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Abstract

The missense variant, breast cancer resistance protein (BCRP) p.Q141K, which en-
codes a reduced function BCRP, has been linked to poor response to allopurinol.
Using a multifaceted approach, we aimed to characterize the relationship(s) between
BCRP p.Q141K, the pharmacokinetics (PK) and pharmacodynamics (PD) of oxy-
purinol (the active metabolite of allopurinol), and serum uric acid (SUA) levels. A
prospective clinical study (NCT02956278) was conducted in which healthy volun-
teers were given a single oral dose of 300 mg allopurinol followed by intensive blood
sampling. Data were analyzed using noncompartmental analysis and population PK/
PD modeling. Additionally, electronic health records were analyzed to investigate
whether clinical inhibitors of BCRP phenocopied the effects of the p.Q141K vari-
ant with respect to SUA. Subjects homozygous for p.Q141K had a longer half-life
(342 + 12.2 h vs. 19.1 + 1.42 h) of oxypurinol. The PK/PD model showed that
women had a 24.8% lower volume of distribution. Baseline SUA was affected by
p-Q141K genotype and renal function; that is, it changed by 48.8% for every 1 mg/
dl difference in serum creatinine. Real-world data analyses showed that patients pre-
scribed clinical inhibitors of BCRP have higher SUA levels than those that have not
been prescribed inhibitors of BCRP, consistent with the idea that BCRP inhibitors
phenocopy the effects of p.Q141K on uric acid levels. This study identified important
covariates of oxypurinol PK/PD that could affect its efficacy for the treatment of gout
as well as a potential side effect of BCRP inhibitors on increasing uric acid levels,
which has not been described previously.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Recently, genomewide association studies have implicated genetic variants within
ABCG2, which encodes the efflux pump breast cancer resistant protein (BCRP),
as determinants of allopurinol response. Specifically, the missense variant, BCRP
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p-Q141K (rs2231142), which encodes a reduced function BCRP, has been linked to
poor response to allopurinol.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study characterized the relationship(s) between BCRP p.Q141K, oxypurinol
pharmacokinetics/pharmacodynamics (PK/PD), and serum uric acid levels.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study was able to identify covariates important in the PK and PD of oxypuri-
nol and to demonstrate the use of real-world data to validate the effects of BCRP
p-Q141K on clinical measurements. That is, clinical inhibitors of BCRP phenocopied
laboratory measurements associated with BCRP p.Q141K. Additionally, this study
suggests that the mechanism by which BCRP p.Q141K modulates response to al-
lopurinol is complex and may be related to intestinal levels of its active metabolite
oxypurinol, ultimately affecting the PD of allopurinol.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The current study provides the first investigation into the relationship between BCRP
p-Q141K and allopurinol/oxypurinol PK/PD in a prospective clinical trial and BCRP

INTRODUCTION

Gout, an inflammatory arthritis associated with high serum
uric acid (SUA) levels, is a painful disease that is associated
with comorbidities. Although there are several drugs on the
market for the treatment of gout, such as febuxostat, allopuri-
nol is recommended as first line treatment due to its tolerabil-
ity, safety, and lower cost." As a xanthine oxidase inhibitor,
allopurinol inhibits the formation of uric acid; however, re-
sponse to the drug is highly variable, with studies showing as
few as 21% of patients reaching an acceptable treatment end
point.? Thus, recognizing features and covariates that affect
allopurinol response is vital in determining the right dose,
schedule, and patient population.

Many studies have been performed to investigate the
relationship between allopurinol and antihyperuricemic re-
sponse. A spectrum of covariates, such as baseline SUA, di-
uretic use, creatinine clearance, and body weight, have been
examined for use in predicting pharmacodynamic (PD) re-
sponse, but results have been conflicting.3"5 Recently, breast
cancer resistant protein (BCRP) p.Q141K (rs2231142) has
been shown to associate with poor response to allopurinol
(i.e., greater than the rheumatologist recommended SUA lev-
els of <6 mg/dl)."®

Both allopurinol and oxypurinol, the active metabolite of
allopurinol, are substrates of BCRP, which acts as an efflux
pump on the apical membrane of the renal proximal tubule
and intestinal epithelia and on the canalicular membrane of
hepatocytes.” Allopurinol is rapidly and extensively metabo-
lized to oxypurinol, as reflected by its short half-life (1-2 h).
Although the major route of elimination for allopurinol is
metabolism to oxypurinol, oxypurinol is eliminated in the

inhibition and uric acid levels using real-world data.

urine almost entirely as unchanged drug.9 Thus, BCRP can
affect the pharmacokinetics (PK) of allopurinol and/or oxy-
purinol by reducing absorption of allopurinol following an
oral dose, limiting distribution of allopurinol and oxypurinol,
and aiding in the elimination of both. BCRP p.Q141K has
been shown to alter the PK and PD of many substrates, such
as rosuvastatin, and is typically associated with increased
systemic levels and improved pharmacologic response. Thus,
it is difficult to understand the mechanisms by which the
variant associates with poor response to allopurinol.lo

Using a multifaceted approach, we aimed to characterize
the relationship(s) between BCRP p.Q141K, oxypurinol PK/
PD, and SUA levels. Specifically, we: (1) characterized the
PK/PD relationship of oxypurinol and SUA; (2) quantified
the effects of covariates affecting the PK/PD of oxypurinol,
including the effects of BCRP p.Q141K; and (3) determined
whether clinical inhibitors of BCRP phenocopy the effects of
the p.Q141K variant on SUA levels.

