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Abstract

ω-3 and ω-6 Polyunsaturated fatty acids (PUFAs) play a role in the pathogenesis of colon cancer.

Upon oxidation, PUFAs generate α,β-unsaturated aldehydes or enals, such as acrolein (Acr) and

(E)-4-hydroxy-2-nonenal (HNE), which can form cyclic adducts of deoxyguanosine (Acr-dG and

HNE-dG, respectively) in DNA. Both Acr-dG and HNE-dG adducts have been detected in human

and animal tissues and are potentially mutagenic and carcinogenic. In vivo levels of Acr-dG in

DNA are at least two orders of magnitude higher than those of HNE-dG. In addition to the facile

reaction with Acr, the higher levels of Acr-dG than HNE-dG in vivo may be due to a lower rate of

repair. Previous studies have shown that HNE-dG adducts are repaired by the NER pathway

(Choudhury et al., Biochemistry 43 (2004) 7514–7521). We hypothesize that Acr-dG adducts are

repaired at a slower rate than HNE-dG and that HNE-dG in DNA may influence the repair of Acr-

dG. In this study, using a DNA repair synthesis assay and a LC-MS/MS method, we showed that

Acr-dG in a plasmid DNA is repaired by NER proteins, but it is repaired at a much slower rate

than HNE-dG in human colon cell extracts, and the slow repair of Acr-dG is likely due to poor

recognition/excision of the lesions in DNA. Furthermore, using a plasmid DNA containing both

adducts we found the repair of Acr-dG is significantly inhibited by HNE-dG, however, the repair

of HNE-dG is not much affected by Acr-dG. This study demonstrates that the NER repair

efficiencies of the two major structurally-related in vivo cyclic DNA adducts from lipid oxidation

vary greatly. More importantly, the repair of Acr-dG can be significantly retarded by the presence

of HNE-dG in DNA. Therefore, this study provides a mechanistic explanation for the higher levels

of Acr-dG than HNE-dG observed in tissue DNA.
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1. Introduction

Dietary fats, particularly ω-3 and ω-6 PUFAs, are implicated in the pathogenesis of colon

and rectum cancers [1–5]. Studies in animal models and of cell cultures suggest that ω-6

PUFAs may have tumor promoting effects, whereas ω-3 PUFAs seem to protect against the

progression of colon cancer [6–10]. Both ω-3 and ω-6 fatty acids are genotoxic via the lipid

peroxidation pathway [11,12]. PUFAs can be oxidized by reactive oxygen species to

generate electrophilic α,β-unsaturated aldehydes (enals), notably acrolein Acr and HNE,

which are capable of forming protein and DNA adducts that may trigger apoptotic and

mutagenic responses in cells, depending on the levels of modification, repair, and mutagenic

potency [13–15]. Acr and HNE adducts of deoxyguanosine are two major cyclic 1,N2-

propano-dG adducts ubiquitously detected in rodent and human tissues as background

lesions [16–18]. Both Acr-dG and HNE-dG possess several stereo and regio-isomers (Acr-

dG 1,2 and Acr-dG 3, also designated as α-OHPdG and γ-OHPdG, respectively, and HNE-

dG 1, 2, 3 and 4; Fig. 1) [19–21]. Among the regio-isomers, Acr-dG 3 is invariably detected

as the predominant adduct in vivo. Acr-dG adducts are derived primarily from ω-3 and, to a

lesser extent, from ω-6 PUFAs, whereas HNE-dG adducts are a product of oxidized ω-6

PUFAs [12]. Acr-dG can also be formed as a result of environmental exposure, such as

cigarette smoke which contains a relatively high amount of Acr [22].

