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ABSTRACT. The long-term treatment of tamoxifen (TAM), widely used for adjuvant chemotherapy and
chemoprevention for breast cancer, increases a risk of developing endometrial cancer. A high frequency
of K-ras mutations has been observed in the endometrium of women treated with TAM. Human DNA
polymerase (pol)y; and polx are highly expressed in the reproductive organs and are associated with
translesion synthesis past bulky DNA adducts. To explore the miscoding properties(\-
deoxyguanosinyl)tamoxifen (d@2-TAM), a major TAM—DNA adduct, site-specifically modified
oligodeoxynucleotides containing a single diastereoisomer of trans or cis forms NE-d@M were
prepared by phosphoramidite chemical procedure and used as templates. The primer extension reaction
catalyzed by pokAC, a truncated form of pot, extended more efficiently past the adduct than that of

pol n by incorporating dCMP, a correct base, opposite the adduct. Withy,pall diastereocisomers of
dG-N?>-TAM promoted small amounts of direct incorporation of dAMP and deletions. With«epal,
dG-N2-TAM promoted small amounts of dTMP and/or dAMP incorporations and deletions. The miscoding
properties varied depending on the diastereoisomer di#GAM adducts and the DNA pol used. Steady-

state kinetic studies were also performed using either the nonspecific sequence csafigele sequence
containing a single d®¥-TAM at the second base of codon 12. With pplthe bypass frequency past

the dAedG-N?>-TAM pair positioned in the Kras sequence was only 2.3 times lower than that for the
dCedG-N?-TAM pair, indicating that dGN2-TAM in the K-ras sequence has higher miscoding potential
than that in the nonspecific sequence. However, withi#C, the bypass frequency past theedG-

N2-TAM pair was higher than that of the ddG-N?-TAM pair in both sequences. The properties of pol

1 and polx are consistent with the mutagenic events attributed to TANIA adducts.

Tamoxifen (TAM, the structure in Figure 1) is widely  and/ora-(N?-deoxyguanosinyIN-desmethyltamoxifen (dG-
used as a first-line endocrine therapy for breast cancerN?N-desTAM) adducts (Figure 1)10). Among the diaste-
patients who are estrogen receptor positive and is also areoisomers, a trans form (fr-2) of d8*~TAM and dGN?
prophylactic agent for preventing breast cancer in women N-desTAM were detected as a major TANDNA adduct
at high risk for this disease. Besides the significant benefit, in rodents 11-13) and monkeys 14, 15. TAM—DNA
long-term treatment of TAM in women increases the risk of adducts were also detected in the endometrium of women
developing endometrial cancet<5). treated with TAM (6—18), although there is some contra-

In rats, a high level of TAM-DNA adducts are produced diction regarding the detection of TAWMDNA adducts in
in the liver @, 7) and initiate the development of hepato- human tissuesl@—22). A high frequency of Kras mutations
cellular carcinomas§ 9). TAM is converted to several was recently observed in the endometrium of women treated
o-hydroxylated metabolites, which are in turn O-sulfonated with TAM (23); the mutational specificity was consistent
by hydroxysteroid sulfotransferases and react with cellular with that occurring at the d®R-TAM adduct @4). In
DNA, resulting in the formation of four diastereoisomers addition to the genotoxic events, TAM has partial estrogenic
(two trans forms (fr-1 and fr-2) and two cis forms (fr-3 and activity through the estrogen receptor in endometrial cells
fr-4)) of a-(N*>-deoxyguanosinyl)tamoxifen (dG2-TAM) and rat uterus25). This effect may enhance the promotion

of cancer. Therefore, genotoxic damage and estrogenic
T This research was supported by Grant ES09418 from the National activity may cause TAM-induced cancers
Institute of Environmental Health Sciences. ’
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3218. E-mail: shinya@pharm.stonybrook.edu. translesion synthesis past DNA adduc®$,(27). Among
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Institute of Health Sciences, Tokyo, Japan. them, poly and polx lack the 3—5 exonuclease activity

L Abbreviations: dNTP, 2deoxynucleoside triphosphate; TAM, ~and, as a result, copy DNA templates with low fidelity,
tamoxifen; dGN*TAM, a-(N*-deoxyguanosinyl)tamoxifen; pob, thereby increasing the frequency of spontaneous mutations

