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ABSTRACT

The major objective of this study was to investigate association of genetic and non-genetic factors
with variability in protein abundance and in vitro activity of the androgen metabolizing enzyme,
UGT2B17, in human liver microsomes (n=455). UGT2B17 abundance was quantified by LC-
MS/MS proteomics and enzyme activity was determined by using testosterone and
dihydrotestosterone as in vitro probe substrates. Genotyping or gene resequencing and mRNA
expression were also evaluated. Multivariate analysis was used to test association of UGT2B17
copy number variation, single nucleotide polymorphisms (SNPs), age and sex with its mMRNA
expression, abundance and activity. UGT2B17 gene copy humber and SNPs (rs7436962,
rs9996186, rs28374627 and rs4860305) were associated with gene expression, protein levels
and androgen glucuronidation rates in a gene-dose dependent manner. UGT2B17 protein (mean
+ SD pmol per mg microsomal protein) is sparsely expressed in children below 9 years (0.12 +
0.24), but profoundly increases from age 9 years to adults (~10 fold) with ~2.6-fold higher
abundance in males than females (1.2 vs. 0.47). Association of androgen glucuronidation with
UGT2B15 abundance was only observed in the low UGT2B17 expressers. These data can be
used to predict variability in the metabolism of UGT2B17 substrates. Drug companies should

include UGT2B17 in early phenotyping assays during drug discovery to avoid late clinical failures.
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INTRODUCTION

Uridine 5'-diphospho-glucuronosyltransferases (UGTs; EC 2.4.1.17) facilitate excretion of a wide
variety of lipophilic drugs, environmental chemicals, and endogenous substrates containing
hydroxyl, carboxyl, amino, and sulfur-containing functional groups by catalyzing conjugation of
these substrates with glucuronic acid to increase hydrophilicity. UGT enzymes belong to distinct
subfamilies of more than 26 genes with 19 well-characterized functional proteins. The functional
isoforms belong to the UGT1 and UGT2 superfamilies, which are further divided into three
subfamilies based on their sequence similarities into UGT1As (UGT1Al, UGT1A3-UGT1A10),
UGT2As (UGT2A1-UGT2A3) and UGT2Bs (UGT2B4, UGT2B7, UGT2B10, UGT2B11, UGT2B15,
UGT2B17, and UGT2B28) (Guillemette, 2003; Oda et al., 2015; Yuan et al., 2016).

Although all hepatic UGT isoforms are generally variable, UGT2B17 shows extensively higher
interindividual variability in its protein abundance and activity (Fallon et al., 2013; Neumann et al.,
2016), and it is expressed in a variety of tissues such as liver, intestine, kidney, testis, uterus,
placenta, mammary gland, adrenal gland, skin, and prostate (Beaulieu et al., 1996; Ekstrom et
al., 2013). A number of endogenous steroids including testosterone, dihydrotestosterone (DHT),
androstane-3-alpha, 17-beta-diol (3-alpha-diol), androsterone and estradiol and xenobiotics, e.g.,
17-dihydroexemestane, vorinostat and lorcaserin have been identified as substrates of UGT2B17
(Beaulieu et al., 1996; Wong et al., 2011; Sadeque et al., 2012; Chen et al., 2016b; Neumann et
al., 2016). The expression of UGT2B17 in sex hormone-sensitive organs also indicates its role in
sex hormone homeostasis. For example, although controversial, gene deletion in UGT2B17 is
association with higher risk of developing androgen-sensitive prostate diseases (Barbier and
Belanger, 2008; Paquet et al., 2012; Kpoghomou et al., 2013; Gauthier-Landry et al., 2015). The
UGT2B17 gene deletion allele has been shown to be associated with a number of other
pathophysiological conditions such as obesity (Zhu et al., 2015), chronic lymphocytic leukemia
(CLL) (Gruber et al., 2013), and endometrial cancer (Hirata et al., 2010). UGT2B17 also appears

to play a critical role in the metabolism of tobacco-specific carcinogens and the risk of lung cancer
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(Lazarus et al., 2005; Chen et al., 2016a). In addition, high intratumoral UGT2B17 expression
levels correlate with better survival outcomes in patients with breast cancer (Hu et al., 2016).
Besides its role in disease pathophysiology, the UGT2B17 gene deletion is associated with false-
negative doping test results, which in turn is linked to variable testosterone metabolism (Schulze
et al., 2008). An investigational drug developed by Merck, MK-7246, a selective CRTH2
(prostaglandin D2 receptor 2) antagonist, was discontinued from development after unpredicted
variability observed in its pharmacokinetics (PK). MK-7246 was later characterized as a selective
UGT2B17 substrate (Wang et al., 2012). Similarly, PK and anticancer effectiveness of UGT2B17
substrates, 17-dihydroexemestane and vorinostat, are highly variable (Wong et al., 2011; Chen
et al., 2016b). Particularly, the normalized 17-dihydroexemestane and vorinostat levels were 28%
and 26% higher, respectively, in subjects carrying UGT2B17 gene deletion as compared to those
carrying the reference allele (Wong et al., 2011; Luo et al., 2017). In vitro glucuronidation rate of
17-dihydroexemestane is significantly decreased (14-fold) in human liver microsomes (HLMs)
exhibiting the UGT2B17 deletion genotype versus wild-type UGT2B17 HLMs (Sun et al., 2010).
Taken together, high variability in UGT2B17 abundance significantly contributes to an
unpredictable fate of its substrates that may lead to adverse pathophysiological consequences
and drug toxicity or lack of efficacy.

