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Tamoxifen (TAM) is widely used in the treatment and prevention of breast cancer. There is clear evidence that
cytochrome P450 (CYP) 3A enzymes play an important role in TAM metabolism, resulting in metabolites that lead to
formation of TAM—-DNA adducts. We have investigated the effect of CYP3A2 antisense (AVI-4472) exposure on
CYP3A2 transcription, enzyme activity, translation, and TAM—DNA adducts, in livers of rats administered TAM (50 mg/
kg body weight [bw]/day) for 7 days. The study design included administration of 0, 0.5, 2.5, or 12.5 mg AVI-4472/kg
bw/day for 8 days, beginning 1 day before TAM exposure. The specific activity of CYP3A2 was increased after TAM
administration, and decreased significantly (~70%) in the presence of 12.5 mg AVI-4472. CYP3A2 protein levels,
determined by immunoblot analysis, showed a similar pattern. Hepatic TAM—DNA adduct levels were measurable in
all TAM-exposed groups. However, when rats were co-treated with 2.5 and 12.5 mg AVI-4472/kg bw/day, statistically
significant (~50%) reductions in TAM-DNA adduct levels (2.0-2.8 adducts/1 0% nucleotides) were observed
compared to rats treated with TAM alone (5.1 adducts/10® nucleotides). Rat toxicology U34 arrays (Affymetrix) were
used to investigate the modulation of gene expression patterns on co-administration of TAM with AVI-4472. Results
indicated that several CYP genes were down regulated although no significant induction of CYP3A2 was observed in
the TAM-exposed rats co-treated with AVI-4472. Overall the data suggest the utility of antisense technology in the
redirection of TAM metabolism thereby lowering TAM genotoxicity in rat liver. published 2005 Wiley-Liss, Inc.
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INTRODUCTION

Tamoxifen (TAM), a nonsteroidal antiestrogen
chemotherapeutic agent, is widely used in the
treatment of all stages of estrogen-dependent mam-
mary tumors and for chemoprevention in at-risk

methyl-TAM is sulfonated by hydroxysteroid
sulfotransferases [11] to form (E)-a-(deoxyguano-
sin-NZ-yl)-N desmethyltamoxifen [12,13]. It has
been reported and recently demonstrated that the
CYP3A subfamily of enzymes is largely responsible

women [1]. The genotoxicity of this anticancer agent
has been a subject of extensive concern due to its
association with increased risk of endometrial cancer
[2,3]. The use of TAM as a prophylactic chemother-
apeutic agent is of high concern since it is adminis-
tered to healthy premenopausal women. This
indicates that development of better and more
efficacious therapies requires strategies that render
chemotherapeutic agents safer.
TAMisapotenthepatic carcinogeninrats, itacts as
a classic genotoxin through metabolism and DNA
adduct formation [4-7]. Cytochrome P450 (CYP)
phase I drug metabolism enzymes play a key role in
TAM metabolism, resulting in several metabolites
including o-hydroxy-tamoxifen, 4-hydroxy-tamox-
ifen and N-desmethyl-TAM [8-10]. o-OH-N-des-
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and, as such, is in the public domain in the United States of America.

for TAM o-hydroxylation [14-16], establishing its
role in the genotoxicity of this drug. The CYP3A
isozymes are expressed in liver mostly; however, they
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are also present in kidney, small bowel, and skin.
Among them, CYP3A2 is the major isoform in rats,
while its homolog CYP3A4 is the major isoform in
humans. We hypothesized that inhibition of CYP3A
concomitantly with TAM administration results in a
reduction of TAM-DNA adduct formation. In this
study, we have mainly focused on validating the
principle of adduct reduction by abrogation of
CYP3A2 protein expression using antisense technol-
ogy. This approach of “metabolic redirection” [17]
builds on literature reports implicating the meta-
bolic products of the CYP3A subfamily of enzymesin
the genotoxicity of TAM.