METHODS
Study participants

Healthy human volunteers between 18 and 50 years of age
were recruited for this study and 19 subjects were enrolled.
All subjects were evaluated to be healthy on the basis of med-
ical history provided by a study questionnaire. Volunteers
were excluded if they were taking any medications that are
known to interact with uric acid levels, BCRP function, or
allopurinol PK. Individuals with elevated liver enzymes
(>1.5% normal range), elevated creatinine concentrations
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(>1.5% normal range), and abnormal platelet and/or white
blood cell count levels were also excluded. Individuals
carrying the HLA-B*58:01 allele were excluded from this
study because of the increased risk for allopurinol-induced
Stevens-Johnson syndrome. All participants gave written,
informed consent, and the study was registered on clinicaltri-
als.gov (NCT02956278).

Genotyping

BCRP p.Q141K (rs2231142) was genotyped by TagMan
assay (Applied Biosystems, assay ID C__15854163_70) in
DNA extracted from a cheek swab. The reaction mixture
consisted of 5-10 ng DNA, 12.5 pl of TagMan Genotyping
Master Mix (Applied Biosystems), 1.25 pl of TagMan geno-
typing assay mix, and 11.25 pl of distilled water. The cycling
conditions were as follows: 95°C for 10 min and 40 cycles of
95°C for 15 s then 60°C for 1 min. The reaction was run on
a BioRad MyCycler (Bio-Rad) and allele discrimination de-
termined by ABI 7900 Fast HT Sequence Detection Systems
(Applied Biosystems).

Clinical study design

This study protocol was reviewed and approved by Western
Institutional Review Board. Healthy individuals of European
or Asian heritage were recruited into this study and informed
consent was obtained from each subject. Prior to their en-
rollment in the study, subjects were screened. The screening
included two stages: (1) a questionnaire on health, medica-
tions, and self-reported ethnicity, as well as a cheek swab to
determine BCRP p.Q141K genotype, and (2) a blood sam-
ple to measure complete blood count, hepatic function, renal
function, uric acid, and HLA-B*58:01 genotype.

Subjects were enrolled under two protocols. The first pro-
tocol incorporated a multidose design, in which subjects were
asked to arrive at the site following an overnight fast. An initial
blood sample was taken to establish baseline SUA and serum
creatinine (SCr) before drug was administered. An oral dose
of 300 mg of allopurinol was administered to all subjects, fol-
lowed by blood sampling at: 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, and
24 h postdose. The subjects were then asked to take allopurinol
300 mg once daily and return to the site on day 6 for their final
dose of allopurinol. Blood samples were drawn at 0, 0.5, 1, 1.5,
2,3,4,5,6, 8,10, 24, 48, and 72 h after the final dose.

For the second protocol, subjects were asked to arrive at
the site following an overnight fast. An initial blood draw was
taken to establish baseline SUA and SCr before drug was ad-
ministered. A single dose of 300 mg of allopurinol was ad-
ministered to all subjects, followed by blood sampling at: 0.5,
1,1.5,2,3,4,5,6, 8, 10, 24, 48, and 72 h postdose.

ASCPT

Samples collected following a single dose of allopurinol
(from both protocols) were used for subsequent analyses.

Serum was isolated from blood samples using clotting and
centrifugation and stored at —80°C for analysis of uric acid,
creatinine, allopurinol, and oxypurinol concentrations.

Bioanalytical methods

Allopurinol and oxypurinol were analyzed by Quintara
Discovery using a validated liquid chromatography tandem
mass spectrometry (LC-MS/MS) method. Samples were diluted
as needed. An aliquot of 20 pl of serum samples was treated
with 200 pl of 25% Methanol 75% acetonitrile containing in-
ternal standard (Fulvestrant). The mixture was vortexed on a
shaker for 15 min and subsequently centrifuged at 1600 x g for
15 min. The supernatant was transferred to a microtiter plate for
the injection to the LC-MS/MS. Calibration standards and qual-
ity control samples were prepared by spiking the test compound
into corresponding blank matrix and processed with the un-
known samples. The quantification limit was 2 ng/ml for serum.

Uric acid and creatinine levels were analyzed by Open
Medicine Institute according to standard spectrophotometry
protocol.

Noncompartmental PK analysis

The concentration-time profiles of allopurinol and oxypu-
rinol were plotted using GraphPad Prism 8.4 (GraphPad
Software). PK parameters of allopurinol and oxypurinol were
determined by noncompartmental analysis using the PKNCA
packagell in R (version 3.4.0). Values below the limit of
quantification were excluded from the analysis.

Data are expressed as mean + SE unless otherwise noted.
Differences in demographics, clinical characteristics, and PK
parameters relative to genotype were analyzed in R using a
one-way ANOVA followed by Tukey’s post hoc test for mul-
tiple test correction (TukeyHSD). The p values less than 0.05
were considered statistically significant.