To better understand the underlying causes of UGT2B17 variability, we investigated association
of genetic and non-genetic factors with variability in protein abundance and in vitro activity of
UGT2B17 in human liver microsomes (HLMs). The knowledge of individual contribution of
population factors in UGT2B17 variability can be applied to predict metabolism of androgens and
other UGT2B17 substrates. Further, because androgens are also metabolized by UGT2B15
(minor pathway), we studied the effect of its genetic polymorphism (UGT2B15*2) on metabolism

of testosterone and DHT, particularly in the poor expressers of UGT2B17.
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MATERIALS AND METHODS

Chemicals and Reagents

lodoacetamide (IAA), dithiothreitol (DTT), and Pierce trypsin protease (MS grade) were
purchased from Thermo Fisher Scientific (Rockford, IL). Ammonium bicarbonate buffer (ABB, 98%
purity) was purchased from Acros Organics (Geel, Belgium). Chloroform, MS-grade acetonitrile,
methanol and formic acid were purchased from Fischer Scientific (Fair Lawn, NJ). Human serum
albumin (HSA) and bovine serum albumin (BSA) were obtained from Calbiochem (Billerica, MA)
and Thermo Fisher Scientific (Rockford, IL), respectively. The purified light peptides for UGT2B17
(FSVGYTVEK) and UGT2B15 (SVINDPVYK) were purchased from New England Peptides
(Cambridge, MA). Synthetic isotopically pure heavy stable isotope-labeled peptides were
produced by Thermo Fisher Scientific (Rockford, IL). UDPGA and MgCl, were purchased from
Sigma-Aldrich (St. Louis, MO). T (1 mg/mL in 100 % acetonitrile) and testosterone-glucuronide
were purchased from Cerilliant (Round Rock, TX). Testosterone -glucuronide was dissolved in 100%
methanol (1 mg/mL). DHT (1 mg/mL in methanol) and DHT-glucuronide were purchased from
Sigma-Aldrich (St. Louis, MO) and Cerilliant (Round Rock, TX), respectively. Testosterone-

glucuronide-d3 and DHT-glucuronide were procured from Cerilliant (Round Rock, TX).

Human Liver Tissue and Preparation of Microsomes

Previously prepared HLM samples (Pearce et al., 2016; Shirasaka et al., 2016) were used in this
study. The liver tissue samples for HLM preparation were received from three liver tissue banks:
i) the University of Washington Human Liver Bank (Seattle, WA) (n=56), ii) Children’s Mercy
Kansas City (Kansas City, MO) (n=128), and iii) the Liver Bank at the St. Jude Children’s Research
Hospital (Memphis, TN) (n=271). The Children’s Mercy Kansas City samples were originally
obtained from the University of Maryland Brain and Tissue Bank for Developmental Disorders and

the Liver Tissue Cell Distribution System. Additional details on the selection, procurement and
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storage information of the livers and investigator blinding for sample analyses have been
described previously (Prasad et al., 2014; Shirasaka et al., 2016; Tanner et al., 2017). Age, sex,
and ethnicity were known for 96%, 98% and 88% of the liver donors, respectively (Table S1). The
age range for donors was from 0-87 years (median age, 24 years). Of the 455 samples analyzed
for UGT2B abundance, demographic association analyses were conducted on 423 samples for
which UGT2B17 copy number variation (CNV) information was available. Sex distribution of these
423 samples was- 252 males, 163 females, and 8 were unknown. The ethnicity distribution was
333 Caucasian, 26 African-American, 4 Hispanic, 1 Native American, 1 Asian, 1 Pacific Islander
and 56 unknown. Cause of death, medications used, and liver pathology were known for less than
50% of the donors. The collection and use of these tissues for research purposes was approved
by the human subjects Institutional Review Boards of the University of Washington (Seattle, WA),
the St. Jude Children’s Research Hospital (Memphis, TN), and the Pediatric Institutional Review

Board of Children’s Mercy Kansas City (Kansas City, MO).

