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Abstract

Objective—Exemestane is a potent third-generation aromatase inhibitor used as endocrine
therapy in breast cancer treatment and prevention. Characterization of its metabolic pathway is
incomplete with ambiguity existing in the identity of enzymes driving production of its key
metabolite, 17p-dihydroexemestane. The impact of genetic variation on exemestane metabolism is
also unknown. This study seeks to describe cytosolic reductase involvement in hepatic exemestane
metabolism and to assess the impact of functional polymorphisms on metabolite production.

Methods—~Phase | metabolites were identified in incubations of exemestane with pooled human
liver cytosol or recombinant protein for AKR1Cs and CBRL1. Kinetic parameters characterizing
exemestane reduction were measured for purified wildtype enzymes, and nonsynonymous variants
occurring at >1% minor allele frequency using UPLC/MS/MS.

Results—Human liver cytosol, CBR1, AKR1C1, AKR1C2, AKR1C3, and AKR1C4 reduce
exemestane to active primary metabolite 17p-dihydroexemestane. Formation of a novel
metabolite, 17a-dihydroexemestane, was catalyzed by recombinant AKR1C4 and CBR1 in
addition to hepatic cytosol. Variants AKR1C3 Arg258Cys and AKR1C4 Gly135Glu had
significantly decreased affinity for EXE relative to their respective wildtypes. Five common
AKR1C3 polymorphisms were associated with decreased rates of catalysis while AKR1C4
Gly135Glu increased the velocity of EXE reduction.

Conclusions—AKR1Cs and CBR1 catalyze exemestane reduction 7 vitro. These results imply
that cytosolic ketosteroid reductases may participate in the exemestane metabolic pathway /in vivo.
In addition, several common variants were associated with altered enzymatic activity, suggesting
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that functional polymorphisms could play an important role in overall exemestane metabolism and
activity by altering the extent and duration of 17B-dihydroexemestane exposure.
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Introduction

Breast cancer was the second leading cause of cancer-related death as well as the most
commonly diagnosed invasive malignancy in American women in 2012 with incidence rates
almost 2.5-fold higher than lung cancer [1]. In response to an ongoing need for new
endocrine therapies, third-generation aromatase inhibitors (Als), including anastrazole,
letrozole, and exemestane (6-methylenandrosa-1, 4-diene-3-17-dione), have been adopted
into the armory of clinicians [2]. Since its inception, exemestane (EXE) has proven a
versatile tool sans the life-threatening complications of tamoxifen (TAM), which include
thromboembolism and increased risk of gynecological abnormalities, including endometrial
cancer [3-10]. Although EXE is often prescribed to postmenopausal women with metastatic
breast cancer following tumor progression on TAM, it is also a useful adjuvant for early
hormone responsive breast cancer subsequent to 2-3 years initial TAM for a total duration of
five years of hormone therapy [4, 11, 12]. The MAP.3 clinical trial examining long-term use
in the risk reduction setting further suggests that EXE is a promising chemopreventative, as
it is associated with a 65% decrease in incidence of invasive breast cancer (IBC) in high-risk
postmenopausal women [13]. Recently completed studies imply that premenopausal women
with mammary tumors may likewise derive benefit from ovarian function suppression (OFS)
supplemented with daily EXE [14]. A meta-analysis of the SOFT and TEXT clinical trials in
premenopausal women with hormone-responsive early breast cancer found decreased
recurrence from combination treatment of EXE plus OFS compared to TAM with OFS [14].
On the basis of these observations, it appears that EXE is a safe, efficacious alternative to
currently approved treatments with diverse applications in disease management.

EXE is structurally similar to androstenedione, a key substrate of aromatase [15]. Its potent
therapeutic effect is mediated through so-called suicide inhibition of the enzyme [16]. EXE
irreversibly binds to the active site of aromatase, disrupting androgen conversion into
aromatic estrogens [16]. As aromatase is the predominant mechanism for estrogen
biosynthesis in postmenopausal women, Als afford clinical benefit by impeding the
production of estrogens, which are known to exacerbate ER-positive mammary tumors [17-
20]. Although EXE is highly effective /n vivo, suppressing circulating estrogen levels in
post-menopausal breast cancer patients by 98%, its complete metabolic pathway is as of yet
uncharacterized nor is it known the extent to which genetic variation impacts EXE
metabolism [21, 22]. The original manufacturer states that EXE (Aromasin®) is metabolized
hepatically by CYP3A4 and aldo-keto reductases, of which there are 15 human members
with varying tissue expression patterns [23-25].
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The limited literature available describes 17p-dihydroexemestane (17p-DHE) as a prominent
phase | EXE metabolite possessing both anti-aromatase and androgen agonistic activities /n
vitro [22, 26-30]. One study concluded that 178-DHE concentrations were approximately
35-40% those of the parent drug in the plasma of healthy individuals taking EXE while
another smaller study found that the amount of 17p-DHE relative to EXE in human plasma
varied five-fold in a pool of only three participants [27, 31]. These observations support 17f-
DHE as a major metabolite and highlight inter-individual variation in EXE metabolism.
While drug disposition is undoubtedly multifactorial, it has been estimated that 20-95% of
variability in drug response is attributable to genetic factors [32]. Discernment of relevant
polymorphisms associated with varied EXE metabolism between individuals requires that
enzymes participating in its biotransformation first be definitively identified.