A previous study showed that Acr-dG adducts, upon reaching a threshold level in DNA,

may induce apoptosis in colon cells [13]. But the role of Acr-dG in mutagenesis remains

unsettled, as the results of the site-specific mutagenesis studies seem to depend on the assay

conditions and its regio-chemistry [23–31]. However, importantly studies on binding and

mutations in the p53 gene by Acr and HNE provide evidence that supports a mutagenic role

of these cyclic dG adducts in human cancers [32–34]. The basal levels of Acr-dG detected in

vivo are estimated to be in the range of adduct per 107 bases, whereas levels of HNE-dG are

adduct per 109 bases, i.e. approximately two orders of magnitude lower than Acr-dG

[16,17]. While the difference is remarkable, the reason remains unclear. The levels and

persistence of adducts in tissues are determined by rates of formation, repair, and DNA

replication. It is plausible that, in addition to its facile formation, the low repair rate of Acr-

dG may contribute to the difference. Cyclic adducts are repaired either by base excision

repair (BER) or nucleotide excision repair (NER) mechanisms. The etheno adducts, which

can be generated by epoxides of enals or other products of oxidative metabolism, are mainly

repaired by the BER pathway, initiated by a specific DNA glycosylase, N-methylpurine

DNA-glycosylase (MPG) and thymine DNA glycosylase, present throughout the phylogeny,

including humans [35–40]. However, 1,N2-propano-dG (P-dG), a model bulky cyclic

propano adduct, is repaired by the NER pathway [41]. In E. coli, Acr- or other enal-derived

cyclic propano DNA adducts, like the model adduct, are known to be repaired by NER [30].

In human cells, HNE-dG adducts are shown to be repaired by the NER pathway [42]. More
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recently it was reported that NER is also involved in the repair of Acr-dG [26]. However,

the repair rate of Acr and HNE adducts has not been directly compared. This is important

because it may shed light onto the difference in Acr-dG vs. HNE-dG levels observed in vivo.

The purpose of this study is to examine and compare the repair kinetics of Acr- and HNE-

dG in human cell extracts using a combination of the repair synthesis assay and the LC-

MS/MS method, the former assay is to determine the total repair activity (recognition/

excision/ gap synthesis) and the latter is to measure the recognition/excision activity.

2. Materials and methods

2.1. Chemicals

HPLC grade acetonitrile (ACN) and methanol (MeOH) were purchased from EMD (EMD

Chemicals, Gibbstown, NJ). Ammonium formate was acquired from Fluka (Fluka Chemie

GmbH, Switzerland). Alkaline phosphatase grade I from calf intestine was purchased from

Roche (Roche Applied Science, Indianapolis, IN). Acr was purchased from Alfa Aesar (Alfa

Aesar, Ward Hill, MA). HNE was a generous gift from Dr. Shantu Amin of Penn State

University. [13C10,15N5]-2′-deoxyguanosine was obtained from Spectra Stable Isotopes

(Cambridge Isotope Laboratories, Andover, MA). 2′-deoxyguanosine monohydrate, 2′-

deoxyguanosine, deoxyribonuclease I from bovine pancreas Type II (DNase I) and purified

phosphodiesterase I from Crotalus adamanteus venom were purchased from Sigma (Sigma-

Aldrich Corp., St. Louis, MO). All other reagents used were analytical or HPLC grade.

2.2. Cell culture

The NER-proficient cell line GM000637 (Coriell, Camden, NJ) and NER deficient human

XPA cells (kindly provided by Dr. Randy Legarski, MD Anderson Cancer Center, Houston,

TX) were grown in DMEM and Minimum Essential Medium (MEM; Gibco/Invitrogen,

Carlsbad, CA) supplemented with 10% fetal bovine serum and penicillin/streptomycin

(Gibco/Invitrogen, Carlsbad, CA) in a 5% CO2 humidified incubator. XAN1cells, derivative

of XPA cells stably transfected with XPA minigene [43], kindly provided by Dr. J.

Christopher States, University of Louisville School of Medicine, Louisville, KY, were

grown in MEM (Gibco/Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine

serum and penicillin/streptomycin. The NER-proficient colon cancer cell line HT-29 was

grown under the same conditions as for GM000637.

2.3. Preparation of nuclear extracts for the in vitro NER assay

The nuclear extracts were prepared from HT-29, XPA, XAN1 and GM000637 cells using an

NE-PER kit from PIERCE/Thermo Fisher Scientific (Rockford, IL) with a protease inhibitor

cocktail (Roche Molecular Biochemicals, Indianapolis, IN) and stored at −80° C in small

aliquots. The typical yield was 4–5.5 mg of protein from a single 10-cm plate, and the

concentration ranged from 4 to 6 mg/mL. Each aliquot was thawed only once for the in vitro

NER activity assay to avoid inactivation due to repeated freeze-thaw cycles.

