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ABSTRACT. trans-4-Hydroxynonenal (HNE) is a major peroxidation productm6 polyunsaturated fatty

acids. The reaction of HNE with DNA produces four diastereomefi&-3;hydroxypropano adducts of
deoxyguanosine (HNE-dG); background levels of these adducts have been detected in tissues of animals
and humans. There is evidence to suggest that these adducts are mutagenic and involved in liver
carcinogenesis in patients with Wilson’s disease and in other human cancers. Here, we present biochemical
evidence that in human cell nuclear extracts the HNE-dG adducts are repaired by the nucleotide excision
repair (NER) pathway. To investigate the recognition and repair of HNE-dG adducts in human cell extracts,
we prepared plasmid DNA substrates modified by HNEPJPostlabeling/HPLC determined that the
HNE-dG adduct levels were-1200/10 dG of plasmid DNA substrate. We used this substrate in an in
vitro repair-synthesis assay to study the complete repair of HNE-induced DNA adducts in cell-free extracts.

We observed that nuclear extracts from HelLa cells incorporated a significant amowffeRIHCTP in

DNA that contained HNE-dG adducts by comparison with UV-irradiated DNA as the positive control.
Such repair synthesis for UV damage or HNE-dG adducts did not occur in XPA cell nuclear extracts that
lack the capacity for NER. However, XPA cells complemented with XPA protein restored repair synthesis
for both of these adducts. To verify that HNE-dG adducts in DNA were indeed repaired, we measured
HNE-dG adducts in the post-repaired DNA substrates by ¥rj-postlabeling/HPLC method, showing

that 50-60% of HNE-dG adducts were removed from the HelLa cell nuclear extracts3dftet 30°C.

The repair kinetics indicated that the excision rate is faster than the rate of gap-filling/DNA synthesis.
Furthermore, the HNE-dG adduct isomers 2 and 4 appeared to be repaired more efficiently at early time

points than isomers 1 and 3.

Reactive oxygen species (RH8.g., Q"~, OH, and HO,)

saturated fatty acids that are relatively abundant in human

are generated as byproducts in mitochondrial oxidative tissues, 9). HNE at physiological concentration stimulates

phosphorylation by ionizing radiation and in oxyradical

phospholipase C and protein kinase C, both of which actively

overload diseases such as Wilson’s disease and hemochroeontrol cell division and proliferation8]. It also modulates
matosis and also by antitumor drugs such as bleomycin. Ingene expression via cell signaling, including activating
addition to their genotoxic effects, ROS also react with oncogene c-jun in human hepatic stellate cel® and thus
cellular membrane lipids and form reactive unsaturated plays a role in carcinogenesis. HNE is also genotoxic and

aldehydes or enals via lipid peroxidatiod).( There is
increasing evidence that lipid peroxidation is involved in
carcinogenesi2(-5). Rats receiving a choline-deficient diet
or treated with peroxisome proliferators that elicit lipid
peroxidation developed liver cances, (7). Among enals,
trans-4-hydroxynonenal (HNE; Figure 1) is one of the most
abundant and also cytotoxic compoun8ls HNE is formed
mainly by oxyradical-initiated degradation af-6 polyun-
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produces bulky N’-propano-2deoxyguanosine adducts
(HNE-dG, Figure 1), while its epoxy products, generated
after further oxidative metabolism, can react with DNA by
forming etheno adducts of adenosine, guanosine, and cytidine
(11, 12). Furthermore, the reaction of HNE with deoxy-
guanosine (dG) generates three new chiral centers in the
nucleoside 13), resulting in the formation of four stereo-
isomers (&, 8S, 11R), (6S, 8R, 119, (6R, 8S 11S), and

(6S 8R, 11R) with 8-hydroxyl and 6-(1-hydroxyhexyl) in
the trans configuration (ref4; Figure 1).
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as background lesions in tissues of rodents and hunidns (
15-18). Levels of HNE-dG adducts increased significantly
in the livers of rats treated with carbon tetrachloride, which
induces lipid peroxidation and liver carcinogenegig, (L9).