Modification of the steroid scaffold at C17 is a well-documented phenomenon central to the
regulation of human steroid hormone potency [33]. One early study predicted that EXE, like
many steroids, is vulnerable to phase | metabolism at the carbonyl group occupying this
position [34]. Carbonyl-reducing enzymes catalyze similar reactions despite contributions
from two distinct protein phylogenies, the aldo-keto reductase (AKR) and short-chain
dehydrogenase/reductase (SDR) superfamilies [35]. These enzymes play a prominent role in
endogenous steroid metabolism by transforming ketosteroids into hydroxysteroid alcohols,
altering their ligand affinities and rendering them available for conjugative reactions with
phase Il enzymes, such as the UGTs [36]. Reduction of EXE at C17 to form a reactive beta
hydroxyl has since been confirmed and is known to facilitate additional metabolism by
UGT2B17 and ultimately, excretion [22].

In total, twelve NADP(H)-dependent enzymes from the AKR and SDR superfamilies are
believed to participate in carbonyl-containing xenobiotic reduction [35]. Of these enzymes,
AKR1C1, 1C2, 1C3, and 1C4 (termed AKR1C1-4) as well as CBR1 are soluble, hepatically
expressed and active against ketosteroids so it stands to reason that these reductases may be
responsible for functionalizing the C17 carbonyl group of EXE to produce the 178-DHE
metabolite in human liver cytosol [35]. Numerous nonsynonymous polymorphisms have
been described in hepatic xenobiotic-metabolizing enzymes, including the AKRs [37].
Naturally occurring variations in enzymes active in EXE metabolism could lead to
differential metabolite production between individuals, potentially altering overall duration
of exposure to antiestrogen therapy /n vivo and thus, clinical outcomes. The present study
seeks to clarify the metabolic pathway of EXE by identifying cytosolic hepatic reductases
active in its biotransformation, as well as any phase | metabolites produced. For the first
time, the functional consequences of common polymorphisms on reductase-mediated
production of the active metabolite, 178-DHE, are also explored.

Materials and Methods

Chemicals and materials

4-Androstene-3,17-dione, boldenone and testosterone used in exemestane and 17-
dihydroexemestane synthesis were purchased from Hangzhou DayangChem Co. (Hangzhou,
Zhejiang, China). All other reagents used in steroid synthesis were ACS grade or higher and
purchased from Sigma-Aldrich (St. Louis, Missouri, US), Tokyo Chemical Industry Co.
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(Tokyo, Japan) or Thermo Fisher Scientific (Waltham, Massachusetts, US). Thin-layer
chromatography plates from Bonna-Agela Technologies Inc. (Wilmington, DE, US) and
silica columns from Yamazen Corp. (Osaka, Japan) were used for purification following
synthesis. Codon-optimized pQE-T7 overexpression plasmids for wildtype AKR1C1-4, as
well as CBR1, were purchased from Qiagen (Germantown, Maryland, US). The
QuikChange 11 Site-Directed Mutagenesis Kit used to make variant reductase expression
vectors was acquired from Agilent (Santa Clara, California, US). Oligonucleotides to prime
site-directed mutagenesis were manufactured by Integrated DNA Technologies (Coralville,
lowa, US). Kanamycin, chlorophenicol, isopropyl p-D-1-thiogalactopyranoside (IPTG), and
imidazole were obtained from Sigma-Aldrich. Pooled human liver cytosol collected from 50
individuals was procured from XenoTech (Lenexa, Kansas, US). Eighty-six percent of the
donors were Caucasian, while 4% and 10% were African American or Hispanic,
respectively. The NADPH regeneration system used for activity assays was purchased from
Corning (Corning, New York, US). B-PER Complete protein extraction reagent, Halt EDTA-
free protease inhibitor cocktail, Ni-NTA affinity purification columns, and Slide-a-Lyzer G2
dialysis cassettes (10 kDa MWCO) were purchased from Thermo Fisher Scientific. All
solvents used for mass spectrometry were LC/MS grade and also obtained from Thermo
Fisher Scientific. Luria broth base and 4-20% Tris-Glycine gels for SDS-PAGE were
acquired from Invitrogen (Carlshad, California, US). The BCA protein assay and silver
staining Kits used in protein purity assessment were purchased from Pierce (Rockford,
[llinois, US).