UGT2B17 and UGT2B15 Protein Quantification in HLM Samples

Total protein quantification in HLM samples was performed using a BCA assay kit (Pierce™ BCA
Protein Assay Kit). HLMs (80 uL, 2 mg/mL total protein) were digested as described in the
Supplementary Materials. The surrogate peptides of UGT2B17 (FSVGYTVEK and SVINDPIYK)
and UGT2B15 (SVINDPVYK) were quantified in the digested samples using a validated LC-

MS/MS method (Vrana et al., 2017), described in the Supplementary Materials.

UGT2B17 mRNA Quantification

A subset of liver tissue samples (n=230) were available for UGT2B17 mRNA expression analysis
(Table S1). Details of the RNA-seq procedures including RNA isolation, TruSeq stranded mRNA
preparation, and read processing and analysis pipeline have been described previously (Tanner

et al., 2017). mRNA transcript levels are presented in FPKM values.
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UGT2B17 Sequencing, Genotyping, Haplotype and Copy Number Variation Analysis

Because liver samples were obtained from different sources, two approaches, gene sequencing
and genotyping, were used for genetic characterization of the liver tissue samples as discussed
in the Supplementary Materials. The University of Washington and St. Jude Liver Bank samples
were sequenced using the PGRN-Seq platform, a targeted sequencing approach, as described
elsewhere (Gordon et al.,, 2016) whereas the samples provided by Children’s Mercy were
genotyped on DMET or PharmacoScan arrays (Affymetrix, Santa Clara, CA, USA). Linkage
disequilibrium (LD) analysis of UGT2B17 variants and inferred haplotypes were determined using

Haploview 4.2 (Cambridge, MA, USA).

UGT2B17 and UGT2B15 Enzyme Activity Assay

For activity assays, 346 HLM samples (donor age ranges from 0 to 87 years; median age = 18
years, Table S1) were available. Glucuronidation activity was determined by quantifying the rates
of testosterone- and DHT-glucuronide formation (pmol/min/mg of microsomal protein), in triplicate.
The assay reactions contained 0.1 mg/mL HLM protein, 0.1 M phosphate buffer (pH 7.4), a mix
of 1 uM testosterone and 1 uM DHT, bovine serum albumin (BSA) (0.01 %) and alamethicin (0.1
mg/mL) (final volume of 95 pL). Final vehicle (methanol or ethanol) concentration was less than
1 %. Reactions were pre-incubated for 15 minutes on ice. UDPGA (5 pl; final concentration, 2.5
mM) was added to initiate reactions and mixtures were gently agitated for 30 min at 37°C before
being quenched with ice-cold of acetonitrile containing 50 ng/mL progesterone (200 pl, internal
standard) and subjected to centrifugation for 5 min at ~1,300 x g. Supernatants were analyzed by

an optimized LC-MS/MS method provided in the Supplementary Materials.

Data Analysis

We used a robust strategy to ensure optimum reproducibility of UGT2B17 and UGT2B15 protein

8
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guantification (Bhatt and Prasad, 2017). For example, ion suppression was addressed by using
heavy peptide internal standards. BSA or human serum albumin (HSA) was used as an
exogenous protein internal standard, which was added to each sample in a fixed quantity before
desalting by methanol-chloroform-water extraction and trypsin digestion. The addition of BSA or
HSA addresses the variability introduced during pre-digestion processing such as i) protein loss
during methanol-chloroform-water extraction and ii) sample-to-sample trypsin digestion artifacts.
To address inter-batch variability, two to three sets of pooled representative HLM samples were
processed each day, which served as quality controls across the entire study. In total, a three-
step data normalization approach was used; first, average light peak areas for specific peptide
daughter fragments were divided by corresponding average heavy peak areas. Next, this ratio
was further divided by the BSA or HSA light/heavy area ratio. Finally, for each day, these data
were further normalized by mean values of the quality control values run with each individual
batch to adjust for any inter-day variability.

Ontogeny was measured by categorical and continuous analyses of age vs. UGT2B17 protein
abundance data. For categorical analysis, the samples were grouped based on the following age-
categories: neonatal (0 to 27 days), infancy (28 to 364 days), toddler/early childhood (1 year to
<6 years), middle childhood (6 to <12 years), adolescence (12 to 18 years) and adulthood (>18
years).

Statistical analyses were performed using GraphPad Prism 5 (La Jolla, CA, USA) and Microsoft
Excel (365 ProPlus, Redmond, WA, USA). Non-parametric tests were used to test age-, sex-, and
genotype-dependence. To compare two groups (e.g., male vs. female), the Mann-Whitney test
was employed. The Kruskal-Wallis test followed by Dunn’s multiple comparison tests were used
to perform the age-dependent data analyses and determine associations between the genotype
and mRNA expression, protein abundance, and the enzyme activity. For correlation analysis, the
non-parametric Spearman regression test was used. Additionally, Jonckheere-Terpstra test and

multivariate analysis were performed by using RStudio (Version 1.0.136, R version 3.3.2).
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A nonlinear regression equation (Equation 1) was used to fit the ontogeny data, as described
previously (Bhatt et al., 2017) , where Adultmax is the maximum average relative protein
abundance, Age is the age in years of the subject at the time of sample collection, Agesois the
age in years at which half-maximum adult protein abundance is obtained, E is protein abundance

in adult samples, Epinn is protein abundance at birth, and n is the exponential factor.

