
with 1.0."® The final abundance score for each variant was cal-
culated by averaging mean abundance scores across replicate
assays. Variants were scored in at least three experiments, as
shown graphically in Figure 4 and Figure S1. Variants were
classified as “severely damaging,” “damaging,” or “tolerated,”
with thresholds chosen on the basis of abuandance scores
for known CYP2C9/CYP2C19 variants.® Using Western blot
results and corresponding enzyme activities from our previous
publication as a reference,’ CYP2C9 variants with abundance
scores below 0.578 (CYP2C9 1076T>C), were classified as
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Figure 2 Flow cytometry of cytochrome P450 family 2 subfamily C member 9 (CYP2C9) and cytochrome P450 family 2 subfamily C
member 19 (CYP2C19) constructs with known variants. (a,b) Flow cytometry analysis of blue fluorescent protein (BFP)/mCherrry* cells
that integrated wild-type or known damaging variants, CYP2C9 218C>T and CYP2C9 343A>C, CYP2C19*3 and CYP2C19 815A>G.
Note that for both wild-type (WT) allozymes, most of the cells eluted toward higher green fluorescent protein (GFP)/mCherry ratios,
while allozymes containing damaging variants eluted at significantly lower GFP/mCherry ratios than did the cells containing the WT.

Mean GFP/mCherry ratios for those variants were consistent with Western blot results obtained during our previous study.

(c) Cells

transfected with constructs expressing known severely damaging variants (CYP2C9 218C>T and CYP2C19*3) eluted at low GFP/
mCherry ratios, whereas other variants eluted between the two extremes (CYP2C9 343A>C and CYP2C19 815A>G), compatible with
their being “damaging” variants. Four “bins” were established based on WT CYP2C9 and CYP2C19 and known damaging CYP2C9 and

CYP2C19 variants, as shown diagramatically in (d).

“severely damaging,” displaying ~ 25% protein abundance
as compared with WT, whereas those with abundance scores
above that threshold but lower than 0.670 (CYP2C9 343A>C)
were classified as “damaging” displaying ~ 50% of the protein
abundance of the WT allozyme. Variants with scores above
this threshold were considered “tolerated.” CYP2C19 variants
with abundance scores below 0.597 (CYP2C19 1349C>A),
were classified as “severely damaging,” whereas those with
abundance scores above this threshold, but lower than 0.635
(CYP2C19 557G>A), were classified as “damaging.” Variants
with scores above this threshold were considered to be “tol-
erated.” We found that 19 of 109 CYP2C9 and 36 of 121
CYP2C19 missense variants displayed less than ~ 25% of WT
protein expression.

The variant calling results obtained by the use of DMS
for variants from the ExXAC study that had allele frequencies