Synthesis of EXE and DHE

Exemestane, 17a-dihydroexemestane (17a-DHE), and 17p-dihydroexemestane were
synthesized on site at Washington State University to a purity of > 99%. EXE and 17p-DHE
were prepared and authenticated in accordance with previously published methods [34, 38].
As depicted in the Supplemental Digital Content 1 schematic, 17a-DHE was derived from
testosterone through stereospecific inversion of the Mitsunobu reaction, followed by removal
of the carboxylic acid moiety, an unusual Mannich reaction, and 1,2-dehydrogenation [38,
39]. For a detailed description of the 17a-DHE synthesis scheme, refer to the text of
Supplemental Digital Content 2. A Yamazen Al-580s flash chromatography system was
employed to purify each compound following synthesis. Purity was determined by PDA
spectrum (210 nm-400 nm) on an Acquity | Class UPLC platform from Waters (Milford,
Massachusetts, USA). Prior to resuspension in ethanol and storage at —80°C, the structure of
each steroid was verified by reviewing nuclear magnetic resonance spectra recorded on a
Bruker AV300 instrument (Billerica, MA, US) with the kind permission of the Department
of Chemistry at Gonzaga University (Spokane, WA).

Identification of nonsynonymous polymorphisms

Functional polymorphisms for the AKR1C subfamily and CBR1 were derived from the
National Center for Biotechnology Information (NCBI) Variation Viewer using filters to
search dbSNP and dbVar for any missense or nonsense gene variants arising from single
nucleotide variations, insertions, deletions or frameshifts [40]. For the purpose of this study,
common functional polymorphisms were those detected at a minor allele frequency (MAF)
of > 1% in the human population according to the 1000 Genomes Project or GO-ESP
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datasets. Data regarding inter-ethnic differences in MAF for common ketosteroid reductase
variants identified was extracted from NCBI’s 1000 Genomes Browser and organized into
the table within Supplemental Digital Content 3.

Recombinant protein production

Overexpression vectors encoding common variant ketosteroid reductases (MAF > 0.01)
were created from wildtype AKR1C and CBR1 plasmids via site-directed mutagenesis.
Oligonucleotide sequences used to prime mutagenesis are provided in the table
Supplemental Digital Content 4. Each expression vector was transformed into chemically
competent BL21. Transformants were grown on kanamycin selection plates and confirmed
via Sanger sequencing. Isolated bacterial colonies were scraped into 150-mL Luria broth
supplemented with 7.5 mg kanamycin and 3.75 mg chlorophenicol and grown at 37°C for 16
h in a table-top shaker with gentle aeration (200 rpm). Seven-hundred and fifty mL fresh
Luria broth containing 37.5 mg kanamycin and 18.75 mg chlorophenicol was inoculated
with 120 mL of the overnight culture and grown for an additional 1.75 h to reach log-phase
growth. Protein expression was induced by the addition of 0.5 mM IPTG followed by 3 h of
growth at 37°C. BL21 were pelleted by centrifugation and lysed with 25 mL B-PER
Complete with EDTA-free protease inhibitor cocktail.

Polyhistidine-tagged recombinant protein was bound to Ni-NTA resin and then affinity
purified through the sequential addition of increasing concentrations of imidazole suspended
in PBS, pH 7.4. Purification columns were initially equilibrated with wash buffer containing
50 mM NaH,P04, 300 mM NaCl, and 10 mM imidazole, pH 8.0. Each bacterial lysate was
mixed with equilibration buffer 1:1, loaded onto a dedicated column, and allowed to drain by
gravity. Columns were incubated at room temperature for 30 min to promote maximum
protein binding. Columns were then successively washed with 20 mM, 60 mM, 100 mM,
and 250 mM imidazole. Each imidazole wash was allowed to drain from the resin bed
completely by gravity. Flow-through was discarded. Recombinant enzyme was eluted using
500 mM imidazole wash buffer. Dialysis was performed against PBS for 12 h at 4°C. PBS
was changed 90 min after initiating dialysis and then again after 3 h to ensure complete
removal of imidazole prior to use in pharmacokinetic assays. 750 ng of each enzyme was
subjected to SDS-PAGE on 4-20% Tris-Glycine polyacrylamide gel and all were found to
be > 80% pure by silver staining (Figure 1).

