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ABSTRACT: Cabotegravir (CAB) is an integrase strand-transfer inhibitor of HIV that has proven effective for HIV treatment and
prevention in a long-acting injectable formulation, typically preceded by an oral formulation lead-in phase. Previous in vitro studies
have demonstrated that CAB is primarily metabolized via glucuronidation by uridine diphosphate glucuronosyltransferase (UGT)
1A1 and 1A9. In this study, we performed next-generation sequencing of genomic DNA isolated from the HPTN 077 participants to
explore the variants within UGT1A1 and UGT1A9. Additionally, to enable correlation of UGT1A1 and UGT1A9 genotypes with
plasma CAB-glucuronide levels, we quantified glucuronidated CAB following both oral administration of CAB and intramuscular
injection of long-acting CAB. From these studies, 48 previously unreported variants of UGT1A1 and UGT1A9 were detected.
Notably, 5/68 individuals carried a UGT1A1 454C>A variant that resulted in amino acid substitution P152T, and the use of in silico
tools predicted a deleterious effect of the P152T substitution. Thus, the impact of this mutant on a range of UGT1A1 substrates was
tested using a COS-7 cell-based assay. The glucuronide conjugates of CAB, dolutegravir, and raltegravir, were not formed in the
COS-7 cells expressing the UGT1A1 P152T mutant. Further, formation of glucuronides of raloxifene and 7-ethyl-10-
hydroxycamptothecin were reduced in the cells expressing the UGT1A1 P152T mutant. Using the same approach, we tested the
activities of two UGT1A9 mutants, UGT1A9 H217Y and UGT1A9 R464G, and found that these mutations were tolerated and
decreased function, respectively. These data provide insight into previously unreported genetic variants of UGT1A1 and UGT1A9.
KEYWORDS: cabotegravir, long-acting, human immunodeficiency virus, pre-exposure prophylaxis,
uridine diphosphate glucuronosyltransferase, cabotegravir-glucuronide

Cabotegravir (CAB) is an integrase strand-transfer
inhibitor of HIV that has demonstrated efficacy when

used alone for HIV pre-exposure prophylaxis (PrEP) and, in
combination with rilpivirine, for HIV treatment.1,2 Of note,
CAB is formulated both as an oral tablet and as a long-acting
injectable.3 Long-acting injectable formulations are advanta-
geous in that they do not require daily dosing and thus may
lower the barriers to adherence as compared to oral regimens.
The acceptability of long-acting injectable agents in PrEP
among potential user groups has been reported.4,5

As a carbamoylpyridine, CAB contains amide functionality
as well as a nitrogen-containing heterocycle.1 It is structurally
similar to dolutegravir, another integrase strand transfer
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inhibitor approved by the FDA in 2013 for HIV treatment.1,6,7

The antiviral activity of CAB has been demonstrated against a
variety of HIV clades and studies using in vitro assays have
shown that CAB inhibits integrase-catalyzed viral DNA strand
transfer with low or subnanomolar efficacy.8,9 Further, both the
aqueous solubility (0.015 mg/mL in pH 6.8 phosphate buffer
at 20 °C) and long elimination half-life of CAB favored its
development as a long-acting formulation.8,10 Importantly,
CAB also has a relatively high genetic barrier to resistance.11

The utility of long-acting CAB as a PrEP agent has been
evaluated in the context of preventing simian-HIV (SHIV)
infection in macaques.12,13 These preclinical studies demon-
strated a high level of protection against repeated intrarectal as
well as intravaginal SHIV challenges.12,13 To date, there have
been two Phase IIa clinical studies to evaluate the potential of
CAB long-acting as an agent for HIV-1 prevention in humans:
ECLAIR and HIV Prevention Trials Network (HPTN)
077.14,15 The tolerability of long-acting CAB was demonstrated
in the HPTN 077 study.15

Glucuronidated CAB has been previously identified as the
primary metabolite of CAB in humans, mice, rats, and
monkeys following oral, subcutaneous, or intramuscular
administration.10 Further, in the above-mentioned work,
glucuronidated CAB was the predominant CAB component
recovered in urine for each route of delivery. Drug metabolism
plays a crucial role in the clearance of drugs from the body.16

Orally administered drugs often undergo hepatic metabolism,
and the liver contains a high abundance of drug metabolizing
enzymes including uridine diphosphate glucuronosyltrans-
ferases (UGTs).16,17 UGTs carry out glucuronidation, which
is the transfer of glucuronic acid from uridine 5′-diphospho-
glucuronic acid to drugs containing amine, carboxylic acid,
hydroxyl, phenol, or thiol groups.17,18 The resulting glucur-
onide conjugates are more polar than the parent drugs, and
these glucuronide conjugates are excreted renally or via biliary
elimination.18 However, since injected drugs enter circulation
directly, the potential impact of metabolism on injected drugs
often remains unconsidered. Further, for injected drugs that
are known to undergo metabolism, it is difficult to ascertain
which organs are responsible for the metabolism. Interestingly,
CAB has been previously shown to undergo glucuronidation in
vitro in human kidney microsomes.19 Reaction phenotyping
studies by Bowers et al. have demonstrated that CAB is
primarily metabolized by UGT family members UGT1A1 and
UGT1A9 with a fractional contribution of 0.67 and 0.33,
respectively.10 Notably, these two enzymes are known to be
expressed in a range of extrahepatic tissues, including kidney
and intestine.20,21

In the present study, we performed next-generation targeted
sequencing of genomic DNA isolated from plasma samples
collected from HPTN 077 study participants to investigate the
presence of variants of UGT1A1 and UGT1A9. We then
performed analyses to look for relationships between the
UGT1A1 and UGT1A9 genotypes and CAB glucuronidation.
HPTN 077 was a double-blind, placebo-controlled phase IIa
study that evaluated the safety, tolerability, and pharmacoki-
netics of long-acting CAB in HIV-uninfected individuals.15

Previously, it was reported that CAB was well tolerated in
HPTN 077 participants across study sites in South Africa,
Brazil, Malawi, and the United States.15 In HPTN 077, a 4-
week oral phase was followed by an injection phase. For CAB-
glucuronide measurements, we obtained samples collected 1
week after the last oral dose of the oral lead-in phase and

throughout the injection phase. In this study, we detected 48
previously unreported variants of UGT1A1 and UGT1A9. Of
note, 5/68 individuals carried a UGT1A1 variant that resulted
in amino acid substitution P152T, and the use of in silico tools
predicted a deleterious effect of the P152T substitution. We
confirmed this prediction using a cell-based metabolism assay.
Taken together, the findings from this study provide insights
into genetic variants of UGT1A1 and UGT1A9 that may
impact the metabolism of CAB and other UGT1A1 and
UGT1A9 substrates.