A recent study showed that liver DNA from patients with
Wilson’s disease, characterized by hepatic deposition of
copper and iron that increases the risk of liver cancer, had a
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o on their structures. Acrolein (Acr-) or other enal-induced
N NH DNA adducts have recently been shown to be repaired by
| _ NER in E. coli (31, 32). Evidence from our initial studies
N7 N7 NH, also indicates that HNE-dG adducts are repaired by the NER
(dG) pathway 83); however, the details of the repair mechanism
of the cyclic propano adducts in mammalian cells are yet to
HO o be elucidated.
CH3(CH2)4c|:HCH:CH'éH _ On the basis _of our prelimir_la_ry observat_ions, we i_nves-
(HNE) tigated the detailed characteristics of repair mechanism of
HNE-dG adducts in nuclear extracts of human cells. Here,
we demonstrate that HNE-dG adducts, the potentially
important endogenous adducts, are repaired by NER proteins
in a dose- and time-dependent manner and also describe the

o OH kinetics of this repair as well as the influence of the
/N N stereochemistry of HNE-dG adducts on their repair. The
< ] . OH
NN
dR

relatively efficient in vitro removal of all four isomers of
HNE-dG adducts may partially explain their relatively low
level as background DNA lesions in rodents and humans.

HNE-dG 1 CH, HNE-dG2  cH,
(6R,8S,115) ™ (6S,8R,11R) EXPERIMENTAL PROCEDURES
O OH O OH Cell Culture NER-proficient HeLa (ATCC) and NER-

N N N N deficient human XPA cells (kindly provided by Dr. Randy
</ | /)\ OH </ | /)\ OH Legarski, MD Anderson Cancer Center, Houston, TX) were
NN N :,:R NN T grown in Minimum Essential Medium (MEM; Gibco/

drR

Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum and penicillin/streptomycin (Gibco/Invitrogen,
(23’5'3(3161:;) cHs (Qgﬁf-\.‘fﬁg, oHs Carlsbad, CA) in a 5% COhumidified incubator. XAN1
cells, derivative of XPA cells stably transfected with XPA
minigene (ref34; kindly provided by Dr. J. Christopher
States, University of Louisville School of Medicine, Louis-
significantly higher frequency of p53 hotspot mutations of Ville, KY), were grown ino. Minimum Essential Medium
G to T transversions at codon 248). The same study also (¢ MEM; Gibco/Invitrogen, Carlsbad, CA) supplemented
showed that exposing TK-6 lymphoblastoid cells (wild-type With 10% fetal bovine serum and penicillin/streptomycin.
p53) to HNE increased predominantly the G to T mutation  Preparation of Nuclear Extracts for the in Vitro NER
at p53 codon 249, suggesting that HNE-dG adducts may playAssay The nuclear extracts were prepared from HelLa, XPA,
arole in p53 mutation20). The G at the third base of codon and XAN1 cells following a published procedur@y.
249 represents a mutation hotspot in human cancer, particuBriefly, cells (6-7 x 10°) from 6—7 of the 10 cm plates
larly hepatocellular carcinomag1). Recently, using the  were washed thoroughly with phosphate buffered saline
Escherichia colinucleotide excision repair enzyme complex (PBS), suspended in chilled buffer A (10 mM HEPBSOH
UVrABC nuclease with ligation-mediated PCR, Hu et al. pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1
mapped HNE-dG adducts in the human p53 gene modified mM DTT, and protease inhibitor cocktail [Roche Molecular
with HNE. They showed that HNE-dG adducts were Biochemicals, Indianapolis, IN]), and allowed to swell on
preferentially formed at the third base of codon 249 of the ice for 15 min. The swelled pellet was then mixed with 0.6%
p53 gene 22). Taken together, these findings suggest that Nonidet P-40 and vigorously vortexed for 10s. The homo-
HNE and HNE-dG adducts in DNA play a critical role in  genate was centrifuged for 30 s to recover the nuclear pellet,
mutagenesis and likely also in human carcinogenesis. which was then resuspended in buffer B (20 mM HEPES
The levels and persistence of the HNE-dG adducts in KOH pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1
tissues may be determined by several factors: the rate ofmM DTT, and protease inhibitor cocktail), and shaken in a
formation, the rate of repair, and the rate of DNA replication. rocking shaker for 15 min at 4C. The nuclear extract was
Cyclic adducts in DNA are repaired either by base excision then clarified by centrifugation and stored-e80 °C in small
repair (BER) or nucleotide excision repair (NER) mecha- aliquots. The typical yield was-34.5 mg of protein, and
nisms. For example, the repair of etheno adducts is mainly the concentration ranged from 4 to 6 mg/mL. Each aliquot
mediated by the BER pathway, which is initiated by a was thawed only once for the in vitro NER activity assay to
specific DNA glycosylaseN-methylpurine DNA-glycosy-  avoid inactivation due to repeated freezbaw cycles.
lase, present throughout the phylogeny including the humans Preparation of Plasmid Substrates Containing HNE-dG
(23—28). Other human proteins capable of removing etheno HNE was synthesized according to the method previously
adducts have also been characterizz®).(However, 1\?- described 36). The pBluescript (pBSIl) plasmid DNA was
propanodG (PdG), a model for the bulky cyclic propano received from Recombinant DNA Laboratory core facility,
adducts, is not excised by the glycosylases and is actuallyUTMB, Galveston, TX, and used for subsequent HNE-
repaired by the NER pathwa(@). It appears that different  modification and UV-irradiation. The plasmid DNA was
repair mechanisms are operative for cyclic adducts dependingmodified with HNE as described by Hu et a22j. Briefly,