Metabolite Identification

EXE-derived metabolites were identified in 18-h enzymatic incubations with 200 pM EXE
in PBS, pH 7.4 at 37°C. Each 50-pl incubation was supplemented with NADPH regeneration
system (1.55 mM NADP+, 3.3 mM glucose-6-phosphate, 3.3 mM MgCly, 0.5 ul of 40 U/ml
glucose-6-phosphate dehydrogenase) and included 7.5 pg pooled human liver cytosol or 1.5
ug of recombinant wildtype reductase. Overnight incubations with 200 uM 17p-DHE and
17a-DHE were also performed under the same conditions to assess reversibility of EXE
reduction. Following termination with ice-cold acetonitrile, each incubation was centrifuged
at 4°C for 15 min at 13,200 g. Supernatant was collected and analyzed via ultra-pressure
liquid chromatography coupled with tandem mass spectrometry using a Waters ACQUITY
UPLC/MS/MS system equipped with a protective 0.2 um in-line filter in series with a 1.7
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pum ACQUITY UPLC BEH C18 column (2.1 mm x 50 mm, Ireland). The UPLC conditions
used in these analyses are detailed in Table 1. Each supernatant was initially screened for the
presence of EXE metabolites using UPLC/MS and electrospray ionization to detect
positively charged molecular ions with m/zranging from 100 to 450. To confirm the identity
of peaks observed in the comprehensive scan, a second targeted UPLC/MS/MS scan was
performed using mass transitions m/z 297.34 — 185.07, m/z299.14 — 135.07, and m/z
299.20 — 135.13 to monitor EXE, 17a.-DHE, and 17p-DHE, respectively. Desolvation
temperature was 500°C with 800 L/h nitrogen gas used for drying. Collision energy was
optimized at 25 V for EXE and 20 V for 17-DHE. 25 V cone voltage and 0.01 s dwell time
resulted in high sensitivity detection of all three compounds. Retention times of metabolites
observed in the enzymatic incubations were compared to EXE metabolite standards.

Enzyme kinetic assays

Varying concentrations of EXE (0.5-400 uM) were included as substrate for reductase-
mediated DHE production in 2-h incubations. Each reaction was performed in PBS, pH 7.4
at 37°C in the presence of an NADPH regeneration system. One-thousand ng recombinant
AKR1C protein was used per reaction while 250 ng recombinant CBR1 was used to avoid
substrate depletion, which would have precluded Michaelis-Menten modeling. Similar
incubations were conducted using 5 pg pooled human liver cytosol (HLC) in 90-min
incubations. Protein concentration and incubation length fell within the linear range of
reaction velocity curves for EXE reduction (data not shown). All reactions were terminated
with cold acetonitrile, centrifuged at 4°C for 15 min at 13,200 g, and then dried for 2 h at
ambient temperature. 20 pl of water/acetonitrile (1:1) was used to ensure complete
resuspension prior to analysis. 17p-DHE formation was monitored via the UPLC/MS/MS
method described above and quantitated against a reference curve of known concentrations.

Statistical analysis

Results

Kinetic parameters were determined according to the Michaelis-Menten equation using
GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, California). V4 values
derived from kinetic assays were normalized to account for recombinant protein purity and
expressed as picomoles-min~t-mg~1. All reported values represent the results of independent
assays run in triplicate. The activity of each variant enzyme was compared to its respective
wildtype using Student’s #test or one-way ANOVA supplemented with Sidak’s test for
multiple comparisons, as appropriate. A two-tailed p value < 0.05 was considered the
threshold for statistical significance.

Identification of cytosolic EXE metabolites

The predominant metabolite formed in overnight incubations of EXE with pooled human
liver cytosol was 17p-DHE although a lesser amount of 17a-DHE was detected as well
(Figure 2). When presented with 17a-DHE or 17p-DHE as substrate, neither exemestane
nor secondary metabolite formation was observed in HLC incubations (data not shown).
Recombinant AKR1C4 and CBR1 catalyzed reduction of EXE to both stereoisomers of
DHE while only 17p-DHE formation was mediated by AKR1C1-3.