■ METHODS
Chemicals and Reagents. CAB, dolutegravir (DTG),

raltegravir (RAL), raloxifene (RXF), CAB-glucuronide, RAL-
glucuronide, and RXF-glucuronide standards were obtained
from Toronto Research Chemicals, Inc. (North York, ON,
Canada) while 7-ethyl-10-hydroxycamptothecin (SN-38) was
obtained from MilliporeSigma (St. Louis, MO). The purities of
CAB-glucuronide, RAL-glucuronide, and RXF-glucuronide
standards were 95%. All solvents used were high-performance
liquid chromatography (HPLC) grade and purchased from
Fisher Scientific (Hampton, NH), unless otherwise specified.

Plasma Samples. The HPTN 077 study (ClinicalTrials.-
gov Identifier: NCT02178800) was carried out as reported by
Landovitz et al.15 The study protocol was approved by the
institutional review board or ethics committee at each
participating site, and all participants provided written
informed consent. Plasma samples were obtained from HIV-
uninfected men and women who enrolled in the HPTN 077
study. All participants were given the option to participate in
the pharmacogenomic study by providing specific informed
consent. For the samples analyzed in the present study, active
arm participants (n = 68) in both cohorts, cohorts 1 and 2,
received oral tablets (30 mg) for 4 weeks, followed by a 1-week
wash out period. Participants in cohort 1 (n = 37) received 3
intramuscular injections containing CAB every 12 weeks
whereas cohort 2 participants (n = 31) were given 5 CAB-
containing intramuscular injections at 4-week intervals
between the first and second injections and 8-week intervals
between the remaining injections. Following the oral lead-in
phase, plasma samples used for metabolite analysis were
collected at 1 week after the last oral dose. Participants in
cohort 1 received two intramuscular injections of long-acting
CAB (800 mg of CAB administered as two 400 mg injections)
whereas study participants in cohort 2 were given a single
intramuscular injection of long-acting CAB (600 mg) at each
administration. For CAB-glucuronide analysis, postinjection
plasma samples were collected at 1 week and 4 weeks after the
first injection in both cohorts.

Measurement of CAB-Glucuronide Plasma Concen-
trations. Liquid chromatography coupled to tandem mass
spectrometry (LC−MS/MS) was employed to measure plasma
concentrations of CAB-glucuronide. Thawed plasma (100 μL)
was extracted using acetonitrile to precipitate proteins. Next,
samples were placed on ice for 10 min and centrifuged at
12 000 × g at 4 °C for 10 min. The supernatants were
collected, dried under vacuum, and reconstituted in 40 μL of
methanol. Aliquots (10 μL) of the reconstituted samples were
analyzed using a Dionex Ultimate 3000 UHPLC system
equipped with a Waters Acquity UPLC BEH C18 column (1.7
μm particles, 3.0 mm × 150 mm). The binary mobile phase of
0.4% formic acid in water (A) and 25 mM ammonium formate
in acetonitrile−water (80:20, v/v) (B) was used as previously
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reported.10 The gradient program was as follows: flow rate of
0.55 mL/min; linear gradient, 0−0.2 min, 45% B; 0.2−5.0 min,
45−62% B; 5.0−6.1 min, 62−90% B; 6.1−7.1 min, 90% B;
7.1−8 min, 90−45% B. The analytes were detected by using a
TSQ Vantage Triple-Stage Quadrupole mass spectrometer
(Thermo Scientific, Pittsburgh, PA) operated in positive ion
mode equipped with an electrospray source via selected
reaction monitoring (SRM, CAB-glucuronide ion transition m/
z 582.0 → 406.0). A calibration curve for CAB-glucuronide
was generated using a synthetic standard of CAB-glucuronide
(calibration standards were prepared in blank human plasma at
a total volume of 100 μL) at 9 concentrations ranging from
25 000 ng/mL to 0.25 ng/mL. CAB-glucuronide levels in the
samples were calculated by interpolating the generated
calibration curve using GraphPad Prism (San Diego, CA).
The same LC conditions were employed for the analysis of
DTG-glucuronide and RAL-glucuronide in cell-based assays.
For the analysis of RXF-glucuronide and SN-38-glucuronide,
the following gradient was used: flow rate of 0.6 mL/min;
linear gradient, 0−12 min, 25−70% B; 12−12.1 min, 70−90%
B; 12.1−13 min, 90% B; and 13−14 min, 90−25% B. The
SRM ion transitions used for the detection of the glucuronide
conjugates of DTG, RAL, RXF, and SN-38 were m/z 596.1 →
420.1, 621.1 → 445.1, 650.2 → 474.2, and 569.1 → 393.1,
respectively.
The limits of detection (LOD) and quantification (LOQ)

were calculated using the relationship between the residual
standard deviation (SD) of the calibration curve and its slope
(S), as suggested by the ICH standard (International
Conference on Harmonization of Technical Requirements
for Registration of Pharmaceuticals for Human Use). The
values for LOD and LOQ were calculated using the following
equations: LOD = (3.3 × SD/S) and LOQ = (10 × SD/S).
The limit of quantitation for CAB-glucuronide in plasma
samples was 2.17 ng/mL.
Statistical Analysis. Statistical analyses were performed

using GraphPad Prism (San Diego, CA). Differences in CAB-
glucuronide levels between the wild-type and predicted
deleterious variants were analyzed using a two-tailed unpaired
t test. The significance was denoted as follows: *, p ≤ 0.05; **,
p ≤ 0.01; ***, p ≤ 0.001.
Human Liver and Kidney Microsome Metabolism

Experiments. Human liver microsomes (pooled from 50
mixed sex donors) were purchased from Sekisui XenoTech,
LLC, (Kansas City, KS) whereas human kidney microsomes
(pooled from 5 mixed sex donors) were obtained from
BIOIVT (Baltimore, MD). Microsomes (0.5 mg/mL) were
preincubated with CAB (10 μM) at 37 °C in a water bath for 5
min in 100 mM potassium phosphate buffer, pH 7.4, prior to
the addition of a UGT reaction mixture (Corning Gentest,
Discovery Labware, Woburn, MA) containing 25 mM uridine
5′-diphosphoglucuronic acid (UDPGA) and alamethicin. The
reaction volume was 250 μL, and reactions were allowed to
proceed for 60 min at 37 °C. At the end of the incubations, the
reactions were quenched with 250 μL of acetonitrile followed
by centrifugation at 10 000g at 4 °C for 10 min. Next, the
supernatants were dried under vacuum and subsequently
reconstituted in 50 μL of methanol. Samples were analyzed
using LC−MS/MS as described above.
Genomic DNA isolation. Genomic DNA was isolated

from 5.0 mL of cell-free plasma using a Quick-cfDNA Serum &
Plasma kit (Zymo Research Corp., Irvine, CA). Purified DNA
was eluted using 40 μL of elution buffer.