Ficure 1: Chemical structures of HNE, guanosine, and four
diastereoisomers of HNE-dG adducts.
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purified pBSIl (10ug) in TE buffer (10 mM Tris, 1 mM Repair Excision Assay by Detection of HNE-dG Adducts
EDTA, pH 7.0) was incubated with a final concentration of in Plasmid DNAvia the [ 32P]-Postlabeling/HPLC Methad

30 mg/mL of HNE (stock solution, 100 mg/mL in methanol) An improved3?P-postlabeling/SPE/HPLC method was ap-
at 37°C for 20 h. Control pBSII was treated with methanol plied to directly measure HNE-dG adducts in plasmid DNA
only and used as HNE-untreated substrate in subsequent NERefore and after repairsynthesis assay. To yield sufficient
assays. The unreacted HNE was removed by repeated phenoDNA for the postlabeling assay, the repair synthesis was
chloroform extraction. The treated plasmids were then carried out essentially as described earlier, except under
precipitated with ethanol, dissolved in TE buffer (pH 7.0), proportionally scaled-up conditions. The assay was per-

and used to quantify the HNE-dG adduct level B3P]J-
postlabeling/HPLC assay.

In Vitro Repair ReactionsRepair Synthesis Assay ]
Incorporation/Agarose Gel Electrophoresia.typical 20uL
reaction mixtures, 300 ng each of HNE-modified pBSilI, or
UV-irradiated pBSII (ref37, ~1.0 adduct per molecule;

provided by Dr. Yue Zou, East Tennessee State University,

TN), or untreated pBSIl closed circular plasmids was
incubated at 30C for stipulated times with HeLa, XPA, or
XANL1 cell nuclear extracts (6@g) in the presence of 74
kBg of o-[32P] dCTP (110 TBg/mmol; Amersham Pharmacia
Biotech, Piscataway, NJ); 13 mM HEPEROH (pH 7.9);

50 mM KCI; 7.4 mM MgC}; 1 mM DTT; 2 mM ATP; 50
uM each dGTP, dATP, dTTP, and 1M dCTP; 40 mM
creatine phosphate; 0:& of creatine phosphokinase (Type
I; Sigma-Aldrich Co., St. Louis, MO); and 64g of BSA

as described38). The reaction was stopped by adding 25
mM EDTA, subjected to digestion with RNAse and Pro-
teinase K as describedBq), and extracted with phenol/
chloroform before the DNA was recovered by precipitation
with ethanol in the presence of Pellet Paint Pink (Novagen,
Madison, WI). The purified plasmid DNA was then linear-
ized withEcadRl, electrophoresed on 1% agarose gel contain-
ing 0.5ug/mL ethidium bromide, dried on DE-81 filter paper,

formed with 3ug of HNE-dG containing pBSIl DNA, or
untreated DNA, 250ug of HelLa, or XPA cell nuclear
extracts and similar concentrations of dNTPs (¢*2P]
dCTP) and other essential ingredients described earlier. The
plasmid DNA from repair reactions was purified up to
electrophoresis on agarose gel as before and then analyzed
for remaining HNE-dG adducts by thé&P]-postlabeling/
HPLC method.