Pharmacogenet Genomics. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Platt et al. Page 7

Kinetic analysis of 17@8-DHE formation

Assays monitoring reduction of EXE to 17p-DHE by purified wildtype protein suggest that
AKR1C4 has the highest affinity for EXE (Ky = 9.7 = 1.9 uM) followed by AKR1C3,
AKR1C2, AKR1C1, and CBR1 with Ky values of 12.3+ 1.1, 16.4 + 0.6, 35.3 £ 3.8, and
265 + 21 uM, respectively. The apparent Ky, for HLC was established as 55.7 + 1.9 uM.
Representative plots of 178-DHE formation versus EXE substrate concentration are shown
in Figure 3. 17B-DHE formation catalyzed by pooled HLC proceeded at a maximum rate of
21 + 4.8 pmol-min~1.mg~1. CBR1 reduced EXE about 11-fold faster than AKR1C2 with an
observed Vjax 0f 928 + 244 pmol-min~1-mg~1. AKR1C2 (84.2 + 15.6 pmol-min~1.mg™1)
and AKR1C1 (71.1 + 1.5 pmol-min~1.mg™1) formed 17B-DHE at similar maximum
velocities. The V) 4x for AKR1C3 was 36-fold higher than that of AKR1C4 (83.3 + 15.4
versus 2.3 + 0.6 pmol-min~1-mg~1). Intrinsic clearance as calculated by Vj4x/ Ky was
highest for AKR1C3 (6.8) followed closely by AKR1C2 (5.1), then CBR1 (3.5) and
AKR1C1 (2.0). Recombinant AKR1C4 (0.24) displayed the lowest overall activity of
wildtype enzymes assayed (Table 2).

Impact of functional polymorphisms on EXE reduction

Screening the NCBI Variation Viewer for cytosolic ketosteroid reductase variants prevalent
at 1% or greater yielded a single nonsynonymous polymorphism for AKR1C2, as well as
three common variants in AKR1C4. Although six AKR1C3 allelic variants were identified,
only five underwent kinetic screening to characterize 17p-DHE formation. AKR1C3
Glu36Term (rs1804062) was excluded as it encodes a truncated protein lacking functional
co-factor and substrate binding domains. No polymorphisms matching our search criteria
were detected for AKR1C1 or CBR1. Ky and V)4 values were comparable between
AKR1C2 and AKR1C2 Phed6Tyr (Table 2). Wildtype AKR1C3 demonstrated affinity for
EXE similar to its variants His5GIn, Glu77Gly, Lys104Asn, and Pro180Ser. However,
AKR1C3 Arg258Cys recombinant protein had roughly 6-fold lower affinity for EXE (Ky =
12.3 + 1.1 pM versus 75.8 £ 19.9 uM). Furthermore, all AKR1C3 functional variants
assayed exhibited greatly diminished velocity of EXE reduction leading to sizable disparities
from wildtype in intrinsic clearance. The Ky, was similar between wildtype AKR1C4 (9.7

+ 1.9 pM) and its Ser145Cys (9.6 + 2.4 uM) and Leu311Val (11.9 + 2.0 uM) variants. The
experimental Ky, for AKR1C4 Gly135Glu using EXE as substrate (311.4 £ 75.7 uM) was
32-fold higher than that of wildtype, indicative of significantly lowered affinity resulting
from amino acid substitution. No notable difference was observed in the Vj, 4 of 178-DHE
formation between AKR1C4 and its Ser145Cys or Leu311Val allelic variants. Recombinant
AKR1C4 Gly135GIlu metabolized EXE 8-fold faster than its wildtype counterpart (Vi ax =
19.1 + 4.2 versus 2.3 + 0.6 pmol-min~1.mg™1).

Discussion

Studies examining phase | exemestane metabolism are scarce. However, the limited data
available suggest that 17p-DHE is a major EXE metabolite produced via reduction of the
C17 carbonyl moiety [26—29]. Although involvement of the aldo-keto reductase superfamily
has previously been disclosed, specific enzymes catalyzing hepatic EXE metabolism have
thus far been unidentified [23]. The present study confirms that C17 reduction of EXE by
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cytosolic carbonyl reductases to yield 17p-DHE is indeed a major metabolic pathway
(Figure 4).