2.4. Preparation of plasmid substrates containing HNE-dG and Acr-dG

HNE was synthesized according to the method previously described [44]. The Acr was

purchased from Sigma-Aldrich Co., St. Louis, MO. The pBluescript (pBSII) plasmid DNA
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was received from Recombinant DNA Laboratory core facility, UTMB, Galveston, TX, and

used for subsequent Acr and HNE modifications. The plasmid DNA was modified with

HNE as described by Hu et al. [32]. Purified pBSII (10 µg) in TE buffer (10 mM Tris, 1 mM

EDTA, pH 7.2) was incubated with a final concentration of 15 mg/mL of HNE (stock

solution, 100 mg/mL in methanol) at 37° C for 20 h. Control pBSII was treated with

methanol only and used as a HNE-untreated substrate in subsequent NER assays. The

unreacted HNE was removed by repeated phenol/chloroform extraction. The Acr-modified

plasmid DNA substrate was prepared by treating purified pBSII (11.2 µg) in 100 µL with a

final concentration of 8 mg/mL Acr in PBS, pH 7.2 at 37° C for 10 min. Control pBSII was

treated with the buffer only and used as Acr-untreated substrate in subsequent NER assays.

The unreacted Acr was removed by repeated phenol/chloroform extraction. The dual-

modified plasmid DNA substrate was prepared by treating purified pBSII (11.2 µg) in 100

µL with a final concentration of 15 mg/mL of HNE in PBS, pH 7.2 at 37° C for 20 h, and

then Acr was added at a final concentration of 8 mg/mL to the same reaction mixture for

further 10 min incubation at 37° C. The unreacted HNE and Acr were removed by repeated

phenol/chloroform extraction. All the treated plasmids were then precipitated with ethanol,

dissolved in TE buffer (pH 7.2), and used to quantify the HNE-dG and Acr-dG level in both

single- and dual-modified plasmids by LC-MS/MS.

2.5. Repair synthesis assay by [32P] incorporation/agarose gel electrophoresis

In typical 20 µL reaction mixtures, 300 ng each of HNE- and Acr- modified pBSII, or

untreated pBSII closed circular plasmids were incubated at 30° C for stipulated times with

HT-29, XPA, XAN1 or GM000637 cell nuclear extracts (60 µg) in the presence of 74 kBq

of α-[32P] dCTP (110 TBq/mmol; Amersham Pharmacia Biotech, Piscataway, NJ); 13 mM

HEPES-KOH (pH 7.9); 50 mM KCl; 7.4 mM MgCl2; 1 mM DTT; 2 mM ATP; 50 mM each

dGTP, dATP, dTTP, and 10 mM dCTP; 40 mM creatine phosphate; 0.5 µg of creatine

phosphokinase (Type I; Sigma-Aldrich Co., St. Louis, MO); and 6.4 µg of BSA as described

[42]. The reaction was stopped by adding 25 mM EDTA, subjected to digestion with RNAse

and Proteinase K as described [45]. DNA was purified using a QIAquick Nucleotide

Removal kit (Qiagen, Valencia, CA). The purified plasmid DNA was then linearized with

EcoRI and electrophoresis was performed on a 1% agarose gel containing 0.5 µg/mL

ethidium bromides. It was then dried on DE-81 filter paper, and exposed to Phosphor Imager

(Amersham Pharmacia Biotech, Piscataway, NJ) for visualization and quantification of

radioactivity in the bands. A standard curve was generated by spotting a known amount of

α-[32P] dCTP on the DE-81 paper, which was then processed along with the dried gel.

2.6. Repair Excision Assay by Detection of HNE-dG and Acr-dG Adducts in Plasmid DNA

by the LC-MS/MS method

A LC-MS/MS method was applied to directly measure HNE-dG adducts in plasmid DNA

before and after the repair-synthesis assay. To yield sufficient DNA for this assay, repair

synthesis was carried out under proportionally scaled-up conditions as compared to the

methods described earlier. The assay was performed with 2 µg of HNE-dG-containing and

Acr-dG-containing pBSII DNA, and DNA modified with both HNE and Acr, or untreated

DNA, 100 µg HT-29 cell nuclear extracts and similar concentrations of dNTPs (no α-[32P]

dCTP) and other essential ingredients described earlier. The plasmid DNA from repair
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reactions was purified using a combination of QIAquick Nucleotide Removal kit (Qiagen,

Valencia, CA) and agarose gel electrophoresis and then analyzed for remaining HNE-dG

and Acr-dG adducts by the LC-MS/MS method. The details of the latter method are given

below.