DNA polymerasey; pol x, DNA polymerasex; pol kAC, atruncated 58 29) and catalyzing miscoding reactions at several DNA
form of pol«; Fins, frequency of insertionE.y, frequency of extension;

PAGE, polyacrylamide gel electrophoresis; HPLC, high performance Igsions, including UV'i_nduced damagexd(31), 8'0X0'7v8j
liquid chromatography. dihydro-deoxyguanosine (8-oxodG33), and 2-acetylami-
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Ficure 1: Structures of the dG¥-TAM adduct.

nofluorene (AAF)- 83) and 7,8-dihydroxy-anti-9,10-epoxy- dG-N>TAM-modified 24-mer containing each diastereoiso-
7,8,9,10-tetrahydrobenzipyrene (BPDE)-derived adducts mer was then ligated to a 14-m&GATGCTGATGAATT)
(34). Pol « also conducts translesion synthesis past abasicto prepare the 38-mer templafBOATGCTGATGAATTC-
sites 35), 8-oxodG 86) and 2-AAF- and BPDE-derived CTTCXCTTCTTTCCTCTCCCTTT, where X is dG#-
adducts 85—39). Both enzymes are highly expressed in the TAM) (47). The dGN2-TAM-modified and unmodified
human ovary and uterud@—44), which are responsible for  oligomers were purified on a Water’s reverse-phadenda-
the production of steroidal hormones. The activated metabo-pak Gs (0.39 x 30 cm), using a linear gradient of 0.05 M
lites of endogenous and synthetic estrogens are suspected tiethylammonium acetate at pH 7.0, containing—B0%
form DNA adducts that are miscoded by such enzyrd@s ( acetonitrile with an elution time of 60 min and a flow rate
41). Due to the structural similarity, the DNA pols may also of 1.0 mL/min @4). The oligomers were further purified by
miscode TAM-DNA adducts during translesion synthesis, electrophoresis on 20% polyacrylamide denaturing gel
increasing the risk of developing cancers in reproductive (PAGE) (35x 42 x 0.04 cm) 48). Oligomers were labeled
organs. at the 5-terminus by treating with T4 polynucleotide kinase
In the present study, site-specifically modified oligode- in the presence ofyf3?P]ATP (49) and subjected to 20%
oxynucleotides containing a single diastereoisomer of dG- PAGE containig 7 M urea (35x 42 x 0.04 cm) to establish
N>-TAM were used as the DNA template for primer homogeneity. The position of the oligomers was established
extension reactions catalyzed by ppbr a truncated form by -phosphorimager analysis (Molecular Dynamics, Inc.).