Formation of an additional stereoisomer, 17a-DHE, was detected in concert with 17p-DHE
in the current study. Oxidation of DHE to form EXE was not observed in incubations of
human liver cytosol with an abundance of 17a- or B-DHE, suggesting that biotransformation
of EXE by hepatic cytosolic reductases is irreversible (data not shown). A previous study
exploring the ability of 17B-DHE to impede aromatase-mediated estrogen formation
concluded that 17B-DHE inhibits aromatase with potency similar to its parent compound
EXE [22]. 17a-DHE, on the other hand, appears to be a subsidiary phase | metabolite with
no appreciable aromatase-inhibiting properties (unpublished observations). As an active
EXE metabolite, 17p-DHE may contribute to the therapeutic mechanism of systemic
estrogen deprivation and thus, influence /in vivo efficacy of EXE in breast cancer treatment
and prevention.

While CBR1, as well as all 1C members of the AKR superfamily reduce EXE to 17p-DHE,
only AKR1C4 and CBR1 produced detectable quantities of 17a-DHE. Current literature
strongly suggests that human AKR1C isoforms are remarkably functionally plastic [25]. The
stereochemistry of hydroxylated AKR1C products is known to be dependent upon the initial
docking position of substrate in the enzyme active site [41, 42]. Accommodation of multiple
modes of substrate binding allows distinct hydroxysteroid products to be enzymatically
derived from a single ketosteroid precursor, possibly explaining the production of both 17-
DHE stereoisomers from parent EXE [25, 41, 42]. Furthermore, it has been reported that
AKR1C4 reduces tibolone to both 3a- and 3p-hydroxytibolone /n vitro using a single active
site [41]. The same study suggests that AKR1C4 interconverts the two stereoisomers
exhibiting dual oxidoreductase and epimerase activities [41]. Whether the production of
17a-DHE by recombinant AKR1C4 in the present study is attributable to innate promiscuity
of the active site or epimerase activity is unknown.

Wildtype AKRs 1C2, 1C3, and 1C4 show similar affinity for EXE, while AKR1C1, which
functions primarily as a 20-ketosteroid reductase, exhibited the lowest affinity of the AKRs
assayed [43]. CBR1, a short-chain dehydrogenase reductase, displayed the lowest overall
affinity for EXE but catalyzed 17p-DHE formation much more rapidly (11 to 403-fold) than
recombinant AKR1C enzymes. The kinetic mechanism of AKRs is strictly ordered with
NADP(H) cofactor binding prior to docking of substrate and dissociating only after its
release [44—46]. Cofactor release as well as substrate reduction are thought to be the primary
determinants of overall catalytic rate [47]. However, the kinetic mechanism of CBR1 may
differ from that of the AKRs, which could account for the accelerated rate of CBR1-
mediated EXE reduction.

Though our in vitro data suggest that intrinsic clearance of EXE is highest for AKR1C3
followed by AKR1C2 > CBR1 > AKR1C1 ~ AKR1C4, the /n vivo contribution of each
enzyme to hepatic EXE metabolism is likely influenced by substrate availability, as well as
relative expression. While CBR1 produces 178-DHE quickly 7n vitro, it has low affinity for
EXE (Km = 265 = 21 pM) implying that it may play a lesser role at therapeutic doses given
to patients. AKRs 1C1-4, on the other hand, display much higher affinity for EXE with Ky
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values ranging from 9.7 + 1.9 to 35.3 + 3.8 uM. Quantitative RT-PCR data by Penning et al.
suggests that transcripts encoding each AKR1C isoform are abundant and equally expressed
in human liver, the principle site of EXE metabolism [23, 25]. AKR1C1-3 are also well
expressed in breast tissue, which is a primary site of estrogen synthesis in postmenopausal
women [25, 48]. These findings allude to the potential contributions of soluble AKR1C
carbonyl reductases in converting a potent aromatase inhibitor to the active metabolite, 17f-
DHE, /n vivo.

Xenobiotic metabolizing enzymes, including the AKRs, are notoriously polymorphic with
multiple high penetrance variants naturally found in the human populace [37]. Several
AKR1C polymorphisms result in altered catalytic activity in vitro while other allelic variants
are associated with increased risk of life-threatening pathologies [49-51]. In the present
study, a subset of common cytosolic reductase variants differed from their wildtype
counterparts with respect to affinity for EXE, as well as maximal velocity in its reduction to
17p-DHE.