— (Adultmax_Ebirth

n . .
Agel, +Age™ ) X Age™+Epiren (Equation 1)

For haplotype analysis, the number of variants was directly counted. Hardy-Weinberg equilibrium
(HWE) was determined by comparing the variant frequencies with the expected values using a
contingency table chi-square statistic with Yates’ correction. The numbers of haplotype, statistics
D, D’ and LD were estimated by Haploview 4.2 (Cambridge, MA, USA) software. Relationships

were considered significant at P<0.05.

RESULTS

Hierarchical Clustering of Major Hepatic Drug Metabolizing Enzymes and Correlation
Analysis of UGT2B17 Protein, mRNA and Activity

Hierarchical clustering analysis of quantitative proteomics results of major hepatic drug
metabolizing enzymes from a preliminary study conducted in first 165 samples (out of n=455)
suggested unique and highly variable protein abundance for UGT2B17 (Figure S1). The
correlation between UGT2B17 mRNA and protein abundance or activity was moderate (r>= 0.17
and 0.19, respectively) but statistically significant (P<0.0001) (Figure S2-A). Consistent with the
literature (Ohtsuki et al., 2012), the correlation between mMRNA and protein expression in tissues
was weak; in contrast, a strong correlation between protein abundance and activity was observed
(Figure S2-B and C). Although our quantitative proteomics method was very sensitive for

UGT2B17 detection (lower limit of quantification, LLOQ=0.17 pmol/mg of microsomal protein), the
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protein was not detected in 48% of the samples indicating a rather large range of variability in
protein expression. For statistical analysis, samples below the limit of detection (<LOD) were
assigned a value of 0.06 pmol/mg of microsomal protein (i.e., 1/3rd of LLOQ) instead of zero. In
low UGT2B17 expressers, rates of testosterone- and DHT-glucuronide formation were also
consistently low. The average human liver UGT2B17 protein abundance in liver microsomal
samples (n=370, excluding zero copy number samples) was 0.92 + 1.6 pmol/mg microsomal
protein with 162-fold interindividual variability (0.06-9.7 pmol/mg microsomal protein). Mean rates
of testosterone and DHT glucuronide formation (range; fold difference) were 15.4 (0.3-184; 558)

and 41.8 (1.0-233; 233) pmol/min/mg microsomal protein, respectively (Table 1).

Association of UGT2B17 Protein Abundance, Testosterone/DHT Glucuronide Formation

and Genetic Variation

UGT2B17 protein was detected in 38% and 52% of the samples carrying one and two gene copies,
respectively. UGT2B17 protein was undetectable in samples homozygous for the UGT2B17 gene
deletion (CNV=0). This variability was also reflected by mRNA data demonstrating that fragments
per kilobase per million reads (FPKM) values were significantly higher (P<0.0001) in samples with
one or two UGT2B17 gene copies; however, FPKM values were not different among samples
with one and two gene copies due to the high variability (>205-fold) within each group. Samples
carrying two UGT2B17 gene copies showed a 1.7-fold higher mean UGT2B17 protein abundance
compared to single gene copy samples (Figure 1 and Table 1). The UGT2B17 gene-dose
dependent effects on rates of testosterone- and DHT-glucuronide formation rates were consistent
with the abundance data (Figure 1 and Table 1). Of the 11 UGT2B17 SNPs detected in our
samples, only four variants (rs7436962, rs9996186, rs28374627, and rs7668258) were
associated with mRNA expression, protein abundance, and activity (Table S2). Haplotype

analyses suggested significant linkage disequilibrium (LD) between three intronic SNPs
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(rs7436962, rs9996186, and rs4860305) and a missense SNP rs28374627 (Figure 1). We
identified four haplotypes (H1-H4; Figure 1) representing combinations of these SNPs with
frequency >10% in our sample set. When the diplotypes were compared, samples harboring
H3/H4 and H2/H2 haplotypes showed higher UGT2B17 mRNA expression, protein abundance,
and activity compared to the reference H1/H1 diplotype (Figure 1 and Table 1). The gene-dose
effect was also verified by using multivariate analysis (Table 2) and Jonckheere-Terpstra test

(Table S5)

Association of UGT2B17 Abundance and Testosterone/DHT Glucuronide Formation with
Age and Sex