> 0.00001 and variants from the Mayo RIGHT 10K study are
listed in Tables 1 and 2. The DMS results were also com-
pared with predictions obtained using SIFT, Provean, and
Polyphen2, and those results are listed in Tables S4 and
S5 for CYP2C9 and CYP2C19, respectively. For variants
that resulted in dramatically reduced protein expression
levels, CYP2C9*11, CYP2C9*21, and another 12 CYP2C9
variants, as well as CYP2C19*8, CYP2C19*22, and another
26 CYP2C19 variants, the results were in good agreement
among all three of these predictive algorithms. However,
five CYP2C9 variants and seven CYP2C19 variants dis-
played < 25% of WT protein expression, whereas SIFT
predicted that they were “tolerated.” In summary, we found
that the three commonly applied algorithms, which we tested
on our 230 variants, disagreed among themselves 30.4% of
the time, and they disagreed with our DMS assays, for at
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Figure 3 Fluorescence-activated cell sorting-sorting of pooled cytochrome P450 family 2 subfamily C member 9 (CYP2C9) and
cytochrome P450 family 2 subfamily C member 19 (CYP2C19) variant libraries. Blue fluorescent protein”/mCherrry* cells integrating
CYP2C9 and CYP2C19 pooled variant libraries were sorted into four bins based on their green fluorescent protein (GFP)/mCherry
ratios. Gates were set based on wild-type CYP2C9 and CYP2C19 and known damaging CYP2C9 and CYP2C19 variants. Pools of
sorted cells in each bin were collect and were used as input material for subsequent amplicon DNA sequencing.
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Figure 4 Protein abundance scores for 109 cytochrome P450 family
2 subfamily C member 9 (CYP2C9) and 121 cytochrome P450 family
2 subfamily C member 19 (CYP2C19) variants. (@) Abundance score
values for CYP2C9 and CYP2C19 variants. Variants having abundance
scores lower than that for CYP2C9 (1076T>C) were classified as
severely damaging, whereas variants having abundance scores lower
than that for CYP2C9 (343A>C) were classified as damaging variants.
The results shown are averages for four replicates. (b) Mean abundance
scores for CYP2C19 variants are shown in the histogram. Variants
having abundance scores lower than that for CYP2C19 (1349C>A)
were classified as severely damaging, whereas those with abundance
scores lower than that for CYP2C19 (557G>A) were classified as
damaging variants. The results shown are averages abudance scores
for four replicates. SD values are listed in Tables S1 and S2.
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least one algorithm, 54.7% of the time. We also searched
PharmVar, a repository for pharmacogene variation that re-
cords functionally validated variants. For CYP2C9*21 and
CYP2C19*2B, *8 and *22, our results were consistent with
those reported in PharmVar.2° However, PharmVar currently
lists several allozymes for both CYP2C9 and CYP2C19,
which we found to be severely damaging as having only lim-
ited or moderate evidence. As a result, our results provide
additional information with regard to the functional implica-
tions of these variants. Finally, 15 CYP2C9 and 30 CYP2C19
variants that we found to be severely damaging had not pre-
viously been reported or were reported to have uncertain
function in PharmVar.%°

Validation of severely damaging variants of CYP2C9
and CYP2C19

In silico predictions were not always consistent with our
DMS results, as described in the preceeding paragraph.
That fact emphasizes the need for the validation of vari-
ant classification using DMS or other functional assays.
Although the efficiency of calling damaging variants using
DMS exceeded the throughput of classical mutagenesis
methods, we still needed to confirm the accuracy of call-
ing for the variants that we studied. Therefore, we validated
our variant protein expression calls by the use of Western
blot analyses. As shown in Figure 5a,b, our newly identified
severely damaging variants for CYP2C9 and CYP2C19 dis-
played significantly decreased protein expression (< 25%
protein expression with the exception of CYP2C9 371G>T
which had ~ 50% protein expression) compared with the
WT protein—shown at the far right in each of the panels.
The binning patterns for variant frequencies for selected al-
lozyme are shown in Figures 5c,d.

DISCUSSION

The functional characterization of ORF missense variants in
clinically important pharmacogenes remains a major chal-
lenge for pharmacogenomics. In arecent study, we identified
and functionally characterized six novel nonsynonymous
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Table 2 (Continued)

DMS

Right 10K (variant prevalence)

Abundance

Allele
Frequency

Common

Exact Amino

Exact
cDNA

score PharmVar

Functional study

Homozygous

Heterzygous

WT

RSID allele name

acid

No record

0.521050873
0.521776385
0.541454278
0.571470548
0.571889977
0.609881164
0.651405999