This method was somewhat modified from the previously
published procedured(). The four diastereomers of HNE-
dG adducts were detected and quantified using the synthetic
HNE-dG adduct standards described previoudly, 40).
Briefly, the DNA samples were digested with micrococcal
nuclease and spleen phosphodiesterase and applied onto a
C18 solid-phase extraction cartridge. The cartridge was first
washed with 50 mM ammonium formate (pH 7.0), and the
eluent containing the unmodified nucleotides was used to
qguantify dG 3-monophosphates in each sample. The HNE-
dG 3-monophosphates was eluted with 50% methanol and
labeled with |-3?P]ATP. The labeled mixture was purified
with SPE and sequential reverse-phase and ion-pairing HPLC
systems. The purified HNE-dG',3'-bisphosphates were
converted into the corresponding ring-opened derivatives by
the ring-opening/reduction reaction and finally quantified

and exposed to Phosphorimager (Amersham Pharmaciawith a HPLC system wittp-Ram radio-flow detectors.

Biotech, Piscataway, NJ) for visualization and quantification
of radioactivity in the bands.

Repair Excision Assay by?P] Incorporation/Agarose Gel
ElectrophoresisA typical 20uL reaction mixture contained
300 ng each of HNE-modified pBSIl or untreated pBSlI

RESULTS

Repair of HNE-Induced DNA Adducts by NER Pathway.
To address whether the mutagenic HNE-dG adducts in
human cells are repaired, we assumed they, like the lower

closed circular plasmids. These mixtures were incubated athomologue cyclic adduct, acrolein-dG (Acr-dG), are likely

30 °C for stipulated times with HelLa cell nuclear extracts

to be repaired by the NER pathway. We chose Hela cells

(60 ug) and the reaction buffer as stated previously except as the NER-proficient cells and XPA cells as the NER-

that dNTPs were omitted and 4/M aphidicoline was
included as described in the literatuB9), The reaction was
terminated with 25 mM EDTA, and the DNA was recovered
as described previously. The incubation of DNA at “ZD
was adjusted to 5 min and then performed in all@eaction
mixture containing 50 mM Tris, pH 8.0; 10 mM Mg£I74
kBq of a-[3?P] dCTP (110 TBg/mmol; Amersham Pharmacia
Biotech, Piscataway, NJ); 1 mM DTT; 5M each dGTP,
dATP, and dTTP; 5uM dCTP; ad 1 U of E. coli DNA
polymerase | large fragment (New England Biolabs, Bev-
erley, MA). The reaction was terminated by adding 50 mM
EDTA and 1 mM dCTP. The mixture was treated with
RNase before purification of DNA by extraction with phenol/
chloroform and precipitation with ethanol in the presence
of Pellet Paint Pink (Novagen, Madison, WI) as described
previously. The purified plasmid DNA was then linearized

deficient cells because the extracts from these two cell lines
have been extensively characterized for NER of bulky DNA
adducts of diverse chemical structures. The plasmid DNA
substrate (pBSII; 10001500/16G dG or ~1.7 adduct/
molecule) modified with HNE was prepared for an in vitro
repair-synthesis assay with human HelLa cell nuclear extract.
In this assay, the repatisynthesis of HNE-dG adducts was
measured by monitoring the incorporationaff?P] dCTP

into covalently closed circular plasmid DNA, separated on
agarose gel. Our repair assay conditions differed from the
classical assay3g, 41) in two ways: (1) rather than using

a larger size untreated plasmid DNA as a control, along with
the substrate DNA (smaller in size) in the same reaction,
we intentionally chose the control DNA and substrate DNA
to be of identical size and sequence, thus avoiding possible
effects caused by sequence differences in repair reactions.

with EcaRl, electrophoresed on 1% agarose gel containing Therefore, we incubated the control DNA (untreated pBSll),

0.5 ug/mL ethidium bromide, dried on DE-81 filter paper,

identical in size and sequence to HNE-treated DNA, in a

and exposed to Phosphorimager (Amersham Pharmacisseparate reaction tube and (2) we optimized the repair assays

Biotech, Piscataway, NJ) for visualization and quantification
of radioactivity in the bands.

by using nuclear extracts (6@ of protein maximum) instead
of 150ug of whole cell extracts, as described in the classical
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A Untreated pBSII HNE-pBSII UV-pBSII tion was detectable with as little as 15 ug of protein, and
| o m - . = o the extent of repair synthesis increased with increasing
o 3 & zZ o 3 g %g g o @ X Z amount of pr_otei_ns in HeLa nuclear extracts (Fig_ure 3A,B).
Z I X % Z I Xa 2 I X X The repair kinetics showed that tB&-incorporation was
1 2 3 4 5 6 7 8 9 10 11 12 13

not detectable at or below 1/2 h, and the repair synthesis
increased steadily as time progressed (Figure 3C,D). Thus,
the repair of HNE-dG in human cell nuclear extracts is both
protein concentration and time dependent. Furthermore, in
600 | both cases, the repair assay does not show any significant
500 background?P-incorporation in control pBSII DNA (Figure
400 3A,B), ensuring the specificity and reliability of the NER
assay for HNE-dG adducts.