The utility of antisense phosphorodiamidate mor-
pholino oligomers (PMO) in inhibiting the major
CYP3A isoforms in rats and humans has been
demonstrated previously [18-20]. PMO represent a
significantly modified DNA molecule in which the
deoxyribose moieties are replaced by morpholine
moieties, and the charged phosphodiester linkages
are replaced by anionic phosphorodiamidate lin-
kages [21]. These oligomers possess several highly
desirable pharmacological qualities, including high
efficacy for target gene inhibition in multiple organs
in vivo, extremely low systemic toxicity, no geno-
toxicity, long half-life, and resistance to metabolism
[22,23]. The lack of inter-nucleoside charge allows
the PMO to avoid nonspecific effects such as binding
to cellular and extracellular proteins. Furthermore,
PMO is highly resistant to various nucleases and
proteases [24], as well as extremely efficient inhibi-
tors of translation via a non-RNase H [25], sequence-
specific steric-blockade process [26]. The safety and
high efficacy of antihuman CYP3A4 has been
previously demonstrated [19]. Therefore, PMO repre-
sent a clinically viable approach for development as
adjuvant therapy to be used with TAM.

The current studies were conducted in rats. The rat
model was selected because TAM administration in
this species has been previously reported to show
good correlations between dose-dependent eleva-
tions in hepatic TAM-DNA adducts [27-29] and
hepatocellular carcinoma incidence [4,30]. Simi-
larly, women treated with TAM have an increased
incidence of uterine endometrial tumors [31,32],
though evidence that exposure to TAM results in
formation of uterine and endometrial TAM-DNA
adducts [33,34] is controversial [2]. The structures of
TAM-DNA adducts formed in human and nonhu-
man primate endometrium have been reported to be
identical to those formed in rat liver [14,35]. Thus,
the examination of this approach in rats may
eventually yield information that would be applic-
able to human use.

MATERIALS AND METHODS
Animals

Male Sprague Dawley rats (Simonsen, Gilroy, CA)
weighing between 240 and 260 g were housed in

plastic cages in the Laboratory Animal Resources
Facility at Oregon State University (OSU) in Corval-
lis, OR. Male rats were used in this study as a previous
study with an antisense phosphorothioate oligo-
deoxynucleotide against CYP3A2 showed effective
inhibition of CYP3A2 expression [36]. The animals
were maintained in a climate-controlled room with
12 h light/dark cycle and allowed access to a
commercial rat chow and tap water ad libitum. All
animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of Oregon
State University.

Oligomer Synthesis

Oligomers were synthesized at AVI BioPharma
(Corvallis, OR) as previously described [21]. Purity
was greater than 90% full length as determined by
reverse phase HPLC and MALDI TOF mass spectro-
scopy. The antisense PMO targeted to rat CYP3A2
mRNA (Genbank accession number U09742) trans-
lation initiation region and was named AVI-4472. It
has the following base sequence: 5'-GAGCTGAAAG-
CAGGTCCATCCC-3'. The base sequence of AVI-
4557 is §'-CTGGGATGAGAGCCATCACT-3’, which
is targeted to the translation initiation region of the
human CYP3A4 mRNA (Genbank accession number
M14096).

Animal Treatments

Rats were treated with various doses of AVI-4472
(0.5,2.5,and 12.5 mg/kg/day) or AVI-4557 (12.5 mg/
kg/day) starting on study day 0. All PMO injections
used PBS as vehicle and were administered intraper-
itoneally. TAM treatment at 50 mg/kg/day was
initiated on study day 1. All TAM administrations
used Tricaprylin (Sigma, St. Louis, MO) as vehicle
and were administered via bolus gavage. The animals
were euthanized and their livers harvested on study
day 8. This study examined hepatic TAM-DNA
adduct formation following co-administration of
TAM with AVI-4472 (5'-GAGCTGAAAGCAGGTC-
CATCCC-3'), an antisense PMO targeted to the
translation initiation region of the rat CYP3A2
mRNA. In addition to vehicle-treated groups, the
study also utilized co-administration of control PMO
AVI-4557 (5'-CTGGGATGAGAGCCATCACT-3'), anti-
sense to human CYP3A4, to eliminate bias.