Collection of mouse luminal contents

All animal experiments were approved by the University
of California, San Francisco (UCSF) Institutional Animal
Care and Use Committee. Experiments were performed
using 12-week-old male C57BL/6 mice (Charles River). The
method of collection was described previously12 with modi-
fications. In brief, mouse intestine was evenly divided into
four segments and opened longitudinally. The contents were
gently removed using forceps without scraping the surface
and resuspended in 1 ml of solution (50 mM Tris-HCI [pH
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7.0], 50 mM Mannitol, 2 mM EGTA, 8 pg/ml Aprotinin,
10 pg/ml Leupeptin, and 2 mM DTT). Protein concentration
was quantified by the BCA assay (Thermo Scientific).

Xanthine oxidase assay

Xanthine oxidase activities in the mouse luminal contents were
determined according to the manufacturer’s protocol (Abcam,
ab102522). In brief, in a black wall 96-well plate, 10 pl of sam-
ple solution was added in 50 pl of Reaction Mix containing assay
buffer, hypoxanthine, and OxiRed probe, with or without oxy-
purinol (1 mM), an inhibitor of xanthine oxidase. Then, ddH,O
was added to adjust the total volume to 100 pl. Then, 10 mU of
xanthine oxidase enzyme was used as the positive control. The
plate was incubated at 37°C for 1 h, and protected from light.
The fluorescent signal was measured at Ex/Em = 535/590 nm.

Population PK/PD model

Longitudinal oxypurinol PK and SUA data were linked using
the population approach using nonlinear mixed effects mod-
eling software NONMEM version 7.3.0 (ICON Development
Solutions). The analysis was performed sequentially. First,
the PK analysis was performed. In this analysis, F,,, was used
to represent the fraction of the allopurinol dose systemically
available as oxypurinol and K, denotes the formation rate
constant, similar to a previous model for oxypurinol.13 Values
below the limit of quantification were excluded from the
analysis. Nine of 250 samples were either missing/not col-
lected or below the limit of quantification.

Second, a maximum effect model was used to link the pre-
dicted individual oxypurinol PK concentration data with the
SUA data (PD). Genotype (discrete), gender (discrete), race
(discrete), serum creatine (continuous), and weight (contin-
uous) were all assessed as potential covariates for every PK/
PD parameter in both the PK and PK/PD model. Covariate se-
lection was guided by using the stepwise covariate modeling
approach with the PsN software (version 4.8.1). This method
consists of stepwise testing different covariate-parameter re-
lationships with forward inclusion and backward exclusion
approaches with significance levels of 0.05 and 0.01, respec-
tively. The inclusion of covariates in the final model was done
by considering scientific plausibility, significance, and clini-
cal relevance following stepwise covariate selection.

Model parameters were estimated using first order con-
ditional estimation method with the option for interaction.
Between subject variability (BSV) was modeled exponentially
and residual variability was modeled using a combination of
additive and proportional error. Model selection was based on
goodness-of-fit (GOF) plots and the difference in the objec-
tive function value between nested models. Final models were

internally validated through simulation-based diagnostics
using visual predictive check (VPC) plots (1000 simulations).
The precision of the final parameter estimates was evaluated
using 1000 simulated bootstrap datasets using PsN software.'

Model development, diagnostics, and graphing were done
using R (version 3.4.0) including packages such as ggplot2
and Xpose.15 Percent coefficient of variation was calculated
as follows: sqrt(OMEGA) * 100. The final PK/PD model was
used to simulate (n = 500) SUA profiles after 30 days of once
daily dosing of 300 mg of allopurinol as a post hoc analysis
of covariate effects.

Electronic health record analyses to evaluate
uric acid levels in patients prescribed clinical
inhibitors of BCRP

To investigate whether drugs that are clinical inhibitors of
BCRP can phenocopy the effect of p.Q141K on baseline SUA,
we mined the electronic health records (EHRs) at UCSF and
identified subjects both on and off BCRP inhibitors with SUA
levels in the database. The UCSF Research Data Browser was
utilized to search for patients who had a numeric serum/plasma
uric acid laboratory test value reported, giving a total of 26,328
patients and 120,570 laboratory values. Values reported as an
inequality were changed to a numerical value (i.e. ,<0.5 mg/
dl = 0.5 mg/dl). Laboratory values with missing values (i.e.,
DE-IDENTIFIED) and laboratory values without a laboratory
collection date were excluded.

Patients were divided into two groups depending on their
medication prescriptions. Specifically, patients prescribed
cyclosporine and/or eltrombopag, both of which are identi-
fied as clinical inhibitors of BCRP by the US Food and Drug
Administration (https://www.fda.gov/drugs/drug-interactions-
labeling/drug-development-and-drug-interactions-table-subst
rates-inhibitors-and-inducers), were grouped into the “on”
drug group. Search terms included: “cyclosporine,” *
mune,” “neoral,” “gengraf,” “eltrombopag,” and “promacta.”
Only medication orders with an oral route of administration
and with a medication order start date were included in the
analysis, which resulted in 1785 patients. The remaining pa-
tients (i.e., individuals who were never prescribed cyclospo-
rine or eltrombopag) were grouped into the “off” drug group.
Only patients with one uric acid level reported in their EHR
were included in the “off” drug group, which reduced the sam-
ple size to 15,042 individuals. Additionally, for both groups,
patients with a prescription to any uric acid lowering medica-
tion were excluded from the analysis.