Repair of All Four Stereoisomers of HNE-dG Adducts in
Plasmid DNA by $?P]-Postlabeling/HPLC.To determine
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mz L | B whether HNE-dG adducts are repaired from the plasmid
HNE-pBSIl HNE-pBSI UV-pBSIl  yv-pBSII DNA, we measured their levels in DNA substrates before
(HeLa) (XAN1)  (Hela)  (xaN1) and after repair by thé3P]-postlabeling/HPLC method. This

Ficure 2: DNA repair synthesis on HNE- and UV-damaged method determines the residual HNE-dG adducts after
plasmids. HeLa and XPA cell nuclear extracts (@0per reaction)  completion of repair or at any intermediate repair step after

were incubated i03 h at 30°C with HNE- or UvV-damaged plasmid oy cision. We found that 5060% of HNE-dG adducts at
DNA (pBSll) in repair synthesis reaction (details described in the - ised i | f Hel. I
Experimental Procedures). (A) Photograph of ethidium bromide- MaXimum were excised In nuclear extracts of Hela cells

stained gel (upper) and autoradiogram of the dried gel (lower). (B) Within 3 h at 30°C, whereas in nuclear extracts of XPA
The DNA repair synthesis value was calculated by subtraction of cells, HNE-dG adducts were not removed under similar
E}%‘gﬁpg‘ﬁgiﬂcoicmg "é%onﬁorigonénstﬂ U;‘ggm?gggnﬁgi'gsm?; gcn%'znconditions (Figure 4). It should be noted that earlier we found
speciFf)ic incorporation valuges wri)th standardperror derived from three 90% O.f HNE'd.G rep aired by Hel.a nuclear extraci$)(
independent experiments. and this overestimation was due to the presence of free dGTP
carry-over from repair reactions; after removal on agarose
protocol, to avoid any significant background incorporation gel before $2P]-postlabeling/HPLC assays, we found in this
of 3P in the control DNA. Other repair conditions were study a consistent 5860% repair as documented previously.
identical to those in the classical repair synthesis protocol Therefore, the results of thé&?P]-postlabeling/HPLC assays
described initially by R. Wood and later by other investiga- corroborate those from gel electrophoresis and demonstrate
tors 38, 41). Our results show that nuclear extracts of HeLa that HNE-induced DNA damage is repaired in human cells
cells incorporated a significant amount @f*?P] dCTP in by the NER pathway.
DNA that contained HNE-dG adducts (Figure 2A) when  Following similar assay conditions, we determined the
compared with UV-irradiated DNA~«1 adduct per molecule)  repair kinetics by measuring the residual HNE-dG adducts
as the positive control and untreated plasmid DNA substratesat various time points. The results show that the rate of
as the negative control. Under the same repair reactionexcision of total HNE-dG adducts attained a maximum at 1
conditions, a 2.4-fold higher amount of®P] dCTP was h and was not significantly altered at 2caB h (Figure 5
incorporated in pBSII that contained HNE-dG adducts than A). On the other hand, the total repair synthegi& & was
in UV-irradiated pBSIl DNA (Figure 2B) after normalization at least one-quarter of that atett8 h time point (Figure
of adduct levels, suggesting an efficient repair synthesis of 3B,D).
HNE-dG adducts in human HelLa cells. Notably, the specific ~ Moreover, the P]-postlabeling/HPLC method enabled
activity of dCMP incorporation<{1 fmoljug of cell extract/ us to directly quantify the repair characteristics of four
300 ng of DNA) in UV-irradiated pBSIl during repair stereoisomers of HNE-dG adducts. The repair kinetics
synthesis is consistent with that reported by oth883.(To showed that although all four isomers were excised at
ensure that there is no spontaneous loss of adducts duringgomewhat similar rates afté h of incubation in the HelLa
the repair reaction in the incubation and that the repair is cell nuclear extracts, HNE-dG isomers 2 and 4 appeared to
mediated by enzymes, we incubated HNE-treated pBSIl be excised at greater efficiency than isomers 1 and 3 at an
DNA with boiled HelLa nuclear extracts; this confirmed the early phase of the repair process.
absence of%P]-incorporation or repair (Figure 2A). More- Rate of Excision of HNE-dG Adducts Is Faster than the
over, the repair-synthesis activity was not evident in assaysRate of Its Complete Repair Synthedike rate of excision
for DNA that contained HNE-dG adducts or had UV damage of HNE-dG (Figure 5A) seemed to be faster than the rate of
(Figure 2A), when we used the nuclear extracts from XPA complete repair synthesis (Figure 3D). It is in contrast to
cells that are deficient in NER capacity. However, the nuclear observations with the UV-induced DNA adducts as the
extracts from XANL1 cells, derivative of XPA cells stably classical NER substrates in which the damage recognition/
transfected with XPA minigene and expressing active XPA excision step was found to be rate-limiting and hence had
protein 34), restored the repair synthesis of HNE dG adducts the slowest rate4(l). We compared the rates of HNE-dG
(Figure 2A,B). Taken together, we conclude that HNE- excision and complete repair synthesis using a methodology
induced DNA adducts are repaired in human cells by NER of [3?P] incorporation/agarose gel electrophoresis similar to
pathway. that described by Barett et aBY). We found that the repair
We also monitored the protein and time dependence in synthesis reached a plateau at @bbt with aT,, 0f 1.7 h
the repair of HNE-dG adducts. Thg®?P] dCTP incorpora-  (Figure 6A), whereas the excision of HNE-dG attained a
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Ficure 3: DNA repair synthesis of HNE-dG adducts in HeLa cell nuclear extracts. Effect of protein concentration (A and C). The experimental
conditions were similar to those described in the legend of Figure 2 with the exception of using increasing amounts of pi&deig)(0