The study plan is summarized in Table 1. Six
groups of three male Sprague Dawley rats each were
administered phosphate buffered saline (PBS) alone
or increasing doses of the antisense PMO AVI-4472
(0.5, 2.5, or 12.5 mg/kg/day in PBS intraperitone-
ally). One control group was administered human
PMO AVI-4557 (12.5 mg/kg/day in PBS intraperito-
neally) at the highest dose. Dosing with the PMO
lasted eight days. TAM (50 mg/kg/day gavage) or
vehicle (Tricaprylin) co-administrations lasted 7
days, starting 1 day following the initiation of PMO
treatments, to allow for CYP3A2 inhibition prior to
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fied DNA (top and bottom rows) and plates were
stored frozen until use. At the time of assay, plates
were incubated with 0.33% casein (I-Block, Tropix,
Bedford, MA). Microtiter plates contained a TAM-
DNA standard curve as well as biological sample DNA
(10 pg/well). Each biological sample was assayed
three to four times on different days. Competition
was achieved by mixing and preincubating equal
volumes of anti-TAM-DNA antiserum (1:1 000 000)
with either TAM-DNA standard or biological sample
DNA prior to adding to each well. Subsequent steps
include incubations with biotinylated antirabbit IgG
(1:3000; Jackson ImmunoResearch, City, State),
streptavidin-alkaline phosphatase both from Bio-
Genex (1:3750; San Ramon, CA) and finally CDP-Star
containing Emerald II enhancement solution (Tro-
pix) was added and the light emission was measured
at 542 nm using a TR717 Microplate Luminometer
(PE Applied Biosystems, Foster City, CA). Sample
quantitation was achieved by comparison of
unknown samples with a TAM-DNA standard curve,
in which 50% inhibition was at 0.73 £ 0.22 fmol dG-
TAM (mean + SE, n=6). Since up to 20 ng of DNA
could be analyzed per microtiter well, the lower limit
of detection (LOD) was calculated to be ~10 amol of
dG-TAM adduct/ug DNA or ~0.3 dG-TAM/10®
nucleotides.

High Density Oligonucleotide Array Expression Analysis

Following exposure, total RNA was isolated from
liver tissue using RNeasy mini kit (Qiagen, Valencia,
CA). Further sample preparation for microarray
analyses was carried out in accordance with the
manufacturer’s instructions (Affymetrix, Santa
Clara, CA). Briefly, total RNA (12 pg) was used for
the preparation of double stranded cDNA using an
oligonucleotide (dT),4 primer with a T7 RNA poly-
merase promoter sequence at its 5’ end. Following
second strand synthesis, a labeled cRNA transcript
was synthesized from the cDNA in an in vitro
transcription (IVT) reaction using Enzo BioArray
high yield RNA transcript labeling kit (Enzo Diag-
nostics, Farmingdale, NY). The labeled antisense
cRNA was purified using RNeasy (Qiagen) and each
cRNA sample (20 pg) was fragmented [(Mg“, heat
(94°C)]. The fragmented cRNA (15 pg) together with
control oligonucleotides were hybridized for 16 h to
Affymetrix® rat toxicology U34 arrays. Following
hybridization, the arrays were washed, stained and
scanned using the Affymetrix GeneArray® 2500
Scanner. All experiments were performed in dupli-
cate.

Data Analysis Using Affymetrix Software

Scanned output images were analyzed with the
Affymetrix Microarray Suite (MAS) 5.0 and normal-
ized by global scaling to 1500 and to the average
fluorescence intensity for the entire microarray.
Absolute analysis was performed for each array prior

to comparative analysis. To identify differentially
expressed transcripts, pairwise comparison analyses
were carried out with MAS 5.0. P-values were
determined by the Wilcoxon's signed rank test and
denoted as increase, decrease, or no change. Analysis
using MAS 5.0 provides the signal log ratio (SLR),
which estimates the magnitude and direction of
change of a transcript when two arrays are compared
(experimental versus baseline). All values are
expressed as average fold change with standard
deviations.