UGT2B17 protein abundance was significantly higher in adults compared to infancy and
early/middle childhood (Figure 2A and Figure S3, P values are marked in the figures). Noticeably,
the age at which protein expression reaches 50% of that observed in adults (Ageso) was >10 years
in both male and female samples (Figure S3). Trend analysis (Jonckheere-Terpstra test) showed
that there was a statistically significant higher median UGT2B17 abundance with increasing age
category (neonatal - infant - early childhood- middle childhood- adolescence- adulthood; Table
Sb5). Male liver donors have a 2.8-fold higher mean UGT2B17 protein level (P<0.0001) compared
to females in samples from donors 212 years of age (Figure 2D) (Table 1). Consistent with the
protein abundance data, rates of testosterone- and DHT-glucuronide formation were significantly
higher in adulthood compared to neonatal, infancy, early childhood and middle childhood age
groups (Figure 2; E and 1). Age-dependent increase in UGT2B17 abundance and activity was
greater in male vs. female livers (Figure 2; B, F, J vs. C, G, K). Overall, male liver showed 2- and
1.4-fold higher rates of testosterone- and DHT-glucuronide formation compared to females in

samples 212 years of age (Figure 2; H and L).

Association of UGT2B15 Abundance and Testosterone/DHT-Glucuronide Formation with

12
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UGT2B15*2 in Poor UGT2B17 Expressers

An association of rates of testosterone- or DHT-glucuronide formation with UGT2B15 protein
abundance was only observed in samples with low UGT2B17 levels (i.e., <LOD) (Figure S4).
Importantly, in these low UGT2B17 expressers, rs1902023, a non-synonymous UGT2B15 SNP
(Court et al., 2004), was not associated with UGT2B15 protein abundance, however there was a
significant gene-dose dependent association with this SNP and rates of testosterone- and DHT-
glucuronide formation (Figure 3), respectively. These data suggest that this non-synonymous
UGT2B15 genotype likely affects substrate affinity (km) or catalytic activity (kcat) due to change
in amino acid residue in the active or cofactor binding site. Furthermore, the correlation between
protein level and activity improved in samples that did not carry heterozygous or homozygous

variants of rs1902023 (Figure S4).

Multivariate Linear Regression Analyses

The results were further verified using multivariate linear regression analyses to evaluate
associations with UGT2B17 protein abundance, and rates of testosterone-, or DHT-glucuronide
formation as the outcomes, whereas CNV, diplotype, age category, and sex as the predictors.
Base-line parameters were set as females, children, reference diplotype (H1/H1), and a copy
number of 1 (0 copy number samples were excluded from the analyses). The results of the
multivariate linear regression analyses, with missing values imputed are presented in Table 2.
For UGT protein abundance, the coefficient of determination (R? value) for the multivariate linear
regression was 0.26, indicating that 26% of the variability in UGT2B17 abundance is explained
by the predictors in the model. Sex, age categories and diplotypes were significant predictors of
UGT2B17 protein abundance. For testosterone- and DHT-glucuronide formation, the R? value for
the multivariate linear regression were 0.21 and 0.24, indicating that 21% and 24% of the
variability in testosterone- and DHT-glucuronide formation is explained by the predictors in the

model, respectively. All other multivariate analysis output parameters are presented in Table 2.
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DISCUSSION

Distinct from other major drug metabolizing enzymes, unusually high interindividual variability was
observed for UGT2B17 in our large cohort of human liver tissue samples. The major factors
impacting the observed variability include CNVs, SNPs, age and sex. Developmental UGT2B17
gene expression, and association of SNPs located in the UGT2B17 gene with its mRNA
expression have been previously reported (Burgess et al., 2015; Neumann et al., 2016). Similarly,
highly variable protein abundance of UGTs in adult liver is known (Fallon et al., 2013). However,
our data are novel in respect to measuring protein abundance by selective LC-MS/MS proteomics,
enzyme activity using two probe substrates (testosterone and DHT), and comprehensive CNV
and diplotype analyses in the same set of samples. The large cohort of samples allowed
comprehensive multivariate analyses, which revealed the individual contributions of many factors
impacting UGT2B17 protein abundance and androgen glucuronidase activities. These protein
abundance and activity data are important to predict variability in the metabolism of UGT2B17

xenobiotic substrates and sex steroids.

With respect to drug metabolism, UGT2B17 is a less studied enzyme and no regulatory guidance
for industry currently exists for this enzyme. The US Food and Drug Administration (USFDA) and
European Medicines Agency (EMA) recommend in vitro testing for the likelihood of a new
chemical entity to be a substrate or inhibitor of other UGT isoforms such as UGT1A1l, UGT1A3,
UGT1A4, UGT1A6, UGT1A9, UGT2B7 and UGT2B15. Our data predicts that overlooking
UGT2B17 could lead to clinical failure of a UGT2B17 substrate drug due to high PK variability.
Indeed, the UGT2B17 substrate MK-7246 was discontinued from clinical trials due to high PK
variability (Wang et al., 2012). Consistent with the literature (Gallagher et al., 2010), females have
lower UGT2B17 expression levels compared to males. Likewise, distinct ontogeny of UGT2B17