Sample Preparation for Next-Generation Sequenc-
ing. Samples were prepared following the Illumina low input
library preparation guide (Illumina, San Diego, CA). The
libraries were pooled, and a cleanup procedure was performed
using the Illumina sample purification beads. The final pooled
DNA library (5 μL) was diluted in 985 μL of HT1
hybridization buffer and spiked with 20% PhiX. Sequencing
was performed using an amplicon size of 150 base pair reads.
At least one technical control was included per sample batch.

Next-Generation Sequencing Targeted Enrichment
Design and Data Analysis. Sequencing was performed using
the Illumina TruSeq custom amplicon v2.0 kit (San Diego,
CA). Custom probes targeting the exonic regions of UGT1A1
and UGT1A9 were designed in silico using the Illumina
DesignStudio software. Specific chromosomal design coor-
dinates can be accessed using the DesignStudio ID 108784.
Target enrichment design and data analysis were performed as
previously described.22 The phenotypic consequence of
missense variants was assigned using SIFT (Sorts Intolerant
From Tolerant substitutions; J. Craig Venter Institute online
tool) and PolyPhen (Polymorphism phenotyping; Harvard
University online tool) in silico prediction tools where amino
acid substitutions were scored.

Site-Directed Mutagenesis and Expression of
UGT1A1 and UGT1A1 P152T. The full-length cDNA of
human UGT1A1 was purchased from OriGene (Rockville,
MD). The following primers were used to generate a UGT1A1
454C>A construct for UGT1A1 P152T expression: 5′-
CTGCAAGGAAGGAAAGTGTCCGTCAGCATGACA-3′
and 5′-TGTCATGCTGACGGACACTTTCCTTCCTTG-
CAG-3′. A QuickChange lightning site-directed mutagenesis
kit (Agilent Technologies, Cedar Creek, TX) was used
following the manufacturer’s protocol. A GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific, Waltham, MA) was
used to isolate plasmid DNA, and the presence of the desired
UGT1A1 mutation was confirmed by DNA sequencing. The
DNA (4 μg) was transfected into COS-7 cells using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions.

Glucuronidation by UGT1A1 and UGT1A1 P152T
Expressed in COS-7 Cells. At a time 48 h after transfection,
COS-7 cells were treated with each drug separately (CAB/
DTG/RAL/RXF/SN-38) at a final concentration of 20 μM in
1 mL of Dulbecco’s modified Eagle’s medium (Gibco, Thermo
Fisher Scientific) per well. Drug treated COS-7 cells were
incubated at 37 °C in an atmosphere of >95% humidity and
5% carbon dioxide for 24 h. After the incubation, 500 μL of
media were mixed with 500 μL of acetonitrile followed by
vortexing and centrifugation at 10 000g at 4 °C for 10 min. The
resulting supernatants were collected, dried under vacuum
(using a Vacufuge plus, Eppendorf), and reconstituted in 100
μL of methanol. LC−MS/MS analyses were performed as
described above. The IC50 values of DTG, RAL, RXF, and SN-
38 were determined using the CellTiter-Glo luminescent cell
viability assay kit (Promega Corporation, Madison, WI)
according to the manufacturer’s instructions.

Site-Directed Mutagenesis and Expression of
UGT1A9, UGT1A9 H217Y, and UGT1A9 R464G. The
full-length cDNA of human UGT1A9 was obtained from
OriGene (Rockville, MD). Constructs for use in expressing
UGT1A9 H217Y and UGT1A9 R464G were generated using
the following primers: for UGT1A9 H217Y expression, 5′-
AAAAACGGTGGCATAATAAATATTCCTCCAAGTG-
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CATGATGTG-3′ and 5′- CACATCATGCACTTGGAG-
GAATATTTATTATGCCACCGTTTTT-3′. For UGT1A9
R464G expression, 5′- CGCGCCCTTGTGCCCCATCA-
CAAACTCCA-3′ and 5′-TGGAGTTTGTGATGGGGCA-
CAAGGGCGCG-3′. Site-directed mutagenesis was carried
out as described above. For COS-7 cell-based CAB
glucuronidation assays, drug treatments were performed
using two time points: 24 and 48 h.
Immunoblot Analysis. COS-7 cells were harvested in 500

μL of phosphate-buffered saline (Gibco, Thermo Fisher
Scientific) followed by centrifugation at 3000g for 5 min at 4
°C. Cell lysis buffer containing freshly added phosphatase and
protease inhibitor cocktail (Thermo Fisher Scientific) and
phenylmethylsulfonyl fluoride was used to resuspend the cell
pellets. This was followed by passage of the resuspended cell
pellets (35 times) through a syringe (needle gauge 27G) for
lysis and centrifugation at 14 000g for 10 min at 4 °C. Protein
concentrations were determined using a bicinchoninic acid
assay kit according to manufacturer’s instructions (Thermo
Fisher Scientific). A total of 25 μg of proteins was loaded onto
a 4−15% sodium dodecyl sulfate-polyacrylamide gel (Biorad,
Hercules, CA), blotted onto a nitrocellulose membrane
(Invitrogen, Carlsbad, CA), and then incubated with a
human anti-UGT1A1 antibody (Abcam, Cambridge, MA),

anti-MYC (myelocytomatosis C-terminal) antibody (Millipore
Sigma, St. Louis, MO), or a human anti-UGT1A9 antibody
(Abcam, Cambridge, MA). Similarly, a human anti-GAPDH
antibody was used to detect GAPDH as a loading control. A
ChemiDoc Touch imaging system (Biorad, Hercules, CA) was
used for chemiluminescent imaging of the blots.