of human pok (pol kAC). The miscoding properties of the  Primer Extension Reaction®ol 7 and a truncated form
TAM—DNA adducts were analyzed using an vitro of pol « (pol kAC) were prepared as described previously
experimental system that quantifies base substitutions and(30, 35). Although polkAC has lower processivity than that
deletions 45). A phosphoramidite chemical procedure of full-length pol «, the miscoding rate on the undamaged
established recently in our laboratoA6f makes it possible  DNA by pol kAC was similar to that of pok (28). A 10-
to prepare oligodeoxynucleotides containing a single di- mer FAGAGGAAAGA) or 12-mer FAGAGGAAAGAAG)
astereoisomer of the d§-TAM adduct into the second base  was labeled at the' Serminus with T4 polynucleotide kinase
of codon 12 in the Kras gene sequence. Using the modified and [-32P]-ATP (49). Using dGN2-TAM-modified or
oligodeoxynucleotide as a template, steady-state kinetic uynmodified 38-mer oligodeoxynucleotide (200 fmol) primed
studies were performed to determine the frequency of with a 3%P-labeled 10-merSAGAGGAAAGA; 100 fmol)
nucleotide insertion opposite the lesion and chain extensionor 12-mer  AGAGGAAAGAAG; 100 fmol), primer exten-
reactions for measuring the relative frequency of translesion sjon reactions catalyzed by ppbr polxAC were conducted
synthesis past the d8%-TAM adduct. Taken together, we  at 25°C for 30 min in a buffer (1QuL) containing four
found that dGN*TAM is a miscoding adduct in reactions  dNTPs (100uM each) (Figure 2). The reaction buffer for
catalyzed by pols; and «, suggesting the contribution of ~ pol 5 contains 40 mM Tris-HCI (pH 8.0), 1 mM Mggl10
these enzymes to TAM mutagenicity. mM DTT, 250ug/mL BSA, 60 mM KCI, and 2.5% glycerol.
A similar reaction buffer was used for peAC, using 5 mM
MATERIALS AND METHODS MgCl; instead of 1 mM MgCl Reactions were stopped with
Synthesis of Oligodeoxynucleotidedigodeoxynucleotides ~ the addition of SuL of formamide dye. The samples were
used as the DNA templatECTTCXCTTCTTTCCTCTC-  subjected to 20% PAGE (35 42 x 0.04 cm). The
CCTTT and®CATGCTGATGAATTCCTTCXCTTCTTTC- radioactivity of extended products was measure@iphos-
CTCTCCCTTT, where X is G), primer, and standard markers phorimager (Molecular Dynamics).
were prepared by solid-state synthesis on an automated DNA Miscoding AnalysisUsing dGN?-TAM-maodified or un-
synthesizer. A 24-merCCTTCXCTTCTTTCCTCTC- modified 38-mer oligodeoxynucleotide (450 fmol) primed
CCTTT, where X is dGN?>-TAM) containing a mixture of  with a3?P-labeled 12-mePAGAGGAAAGTAG; 300 fmol),
the trans forms (fr-1 and fr-2) of d&#2-TAM was prepared primer extension reactions catalyzed by gobr pol kAC
from thetrans-dG-N2-TAM phosphoramidite by a chemical (15 ng for the unmodified template; 150 ng for the modified
procedure established in our laboratod6) The 24-mer templates) were conducted at 26 for 30 min in a buffer
oligomer containing fr-1 was isolated from that containing (30uL) containing four dNTPs (10@M each) and subjected
fr-2 by HPLC @6). Similarly, a 24-mer containing a mixture to 20% PAGE (35x 42 x 0.04 cm). Extended reaction
of the cis forms (fr-3 and fr-4) of d®?-TAM was prepared products (approximately 2832 bases long) were extracted
from the cisdGN>TAM phosphoramidite, and the oligo- from the gels. The recovered oligodeoxynucleotides were
mers containing fr-3 or fr-4 were separated by HPLC. The annealed with an unmodified 38-mer, cleaved vEito RI,
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AGAAAGGAGA3??
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5'CATGCTGAT TTCCTTCXCTTCTTTCCTCTCCCTTT
‘ Eco RI
GGAAGNGAAGAAAGGAGA3?®?

5'AATTCCTTCXCTTCTTTCCTCTCCCTTT

c
a

GGAAG| G |GAAGAAAGGAGA’?®
T
Al

GGAA| A?

AC A'TAG

-urea +urea

Ficure 2: Diagram of the method used to determine miscoding specificities. Unmodified dP€@M-modified 38-mer templates are
annealed to 8P-labeled 10-mer primer. Primer extension reactions catalyzed by @opol kAC were conducted in the presence of four
dNTPs. Fully extended products formed during DNA synthesis are recovered from the polyacrylamide xg&11350.04 cm), annealed

with a complementary 38-mer, cleaved wigbdRI, and subjected to two-phase PAGE (572 x 0.04 cm) as described in Materials and
Methods. To determine miscoding specificity, the mobility of the reaction products is compared with those of 18-mer standards containing
dC, dA, dG, or dT opposite the lesion and or€)(or two-base A?) deletions.

and subjected to electrophoresis on two-phase 20% poly-amounts of dCTP (6500uM), and either pok (0.5-5 ng)
acrylamide gels (15 72 x 0.04 cm) containig 7 M urea or pol kAC (0.5-5 ng) were used to measure chain
in the upper phase and no urea in the lower phase (two-extension. The reaction samples were subjected to 20%
phase PAGE)45) (Figure 2). To quantify base substitutions denaturing PAGE (35« 42 x 0.04 cm). The Michaelis
and deletions, the mobility of the reaction products were constants,) and maximum rates of reactiol{.) were
compared with those of 18-mer standards containing dC, dA, obtained from HanesWoolf plots. Frequencies of dNTP

dG, or dT opposite the lesion and onte") or two-base £?) insertion Eing) and chain extensior-(,) were determined
deletions. The detection limit on the gel was 0.03% of the relative to the dedG base pair according to the equation:
labeled 0|i90mer3- F= (VmaJKm)[wrong pair}l(vmax/Km)[correct pai=dCedG] (50, 51)-