as compared to the common drug metabolizing enzymes, cytochrome P450s and other UGTS, is
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an important finding of this study. These data predict that the use of UGT2B17 substrate drugs,
e.g., vorinostat and lorcaserin, in women and children below 12 years could lead to
supratherapeutic drug levels. We therefore recommend that UGT2B17 should be included in the
in vitro UGT screening panel during early drug discovery and caution should be taken when
designing clinical studies of UGT2B17 substrate drugs in females and children along with
consideration of genetic polymorphisms. UGT2B17 is expressed in other organs such as intestine,
appendix, bone-marrow and prostate; however, liver is considered as an effective elimination
organ for UGT2B17 substrates because of its larger size (resulting high total abundance) and
high blood flow. The liver microsomes used in this study were isolated in two different laboratories,
and other factors such as medication use and storage condition could affect protein abundance
in the microsomes. However, the lack of correlation between UGT2B17 and other proteins (e.g.,
UGT2B15, Figure S1) in the same samples indicates that the observed UGT2B17 data primarily

reflect biological or inter-individual variability.

By regulating testosterone metabolism, UGT2B17 is linked to multiple pathophysiological
conditions such as obesity (Zhu et al., 2015) and prostate cancer (Barbier and Belanger, 2008;
Paquet et al., 2012; Kpoghomou et al., 2013; Gauthier-Landry et al., 2015). For example, the
UGT2B17 gene deletion (homozygous) is shown to be associated with decrease in fat mass
(P<0.01) and insulin sensitivity (P<0.05) (Swanson et al., 2007), and the males with lower
testosterone levels are 2.4 times more likely to be obese than males with higher testosterone
levels (Mulligan et al., 2006). On the other hand, high UGT2B17 protein levels have been
identified as the strongest independent molecular prognostic marker of overall survival in mutated
chronic lymphocytic leukemia patients (Bhoi et al., 2016). The UGT2B17 deletion (homozygous)
genotype is associated with a decreased risk of colorectal cancer in men, but was non-predictive
in women (Angstadt et al., 2013). It is also noteworthy that association studies on UGT2B17 gene

deletion and disease risks, e.g., prostate cancer, are controversial. These contradictions in
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literature could be explained as the published association studies do not acknowledge the effect
of confounding factors other than gene deletion (e.g., SNPs and non-genetic factors) on
UGT2B17 variability. Further, UGT2B15 which affects testosterone glucuronidation in UGT2B17
poor expressers has not been considered in these association studies. Therefore, the data
presented here will help designing better clinical studies to investigate association of individual

factors affecting UGT2B17 with disease risk.

Although testosterone and its glucuronides are believed to be transported by organic anion
polypeptide transporters (OATPs) and multidrug resistance-associated protein (MRPs) (Hamada
et al., 2008), the UGT2B17 interindividual variability is significantly higher as compared to the
variability in transporter abundance previously reported by us in a subset of these samples
(Prasad et al., 2014; Prasad et al., 2016). Nevertheless, genetic polymorphism in transporters
should also be considered when designing clinical studies to investigate association of UGT2B17

variability with testosterone related clinical outcomes.

UGT2B17 interindividual variability data could also be used to develop a better doping test
approach to avoid false negative or positive test results. The urinary testosterone (T) to
epitestosterone (E) ratio (T/E) has a cut-off limit of 4 and is used to detect testosterone-doping in
all cases. Testosterone is metabolized by UGT2B17 while epitestosterone is metabolized by
UGT2B7. Individuals homozygous for the UGT2B17 deletion allele excrete negligible amounts of
testosterone in urine compared to subjects with one or two gene copies (Bao et al., 2008) and
rarely reach the T/E cut-off value of 4 after testosterone-doping, indicating that genetic testing for
the UGT2B17 deletion allele may increase the chances of identifying atypical findings, especially
in dissecting false-negative test results. Moreover, based on our study, there should be different