Patients in the “on” drug group were further filtered based
on their laboratory collection date relative to their first medi-
cation order start date. Serum/plasma uric acid laboratory tests
collected before the patient’s first medication order start date or
within 7 days after their first medication order start date were

sandim-
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excluded. A minimum of 7 days between medication order start
date and laboratory value collection date was chosen to allow
drug levels to reach steady-state and for an effect to be seen.
For patients with more than one laboratory value, only the lab-
oratory value closest to the first medication order start date was
included. In total, 273 patients met these criteria and were in
the “on” drug group. Last, patients were age-matched and sex-
matched using the Matchlt package16 in R to be comparable
in both groups, which resulted in a final sample sizes of 273
patients “on” drug and 2730 patients “off” drug (Table S1).

In order to address the possibility that underlying disease or
drug class contributed to the differences seen in uric acid levels,
for the therapeutic class-specific analysis looking at immuno-
suppressants, patients were further assigned to subgroups. More
specifically, patients in the “on cyclosporine” drug group were
filtered to only include patients with a prescription to cyclospo-
rine and exclude patients with prescriptions for any other immu-
nosuppressants. Conversely, the “on other immunosuppressants”
drug group was filtered to only include patients with at least one
prescription for an immunosuppressant, but exclude patients
with a prescription to cyclosporine. In addition to the inclusion/
exclusion criteria above, patients with prescriptions to eltrom-
bopag were also excluded from both groups. This resulted in 174
patients in the “on cyclosporine” drug group and 3503 patients
in the “on other immunosuppressants” drug group who met the
medication order inclusion/exclusion criteria and had at least one
serum/plasma uric acid level reported. Patients in both groups
were further filtered based on their laboratory collection date

TABLE 1 Demographics and clinical
characteristics of study cohort
characteristics
No. of patients
Male/Female
Weight, kg
Male, kg
Female, kg
Race
East Asian
South Asian
Filipino
European

Mixed

Serum creatinine, mg/dl

Baseline serum uric acid, mg/dl

Demographics and clinical

ASCPT

relative to their first medication order start date for cyclosporine
for the “on cyclosporine” drug group and any other immuno-
suppressant (except cyclosporine) for the “on other immuno-
suppressants” drug group, respectively. The rest of the analysis
was performed as described for the “on” drug group above; after
age-matching and sex-matching the groups, we had 119 patients
in the “on cyclosporine” drug group and 833 patients in the “on
other immunosuppressants” drug group (Table S1).

Wilcoxon rank sum test with continuity correction was
performed to evaluate if there was a significant difference in
laboratory values when comparing both groups and ggplot2
was used to plot the data in R (version 3.4.0).

RESULTS
Study cohort

Healthy volunteers of European or Asian ancestry were
screened for participation in this study. These ethnici-
ties were chosen due to the high minor allele frequen-
cies of BCRP p.Q141K in individuals of Asian (29%) and
European (9%) ancestries.'” Of the 178 subjects screened,
19 completed the study and allopurinol was well-tolerated.
Most subjects were excluded based on ABCG2 genotype,
some were excluded based on HLA-B*58:01 genotype
and concomitant medications. Demographics of the study
subjects by genotype can be found in Table 1. There was

Genotype

(0) CC 1) CA (2) AA

9 7 3

4/5 6/1 2/1

71.5 +£6.25 69.9 +7.31 73.4 +4.54
72.3 + 8.89 71.7 + 8.37 73.8 +7.82
70.9 +9.63 59.0 72.6

4 5 1

2 1 0

0 1 1

1 0 0

2 0 1

0.716 + 0.010 0.819 +0.016* 0.844 + 0.023*
4.62 +0.284 6.70 + 0.368" 6.07 +0.133

Note: Weight, serum creatinine, and baseline serum uric acid are reported as average + standard error.

All statistical tests were done using one-way ANOVA followed by Tukey’s post hoc test for multiple test

correction.

Abbreviations: AA, homozygous variant; CA, heterozygous; CC, homozygous reference.

“Serum creatinine was significantly different between (0) CC and (1) CA (adjusted p value: 2.99 x 10_7) and
between (0) CC and (2) AA (adjusted p value: 1.19 X 10_6).

"Baseline serum uric acid was significantly different between (0) CC and (1) CA (adjusted p value: 5 X 10_4).
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a significant difference in SCr concentrations between
the homozygous reference (CC) and heterozygous (CA)
groups (adjusted p value: 2.99 x 1077y and CC and homozy-
gous variant (AA) groups (adjusted p value: 1.19 x 107%).
Additionally, baseline SUA was significantly different be-
tween the CC and CA groups (adjusted p value: 5 X 107%).
If we exclude women from this comparison given the higher
ratio of women to men in the CC group compared with the
other groups (CA and AA), we continue to see a significant
difference in SCr concentrations between the CC and CA
groups (adjusted p value: 0.00338) and CC and AA groups
(adjusted p value: 1.73 x 1075), as well as a slight difference
between the CA and AA groups (adjusted p value: 0.0474).
In addition, excluding women from the analysis results in
a greater significant difference in baseline SUA among the
various genotype groups: CC and CA (adjusted p value:
5.29 x 107"%), CC and AA (adjusted p value: 0.00176), and
CA and AA (adjusted p value: 0.0163).