AKR1C2 Phe46Tyr is similar to wildtype AKR1C2 in both affinity for EXE substrate and
maximum velocity of 178-DHE formation. While Bains et al. recorded reduction of the anti-
cancer drugs daunorubicin and doxorubicin comparable to wildtype, tyrosine substitution at
residue 46 decreased overall AKR1C2 activity against 1-acenaphthenol by approximately
30% [52]. 7akahashi et al. reported a 40% decrease in V4 for 5a-DHT reduction relative
to wildtype enzyme [53]. These conflicting data suggest that deviations in catalytic activity
could be substrate dependent. It has also been theorized that cofactor binding may be
compromised in the Phe46Tyr variant leading to reduced enzymatic activity [49]. If this is
indeed the case, it is feasible that use of supraphysiological concentrations of NADPH in the
present study might mask moderately lowered cofactor affinity resulting in similar V4 x for
EXE reduction by both wildtype and polymorphic AKR1C2 protein.

The AKR1C3 variants His5GIn, Glu77Gly, Lys104Asn, and Pro180Ser possess comparable
affinity for EXE, but hydroxylation of the ketosteroid is sluggish compared to their wildtype
counterpart, whose CL N1 was 18-49-fold higher than that exhibited for the four AKR1C3
variants (Table 2). The Pro180Ser polymorphism occurs near a-helix 5 of the conserved
(a/B)g -barrel conformation characteristic of the aldo-keto reductase superfamily and has
previously been associated with decreased V)4 using daunorubicin and doxorubicin as
substrates for reduction [52, 54]. As it lies in close proximity to key cofactor binding
residues (Ser166, Asp167, and Glu190), it has been proposed that NADPH binding may be
adversely affected, thus lowering overall rates of catalysis [52].

The AKR1C3 Arg258Cys functional polymorphism is associated with a large (227-fold)
decrease in CLnT and a substantial decrease in affinity for EXE substrate relative to
wildtype (12.3 + 1.1 versus 75.8 £ 19.9 uM), possibly because of its physical proximity to
tryptophan residue 227 of the substrate binding pocket. This variant maps to a-helix 7 and is
likewise near multiple residues of the cofactor binding pocket likely explaining decreased
17p-DHE production [54].
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The catalytic tetrad of AKR1C3, in turn, is comprised of amino acid residues His117, Lys84,
Tyr55, and Asp50 [54]. Substitution of negatively charged glutamic acid for nonpolar
glycine at amino acid 77 decreases overall rates of EXE reduction by recombinant protein
44-fold ostensibly by altering the chemical and conformational environment near the
catalytic tetrad (83.3 + 15.4 pmole-min~1.mg~1 compared to 1.9 + 0.2 pmole-min~1.mg™1).
Results of a Swedish study found that Caucasian men heterozygous for the Glu77Gly
genotype had lower serum testosterone levels than wildtype homozygotes, implying that this
particular polymorphism may influence risk of androgen-dependent pathologies [55].

Our experimental results, as well as the locations of the His5GIn and Lys104Asn functional
polymorphisms, suggest that significantly reduced V)4 x for EXE reduction is mediated
through changes in overall enzyme stability or folding rather than changes in EXE or
cofactor binding. An inverse association between His5GIn and bladder cancer risk has
previously been noted in subjects of the Spanish Bladder Cancer Study [56]. If His5GIn
exhibits decreased catalysis for substrates other than EXE, these observations may be
attributable to decreased bioactivation of polyaromatic hydrocarbons by AKR1C3, thus
modifying exposure to genotoxic compounds promoting tumorigenesis [56]. At this time,
additional data is needed to fully explicate the role of common AKR1C3 polymorphisms in
attenuating or enhancing cancer risk.

While AKR1C4 Ser145Cys exhibited a slightly higher V4 as compared to wildtype (5.9
+1.1 versus 2.3 + 0.6 pmole-min~1-mg~1, respectively), it had an affinity for EXE similar to
wildtype with Ky, values of 9.6 £ 2.4 and 9.7 + 1.9 pM, respectively. V)4 values for EXE
reduction did not appreciably differ (6.3 + 0.8 and 2.3 + 0.6 pmol-min~1.mg~1), which is
consistent with a previous study concluding that overall catalytic activity of the Ser145Cys
variant is comparable to wildtype AKR1C4 using several test substrates [50].