y damaging

No record

y damaging

No record

y damaging

No function

y damaging

No record

y damaging

Severel

1.647E-05

A149T
T302R
G111R
D341N
G137R
C338F

c.445G>A

Severel

1.647E-05

rs58259047

€.905C>G
c.331G>A

Severe|

1.647E-05

Severel

1.647E-05

c1021G>A
c.409G>C

Severel|

1.647E-05

No record

Damaging
TOLERATED
TOLERATED
TOLERATED
TOLERATED
TOLERATED

1.647E-05

c.1013G>T
c.217C>A
c.410G>A

No record

10082

1.647E-05

rs145328984

R73S
G137E

No record

0.653990969
0.658559311

1.647E-05

No record

1.647E-05

G109A
N116S

G91R

¢.326G>C
c.347A>G

No record

0.666187952
0.668239425

1.647E-05

uncertain

CYP2C19*23 1.647E-05

rs118203756

c.271G>C

function

No record

0.687674269

TOLERATED
TOLERATED
TOLERATED

10081
10083

1.647E-05

rs563052490

N334K
T371S
Q193R

c.1002C>A
c1112C>G

c.578A>G

No record

0.715706169
0.658206476

1.647E-05

rs568155950

No record

4.06E-06

ExAC, Exome Aggregation Consortium; RSID, Reference SNP ID number; WT, wild-type.
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OREF variants in CYP2C9 and seven in CYP2C19 based on
Mayo Right 1K data.® We found that the enzyme activities
of those variants generally correlated well with protein ex-
pression levels.® Missense variants in CYP2C9/CYP2C19
may alter protein folding, leading to decreased protein ex-
pression as a result of accelerated proteasome-mediated
degradation, a major factor responsible for decreased
enzymatic activity in pharmacogenomics.®?"?* The loss
of function of allozymes containing nonsynonymous
CYP2C9/CYP2C19 ORF single nucleotide polymorphisms
due to decreased protein expression made it possible to
analyze their function by fluorescence reporter assays.’
Because of the very large number of missense variants
in ORFs, it is practically difficult to link the genotypes of
these variants to their functional phenotypes using “one-
at-a-time” expression systems. Fowler and colleagues
developed DMS to analyze variants for all possible amino
acid alterations in several genes. Saturation mutagenesis
was also used for DMS in several previous studies.®24%
That approach has advantages for use in pre-emptive
pharmacogenomics and makes it possible to interpet
variant function based on protein structrual mapping.'-2%
Degenerate codons were used to generate the saturation
libraries but some variants of interest may be missed due to
codon bias, with up to 30-50% of possible variants miss-
ing from the final data sets.'® CYP2C9 and CYP2C19 each
have ORFs that are 1.6 kb in length, so it would be difficult
to generate saturation mutation libraries. As a result, we
chose to apply a modification of the nicking mutagenesis
method developed by Whitehead et al."” to create focused
variant libraries for missense variants that had reported to
occur in humans for use in our study. Specifically, we an-
alyzed 230 nonsynonymous ORF variants for CYP2C9 and
CYP2C19 from the ExAC study that had minor allele fre-
quencies > 0.00001. All of those variants had been shown
to occur in humans and were not so rare as to be “private.”
FACS sorting was used to separate variants of differing
protein expression levels, all of which were subsequently
analyzed by NGS to make it possible to calculate the fre-
quency of each of the variants studied in each of our four
FACS bins (see Figures 2 and 3).

X-ray crystal structures have been determined for CYP2C9
and CYP2C19.27?8 Six substrate recognition sites (SRS) have
been identified in CYP2C enzyme sequences: amino acids
96-117 (SRS1), 198-205 (SRS2), 233-240 (SRS3), 286-304
(SRS4), 359-369 (SRS5), and 470-477 (SRS6).2° Nineteen of
the 75 CYP2C9 and 9 of the 58 CYP2C19 damaging variants
listed in Tables 1 and 2, which displayed reduced protein
expression of at least 50% protein, mapped to known SRS
sites, so they may also influence substrate binding. Other
damaging variants listed in Tables 1 and 2 fall outside of
those sites but may influence activity due to the disruption
of active sites, although they have no influence on protein
abundance. For example, we have reported that CYP2C9
709G>C and CYP2C19 65A>G displayed significantly re-
duced enzyme activity, but their protein levels were similar
to that of that the WT.® In silico predictions have been widely
applied to predict variation in protein structure and function.
Our previous work and that of others supports the impor-
tance of the application of additional, functional methods to
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Figure 5 Western blot validation of cytochrome P450 family 2 subfamily C member 9 (CYP2C9) and cytochrome P450 family 2
subfamily C member 19 (CYP2C19) allozymes identified as containing severely damaging variants. (a,b) The protein expression of
CYP2C9 and CYP2C19 in blue fluorescent protein”/mCherry* cells integrating severely damaging variants for were validated by
Western blot analysis. The mCherry and p-actin were used as loading controls. Each image includes a control lane for wild-type
(WT) CYP2C9 or CYP2C19. (c,d) Variant frequencies for three representative “severely” damaging variants for CYP2C9 and CYP2C19
showing their distributions in each of the four bins.