Statistical Analysis

For the CYP3A2 enzyme activity data, 4 of the 18
animals had fewer than three replicate wells. The
data were analyzed in two ways that gave very similar
results: (1) Using a nested linear mixed model
accounting for the unequal number of replicate
wells and (2) simple one-way ANOVA of the animal
means (over the replicate wells). For simplicity, the
latter analysis is presented in the results with
pairwise P-values adjusted using Dunnett’s method
for all pairwise comparisons. For TAM-DNA, the
adduct data from six total assays were analyzed. Each
assay included the animals from a subset of the
treatments (incomplete blocks). Adduct data were
analyzed on the log transformed scale because (1)
overall response varied multiplicatively between
assays (multiplicative block effects) and (2) from
assay to assay there were consistent within-assay
treatment ratios (relative treatment effects). To
compare treatments, a linear mixed model with
random assays and random animals within groups
was used. In order to display the biological (animal-
to-animal) variation, Table 1 shows group means and
standard errors (n = 3 rats per group) after adjusting
for the multiplicative assay effects only. CYP3A2 and
TAM-DNA adduct data were analyzed with SAS v8.2
(SAS Institute, Cary, NC). The Mixed procedure was
used for the simple linear models and linear mixed
models with the REML fitting method and the
Kenward-Rogers adjustments for unbalanced data
[Littell R, Stroup W, Freund R (2002) SAS for Linear
Models, Fourth Edition. SAS Institute, Inc.]. CYP2B1
data were analyzed by simple one-way ANOVA of the
animal means (over the replicate wells) followed by
use of Dunnett’s method for all pairwise compar-
isons. These tests were performed using InStat v3.0
(Graphpad Software, San Diego, CA).

RESULTS

In order to examine theliver CYP enzyme activities
and the effect of PMO co-treatment with TAM,
hepatic tissue was subjected to functional enzyme
assays for CYP3A2 and CYP2B1. The functional
enzyme assay indicated that TAM exposure resulted
in an elevation of CYP3A2 activity from 82.6 + 6.0 to
129.5 +£9.9 nanomoles of HFC/200 pg S9 protein/h
(P<0.05) (Table 1). Increasing doses of CYP3A2
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Figure 1. Immunoblot analysis of rat liver samples for CYP enzymes. S9 fractions from rat liver tissue
harvested at the time of the study termination were subjected to immunoblot analysis for CYP3A2,
CYP2B1, and -actin. Lane numbers are same as study group number (Table 1). The blots were
performed for all three rats from each treatment group and therefore the panels Rat 1, Rat 2, and Rat3
refer to the first, second and third rat of each treatment group. Immunoblot positive controls (lane 7)
are liver microsomes from rats induced for CYP3A2 or CYP2B1. B-actin was used as a loading control.

antisense PMO AVI-4472 resulted in lowering of
CYP3A2 activity in hepatic S9 fractions but the
reduction was statistically significant (P <0.001)
only at the highest antisense PMO dose of 12.5 mg/
kg/day AVI-4472 in comparison to TAM-only group.
There was a reduction in CYP2B1 activity in all
treatment groups with varying doses of ABI-4472
(including 12.5 mg/kg/day AVI-4472) but none of
them were statically significant in comparison to
TAM-only group.

Western analyses were performed to determine the
protein expression of the liver CYP enzymes,
CYP3A2 and CYP2B1 upon PMO co-treatment with
TAM. An increasing dose of CYP3A2 antisense PMO
AVI-4472 revealed a decrease in the protein expres-
sion in all the three replicate animals (Figure 1). A
decrease in protein expression was evident in the
12.5 mg/kg/day AVI-4472 in comparison to TAM-
only group. However, no reduction in CYP2B1
expression was observed any of the doses. Also, rats
co-treated with 12.5 mg/kg/day of the human
CYP3A4 antisense PMO, AVI-4557, showed no
changes in CYP3A2 or CYP2B1 protein expression
(Figure 1).

The TAM-DNA adduct data demonstrated that
rats exposed to TAM alone had high levels of TAM—
DNA adducts compared to rats co-treated with TAM
plus AVI-4472 (Table 1). Although a dose dependant
CYP3A2 antisense-associated reduction in TAM-
DNA adduct formation was not evident, a significant

decrease for the antisense (AVI-4472) co-treated
group with a dose of 2.5 mg/kg (P <0.01) and 12.5
mg/kg (P < 0.05) was observed.