■ RESULTS

In Vitro CAB Metabolism. To establish our detection
method prior to the analysis of plasma samples of HPTN 077
participants, CAB metabolism assays were performed using
human liver microsomes. We initially utilized an untargeted
LC−MS/MS approach to detect metabolites. Through these
studies, a metabolite at m/z 582 was detected, and it was only
present in the reactions containing the UGT cofactor, uridine
5′-diphospho-glucuronic acid. Based on retention time and
fragmentation pattern, this metabolite was identified as CAB-
glucuronide (Figure 1). The MS/MS fragmentation spectrum
of this compound exhibited a major mass fragment ion at m/z
406 suggesting the loss of the glucuronide group. Therefore,
for subsequent experiments, the levels of the CAB-glucuronide
metabolite were monitored via selected reaction monitoring
using the ion transition, parent mass → product ion: m/z 582
→ 406. Of note, no additional metabolites of CAB were

Figure 1. Chemical structures of CAB, CAB-glucuronide, and extracted ion chromatograms of CAB-glucuronide. CAB-glucuronide ion
chromatogram in selected reaction monitoring (SRM) mode for the ion transition m/z 582 → 406 in (A) synthetic standard, (B) in vitro liver
microsome assay, and (C) plasma sample of an HPTN 077 participant following CAB administration. For in vitro assays, CAB and human liver
microsomes were incubated at 37 °C for 60 min in the presence of a UGT reaction mixture containing UDPGA.
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detected in these studies. Further, since kidneys may
contribute to metabolism following intramuscular injection,
we tested whether CAB could be metabolized in the kidney.
To do so, we employed human kidney microsomes. From
these experiments, we observed the formation of CAB-
glucuronide in the incubations that contained human kidney
microsomes and UGT cofactor (Figure 2). We did not detect
any other CAB metabolites from these in vitro incubations.
Analysis of Genetic Variants in the Genes Encoding

UGT1A1 and UGT1A9. In order to investigate the variants
within the genes encoding enzymes that are responsible for
CAB metabolism, we performed targeted sequencing of
UGT1A1 and UGT1A9. The demographic details of
participants in this study are listed in Table 1. A total of 36
single nucleotide variants and deletions that cause an amino
acid substitution in the UGT1A1 protein were detected in 33
participants (Table 2). Of these 36 variants, 24 have not been
previously reported. Using in silico tools, SIFT and PolyPhen,
10 of the detected missense variants were predicted to have a
deleterious and damaging impact on UGT1A1 protein
function (Table 2). Of the 68 participants genotyped, 13
carried variants in UGT1A1 that were predicted to have a
deleterious and damaging impact on the UGT1A1 protein
(13/68 individuals; 19.1%). Further, 5 of 68 (7.3%)
participants carried an unreported variant translating to a
proline to threonine substitution at amino acid 152 of the
UGT1A1 protein (UGT1A1 P152T) that was predicted to be
deleterious. Another unreported UGT1A1 missense variant
was detected in 7 individuals (10.3%) and was predicted to

result in substitution of amino acid 478 of the UGT1A1
protein, substituting a valine residue for an alanine residue
(UGT1A1 A478 V). This variant was predicted to be tolerated.
We detected 12 previously reported UGT1A1 variants: 1349G
> A, 1348C > T, 1325G > A, 253A > G, 673G > A, 233C > T,
686C > A, 1373C > T, 1492G > A, 577G > A, 1429G > A, and
120G > A. Of these, the UGT1A1 variant rs200370335
(NM_000463.2:c.1349G>A) was detected in 3 individuals and
is predicted to be deleterious, yielding a 4.4% (3/68) observed
frequency of this variant. Another UGT1A1 variant
rs35350960 (NM_000463.2:c.686C>A) was detected at an
observed frequency of 2.9% (2/68 individuals) and is predicted
to be tolerated. All individuals carrying UGT1A1 variants were
heterozygous.
For UGT1A9, a total of 37 single nucleotide variants and

deletions that cause a substitution at the amino acid level in the
UGT1A9 protein were detected in 37 participants: 30 enrolled
in the USA study sites and 7 in South Africa (Table 3). Using
in silico tools, SIFT and PolyPhen, 12 participants were
predicted to carry missense variants with a deleterious and
damaging impact on UGT1A9 protein function (Table 3).
One previously unreported variant was detected in 14
individuals and predicted to affect amino acid 217 of the
UGT1A9 protein resulting in a substitution of the histidine
residue to a tyrosine residue (UGT1A9 H217Y, 20.6%
observed frequency, 14/68 individuals). This UGT1A9 variant
was predicted to be tolerated. Additionally, another unreported
variant translating to an alanine to valine substitution at amino
acid 475 of the UGT1A9 protein was predicted to be tolerated,

Figure 2. CAB-glucuronide is formed using human kidney microsomes. Extracted ion chromatograms of CAB-glucuronide (upper panel; retention
time 1.79 min) and CAB (lower panel; 4.01 min) in the (A) absence (control experiment) and (B) presence of the UDPGA. An arrow indicates
the peak corresponding to CAB-glucuronide. CAB and human kidney microsomes were incubated at 37 °C in the absence or presence of UDPGA
for 60 min.
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with 8 participants carrying this mutant (UGT1A9 A475 V,
11.8% frequency, 8/68 individuals). Thirteen previously
reported UGT1A9 variants were detected: 1340G > A,
1339C > T, 1316G > A, 850C > T, 764C > T, 281C > T,
665G > A, 1364C > T, 8G > A, 454A > G, 215G > A, 1483G >
A, and 1420G > A. Of these, two previously reported UGT1A9
variants, rs750374477 (NM_021027.3:c.850C>T) and
rs145084767 (NM_021027.3:c.8G>A) were each found at
an observed frequency of 2.9% (2/68 individuals). Both

variants are predicted to be tolerated. All participants carrying
UGT1A9 variants were heterozygous.

Correlation between CAB-Glucuronide Plasma Levels
and UGT1A1/UGT1A9 Genotype. We investigated potential
correlations between CAB-glucuronide levels and the
UGT1A1/UGT1A9 genotype. Of the 68 participants, 35
(51.5%, 35/68 individuals) were wild-type for UGT1A1
while 33 (48.5%, 33/68 individuals) participants carried
UGT1A1 variants. Of the 35 wild-type participants, 21
participants (60%, 21/35 individuals) had detectable levels of
CAB-glucuronide in their plasma samples 1 week after the oral
lead-in phase. Nineteen participants (54.3%, 19/35 individu-
als) showed quantifiable CAB-glucuronide levels with a mean
value of 22.63 ± 57.41 ng/mL (Figure 3A). At 1-week
postinjection, CAB-glucuronide was detectable in all partic-
ipants (100%, 35/35 individuals) that were homozygous wild-
type for UGT1A1 with a mean value of 63.14 ± 76.16 ng/mL
(Figure 3A). Similarly, all these above-mentioned UGT1A1
homozygous wild-type participants (100%, 35/35 individuals)
had detectable CAB-glucuronide levels at 4 weeks after the first
injection, and the mean value was 37.95 ± 25.44 ng/mL
(Figure 3A).
Of the 33 participants carrying UGT1A1 variants, 13 (39.4%,