BCRP p.Q141K associates with a longer
half-life of oxypurinol and the concentration-
time profile of oxypurinol demonstrates
enterohepatic recycling

Plasma concentration-time profiles and the noncompartmen-
tal PK parameters were similar for allopurinol regardless of
genotype (Table 2 and Figure 1a). Oxypurinol half-life was
significantly longer in patients homozygous for the p.Q141K
variant compared with patients homozygous for the reference
allele when using a one-way ANOVA followed by Tukey’s
post hoc test for multiple test correction (34.2 + 12.2 h vs.
19.1 + 1.42 h, adjusted p value: 0.047; Table 2 and Figure 1b).
However, BCRP p.Q141K genotype had no statistically sig-
nificant effect on any other PK parameter, such as maximum
concentration achieved (C,,,,), area under the curve, and time
to maximum concentration (Table 2).

Additionally, multiple peaks were observed in the indi-
vidual concentration-time profiles of oxypurinol, suggesting
that enterohepatic recycling may be occurring (Figure S1).
Experimental studies showed that xanthine oxidase activity is
present in mouse intestinal lumen (Figure S2), suggesting that
the intestinal lumen is a potential site of action for oxypurinol.

PK/PD covariate model shows a

significant effect of gender on oxypurinol
volume of distribution and genotype and SCr
on baseline SUA

A one-compartment PK model with first order absorption
was found to best fit the oxypurinol concentration-time data.
Parameter and BSV estimates (noted in parentheses) for total

TABLE 2 Summary of the effect of the BCRP p.Q141K variant
allele on the PK parameters of allopurinol and oxypurinol computed by
noncompartmental analysis

Parameter 0) CC 1) CA 2) AA
No. of patients 9 7 3
Allopurinol
Cnax> Dg/ml 1370 + 130 1930 + 617 1550 + 453
Thax 1.5 (0.5-2) 1(0.5-2) 2 (1-2)
AUC, 4, 378 £0.346 347 +0.549 2.76 + 0.637
pg*h/ml*
CL/F,L/h 94.5 +£9.73 97.8 +£12.5 92.8 +26.6
V/F,L 149 + 17.0 160 +22.3 148 +40.9
tip. h 1.10 £ 0.060 1.14 +£0.078  1.11 +£0.025
Oxypurinol
Cnax> Ng/ml 5930 + 409 6440 + 592 6380 + 1350
Thae D 4 (1.5-10) 4 (1.5-6) 6 (3-6)
AUC oy, 93.9 + 8.07 93.4+9.99 105 +20.6
pg*h/ml
CL/F, L/ 1.89+£0.227 1.81 £0276  1.38 +£0.466
V/F, L° 499 +4.53 61.9 +9.58 56.6 + 11.6
f10- P 191142 239+135  342+122°

Note: All data are reported as mean =+ standard error except for T, which is

max?
reported as median (range).

Abbreviations: AA, homozygous variant; AUC,_,,, area under the
concentration-time curve from 7 = 0 h to = 10 h; AUC,_,,, area under

the concentration-time curve from ¢t = 0 h to r = 24 h; BCRP, breast

cancer resistance protein; CA, heterozygous; CC, homozygous reference;
CL/F, apparent clearance; C,,,,, maximum plasma concentration; PK,
pharmacokinetic; T,,,,, time to maximum concentration; V/F, apparent volume
of distribution; #,/,, terminal half-life.

N = 16 for AUC,_,, since three subjects had concentrations below the limit of
quantification at t = 10 h.

°N = 18 because 1y, could not be accurately estimated for one subject.
“Half-life was significantly longer in the homozygous variant group compared
with the homozygous reference group when using an ANOVA comparison
followed by Tukey’s post hoc test for multiple test correction (adjusted p value:
0.047).

apparent clearance (CL/F,,), volume of distribution (V/F,,), and
the formation rate constant (Kg,,) were 1.74 L/h (23.6%), 57.0
L (18.7%), and 0.771 h'(55.2%), respectively (Table 3). In the
PK/PD model, BSV was estimated for baseline SUA (13.3%).
The rest of parameter estimates can be found in Table 3.
Gender, genotype, race, serum creatinine, and weight were
tested for their effects on the PK parameters of oxypurinol as
well as the effects of oxypurinol on SUA. The final PK/PD
model included gender as a significant covariate on apparent
V/F,,. BCRP p.Q141K genotype and SCr were also included as
significant covariates for baseline SUA (Table 3). Women had a
24.8% lower V/F,, compared with men. Baseline SUA changed
by 48.8% for every 1 mg/dl difference in SCr. Additionally,
baseline SUA increased by 35.4% and 24.4% for the genotypes
of CA or AA, respectively, as compared with reference BCRP
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FIGURE 1 Concentration time profiles for (a) allopurinol and