Rat toxicology U34 arrays, that were known to
interrogate more than 850 mRNA transcripts and
estimated sequence tag (EST) clusters, were used to
investigate modulation of gene expression patterns
in response to TAM treatment, or co-treatment with
PMO AVI-4472 (complimentary to CYP3A2 mRNA).
TAM treatment alone resulted in induction of several
CYP genes, specifically, CYP3A9 (U46118), CYPBI
(M11251), CYPB9 (L00320), and CYPE9 (K00996).
However, no significant induction of CYP3A2 was
observed (P<0.05, Table 2). Confirmation of
CYP3A2, CYPB9, and CYPE9 by real-time PCR
indicated very good correlation with the microarray
data observed. In the presence of AVI-4472, there was
a dose dependent suppression of CYP3A9 induction
and TAM failed toinduce CYPBI1, CYPB9, or CYPE9 at
all doses of AVI-4472. While AVI-4557 (complimen-
tary to CYP3A4 mRNA) revealed no significant effect
(P <0.05) on inhibition of TAM-induced CYP3A9,
CYPB1, CYPB9 or CYPE9 (data not shown).

DISCUSSION

TAM is a major drug used for adjuvant chemother-
apy of breast cancer; however, its use has been
associated with a small but significant increase in risk
of endometrial cancer. In rats, tamoxifen is a
hepatocarcinogen, and DNA adducts have been

Table 2. Effect of AVI-4472 Antisense Oligonucleotide on Tamoxifen-Induced CYP Transcripts

Treatment groups (average fold change =4 SD)

Accession

number Gene symbol T T?+0.5mgA T+2.5mgA T°+12.5mgA
M13646 CYP3A2 0.73+0.11 1.10+0.00 0.84+0.04 1.1+£0.10
U46118 CYP3A9 2.93+0.43 1.74+0.17 1.04+0.16 0.76 £0.10
M11251 CYPB1 2.50+0.07 0.59+0.09 0.574+0.21 0.474+0.10
L00320 CYPB9 3.61+£0.54 0.59+0.03 0.58+0.16 0.41+0.10
K00996 CYPE9 2.93+0.16 0.68+0.03 0.71+£0.14 0.76 £0.20

T, tamoxifen.
A, AVI-4472 antisense oligo nucleotide to CYP3A2 gene.

The data represents average fold change + standard deviation, where n=2 arrays per treatment.
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observed in both rat and human tissues. In the
present study, we have shown that inhibition of
CYP3A2 concomitantly with TAM and PMO admin-
istration results in a reduction of TAM-DNA adduct
formation (Table 1). The TAM-DNA adduct quantity
measured in the groups with the two highest levels of
PMO were not significantly different. This could be
due to an underestimation of the total TAM-DNA
adducts as the N-desmethyl adduct is not recognized
well (only about 20%) by the antibody used com-
pared to the dG-N2-TAM adduct [38]. Therefore,
although we observed a reduction in TAM-DNA
adduct level on administration of the PMO, we plan
in the future to include an additional but different
TAM-DNA adduct measurement to clarify the
underestimation of the total DNA adducts that may
have resulted. We also propose to explore the
phenomenon of adduct reduction on PMO treat-
ment in greater detail, where we plan to include the
measurements of 4-OH-TAM, the important meta-
bolite responsible for TAM related antiestrogenic
activity.

The results from the functional enzyme assay
indicated that TAM exposure resulted in elevated
levels of CYP3A2 activity. This change, suggestive of
CYP3A2 induction, was also readily observed in our
immunoblots. Kasahara et al. [39] have also reported
that exposure of rats to tamoxifen increases the
expression of hepatic CYP3A2. Examination of
CYP2B1 levels, another mixed function oxidase used
as control, revealed no significant changes with TAM
treatment in either the functional assay or immuno-
blot. The CYP3A2 induction with TAM-only treat-
ment adds an important layer of value to a previous
report linking TAM genotoxicity to metabolism by
the CYP3A subfamily [14]. The reported study was
carried out in a cell-free in vitro setting where such
induction could not have been observed. Our data
indicating CYP3A2 induction suggests a greater role
for the CYP3A family in TAM metabolism than
previously reported, possibly making it a more
important player in terms of activation of TAM to
its genotoxic metabolites. Despite the lack of a classic
dose-response for the doses selected in our study,
AVI-4472 co-treatment inhibited hepatic CYP3A2 in
a sequence-specific and consistent manner.