13/33) individuals carried UGT1A1 variants that were
predicted to be deleterious. Interestingly, only 5 (38.5%, 5/
13 individuals) of these participants who carried predicted
deleterious UGT1A1 variants had detectable CAB-glucuronide
levels 1 week after the oral phase. We were able to quantify
CAB-glucuronide levels in these participants, and the mean
value was 6.63 ± 4.49 ng/mL (Figure 3A). In contrast, CAB-
glucuronide was detected in all 13 (100%, 13/13) participants
who carried predicted deleterious UGT1A1 variants with a
mean value of 40.16 ± 43.05 ng/mL at 1-week postinjection
(Figure 3A). At 4 weeks after the first injection, all 13
participants had CAB-glucuronide in plasma, and the mean
value was 27.38 ± 26.32 ng/mL (Figure 3A).
A total of 31 (45.6%, 31/68) participants were homozygous

wild-type for UGT1A9, while 37 (54.4%, 37/68) participants
were heterozygous for UGT1A9 variants. Of the 31 wild-type
participants, 16 (51.6%, 16/31) had detectable CAB-
glucuronide levels 1 week after the oral phase with a mean
value of 28.13 ± 66.60 ng/mL (Figure 3B). At 1-week
postinjection, all 31 (100%, 31/31) participants showed
detectable CAB-glucuronide levels, and the mean value was
55.09 ± 76.62 ng/mL (Figure 3B). CAB-glucuronide was
detected in all 31 participants at 4 weeks after the first injection
with a mean plasma level of 36.39 ± 27.25 ng/mL (Figure 3B).
Of the 37 individuals carrying UGT1A9 variants, 12 carried

UGT1A9 variants that were predicted to be deleterious. Six
(50%, 6/12) participants who carried UGT1A9 variants that
were predicted to be deleterious had detectable levels of CAB-
glucuronide in their plasma samples 1 week after the oral
phase. The mean CAB-glucuronide level was 5.42 ± 1.74 ng/
mL (Figure 3B). At 1-week postinjection, we detected CAB-
glucuronide in all 12 of these participants for a mean
concentration of 54.20 ± 43.23 ng/mL (Figure 3B). All 12
participants exhibited detectable levels of CAB-glucuronide at
4 weeks after the first injection, and the mean concentration
was 35.51 ± 26.37 ng/mL (Figure 3B).

Impact of the UGT1A1 P152T Mutant on Drug
Glucuronidation. Five individuals carried a previously
unreported variant that was predicted to be deleterious,
UGT1A1 454C>A. This mutation results in an amino acid

Table 1. Baseline Demographic Details of the Participants
in Cohort 1 and Cohort 2

overall cohort 1 cohort 2

Age
18−25 21/68 (30.9%) 8/37 (21.6%) 13/31 (41.9%)
26−35 27/68 (39.7%) 15/37 (40.5%) 12/31 (38.7%)
36−45 7/68 (10.3%) 4/37 (10.8%) 3/31 (9.7%)
46−55 8/68 (11.8%) 6/37 (16.2%) 2/31 (6.5%)
56−65 5/68 (7.4%) 4/37 (10.8%) 1/31 (3.2%)
mean (SD) 33 (12.0) 36 (12.8) 30 (10.5)
median 29 32 29
25th, 75th
percentile

24, 39 26, 48 23, 33

min, max 18, 62 19, 60 18, 62

Sex at Birth
male 28/68 (41.2%) 15/37 (40.5%) 13/31 (41.9%)
female 40/68 (58.8%) 22/37 (59.5%) 18/31 (58.1%)

Weight (kg)
N 68 37 31
mean (SD) 81 (20.7) 82 (19.4) 80 (22.5)
median 79 79 78
25th, 75th
percentile

67, 97 70, 97 61, 97

min, max 43, 127 43, 122 47, 127

BMI
N 68 37 31
mean (SD) 28 (7.0) 29 (6.9) 28 (7.1)
median 26 26 26
25th, 75th
percentile

22, 34 24, 33 21, 35

min, max 16, 50 16, 50 17, 44

overall cohort 1 cohort 2

Race
Latino 11/68 (16.2%) 7/37 (18.9%) 4/31 (12.9%)
nonhispanic Asian 1/68 (1.5%) 0/37 (0.0%) 1/31 (3.2%)
nonhispanic black 23/68 (33.8%) 9/37 (24.3%) 14/31 (45.2%)
nonhispanic white 30/68 (44.1%) 21/37 (56.8%) 9/31 (29.0%)
nonhispanic
mixed/other

3/68 (4.4%) 0/37 (0.0%) 3/31 (9.7%)

Smoking
no 58/68 (85.3%) 31/37 (83.8%) 27/31 (87.1%)
yes 10/68 (14.7%) 6/37 (16.2%) 4/31 (12.9%)

Region
U.S. 53/68 (77.9%) 32/37 (86.5%) 21/31 (67.7%)
South Africa 15/68 (22.1%) 5/37 (13.5%) 10/31 (32.3%)
Brazil 0/68 (0.0%) 0/37 (0.0%) 0/31 (0.0%)
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substitution from proline to threonine at residue 152 of the
UGT1A1 protein. In order to functionally test the impact of
the UGT1A1 P152T mutant on drug glucuronidation, we

generated a UGT1A1 454C>A construct and transfected it into
COS-7 cells. Similarly, wild-type UGT1A1 was transfected
separately into COS-7 cells to allow for comparisons of the

Table 2. UGT1A1 Missense Variants Detected in HPTN-077 Participantsa

geographic
location

variant
(ref > alt)

cDNA
position

coding DNA sequence
position

protein
position

amino acid substitution
(ref > alt) SIFT prediction PolyPhen prediction

Chapel Hill G > A 296 281 94 S > N tolerated (0.41) benign (0.008)
Chapel Hill A > G 1414 1399 467 R > G deleterious (0) probably damaging

(0.994)
Chapel Hill G > A 1364 1349 450 R > H deleterious (0) probably damaging

(1)
Chapel Hill C > T 1363 1348 450 R > C deleterious (0) probably damaging

(1)
Chapel Hill G > A 1340 1325 442 R > H tolerated (0.6) benign (0.415)
Chapel Hill T > C 74 59 20 L > P deleterious (0.01) possibly damaging

(0.1)
Chapel Hill A > G 268 253 85 R > G tolerated (0.07) benign (0.003)
Chapel Hill C > T 1517 1502 501 T > I tolerated (0.98) benign (0.128)
Los Angeles G > A 340 325 109 V > M tolerated (0.24) benign (0.063)
Los Angeles C > T 1448 1433 478 A > V tolerated (0.06) probably damaging