(b) oxypurinol after a single dose of allopurinol to healthy volunteers.
Allopurinol and oxypurinol concentrations were determined following
a 300 mg single oral dose of allopurinol. (0) CC, homozygous
reference; (1) CA, heterozygous; (2) AA, homozygous variant. Data
represent the mean + standard error from 19 individuals of various
genotypes (see Table 1); note that data were missing or below the limit
of quantification at several timepoints so not all mean =+ standard error
are representative of all (n = 19) subjects. No error bars are present if
the standard error is encompassed within the point

p-Q141K (CC). Based on the results from our noncompartmen-
tal analysis where half-life was significantly longer in patients
homozygous for the BCRP p.Q141K variant, we were inter-
ested in exploring the effect of genotype on CL/F,, and V/F,,,.
In our model, CL/F,, also appeared to correlate with genotype;
however, it was not significant and thus BCRP p.Q141K geno-
type was not included as a covariate for CL/F, nor V/F in the
final model. VPCs and GOF plots confirmed that the final PK/
PD model adequately described the observed data (Figure 2,
Figure S3, and Figure S4).

Simulations were performed to visualize the role of geno-
type and SCr on the PD effects of oxypurinol after 30 days of
once daily dosing of 300 mg of allopurinol. Simulations con-
firmed that individuals who have at least one variant allele or
SCr levels greater than 0.78 mg/dl (the average SCr value in our
dataset) have (1) higher baseline SUA levels on average and (2)

ASCPT

are less likely to achieve and maintain the target concentration
of less than 6 mg/dl given a flat dose of allopurinol (Figure 3).

Electronic health record analyses show
clinical inhibitors of BCRP can phenocopy the
p-Q141K variant

To investigate whether drugs that are clinical inhibitors
of BCRP can phenocopy the effect of p.Q141K on base-
line SUA, we mined the EHRs at UCSF and identified
subjects both on and off BCRP inhibitors with SUA lev-
els in the database. Specifically, we compared uric acid
levels in patients prescribed cyclosporine and/or eltrom-
bopag, both of which are identified as clinical inhibitors of
BCRP by the US Food and Drug Administration (https://
www.fda.gov/drugs/drug-interactions-labeling/drug-devel
opment-and-drug-interactions-table-substrates-inhibitors
-and-inducers), to uric acid levels in patients not prescribed
either of those drugs. Based on the inclusion and exclusion
criteria described in the methods, we were able to classify
patients as “on” drug (i.e., prescribed cyclosporine and/or
eltrombopag) or “off” drug (Figure 4a).

A significant difference in uric acid levels was observed
between the two groups (p value: 1.74 X 107% n =273 “on”
drug, n = 2730 “off” drug), with patients prescribed at least
one clinical inhibitor of BCRP having higher levels compared
to age-matched and sex-matched patients not prescribed ei-
ther (5.95 mg/dl vs. 5.36 mg/dl; Figure 4b). To test the sensi-
tivity of this analysis and selection of controls, 10 iterations
were performed of randomly selected 273 age-matched and
sex-matched patients from the “off” drug group to allow for
a 1:1 ratio between the “on” drug and “off” drug groups;
the “on” drug group had significantly higher uric acid levels
compared with the “off” drug group in every iteration tested
(Figure S5). Additional analyses with a maximum separation
date of 1 year between the first medication order start date
and laboratory collection date still showed a significant dif-
ference (p value = 0.00074) in uric acid levels between the
“on” drug (n = 199) and “off” drug (n = 1990) groups, fur-
ther demonstrating the robustness of our analysis.

In order to address the possibility that underlying disease
or drug class contributed to the differences seen in uric acid
levels, additional analyses were performed within the class
of immunosuppressants. Uric acid levels in patients pre-
scribed cyclosporine were compared with those prescribed
other immunosuppressants (Figure 4a). Individuals pre-
scribed cyclosporine (and no other immunosuppressants)
had significantly higher uric acid levels (p value: 0.00462;
n = 119 “on cyclosporine,” n = 833 “on other immunosup-
pressants”) compared with age-matched and sex-matched in-
dividuals prescribed other immunosuppressants (5.98 mg/dl
vs. 5.58 mg/dl; Figure 4c).


https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers
https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers
https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers
https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers
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Estimate (%RSE)
Parameter [95% CI]
PK model
Kims 1/h 0.771 (17.8)
[0.535, 1.06]
CL/F,,, L/h 1.74 (7.18)
[1.51,2.00]
V/Fy (L) =0y X (1 +0nger) Oy, = 57.0 (8.05)
[48.1, 65.6]
egender (male) = 0
agender(female) =-0.248 (357)
[—0.395, —0.067]
PK/PD model
Emax 1
Csp, ng/ml 2590 (11.6)

[2170, 3330]

eBaseline SUA— 4.61 (564)
[4.19, 5.23]

Baseline SUA(mg/dl)=
0Baselline SuA X (1 + egenolype) X (1 + 9SCR X (SCI‘— 078))
egenolype(CC)= 0

Ogenotype(CA

[0.139, 0.543]

0 genotype(an)= 0.244 (40.4)

[0.047, 0.452]

Oscr= 0.488 (24.6)
[0.246, 0.717]

Residual variability

Proportional error for PK (%CV) 254 (11.1)
[19.6, 30.7]
Proportional error for PD (%CV) 7.67 (5.54)
[6.81, 8.45]

= 0.354 (29.3)

TABLE 3 Parameter estimates in the

B RSE
SV (%RSE) final oxypurinol PK/PD covariate model

[95% CI]

55.2% (38.1)
[29.0, 69.6]

23.6% (41.5)
[9.61,29.5]

18.7% (41.7)
[7.53,22.9]

13.3% (61.4)
[4.07, 18.6]

Note: BSV is reported as %CV.