cut-off values for males vs. females, adolescents vs. adults, and for different haplotypes.
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The sex- or age-dependent expression of UGT2B17 may be explained by its regulation by
androgens and estradiol. For example, Bao et al. demonstrated that UGT2B15 and 2B17 are
androgen-regulated genes and that androgen receptor (AR) is required for both their basal and
androgen-regulated expression (Bao et al., 2008). Similarly, UGT2B17 is 5-fold more abundant
in metastatic versus benign prostate cancer samples (Paquet et al., 2012). UGT2B17 and myeloid
cell leukemia-1 (Mcl-1) expression is upregulated in endometrial cancer (EC) tissues and
UGT2B17 depletion induces inhibition of cell growth and apoptosis in EC cells through Mcl-1
downregulation (Hirata et al., 2010). However, UGT2B17 variability within a single group (e.g.,
adult males) indicates the involvement of multiple other epigenetic and transcriptional
mechanisms. For example, UGT2B15 and UGT2B17 are both negatively regulated by the miR-
376¢ microRNA that binds to the 3'-UTRs of UGT2B15 and UGT2B17 mRNA in prostate cancer
cells (Wijayakumara et al., 2015). It has also been shown that Forkhead Box Protein A1 (FOXA1)
regulates UGT2B17 gene transcription in LNCaP prostate cancer cells (Hu et al., 2010). Similarly,
polymorphic PXR and CAR are associated with altered expression of UGT2Bs, respectively
(Verreault et al., 2010). Therefore, SNPs in these polymorphic transcriptional factors, e.g., -
298G/G and 11193C/C in PXR (Du et al., 2013) and 1VS2-99C>T in CAR (Urano et al., 2009),
can also indirectly influence UGT2B17 expression. Clearly, further research characterizing the
underlying mechanisms contributing to interindividual variability in UGT2B17 abundance and

activity is warranted.

Despite the significant physiological role of testosterone, testosterone replacement therapy (TRT)
is controversial. For example, a meta-analysis suggested an association of TRT with prostate
cancer; however, many independent studies failed to reproduce this finding (Barbier and Belanger,
2008; Paquet et al., 2012; Kpoghomou et al., 2013; Gauthier-Landry et al., 2015). The FDA
recently re-issued a black-box warning on TRT because of its association with cardiovascular

side effects. Our data suggest that a UGT2B17 and UGT2B15-based precision medicine strategy
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for TRT, may ensure safe and effective testosterone use. A similar strategy may also be
considered to improve high-testosterone therapy (also referred as bipolar androgen therapy, BAT)
in prostate cancer patients (Schweizer et al., 2015).

Taken together, the findings of this study are of clinical importance and can be directly translated
to individualize drug therapy, by stratifying patients based on UGT2B17 and UGT2B15 genotype
and predicted phenotype. Moreover, physiologically-based PK (PBPK) models can be developed
based on these data to accurately predict UGT2B17 mediated glucuronidation of endobiotics and

xenobiotics and translate such data to predict in vivo disposition of these substrates.
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LEGENDS FOR FIGURES

Figure 1. The UGT2B17 gene deletion is associated with its protein abundance (A), rates of
testosterone- and DHT-glucuronide formation (B and C, respectively). UGT2B17 diplotypes
(haplotype pairs on homologous chromosomes) are associated with UGT2B17 mRNA
expression (D), protein abundance (E), testosterone-glucuronide formation (F) and DHT-
glucuronide formation (G). Confounding factor, age below 12 years samples were excluded from
the sub-analysis. *, ** and *** represent p values <0.05, <0.01 and 0.0001, respectively. Sample

number in each group is shown in parentheses in the x-axis.

Figure 2. Categorical age-dependent UGT2B17 protein abundance (A-D), testosterone (T)-
glucuronide formation (E-H) and DHT-glucuronide formation (I-L) data in all (A, E and I), male
(B, F and J) and female (C, G and K) livers. X-axis labels identifying data categories in the
bottom panel (I-L) are also applicable to the corresponding top two panels (A-H). Number of
samples is presented either as main label in x-axis (A-H) or x-axis parenthesis (I-L). Donors with
zero UGT2B17 gene copy were excluded from this analysis. 205 out of 375 of these samples
(male plus female) were below LOD of UGT2B17 protein measurement. For statistical analysis,
samples <LOD (excluding zero copy number) were assigned a value of 0.06 pmol/mg of
microsomal protein, which was 1/3" of LLOQ (0.17 pmol/mg of microsomal protein). UGT2B17
was sparsely (12 out of 92 samples) detected in children below the age of 9 years. Association
of age with UGT2B17 abundance or testosterone and DHT-glucuronide formation was more
prominent in male vs. female. Mean UGT2B17 protein abundance and testosterone and DHT-
glucuronide formation in these samples was 2.8-, 1.9- and 1.4-fold higher in male vs. female
donors with age 212 years, respectively (D). *, ** and *** represent p values <0.05, <0.01 and

<0.0001, respectively.

25



DMD # 80952

Figure 3: The UGT2B15 SNP, rs1902023, is not associated with UGT2B15 protein abundance
in low UGT2B17 expressers (A), but is significantly associated with increased rates of
testosterone-glucuronide (B) and DHT-glucuronide (C) formation (pmol/mg/min microsomal
protein). Only samples with UGT2B17 abundance <LOD (0.06 pmol/mg of microsomal protein)

samples were included in this analysis.
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Table 1: Effect of genetic variations, age and gender on UGT2B17 protein abundance and activity. 32 samples (out of 455) were excluded from these
analyses because copy number (CN) variation data were not available on these samples.