(1)
Los Angeles T > C 59 44 15 L > P deleterious (0) possibly damaging

(0.902)
Los Angeles C > A 469 454 152 P > T deleterious (0.02) probably damaging

(0.998)
Los Angeles G > A 688 673 225 V > M tolerated (0.17) benign (0.025)
Los Angeles C > T 248 233 78 T > M tolerated (0.08) benign (0.223)
San Francisco C > T 536 521 174 A > V deleterious (0.02) benign (0.005)
San Francisco C > A 377 362 121 A > D tolerated (0.68) benign (0.012)
San Francisco G > A 1544 1529 510 C > Y deleterious (0.01) possibly damaging

(0.624)
San Francisco C > A 701 686 229 P > Q tolerated (0.23) possibly damaging

(0.862)
San Francisco G > A 520 505 169 V > I tolerated (0.13) possibly damaging

(0.776)
San Francisco C > T 1388 1373 458 A > V deleterious (0) probably damaging

(1)
San Francisco C > T 1468 1453 485 Q > * N/A N/A
Washington,
DC

C > A 478 463 155 P > T deleterious (0.03) benign (0.168)

Washington,
DC

C > T 409 394 132 H > Y tolerated (1) benign (0.006)

Washington,
DC

G > A 19 4 2 A > T tolerated - low
confidence (0.16)

possibly damaging
(0.811)

Johannesburg G > A 202 187 63 D > N deleterious (0.01) benign (0.014)
Johannesburg G > A 1507 1492 498 V > I tolerated (1) benign (0.007)
Johannesburg A > G 247 232 78 T > A tolerated (0.06) benign (0.033)
Johannesburg G > A 592 577 193 V > M deleterious (0.01) probably damaging

(0.984)
Johannesburg G > A 125 110 37 G > D deleterious (0) probably damaging

(0.998)
Johannesburg G > A 1444 1429 477 A > T deleterious (0.01) probably damaging

(1)
Johannesburg A > T 416 401 134 K > M deleterious (0.01) possibly damaging

(0.806)
Johannesburg T > G 1525 1510 504 F > V deleterious (0.03) probably damaging

(0.989)
Johannesburg T > C 155 140 47 I > T deleterious (0.03) benign (0.014)
Johannesburg G > A 135 120 40 W > * N/A N/A
Durban G > A 1504 1489 497 A > T tolerated (0.2) possibly damaging

(0.718)
Durban C > T 1427 1412 471 A > V deleterious (0) probably damaging

(1)
aTwo in silico tools: SIFT and PolyPhen were used to predict the functional consequence of resulting amino acid mutations. A SIFT score <0.05
was indicative of a damaging amino acid substitution and >0.05 a tolerated substitution. A PolyPhen score >0.908 was suggestive of a probably
damaging, 0.447-0.908 a possible damaging, or <0.447 a benign amino acid substitution. Deleterious and probably damaging UGT1A1 missense
variants was observed at a frequency of 19.1% (13/68 individuals).
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Table 3. UGT1A9 Missense Variants Detected in HPTN-077 Participantsa

geographic
location

variant
(ref > alt)

cDNA
Position

coding DNA sequence
position

protein
position

amino acid substitution
(ref > alt)

SIFT
prediction PolyPhen prediction

Chapel Hill G > A 1377 1340 447 R > H deleterious (0) probably damaging
(0.999)

Chapel Hill C > T 1376 1339 447 R > C deleterious (0) probably damaging
(0.999)

Chapel Hill G > A 1353 1316 439 R > H tolerated
(0.07)

benign (0.056)

Chapel Hill A > G 1427 1390 464 R > G deleterious (0) probably damaging
(0.999)

Chapel Hill C > T 881 844 282 P > S deleterious (0) benign (0.02)
Chapel Hill T > C 525 488 163 L > P deleterious (0) probably damaging

(0.991)
Chapel Hill G > A 467 430 144 A > T deleterious

(0.01)
probably damaging
(0.954)

Chapel Hill C > T 1530 1493 498 T > I tolerated (1) benign (0.272)
Los Angeles C > T 887 850 284 P > S tolerated (1) benign (0.011)
Los Angeles C > T 1461 1424 475 A > V tolerated

(0.08)
probably damaging
(0.999)

Los Angeles C > T 194 157 53 H > Y deleterious (0) probably damaging
(0.995)

Los Angeles C > T 468 431 144 A > V tolerated (1) probably damaging
(0.967)

San Francisco C > T 801 764 255 T > M tolerated
(0.15)

benign (0.054)

San Francisco C > T 1401 1364 455 A > V deleterious (0) probably damaging
(0.999)

San Francisco G > A 702 665 222 R > H tolerated
(0.22)

benign (0.001)

San Francisco C > T 318 281 94 A > V tolerated
(0.32)

benign (0.007)

San Francisco C > T 686 649 217 H > Y tolerated (1) benign (0.005)
San Francisco G > T 50 13 5 G > W deleterious

(0.03)
possibly damaging
(0.576)

San Francisco G > A 774 737 246 S > N tolerated (1) benign (0.107)
San Francisco C > T 185 148 50 L > F deleterious

(0.01)
benign (0.435)

San Francisco G > A 578 541 181 A > T tolerated (1) benign (0.07)
San Francisco C > T 674 637 213 H > Y tolerated (1) benign (0.009)
San Francisco A > G 873 836 279 Q > R tolerated

(0.36)
benign (0.008)

San Francisco G > A 240 203 68 R > K tolerated
(0.34)

benign (0.002)

San Francisco G > A 1557 1520 507 C > Y deleterious
(0.01)

probably damaging
(0.999)

San Francisco W > * 55 18 6 W > * N/A N/A
San Francisco Q > * 1481 1444 482 Q > * N/A N/A
Washington,
DC

G > A 45 8 3 C > Y tolerated
(0.07)

benign (0.002)

Washington,
DC

A > G 491 454 152 N > D deleterious (0) benign (0.002)

Washington,
DC

G > A 252 215 72 C > Y tolerated (1) benign (0.012)

Johannesburg G > A 1520 1483 495 V > I tolerated (1) benign (0.004)
Johannesburg G > A 1457 1420 474 A > T deleterious

(0.01)
probably damaging
(0.999)

Johannesburg T > G 1538 1501 501 F > V deleterious
(0.03)

probably damaging
(0.999)

Johannesburg G > A 104 67 23 A > T tolerated (1) benign (0.056)
Johannesburg G > T 576 539 180 G > V deleterious