validate results obtained by using predictive algorithms.
Therefore, we compared variant calling by use of DMS with
the predictions of computational algorithms, and differences
were found between our results and those of prediction algo-
rithms, as listed in Tables S4 and S5. Those differences may
be due to either the accuracy of the prediction algorithms or
to underlying molecular mechanisms. For example, CYP2C9
709G>C and CYP2C19 65A>G and CYP2C19*13 have WT-
like protein expression but loss of enzyme activity.>3? We

3031 also determined whether variants identified by DMS were

truly damaging by the use of Western blot analyses, as
shown in Figure 5.

A limitation of DMS based on fluorescence is that some
genes have been found to not be amenable to this assay,
because damaging variants for those genes had similar fluo-
rescent intensities as did WT proteins.'® We found that DMS
seems to be most sensitive for screening for severely damag-
ing variants, which displayed clear fluorescence separation
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from WT-like variants. However, it required careful interpre-
tation of intermediate-fluorescing variants. The validation of
functional studies for variants characterized in this fashion
will be essential if we are to incorporate these results into
clinical decision making and electronic health records. To
validate the most severely damaging variants that we identi-
fied by DMS, we used Western blot assays as our standard
functional assay for validation, even though those studies
were laborious and time-consuming—but still necessary at
this time. Protein expression is obviously an important as-
pect of functional genomics—but only one aspect. Additional
functional validation based on enzyme activities for different
CYP substrates should be performed in the future to further
extend the functional characterization of the variant allo-
zymes that we have studied. The regulation of CYP activity
is a complex process involving multiple mechanisms, which
include transcripton regulation by nuclear receptors, such
as the pregnane X receptor, the constitutive androstane re-
ceptor, the glucocorticoid receptor and by members of the
TSPYL gene family.®**® DMS, as we have used it, has the
limitation of not addressing upstream DNA sequence vari-
ants, such as CYP2C19*17 that results in an increase in
transcriptional activity.®’° High-throughput methodology
for studying variants outside of ORFs will obviously be re-
quired for the interpretation of CYP variants that map outside
of protein coding sequences. As a result, DMS is not a “final
answer” but rather represents a significant step forward in
our efforts to link genomic variation to variation in drug re-
sponse phenotypes.

In summary, we have identified and validated 15 CYP2C9
and 30 CYP2C19 severely damaging variants that had not
previously been reported in PharmVar?® Those variants are
potentially clinically actionable. Functional studies of those
variants showed decreased protein expression, which could
result in decreased drug metabolism. Our results add informa-
tion that may help to improve the accuracy of current prediction
algorithms and they may also provide test data sets for
machine-learning methods that might “learn” to predict the
effects of ORF missense variants. The Mayo Clinic recently ex-
panded the RIGHT 1K study to include an even larger cohort,
the RIGHT 10K study that includes an additional 10,085 DNA
samples with sequencing data for 77 pharmacogenes.® Single
nucleotide polymorphisms from both RIGHT 1K and RIGHT
10K studies were included in our analyses. This same DMS
methodology can now be implemented to study other important
pharmacogenes and preemptive NGS Mayo RIGHT 10K data
as ever larger numbers of ORF missense variants are identified.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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