Time dependence (B and D). The experimental conditions were similar to those described in the legend of Figure 2 with the exception
of increasing time (63 h). (A and B) Photograph of ethidium bromide-stained gel (top) and autoradiogram of the dried gel (bottom).
(C and D) Mean value of dCMP incorporation into HNE-damag®d &nd undamagedl) pBSll derived from three independent
experiments presented with standard errors.

maximum at aboul h with aTy, of 0.6 h (Figure 6B). The  a model substrate of HNE-dG)-containing dupldg)( Thus,
excision kinetics obtained from thé?P] incorporation/ HNE-dG repair via NER is preferred to repair of UV lesions
agarose gel electrophoresis study is similar to those obtainedor a variety of other known substrates including the model
from the F2P]-postlabeling/HPLC method (Figure 5A). These substrate (PdG). Our studies to understand the mechanism
studies indicate that the rate of excision of the HNE-dG of this difference showed that the recognition and excision
adduct is~2.8-fold faster than that of its complete repair of HNE-dG is in fact about three times more efficient than

synthesis. that of its complete repair synthesis. Particularly, the recogni-
tion/excision step was found to be the rate-limiting and
DISCUSSION slowest for NER of UV adducts4(). It is conceivable that

the rate of gapsynthesis after excision of the adducts could

DNA damage induced by lipid peroxidation may play an be similar for ITI_NE—dG.a.nd UV adducts. Thus, the higher
important role in carcinogenesi€+5). The enal-induced rate of recognition/excision of HNE-dG over that of UV

cyclic DNA adducts which include HNE-dG and ethenoad- adducts may be the major reason for the faster repair of HNE-

enine are mutagenic and have been detected as backgrounfC Py NER. The lack of three-dimensional structure of HNE-
lesions in tissues from rodents and humans, (15—18). dG adducted DNA limits the explanation as to why HNE-

HNE-induced mutation frequency has recently been shown dGis better_ recognized and/or excised than the UV-induced
to be increased significantly in NER-deficient ced&). This adducts or its own model adduct (PdG). An unusually long
observation suggests that the NER pathway is involved in @il at the core propane adduct, which is not seen in other
the repair of HNE-dG adducts. However, direct evidence for Pulky adducts, may play a critical role in recognition/excision
the repair of the HNE-dG adduct by NER is still lacking. In  PY NER proteins. There is also emerging evidence for
this study, we demonstrated that in human nuclear extractsdifferent protein requirements in NER among structurally
HNE-dG adducts are repaired by the NER pathway. We also diverse DNA lesions. For examplégroderma pigmentosum
showed that the repair of HNE-dG in human cell extracts (complementation group C) protein has recently been shown
proceeds at least 2.4-fold more efficiently than the repair of 0 have different roles in the repair of cyclobutane pyrimidine
UV-induced DNA lesions under similar conditions. NER has dimer (CPD) versus 64 photo products45). Therefore,
been shown to repair not only UV-damaged DNA but also mvolvemen_t of different proteins in the repair of HNE-.dG
a variety of structurally diverse bulky and even small DNA Versus UV-induced adduct may also be attributed to differ-
oxidative adducts, 8-oxoguanine and thymine glyet8)( ences in NER efficiency.