Steady-State Kinetic StudiéSnetic parameters associated
with nucleotide insertion opposite the d®-TAM lesion RESULTS
and chain extension from the'-Brimer terminus were Miscoding Properties of dG-NTAM DNA Adducts in
determined at 28C, using varying amounts of single dNTPs Reactions Catalyzed by pgl Primer extension reactions
(0—500 uM). For insertion kinetics, reaction mixtures catalyzed by pol; were conducted on unmodified or dG-
containing dNTP (8-500uM) and either poly (0.5-5 ng) N2-TAM-modified 38-mer template in the presence of four
or pol kAC (0.5-5 ng) were incubated at 2%C for 2 min dNTPs (Figure 3). On the templates containing a single
in 10uL of Tris-HCI buffer (pH 8.0) using a 24-mer template unmodified dG, primer extensions catalyzed by this enzyme
(150 fmol;5CCTTCXCTTCTTTCCTCTCCCTTT, where X  readily occurred to form the extended products. With the
is G or dGN2TAM) primed with a 3?P-labeled 12-mer  modified templates containing a single diastereoisomer (fr-
primer (100 fmol>AGAGGAAAGAAG). Reaction mixtures 1, fr-2, fr-3, and fr-4) of the dGN>TAM adduct, primer
containing a template (150 fmol) primed withF%e-labeled extensions were retarded one-base prior to the adduct,
13-mer primer (100 fmol®AGAGGAAAGAAGN, where opposite the adduct, and one-base past the adduct. The
Nis C, A, G, or T), with varying amounts of dGTP®00 extended products past the d&-TAM lesions were ob-
uM), and either pol; (0.5-5 ng) or pol«AC (0.5-5 ng) tained by increasing the amount of the enzyme. When 500
were used to measure chain extension. Another 21-merfmol of pol » was used, approximately 45 1.0% for fr-1,
template containing a codon 12 of therl(s sequence (150 47 4 3.4% for fr-2, 33+ 2.6% for fr-3, and 17 1.9% for
fmol; S GGAGCTGXTGGCGTAGGCTGT (codons 16), fr-4 of the starting primer were extended past the adducts to
where X is G or d@\?-TAM) was also used for determining  form the fully extended products (284 mers). Blunt-end
the frequency of dNTP insertion opposite the lesion using a addition to the fully extended product (334 mers) was
32p-labeled 13-mer primer (100 fmAIACAGCCTACGC- observed%2, 53). The primer extension past the fr-2 or fr-3
CA). Reaction mixtures containing a template (150 fmol) was more efficient than that past fr-1 and fr-4, indicating
primed with a®P-labeled 14-mer primer (100 fmSIACAGC- that the frequency past the adducts varied depending on the
CTACGCCAN, where N is C, A, G, or T), with varying  diastereoisomers.
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FiIGURE 3: Primer extension reactions catalyzed by padr pol «kAC on the dGN2-TAM-modified templates. Using unmodified or dG-
N2-TAM-modified 38-mer templates primed with3P-labeled 10-merf--AGAGGAAAGA), primer extension reactions were conducted
at 25°C for 30 min in a buffer containing four dNTPs (1@0/1 each) and variable amounts (0, 1.0, 10, 100, and 500 fmol) of polpol
«AC as described in Materials and Methods. One-third of the reaction mixture was subjected to PAGE2(250.04 cm). The radioactivity
of extended products was measured by3-phosphorimager. 13X shows the location opposite theNdGAM lesion. A 32-mer
(®*AGAGGAAAGAAGCGAAGGAATTCATCAGCATG) was used as a marker of the fully extended product (Stn.).