(0.04)
probably damaging
(0.955)

Durban G > A 1517 1480 494 A > T tolerated
(0.16)

probably damaging
(0.956)

Durban C > T 1440 1403 468 A > V deleterious (0) probably damaging
(0.999)

aTwo in silico tools: SIFT and PolyPhen were used to predict the functional consequence of resulting amino acid mutations. A SIFT score <0.05
was indicative of a damaging amino acid substitution and >0.05 a tolerated substitution. A PolyPhen score >0.908 was suggestive of a probably
damaging, 0.447−0.908 a possible damaging, or <0.447 a benign amino acid substitution. Deleterious and probably damaging UGT1A9 missense
variants were observed at a frequency of 17.6% (12/68 individuals).
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activities of wild-type UGT1A1 versus UGT1A1 P152T.
Immunoblotting confirmed the expression of both wild-type
UGT1A1 and UGT1A1 P152T in the transfected cells (Figure
4). Next, the abilities of wild-type UGT1A1 and UGT1A1
P152T to glucuronidate CAB, DTG, RAL, RXF, and SN-38
were measured. Following 24 h of treatment, glucuronidated
metabolites of CAB, DTG, and RAL were undetectable in cells
expressing UGT1A1 P152T, whereas these drugs were readily
glucuronidated in cells transfected with wild-type UGT1A1
(Figure 4). Additionally, a marked reduction in the
glucuronidation of both RXF and SN-38 was observed in
cells transfected with UGT1A1 P152T as compared to those
transfected with wild-type UGT1A1 (Figure 4). Assays were
also performed to test the impact of the above-mentioned
drugs on COS-7 cell viability. In these studies, the IC50 values
for RXF, DTG, RAL, and SN-38 were 20.1 μM, 360.4 μM,
36.4 μM, and 131.4 μM, respectively.

Activity of UGT1A9 H217Y and UGT1A9 R464G
toward CAB. The potential impact of two UGT1A9 mutants,
UGT1A9 H217Y (a mutant predicted to be tolerated) and
UGT1A9 R464G (a mutant predicted to be deleterious) on
CAB glucuronidation was investigated using COS-7 cells
expressing UGT1A9 wild-type, UGT1A9 H217Y, or UGT1A9
R464G. Following 24 h of incubation with CAB, formation of
CAB-glucuronide was not observed in the UGT1A9 wild-type,
UGT1A9 H217Y, or UGT1A9 R464G assays (data not
shown). However, after 48 h treatments with CAB, we were
able to detect CAB-glucuronide production by the cells
expressing UGT1A9 wild-type and UGT1A9 H217Y. In
contrast, in the UGT1A9 R464G incubations, production of
CAB-glucuronide was not detectable above the background
(Figure 5).

■ DISCUSSION
Based on previous in vitro reaction phenotyping studies using
human liver microsomes and recombinant UGT enzymes, it
has been reported that UGT1A1 and UGT1A9 are the primary
enzymes that metabolize CAB.10 Glucuronidation is mainly
associated with the clearance of orally administrated drugs, and
the role of this pathway in the metabolism of drugs delivered
via other routes such as intramuscular injections is largely
unexplored. In our study, CAB-glucuronide was detected in
plasma samples of all the participants following intramuscular
injection of long-acting CAB. This agrees with previously
published findings demonstrating the detection of CAB-
glucuronide following subcutaneous or intramuscular injec-
tions.10 According to previous studies, long-acting CAB has an
elimination half-life of 25−54 days.23,24 Extrahepatic organs
such as kidney may contribute to CAB glucuronidation in this
context. Data from our in vitro assays using human kidney
microsomes indicate that CAB could be metabolized in the
kidney. This observation is concordant with recently reported
work by Liu et al.19 Additionally, it is well established that the
UGT enzymes responsible for CAB metabolism, UGT1A1 and
UGT1A9, are expressed differentially in the liver and
kidney.20,25,26 Specifically, UGT1A1 is more abundant in the
liver whereas UGT1A9 is highly expressed in the kidney
(approximately 4-fold higher than in the liver).25 The relative
contributions of each of these UGTs may differ following oral
administration versus intramuscular injection.
Through this work, we identified 36 UGT1A1 variants, 67%

of which were previously unreported. Additionally, we detected
37 UGT1A9 variants, 65% of which were novel. A total of 13
participants carried UGT1A1 variants predicted to have a
deleterious and damaging impact on UGT1A1 activity. Of
these, 5 participants from three study sites, Los Angeles,
Washington, DC and Johannesburg carried a previously
unreported UGT1A1 454C>A variant that was predicted to
be deleterious. Translation of this UGT1A1 gene variant results
in an amino acid substitution at residue 152 of the UGT1A1
protein, predicted to be located six amino acid residues away
from a buried α-helix.27 The substitution of proline to
threonine at this position, P152T, changes the residue from
the nonpolar, aliphatic side chain (proline) to a polar,
uncharged side chain containing a hydroxyl group (threonine).
In order to test activity of UGT1A1 P152T, we introduced the
mutation into a UGT1A1 construct and transfected it into
COS-7 cells. COS-7 cell-based assays have been previously
used to investigate activities of UGTs.28,29 Based on our data,
we observed that UGT1A1 P152T did not exhibit activity

Figure 3. Relationship between CAB-glucuronide plasma levels and
UGT1A1 or UGT1A9 genotype of HPTN 077 participants. (A)
Participants were grouped by UGT1A1 genotype: wild type (n = 35)
versus predicted deleterious variants (n = 13). (B) Participants were
grouped by UGT1A9 genotype: wild type (n = 31) versus predicted
deleterious variants (n = 12). CAB-glucuronide concentrations in
plasma samples following the oral dosing period (samples collected 1
week after the oral lead-in phase) and injection phase (samples
collected at 1 week and 4 weeks after the first injection) were then
plotted against genotype for each participant. The observed
differences were not statistically significant.
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toward CAB, DTG, and RAL. In addition, glucuronidation of
RXF and SN-38 was reduced in COS-7 cells expressing the
UGT1A1 P152T mutant. This observation is in concordance
with our in silico prediction of the deleterious impact of the
UGT1A1 P152T mutant on activity. In line with this, of the 5
participants carrying the UGT1A1 P152T mutant, 4 (80%, 4/
5) individuals did not have detectable levels of CAB-
glucuronide following oral administration of CAB. Interest-
ingly, CAB-glucuronide was detected in all participants
following intramuscular injection. Future exploration to better
understand the pharmacological impact of this variant is
warranted.
Of the variants detected in our study, one participant carried

a UGT1A1 variant that involves the substitution of a cystine
residue (C510Y). This position (residue 510) is within the C-
terminal tail that is highly conserved in UGT enzymes.30