The additive part of the combined residual error model was fixed to 0 mg/dl (PD model) and to 0.01 ng/ml
(PK model). Residual standard errors (%RSE) and 95% confidence intervals (95% CI) were obtained from the

bootstrap analyses.

Abbreviations: %CV, coefficient of variation; BSV, between subject variability; Cs,, concentration needed to

achieve 50% effect; CI, confidence interval; CL/F,, apparent clearance of oxypurinol; E,,,, maximum effect;
F,, refers to the fraction of the allopurinol dose which can be converted into oxypurinol; K, formation rate
constant; PD, pharmacodynamic; PK, pharmacokinetic; RSE, relative standard error; SCr, serum creatinine;

SUA, serum uric acid; V/F,,, apparent volume of distribution.

DISCUSSION

BCRP p.Q141K has the potential to affect the PK and PD
of many drugs by reducing efflux and increasing systemic
levels. However, interestingly, p.Q141K has been associated
with poor response to allopurinol in two genomewide asso-
ciation studies (GWAS)®’ and in candidate gene studies.®!®
The current study provides the first investigation into the re-
lationship between BCRP p.Q141K and allopurinol/oxypuri-
nol PK/PD in a prospective clinical trial and BCRP inhibition
and uric acid levels using real-world data.

This study resulted in three major findings. First, we
found that p.Q141K associated with a longer half-life of

oxypurinol. Second, we showed that gender was a signif-
icant covariate for oxypurinol V/F_ and higher baseline
SUA levels caused by factors such as BCRP genotype and
kidney function may lead to inadequate response to allo-
purinol. Finally, we found that clinical inhibitors of BCRP
(cyclosporine and eltrombopag) associated with increased
SUA levels, suggesting the potential of these drugs to cause
hyperuricemia and increased risk for gout in susceptible
patient populations.

One of our major findings was that the half-life of oxy-
purinol was significantly longer in subjects who were homo-
zygous for the reduced function variant compared to those
who were homozygous for the reference allele of BCRP.
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FIGURE 2 Evaluation of oxypurinol pharmacokinetic (PK) and
pharmacokinetic/pharmacodynamic (PK/PD) models through visual
predictive checks. PK and PK/PD model evaluation of oxypurinol
concentrations and serum uric acid concentrations after single dose
administration of allopurinol. Visual predictive checks show the
observed data (grey dots), the median (solid line) and 5th and 95th
percentiles (dashed lines) of the observed data, and the 95% confidence
intervals of the model simulated data (shaded areas) for (a) plasma
oxypurinol concentrations and (b) serum uric acid concentrations

Because half-life is dependent on CL and V, this effect may
have been driven by slight (albeit not significant) decreases
in CL/F and increases in V/F in individuals homozygous for
the variant allele compared with those homozygous for the
reference allele (Table 2). CL of oxypurinol is determined to
a large extent by kidney function. Data from BioBank Japan
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FIGURE 3 Simulated plasma concentrations of serum uric acid
(SUA) at (a) baseline and (b) following allopurinol administration.
Model predicted (a) baseline SUA concentrations and (b) percentage
of patients with SUA levels greater than 6 mg/dl on day 31 after

30 days of once daily dosing of 300 mg of allopurinol stratified by
serum creatinine (SCr) and genotype. Simulations were run using
1000 patients per genotype + SCr group (total n = 6000). Percentages
reported were calculated for each of the six genotype + SCr groups.
AA, homozygous variant; CA, heterozygous; CC, homozygous
reference

suggest that the reduced function allele, p.Q141K, associ-
ates with reduced kidney function (lower estimated glomer-
ular filtration rate and thus increased SCr levels) in Asian
subjects,19 consistent with a trend toward reduced CL in the
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FIGURE 4 Uric acid levels in patients prescribed at least one clinical inhibitor of breast cancer resistance protein (BCRP) compared with
levels in patients not prescribed a clinical inhibitor of BCRP from electronic health record (EHR) data. (a) Flow chart describing the inclusion/
exclusion criteria for the analyses and (b) boxplots comparing uric acid laboratory values in patients prescribed cyclosporine and/or eltrombopag
versus patients not prescribed cyclosporine and/or eltrombopag (p value: 1.74 x 107%) and (c) patients prescribed cyclosporine (and no other
immunosuppressant) versus patients prescribed other immunosuppressants (except cyclosporine; p value: 0.00462). **p < 0.01, ***p < 0.001,

following a Wilcoxon rank sum test with continuity correction
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individuals homozygous for p.Q141K, which was observed
in both our noncompartmental analysis and PK model. The
slight increases in V/F in individuals homozygous for the
variant allele may reflect increased distribution of oxypuri-
nol into tissues in which BCRP is expressed (e.g., intestine,
colon, liver, kidneys, brain, and thyroidzo), consistent with
a reduced ability of the variant transporter to protect these
tissues. Despite this finding, the overall exposure and C
of oxypurinol remained similar between genotype groups
(Table 2). Further, the finding that oxypurinol half-life is
increased with BCRP genotype may be confounded by the
limited sampling time in some subjects (24 h) compared with
the oxypurinol half-life; however, the trend remains when ex-
cluding these subjects.