The fully extended products (approximately-284-mers) unmodified dG, small amounts of unknown products were
past the unmodified or modified adducts were recovered, observed.
digested byEco RI, and subjected to two-phase PAGE for Miscoding Properties of dGNTAM Adducts in Reactions
guantitative analysis of base substitutions and deletionsCatalyzed by patAC. Primer extension reactions catalyzed
(Figure 2). A standard mixture of si¥P-labeled oligode- by pol kAC readily occurred on the templates containing
oxynucleotides containing dC, dA, dG, or dT opposite the unmodified dG to form the extended products (Figure 3).
adduct and those containing one- and two-base deletions caftwwhen 10 and 100 fmol of this enzyme were used, 68% and
be resolved by this method (Figure 4). Preferential incor- 92% of the primer, respectively, were extended past dG to
poration of dCMP, the correct bases, opposite the unmodifiedform the fully extended products. Unlike pg| the primer
dG was observed. As indicated by the arrowheads in Figureextension reactions were retarded one-base prior to the fr-1
4, small amounts of unknown products were detected; the of dG-N?>-TAM and opposite the adduct; with 100 fmol of
migration of these products differed from those of standard pol «kAC, only 9.0% of primers were extended past this
markers. Because the amount of the fully extended productsadduct to form the fully extended products. However, using
past dGN>-TAM were less than that past the unmodified the same amount of enzyme, a majority of the primers-(81
dG, the fully extended products past each diastereocisomer90%) were readily extended past the fr-2, fr-3, or fr-4 of
of dGN?>-TAM were recovered from several reactions and dG-N?-TAM to form the fully extended products.
used for the two-phase PAGE analysis (Figure 4). The The extended products past the unmodified and modified
amounts of dNMP incorporation opposite each diastereo- adducts were used for miscoding analysis using two-phase
isomer were normalized for the amounts of their starting PAGE. When the unmodified template was used, an expected
primer. dGN>TAM promoted the preferential incorporation incorporation of dCMP was observed opposite the dG (Figure
of dCMP (4.3% for fr-1; 32.0% for fr-2; 22.5% for fr-3;  4). All diastereoisomers of d@GF-TAM promoted the
and 13.8% for fr-4) opposite the adducts. A small amount incorporation of dCMP (36.7% for fr-1; 83.3% for fr-2;
of dAMP incorporation (0.04% for fr-1; 1.2% for fr-2; 2.3%  82.3% for fr-3; and 72.7% for fr-4) as a primary product.
for fr-3; and 1.1% for fr-4) opposite the adduct was observed When fr-1 was used, small amounts of dAMP (0.7%) and
in addition to significant amounts of one-base (6-284%) dTMP (0.55%) incorporation and one-base deletion (1.0%)
and two-base (0.069.9%) deletions. As observed for the were observed at the adduct. With other diasterecisomers
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Table 1: Kinetic Parameters for Nucleotide Insertion and Chain Extension Reactions Catalyzed by DiNArloPol«?

Insertion dNTP Extension dGTP
IGAAGAAAGGAGA™* INGAAGAAAGGAGA™®
SCCTTCXCTTCTTTCCTCTCCCTTT ¥CCTTCXCTTCTTTCCTCTCCCTTT
N:X Km (HM) |4 max(%min-l) Rns Km (HM) Vmax(%m].-n-l) F ext EnsXFext
Poln
X =dG
C:G  0.87+0.08° 47.8+0.19° 1.0 047+0.12"  548+41° 1.0 1.0
X = dG-N*-TAM

CX  244+004  328+0.39 245x107 7.61+053 5.05+045 569x10°  1.39x10*
AX  225+1.0 1784009  1.44x10% 13.1+24 0.24 £0.03 1.57x10*  2.26x10°
GX 232+14 2374001 1.86x10° 143+14  023+001 138x10%  2.57x107
T:X  69.5+62 2.31+0.07 6.05x10" 167+19 0.08 £0.01 410x10°  2.48x10%
Pol kKAC

X =dG

C:G  1.68+023" 39.1+346" 1.0 1.61+0.08" 111.0£7.7° 1.0 1.0

X = dG-N*-TAM

CX  125%0.1 5474001  1.88x107 506+1.17 242+001 694x10° 130x10*
A:X  323+64 0414002 545x10* 33.9+07 0.59 £0.01 253x10¢  1.38x107
G:X ND. N.D. N.D. 115+26 121+0.10 1.53x10*  N.D.