However, the results of our current investigation contrast to prior reports describing altered
catalytic activity in the common AKR1C4 Leu311Val and Gly135GIlu functional
polymorphisms. Valine substitution at amino acid 311 results in decreased activity against
several substrates including daunorubicin, 1-acenaphthenol, as well as steroids androsterone
and 5p-androstane-3a., 17p-diol [50, 52]. A mutagenesis study conducted by Matsuura et al.
suggests that the leucine residue 311 is involved in substrate binding at the AKR1C4 active
site, and valine substitution decreased overall activity by nearly 50% for several substrates
[57]. Although several nearby amino acid residues (Asn306, Ala308, and Tyr310) contribute
to substrate binding on the C-terminal loop of human AKRs, significant deviations from
wildtype in EXE substrate affinity and overall velocity of catalysis were not observed in
kinetic assays monitoring 17p-DHE formation [54]. AKR1C4 Gly135Glu, on the other
hand, showed significantly less affinity for EXE (Ky = 311.4 + 75.7), and maximum
velocity of its reduction (Vjax = 19.1 + 4.2 pmol-min~1.mg~1) was 8-fold faster than
wildtype AKR1C4. V) axand Ky values previously reported for AKR1C4 and the
Gly135Glu variant do not differ for doxorubicin, daunorubicin, and 1-acenaphthenol
substrates [52]. The extent to which functional polymorphisms impact catalysis is likely a
complex interplay between the unique chemistry of each substrate and the specific nature of
the amino acid deviations present. Thus, discrepancies between our observations and those
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reported in the literature may simply reflect a substrate-dependent effect on catalysis by
variant AKR1C4 proteins.

In the present in vitro study, we attempted to clarify manufacturer claims regarding hepatic
cytosolic EXE metabolism. Two isomers of DHE, the major phase | EXE metabolite, were
identified in reactions with human liver cytosol, and five ketosteroid reductases were shown
to be capable of catalyzing EXE reduction to the major metabolite 173-DHE. Several
functional polymorphisms in AKR1Cs resulted in altered rates of 17p-DHE formation
compared to their respective wildtype enzymes as well as demonstrating substantially
decreased affinity for EXE substrate. However, a limitation of the present study was the fact
that the cytosolic reductases examined in our study were not over-expressed in a mammalian
cell line system. Exemestane metabolism kinetics was performed using purified cloned
reductase enzymes where protein mis-folding could potentially occur leading to possible
artificial differences in protein instability, potentially affecting the kinetic activities
observed.

Functional polymorphisms resulting in impaired reductase activity may partially underlie the
varied response between individuals administered EXE by facilitating differential metabolite
production. It has previously been suggested that 173-DHE may contribute to the overall
therapeutic mechanism of its parent compound [30]. Thus, it is feasible that genetic factors
affecting conversion of EXE to its active metabolite could potentially impact circulating
17B-DHE levels, and in turn, influence overall clinical benefit. Albeit a well-established
endocrine therapy, to our knowledge, this is the first time that the novel EXE metabolite
17a-DHE has been described in the literature. It is evident that many unanswered questions
remain regarding EXE metabolism, and additional unidentified metabolites may yet exist.
Although involvement of CYP3A4 is known, /n vitro experiments by Kamdem et al. suggest
that overall CYP450-mediated metabolism of exemestane may include contributions by
additional isoforms [23, 58]. Therefore, future studies should examine the relative
contributions of major hepatic CYP450s vs soluble cytosolic ketosteroids reductases to
phase | metabolism of this drug. Genotype-phenotype correlative studies are also needed to
determine whether functional AKR1C polymorphisms with deviant catalytic activity /in vitro
are associated with drug efficacy or incidence of adverse events in patients taking EXE for
breast cancer treatment or prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Silver staining of purified recombinant reductases. Panel (A), AKR1C1; lane 1, AKR1C2;
lane 2, AKR1C3; lane 3, AKR1C4; lane 4. Panel (B), CBR1; lane 1.
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Fig. 2.

Identification of exemestane metabolites in overnight incubations. Panel (A), Mixed gender
liver cytosol pooled from 50 human donors; panel (B), AKR1C1; panel (C), AKR1C2; panel
(D), AKR1C3; panel (E), AKR1C4; and panel (F), CBR1. Peak 1, Exemestane; peak 2, 17p-
dihydroexemestane; peak 3, 17a-dihydroexemestane.
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Table 1

UPLC conditions for detection of phase | exemestane metabolites.

Time (min) oppa %B %C curve

initial 70 20 10 initial
0.5 70 20 10 11
9 30 60 10 6
9.5 0 90 10 6
10 70 20 10 6

aMobiIe phase A, 0.1% formic acid; mobile phase B, 100% methanol; mobile phase C, 100% acetonitrile. Flow rate = 0.4 mL/min.
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