Previously, DNA microarray assays have been used
to compare transcriptional changes caused by drugs
to identify therapeutic mechanisms and potential
side effects [40,41]. In this study, we have used DNA
microarray assay as a complement to the enzymatic
assays, as they may help provide an overview of
which CYP genes are altered in response to TAM or
TAM co-treated with AVI-4472. The microarray data
failed to register a significant expression of CYP3A2
on exposure to TAM alone. The sensitivity of the
microarray technology allows detection of gene
transcripts down to ~1 part in 300000 [42]. This
detection threshold may account for the differences

in apparent induction ratios of CYP3A2 by TAM.
Another possibility is that in the microarray data,
TAM-induced CYP3A2 was not detected may be due
to the RNA turnover while in the case of protein, it is
cumulative and therefore the protein and enzyme
activity was detected using Western blots and
enzyme activity assays respectively. Furthermore, it
could be due to the fact that male rats may not show
the expression of CYP3A2 following a single dose of
tamoxifen as reported by Davis et al [43]. Although,
the microarray data of TAM-induced CYP3A2 was
confirmed using real-time PCR (data not shown) that
indicated 58% induction of CYP3A2 compared to the
enzyme activity data where a 57% induction was
observed, confirming the microarray data observed.

A change in the gene expression of certain CYP
enzymes on exposure to TAM was reported by
Kasahara et al. [39], although the roles of the
enzymes in the metabolism of tamoxifen have not
yet been clarified. Kawai et al. [44] demonstrated that
neonatal treatment of rats with TAM resulted in a
long-lasting alteration in the hepatic expression of
several CYP3A subfamily genes, including CYP3A9
(exhibits testosterone 6B-hydroxylase activity). They
conclude that although relatively little is known
about the hormonal regulation of CYP3A9, it has
been reported that continuous growth hormone
infusion to male rats increases hepatic CYP3A9
mRNA level, whereas androgen does not appear to
have a suppressive influence in CYP3A49 expression
because castration does not increase CYP3A9 mRNA
level in male rats [45]. CYP3A9 being one among the
CYP genes that was induced by TAM in our study, the
conclusion arrived at by Robertson et al [45] on the
mRNA expression of CYP3A9, might explain the
alteration we observed as well. On the other hand,
Kupfer et al. [46] reported that exposure of women
undergoing TAM therapy to agents that induce
CYPBI analogues may produce increased levels of
4-hydroxytamoxifen and that it may affect the
therapeutic potency of TAM. In our study we have
shown that CYPBI that was induced on exposure to
TAM was suppressed when co-treated with AVI-4472
in a dose dependent manner. The suppression of
CYPB9 and CYPE9 on co-treatment with AVI-4472
and TAM was confirmed by real-time PCR. Our
findings and previous reports indicate that further
study on the changes in the expression of endome-
trial enzymes responsible for TAM metabolism in
TAM-administered humans would be important for
understanding the correlation between the use of
TAM and uterine carcinogenesis.

The CYP3A2 antisense-mediated reductions in
TAM-DNA adduct levels (~60%) appeared to be
commensurate with the degree of enzyme inhibition
(Table 1). However, it is unclear from the data if the
remaining TAM-DNA adducts resulted from less
than complete inhibition of CYP3A2, or through the
activity of other CYPs. In any event, this study
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demonstrates a clear reduction in CYP3A2 enzyme
activity and protein expression using different doses
of AVI-4472 that resulted in suppression of CYP
genes as well as the inhibition of TAM-DNA adduct
formation. The data therefore suggest that a sig-
nificant reduction in TAM genotoxicity can be
achieved through the use of this reagent and still
maintain the therapeutic efficiency of TAM.

Although the present study was conducted with
the aim of providing evidence to the hypothesis that
inhibition of CYP3A2 concomitantly with TAM
would decrease TAM-DNA adduct formation using
antisense technology, we realize that it could
influence/modulate the efficacy of the metabolism
of TAM. Hence in future studies, we plan to address
the implications of inhibiting CYP3A4 in women
receiving tamoxifen therapy. We conclude that there
is fundamental value in further pursuit and exploita-
tion of this metabolic redirection strategy by com-
bining TAM with antisense oligomers targeting
CYP3A subfamily. This approach takes an immensely
useful chemotherapeutic agent, with wide use in
chemoprevention, and measurably decreases its
genotoxicity.
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