T:X 19322 0.80+0.11  1.78x10° 6.65+1.06 067+001 146x10°  2.60x10°

Insertion dNTP Extension dCTP
|ACCGCATCCGACA™* INACCGCATCCGACA™*
YGGAGCTGXTGGCGTAGGCTGT YGGAGCTGXTGGCGTAGGCTGT
NX K (uM) Vaad%min™)  Fing Kn(UM)  Vpu(%min™)  Foy FinsXFex
Poln
X =dG
C:G  082+0.13° 436+27° 1.0 0.33+0.10° 260+4.8° 1.0 1.0
X = dG-N*-TAM

CX  399+0.69 293+£0.02 1.50x10° 085+0.17 1.97+0.01 285x10°  426x10°
A:X  8.18+0.1 2474004  559x10* 088+0.19 2424010 337x10° 1.89x10°
GX 17.9%0.8 2574009  2.66x10* 394022 1174001  3.58x10" 9.52x10*
T:X  29.1%55 1.88+0.16 1.20x10* 626+0.86 006001 115x10° 1.38x10°

Pol kKAC

X =dG

C:G  231+022° 136+18° 1.0 1.02+0.03% 127+3° 1.0 1.0

X = dG-N*-TAM

CX  11.6£20 3244003  480x10° 341+083 1.11+001 269x10° 129x10°
A:X  ND. N.D. N.D. 562+021 094+001 134x10° N.D.

GX ND. N.D. N.D. 31.8+94  2.84+0.16 7.42x10°  N.D.

T:X 346+34 0.21+£0.01 1.01x10* 3224201 1.19 £0.06 2.95x10™ 2.99x10°%
aThe kinetics of nucleotide insertion and chain extension reactions were determined as described in Materials and Methods. Frequencies of
nucleotide insertionKj,s) and chain extensiorF¢y) were estimated by the equati®n= (Vmad/Km)wrong pairf (VmadKm) [correct pair=dc:ac} X = dG or
dG-N2TAM lesion. b Data expressed as meanS.D. obtained from three independent experiments.

Table 2: Fins X Fext Past DNA Adducts by Paj or Pol«

dG-N2-TAM dG-N?-3MeB dGN>-AAFP (+)transdG-N2-BPDE

C:X 1.39x 104 9.50x 104 1.53x 1073
pol A:X 2.26 x 10°® 3.06x 10°® 9.34x 1077
K G:X 2.57x 1077 2.50x 10°® 3.24x 10710
T:X 2.48x 108 3.99x 10°¢ 1.70x 1077

C:X 1.30x 104 1.33x 10! 1.05x 1073 1.09x 10°°

pol « A:X 1.38 x 1077 1.12x 10°® 7.35x 10°° 3.37x 1070

G:X N.D. 4.30x 1077 1.07x 10°8 8.24x 10712

T:X 2.60x 108 2.48x 10°° 4.90x 10°® 5.20x 107

aData are taken from ref 54.Data are taken from ref 57.Data are taken from ref 39; N.D., not detectable.

(fr-2, fr-3, and fr-4), only a small amount of dTMP 1.7 times higher than that of dATP (1.44 1072 and was
incorporation (0.6% for fr-2; 1.8% for fr-3; and 1.4% for 13 and 41 times higher than that of dGTP and dTTP,
fr-4) was observed. respectively. Because th&y, for the dGdG-N>-TAM pair
Kinetic Studies on dG-NTAM-Modified DNA Templates. was 36 times higher than that for the d#¥G-N>-TAM pair,

The frequency of dNTP incorporatiofigs) opposite atrans  the relative bypass frequenclifs x Fex) past the dedG-
form (fr-2) of dGN?>TAM and the frequency of chain  N2TAM pair was approximately 62 times higher than that
extension Fey) from dNedG-N?-TAM pairs were measured  for the dAdG-N>TAM pair. TheFi,s x Fex past the dedG-
within the linear range of the reaction, using the same N>TAM pair was 2 to 3 orders of magnitude higher than
sequence context that was used for the two-phase PAGEthose of the other ddIGN2TAM pairs. When pokAC was
assay (Table 1). With po}, the Fi,s value for dCTP (2.45  used, theFi,s for dCTP opposite the dG?-TAM was 11

x 107?), the correct base, opposite the 8&TAM was only and 35 times higher than that of dTTP and dATP, respec-
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Poln steady-state kinetic studies. The miscoding specificities
.- %&“ detected with these enzymes were consistent with mutagenic

" '11g§ events induced by d®P-TAM in a single-strand vector

18T propagated in simian kidney (COS-7) celBs).