However, many of those adducts are repaired at significantly =~ Stereoisomers of various bulky adducts may be repaired
lower efficiency by comparison to UV-damagé3( 44). by the NER system at different rates. The isomers of
Notably, although our study shows that HNE-dG is repaired tamoxifen-DNA adducts are repaired at different ra#e$ (

by NER at~2.4-fold higher efficiency, other studies have while the isomers of benzo (a) pyrene diol epoxide (BPDE)-
documented that the extent of cleavage of the cyclobutaneDNA adducts are repaired at similar rates by the NER
dimer (a UV photoproduct)-containing duplex by NER pathway 46). Our in vitro kinetic data show that the extent
proteins was similar to that of propanodeoxyguanosine (PdG; of repair of all four isomers of HNE-dG by the NER pathway

A growing body of evidence indicates that endogenous
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Ficure 4: DNA repair excision activity in HNE-damaged plasmid. HeLa and XPA cellnuclear extracts (25 reaction) were incubated

for 3 h at 30°C with HNE-treated pBSII as described in Experimental Procedures, and the levels of HNE-dG adducts were measured in
pBSII before and after the repair reaction by th#[-postlabeling/HPLC method. (A) HPLC chromatograms were obtained fépi- [
postlabeling of the enzymatic hydrolysate of the pBSIl plasmid DNA recovered from repair reactions. The upper panel in each set of
chromatograms shows thép]-labeled adducts detected in the HNE-treated or untreated pBSIl before repair reaction or HNE-treated
pBSII after repair reaction with HeLa or XPA nuclear extracts. Two pairs of diastereoisofiedy ¢f ring-opened derivatives were
detected by HPLC. The lower panels show the HNE-dG standards detected by UV (254 nm) absorption. (B) Quantification of HNE-dG
adducts in pBSlI pre- and post-repair. The values are shown after normalizing®m® Hs a mean of three independent experiments and
presented with standard errors.
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Ficure 5: Kinetics of DNA repair excision of HNE-dG adducts by Hela cell nuclear extracts. The level of HNE-dG adducts in pBSIl was
measured before and after repair reaction with HeLa cell nuclear extract®yppstlabeling/HPLC method as described in Figure 5 with

the exception that the repair reaction was performed with increasing tir& . (A) Kinetics of excision of total HNE-dG. The amount

of excised HNE-dG was determined by subtracting the residual adduct from the total amount of initial adducts in pBSIl. (B) Kinetics of
excision for four isomers of HNE-dG. The amount of excision of each isomer was evaluated similarly to those described for total HNE-dG
adducts. The data are the mean value derived from two independent experiments and presented with standard errors.

is comparable at thl h point or beyond (Figure 5B). These at 1-3 h. Little or no further excision was observed after 1
results may explain that relatively low levels of these adducts h (Figure 5). Since the pBSII DNA was globally modified
exist as background endogenous adducts in humanag). by HNE, it is possible that HNE-dG adducts were formed
Itis notable that 5660% of HNE-dG adducts were removed at various sequence contexts. It is also possible that the repair
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Ficure 6: Comparison of kinetics of DNA repair synthesis and excision of HNE-dG adducts by HelLa cell nuclear extracts #thg a [
incorporation/agarose gel electrophoresis method. (A) Kinetics of DNA repair synthesis of HNE-dG adducts. The repair reaction conditions
were similar to those described in Figure 4. (B) Kinetics of DNA repair excision of HNE-dG adducts. The details are described in Experimental
ProceduresT,;, denotes the time required to complete 50% of the maximum extent of DNA repair synthesis and excision under our
reaction conditions, and its values (shown) are deduced from the synthesis and excision rate curves. The@®yuhod|@) denote the
HNE-damaged and undamaged pBSilis. The data are the mean value derived from three independent experiments and presented with standarc
errors.
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