To our knowledge, no other study has demonstrated en-
terohepatic recycling of oxypurinol and these findings need
to be confirmed in additional PK studies. Preliminary studies
identified xanthine oxidase activity in the contents obtained
from the mouse intestinal lumen (Figure S2). This result
is consistent with a previous electron microscopic study
showing the presence of the enzyme in the mucous of the
duodenum?' and reports suggesting that the enzyme may be
secreted into the intestinal lumen®** or be expressed and se-
creted by gut microbiota.”* Although speculative, intestinal
lumen xanthine oxidase may be a target of oxypurinol, and
enterohepatic recycling of oxypurinol may contribute to its
overall pharmacological effects on reducing SUA. An intes-
tinal lumen target for oxypurinol is consistent with GWAS
results suggesting that individuals who harbor the reduced
function variant of BCRP (who would have less enterohe-
patic recycling) have a poorer response to the drug.é’8

Using EHRs as real-world evidence, clinical inhibitors of
BCRP associated with increased SUA levels, demonstrating
that prescription drug inhibitors of BCRP may phenocopy
the BCRP p.Q141K variant. Our therapeutic-class analysis
suggested that these observations were a result of inhibition
of BCRP and not due to a drug class or underlying disease ef-
fect. The list of drugs used in the “on other immunosuppres-
sants” drug group were: azathioprine, mycophenolic acid,
mycophenolate mofetil, tacrolimus, and sirolimus, and the
literature suggests that none of these drugs appear to interact
with BCRP at clinically relevant concentrations; however,
limited to no information was found about clinical inhibition
of BCRP by mycophenolate mofetil, mycophenolic acid, and
azathioprine, or its metabolite, 6—mercapt0pu1rine.25_27

Simulations after 300 mg once daily dosing of allopurinol
showed that subjects with higher baseline SUA due to BCRP
p-Q141K genotype or SCr levels were less likely to maintain
healthy (<6 mg/dl) SUA levels. Baseline SUA is an import-
ant determinant of allopurinol response, as shown in previous
studies.”®! The results of this current study suggest that con-
comitant BCRP inhibitors may also contribute to increases
in SUA levels and may contribute to hyperuricemia, and
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therefore allopurinol response. Subjects with higher baseline
SUA for any reason may require higher doses of allopurinol
to achieve and maintain healthy SUA levels. However, effect
sizes observed in these simulations are based on a small sam-
ple size and need to be further investigated and validated.

There are a number of limitations to this study. First, al-
lopurinol was dosed orally, as allopurinol for i.v. injection is
only indicated for prevention of tumor lysis syndrome.32 Oral
dosing limited our ability to precisely detect effects of BCRP
p-Q141K on bioavailability, and therefore on CL/F and V/F
of the drug. Additionally, sample size of this trial was small,
which was powered to detect large differences in oxypurinol
clearance. Thus, there may be differences in oxypurinol PK
parameters among genotype groups that went undetected in
our study. Similarly, our model was limited due to the small
sample size and study design; a larger study with a multiple
dose regimen in patients diagnosed with gout is needed to
better compare genotype groups, identify significant covari-
ates, capture the multiple peaks in the concentration-time
profile, and improve our simulations. Although we attempted
to include enterohepatic circulation in the model by evalu-
ating different previously published modeling approaches,33
this addition was not significant in terms of objective func-
tion and did not adequately capture the multiple peaks, most
likely due to the limited data and large variation observed.
Finally, our EHR analysis was limited by lack of data on the
BCRP genotype of the patients, the indication for which the
patients were prescribed the respective medications, and how
long they were on each medication. As more EHR data be-
comes available for research purposes, we will be able to ac-
count for these variables and covariates, increase the sample
size and robustness of our analysis, and potentially perform a
joint GWAS and EHR analysis in the future.

The renewed interest in the treatment of gout stems from its
growing prevalence and associated morbidities. Allopurinol
remains the first-line treatment, but recent GWAS have in-
dicated that subjects harboring the BCRP p.Q141K variant
may not respond as well to allopurinol.(”8 Overall, our com-
prehensive study was able to identify covariates important
in the PK and PD of oxypurinol and use real-world data to
phenocopy the p.Q141K variant using clinical inhibitors of
BCRP. Additionally, this study provides evidence that indi-
viduals who harbor the reduced function variant of BCRP
may have lower levels of oxypurinol in their intestine. If fur-
ther studies show the intestine to be an important site of ac-
tion for oxypurinol, this could help explain the poor response
seen in these individuals, despite the similar systemic expo-
sure of oxypurinol.
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