- g Unlike other bulky DNA adducts3g, 39, 54), dGN*-TAM

allowed pola, S, or 6, in addition to poly andx, to extend

past the adduct4d(). Pol a. promoted the misincorporation

of dAMP and deletions at all of the diastereoisomers,

accompanied by small amounts of dGMP incorporation. Pol

B promoted deletions and misincorporation of dAMP and

5
\

18C
1642

{

Folnac ol %St dGMP. With pold, the preferential incorporation of dCMP
il el bt S N was observed: fr-1 of d®&?-TAM only promoted a small
18A amount of dTMP incorporation. Some of these replicative

18T

e DNA pols may also be involved in the miscoding events

—
! induced by TAM. Thus, the miscoding specificities and
18C frequencies varied depending on the DNA polymerase used.
- 1647 Among four diastereisomers (two trans forms (fr-1 and
fr-2) and two cis forms (fr-3 and fr-4)), the primer extension
FicUre 4. Quantitation of miscoding specificities induced by the reactions catalyzed by pal and pol«AC were strongly

dG-N\*TAM adduct. A 12-mer primerf~AGAGGAAAGAAG) retarded at fr-1; therefore, with pg the formation of dCMP

was used for the primer extension reactions catalyzed by 100 fmol : . .
of pol  or pol kAC, as described in Figure 3. Three independent and dAMP incorporations e_md deletpns at fr,'l was m“C,h
reaction samples were combined and subjected to PAGE (83 lower than that observed with other diastereoisomers. With

x 0.04 cm). The fully extended products recovered from the gel pol xAC, small amounts of dAMP and dTMP incorporations
were used for an analysis of base substitutions and deletions, asand one-base deletion were observed opposite the fr-1,
described in the legend of Figure 2. whereas only a small amount of dTMP incorporation was
, observed with other diastereoisomers. Thus, the miscoding
tively (Table 1). TheFi,s for dGTP was not detected. The  ghecificity and frequency also varied depending on the

Fins X Feafor the deG'NZ'TA';A pair was 50 and 9240 times  giastereoisomer of the d8-TAM adduct. The confirmation
higher than that for the ¢BG-N*-TAM and dAedG-N*-TAM of each diastereoisomer in the replication fork may affect

pairs, respectively. _ _ the miscoding properties, as suggested by the 3D NMR
Steady-state kinetic studies were also performed using theg;,dies 55).
K-ras sequence containing a single dG-TAM (fr-2) As observed with COS-7 cell24) and with poly andx

positioned at the second base of codon 12 (Table 1). With, the present study, a high frequency of6T and G—
pol 7, theFin value for dCTP opposite the dS-TAM was A mytations were detected at the second base iagGodon
2.7, 5.6, and 13 times higher than that of dATP, dGTP, and 15 i, the endometrium of women treated with TARB]. A
dl—TP' respectlvely. '“te;es““g'Y’ teex _for the dAedG- phosphoramidite chemical synthesis established in our
N°-TAM pa|r2(3.37>< 10°°) was shggtly higher than that of  |55ratory has made it possible to insert NSTAM into
the dGAGN=-TAM pa|r2(2.85 x 107, resulting in theFins the oligomers having any sequence context, such as tias K-
X Fex for the dAedG-N*-TAM pair being only 2.3 times  gane The frequencies of dNTP insertion opposite the dG-
lower than that of the d@G-N>-TAM pair. TheFiys x Fex N2-TAM and the chain extension from the eédG-N2-TAM

; ; . .
for the dGAGN*-TAM pair was 45 and 31020 times higher  5ir were determined using theris sequence and compared
than that of the de@iG-N*-TAM and dTedGN*-TAM pairs, \yith those observed with nonspecific sequence. Because a
respectively. When paAC was used, only thEinS_for dCTP trans form (fr-2) of dGN?-TAM was a major TAM-DNA
and dTTP was detected; thgs for dTTP was 4§ times lower  54duct in rodentsll—13) and primatesi4, 15), this isomer
than that of dCTP. Th&ys x Fex for dTedG-N*-TAM was was used for these kinetic studies. With pplthe Fins x