Protein abundance Glucuronide formation activity (pmol/min/mg microsomal protein)
(pmol/mg of microsomal protein) Testosterone-glucuronide DHT-glucuronide
n Mean Median Range (min- Number of n Mean Median Range (min- n Mean Median Range (min-
max, fold BLOQ max, fold max, fold
difference) samples difference) difference)
e All samples* 370 0.92 0.06 0.06-9.7, 162 202 325 154 6.4 0.3-184, 558 325 41.8 26.2 1.0-233, 233
e CN=0 53 0 0 - - 46 5.8 3.7 0.6-20.5, 34 46 27.8 21.2 2.6-90.2, 35
e CN=1 172 0.67 0.06 0.06-6.5, 108 107 133 138 6.2 0.3-73.6, 223 133 40.8 27.4 1.0-165, 165
e CN=2 198 1.14 0.19 0.06-9.7,162 95 146 199 7.8 0.5-184, 368 146 47 29.5 1.5-233, 155
Diplotypes
e Reference 131 0.57 0.06 0.06-7.9, 132 94 91 138 5.7 0.5-123, 246 91 387 253 2.1-181.4,86.4
CAGA/CAGA
e Heterozygous 62 1.59 1.04 0.06-6.02,100 15 35 275 214 0.5-98.2, 196 35 63.4 588 1.5-160,
TCAA/CAGG 107
e Homozygous 58 1.63 1.03 0.06-9.7, 162 11 31 303 232 1.9-184, 96.8 31 66 57 8.3-233,28
TCAG/TCAG
Age Categories
¢ Neonatal 3 0.06 0.06 0.06-0.06 3 3 1.1 0.94 0.4-2.0,5 3 4.8 3.8 1.6-9.0, 5.6
¢ Infancy 23 0.11 0.06 0.06-0.86,14.3 20 19 33 1.3 0.4-11.5, 29 19 141 6.2 1.0-55.1,55.1
e Early childhood 38 0.13 0.06 0.06-1.19, 21 34 29 6.6 3.7 0.3-33.1, 110 29 248 17.0 1.0-101, 101
e Middle 44 0.15 0.06 0.06-1.49,24.8 34 35 6.0 3.7 0.7-38.9, 56 35 25.0 169 2.6-116, 44.6
childhood
e Adolescence 61 0.81 0.06 0.06-6.9, 115 33 54 188 7.9 0.5-131.3, 54 485 32.1 2.1-194, 92
263
e Adulthood 185 1.33 0.46 0.06-9.7,162 76 127 232 126 0.8-185.8, 127 56.3 47.4 3.0-235,78.3
232
Gender (age=>12 years)
e Male 149 160 0.91 0.06-9.7, 162 60 108 269 18.1 0.5-184, 368 108 60.3 47.6 2.1-232, 110
e Female 96 0.57 0.06 0.06-5.5, 92 49 73 139 9.2 0.79-98, 124 73 433 36.2 2.9-160, 55

*The samples with zero copy number were excluded from the analysis in all categories except for the second row.
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Table 2. Multivariate linear regression analysis of predictors associated with interindividual variability of UGT2B17
protein abundance, and UGT2B17 mediated testosterone and DHT-glucuronide formation.

Dependent Independent Effect size B Standard error t-Stat P-value
variable variable (Coefficient) (SE)
Protein abundance Intercept -1.0 0.28 -3.5 5.8 x10*
(pmol/mg of Male 0.84 0.18 4.5 9.7 x10°®
microsomal Adolescence 0.48 0.38 1.3 0.21
protein) Adulthood 1.67 0.25 4.7 4.2 x10°
Diplotype H3/H4  0.95 0.25 3.8 1.8 x 10
Diplotype H2/H2 1.1 0.23 4.7 4.2 x10°
Copy number-2 0.22 0.22 1.1 0.31
Testosterone - Intercept -13.9 7.0 -2.0 0.05
glucuronide Male 11.7 4.0 2.9 0.004
formation Adolescence 15.2 8.8 1.7 0.09
(pmol/min/mg Adulthood 21.0 6.2 3.4 9.8x10*
microsomal Diplotype H3/H4 12.7 5.5 2.3 0.02
protein) Diplotype H2/H2  20.1 5.3 3.8 2.2x10*
Copy number-2 5.5 4.8 1.1 0.25
DHT -glucuronide Intercept -8.5 11 -0.8 0.44
formation Male 15.6 6.4 2.45 0.015
(pmol/min/mg Adolescence 27.5 14 2.0 0.05
microsomal Adulthood 42.8 9.9 4.3 2.7x10°
protein) Diplotype H3/H4  26.5 8.7 3.1 0.003
Diplotype H2/H2  31.5 8.4 3.8 0.0002
Copy number-2 2.8 7.6 0.4 0.71

Statistically significant correlations are shown in bold.
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Figure 1.
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Figure 3
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