However, previous studies have shown that substitution of this

residue from cystine to a tyrosine does not have a major effect
on the activity of UGT1A1 enzyme.30 In line with this, we did
not observe an impact of this variant on CAB glucuronidation.
Of note, certain UGT1A1 variants have been demonstrated to
be biologically important. For instance, UGT1A1 variants such
as UGT1A1*6, UGT1A1*28, and UGT1A1*37 are associated
with Gilbert’s syndrome, a condition in which bilirubin
processing is impaired.28,31−33 It is noteworthy that the
genotyping of UGT1A1 has been previously reported in the
context of the metabolism of another HIV integrase inhibitor,
RAL.34 The investigators showed that the UGT1A1*28
polymorphism has a significant impact on RAL exposure
with higher RAL plasma levels among UGT1A1*28 carriers
compared to wild-type UGT1A1.34 More recently, the
pharmacogenetic effects of the above-mentioned variants
(reduced-function alleles, UGT1A1*6, UGT1A1*28, and
UGT1A1*37) on steady-state pharmacokinetics and safety of

Figure 4. UG1A1 P152T does not exhibit activity toward CAB. Additionally, the glucuronide conjugates of DTG and RAL were not formed in the
COS-7 cells expressing the UGT1A1 P152T mutant, whereas the formation of glucuronide conjugates of RXF and SN-38 was reduced in the cells
expressing the UGT1A1 P152T mutant. Extracted ion chromatograms of CAB-glucuronide (upper panel; retention time 1.82 min) and CAB
(lower panel; retention time 4.04 min) in COS-7 cells that were transfected with (A) no plasmid (control), (B) wild-type UGT1A1 construct, and
(C) a mutant construct resulting in expression of UGT1A1 P152T. The arrow indicates the peak corresponding to CAB-glucuronide. All drug
treatments were carried out for 24 h. (D) Protein expression of UGT1A1 wild-type and the UGT1A1 P152T mutant in the transfected COS-7 cells.
Constructs designed for expression of UGT1A1 wild-type and the UGT1A1 P152T mutant were transfected into COS-7 cells, separately.
Transfected COS-7 cells with no plasmid were used as the control. Immunoblot analyses were carried out to detect UGT1A1 expression. (E)
Formation of glucuronide conjugates of CAB, DTG, RAL, RXF, and SN-38 in the cells expressing UGT1A1 wild-type versus the UGT1A1 P152T
mutant. Error bars represent standard deviation; n = 3. Glucuronide formation in the cells expressing UGT1A1 wild-type was normalized to 100%.
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CAB (both oral and intramuscular injection) have been
investigated.35 This retrospective study showed a modest
increase in CAB exposure (following both oral administration
and injection) associated with reduced-function alleles though
it was not considered clinically relevant.35 However, we did not
detect these reduced-function UGT1A1 variants (UGT1A1*6,
UGT1A1*28, and UGT1A1*37) in our study population.
The UGT1A9 variant that exhibited the highest frequency

(20.6%) in the present work, UGT1A9 H217Y was predicted
to be tolerated. Indeed, experiments performed here using cell-
based assays confirmed this prediction. The UGT1A9 H217Y
mutant is previously unreported and was carried by 14
individuals. Further, two previously reported UGT1A9 variants
detected in our study are predicted to be tolerated:
rs750374477 (NM_021027.3:c.850C>T) and rs145084767
(NM_021027.3:c.8G>A). Three participants from two study

sites, Chapel Hill/U.S., and Johannesburg/South Africa carried
one previously reported UGT1A9 variant that is predicted to
be deleterious, rs200370335 (NM_021027.3:c.1340G>A).
The UGT1A9 genetic variation has been previously suggested
to have an impact clinically. For instance, decreased activity of
UGT1A9 has been linked to reduced metabolism of a variety
of substrates including the active metabolites of the chemo-
therapeutic agent irinotecan.36 Further, a UGT1A9 variant
allele, UGT1A9*3, has been shown to affect the in vivo
metabolism of an immunosuppressive drug, mycophenolic
acid.37 In our studies, we found that a UGT1A9 R464G
mutant did not produce detectable levels of CAB-glucuronide
in cell-based assays. We investigated the cytotoxicity of our
study drugs in COS-7 cells and found that the concentrations
used in our metabolism assays were near or far below the IC50
values for cell viability. These data suggest that drug toxicity

Figure 5. Activity of wild-type UGT1A9, UGT1A9 H217Y, and UGT1A9 R464G toward CAB. Extracted ion chromatograms of CAB-glucuronide
(retention time 1.76 min) in COS-7 cells that were transfected with (A) no plasmid (control), (B) wild-type UGT1A9 construct, (C) a variant
construct resulting in expression of UGT1A9 H217Y, and (D) a variant construct resulting in expression of UGT1A9 R464G. CAB treatments were
carried out for 48 h. While a peak at retention time 1.76 min is visible in panel D, this peak was of low abundance and was not above background.
(E) Protein expression of UGT1A9 wild-type, UGT1A9 H217Y, and UGT1A9 R464G in the transfected COS-7 cells. Constructs generated to
express UGT1A9 wild-type, UGT1A9 H217Y, and UGT1A9 R464G were transfected into COS-7 cells, separately. Transfected COS-7 cells with
no plasmid were used as the control. Immunoblot analyses were carried out to detect UGT1A9 expression.
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likely did not influence our results and confound our ability to
effectively compare UGT1A1 and UGT1A9 wild-type to
mutant activity.
Specific transporters (both efflux and uptake) involved in the

disposition of CAB-glucuronide in humans have been
identified.38 Therefore, the differences in expression of
transporters such as multidrug resistance-associated protein 2
(MRP2), MRP3, MRP4, organic anion transporting polypep-
tide 1B1 (OATP1B1), OATP1B3, and organic anion trans-
porter 3 (OAT3) may contribute to the observed interindi-
vidual differences in CAB-glucuronide levels.
In conclusion, we detected 48 previously unreported variants

in UGT1A1 and UGT1A9, some of which may impact CAB
disposition. Functional testing of UGT1A1 P152T suggests
that this mutant may exhibit reduced metabolism of CAB,
DTG, RAL, RXF, and SN-38 in vivo. Importantly, since this
previously unreported variant appears to result in reduced
function, it could also impact the glucuronidation of drugs
beyond our study drugs. Taken together, these data provide
important insights into the genetic variants of UGT1A1 and
UGT1A9 that may impact the metabolism of CAB as well as
other drugs.
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