430 times lower than that of the d@G-N>-TAM pair. Fext fOr the d2dG-N2-TAM pair in the K+as sequence was
DISCUSSION only 2.3 times lower than thgt of the d@G-N>-TAM pair,
whereas with the nonspecific sequence, g x Fex for

Pol 7 and polx are highly expressed in the reproductive the dAdG-N?-TAM pair in the Kras sequence was 62 times
organs, including the ovary and uterué0{44), where lower than that of the d€IGN>-TAM pair (Table 1). This
steroidal hormones are produced. Because TAM has a partiaindicated that specific sequence context such as thask-
structure of estrogen, these DNA pols may contribute to gene may cause an increase in miscoding frequency, resulting
translesion synthesis past DNA adducts derived from TAM. in the construction of mutational hot spots.
In fact, the primer extension reactions catalyzed byadC Because G— A mutations were also observed in codon
occurred more rapidly past the d®-TAM adduct than those 12 of the Kyas gene in the endometrium of women treated
by pol # by preferentially incorporating dCMP, the correct with TAM (23), some DNA pols are expected to insert dTMP
base, opposite the adduct. With ppla small amount of  opposite the dGN>-TAM lesion. Only polx has this ability
direct dAMP incorporation was observed with deletions, among the DNA pols examined. Although with pd\C the
indicating that G— T mutations and deletions were Fis x Fex past the d3dG-N2-TAM was 50 times lower than
produced. With pol«AC, dGN>TAM promoted small that of the d@dG-N>-TAM pair, a low level of direct dTMP
amounts of dTMP incorporations, indicating that-6& A incorporation was detected during the translesion synthesis
mutations occurred. This observation was supported by catalyzed by this enzyme (Figure 4). Since pa highly
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expressed in the reproductive orgadd, (56) and tends to
incorporate dTMP opposite the bulky DNA adduc®&)

this enzyme may contribute to the mutagenic events of

TAM —DNA adducts, resulting in the increase of -6 A
mutations.

To compare the behavior of pglor pol ¥ past the dG-
N2-TAM adduct with that past several bulky dGBdducts,
such as dG\N*-3MeE, (+)-transdG-N2-BPDE, or dGN?-

AAF, these adducts were embedded in a similar sequence

context @9, 54, 57) (Table 2). With poly, like the dGdG-
N2-AAF and dGdG-N2-3MeE pairs, theFi,s x Fex for the

dCedG-N2-TAM pair was 1 to 4 orders of magnitude higher

than that of any of the nucleotides paired with 8&TAM.
Interestingly, theFiss x Fex ratio for dGdG-N?-TAM/

dA«dG-N>TAM pair was 62, and this number was higher

than that for the d@IG-N?-3MeE/dAdG-N?>-3MeE (310) or
dCedG-N2-AAF/dA«dGN?>-AAF (165) pairs, indicating that

the dGN?-TAM adduct may have a higher miscoding

potential than those of dG?-3MeE or dGN2-AAF. Pol «
bypassed the d®P-TAM adduct more efficiently by incor-

porating dCMP opposite the lesion, as observed with dG-

N2-3MeE, (+)-transdG-N?>-BPDE, or dGN?*-AAF lesion
(Table 2). However, th€&is x Fex ratio for the dGdG-N?-

TAM/dTedG-N?-TAM pair was 50, and this number was 1

to 3 orders of magnitude higher than that for the-diG-
N2-3MeE/dTedG-N?-3MeE (5400) or d&(+)-trans-dG-N2-
BPDE/dTe(+)-trans-dG-N?-BPDE (21000), or delGN?-
AAF/dTedG-N2-AAF (210) pair, indicating that the dGl?-

TAM adduct may also have a higher miscoding potential
than other bulky DNA adducts. Peland poly may have
evolved to bypass dGF-TAM.

In conclusion, human DNA polg and« expressed highly
in reproductive organs are more likely to be associated with
miscoding events generated by TAM. The high frequency
of mutations observed at the t&s sequence may reflect the
sequence context effect. Thus, d&TAM adducts generate
mutations and pose a potential risk to women treated with
TAM. This result raises concerns about the use of TAM as
a chemopreventive agent for healthy women as well as its
use in the treatment of breast cancer.
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