2.7. Synthesis of Acr-dG, [13C10,15N5]-Acr-dG, HNE-dG, and [13C10,15N5]-HNE-dG standards

Acr-dG was prepared as described previously [19] using arginine to improve the reaction

yield [46]. HNE-dG was prepared as before [20]. Both [13C10,15N5]-Acr-dG and

[13C10,15N5]-HNE-dG as an internal standard were prepared by the same methods as their

parent compounds but using [13C10,15N5]-dG instead of dG. Detailed conditions for all

reactions and compound characterization data can be found in the supporting materials.

2.8. Plasmid DNA hydrolysis for quantification of Acr-dG and HNE-dG by LC-MS/MS

DNA (0.1–10 µg) was dissolved in 125–150 µL of 5 mM magnesium chloride and spiked

with internal standards. Samples for Acr-dG quantification were spiked with 100 fmol of

[13C10,15N5]-α-Acr-dG and 50 fmol of [13C10,15N5]-γ-Acr-dG. Samples for HNE-dG

quantification were spiked with 100 fmol of mixture of [13C10,15N5]-HNE-dG isomers 1 and

2, 50 fmol of [13C10,15N5]-HNE-dG isomer 3, and 50 fmol of [13C10,15N5]-HNE-dG isomer

4. For quantification of both Acr-dG and HNE-dG adducts together samples were spiked

with 200 fmol of [13C10,15N5]-α-Acr-dG, 100 fmol of [13C10,15N5]-γ-Acr-dG, 200 fmol of a

mixture of [13C10,15N5]-HNE-dG isomers 1 and 2, 100 fmol of [13C10,15N5]-HNE-dG

isomer 3, and 100 fmol of [13C10,15N5]-HNE-dG isomer 4. Enzymatic hydrolysis was

performed by incubation with 65 units of DNase I at 37° C for 30 min followed by a second

addition of 65 units of DNase I. After an additional 10 min at 37° C, 19 units of Alkaline

phosphatase and 0.003 units of phosphodiesterase I were added, and the mixture was

incubated for 1 h. After hydrolysis, 25 µL of hydrolysate was frozen and kept at −80° C for

further dG quantification. The rest of the hydrolysate was purified by solid phase extraction

(SPE) using C18, 200 mg, Bond Elut columns (Varian Inc., Lake Forest, CA). The columns

were conditioned by ACN (3 × 1 mL) and water (3 × 1 mL). After sample loading, columns

were washed with water (2 × 1 mL), and samples were collected with 20% ACN (2 × 1 mL)

when used only for Acr-dG adduct quantification, or by 30% ACN (2 × 1 mL) if the samples

were used for HNE-dG or HNE-dG and Acr-dG adducts together. After SPE, the eluants

were dried over a vacuum using a SpeedVac centrifugal concentrator, re-dissolved in 1:1

ACN:water (2 × 400 µL), moved to autosampler vials, dried, and kept at −80° C. For

quantification, assay samples were reconstituted in 50 µL of water, and 37 µL of sample was

injected onto LC-MS/MS.

2.9. Acr-dG and HNE-dG quantification by LC-MS/MS

Acr-dG and HNE-dG adducts were quantified by similar methods as previously reported

[18,47,48]. Briefly, mass spectrometry quantification was carried out on an AB SCIEX API

4000 QTRAP triple quadrupole mass spectrometer (AB SCIEX, Framingham, MA) coupled

with a Waters ACQUITY UPLC liquid chromatography equipped with Waters ACQUITY

UPLC BEH C18, 50 × 2.1 mm, 1.7 µm particle size column (Waters Corporation, Milford,

MA). The separation of Acr-dG and HNE-dG adducts was performed by isocratically

eluting with 3% and 12.5%, respectively ACN in 1 mM ammonium formate buffer over 2.5
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and 10 min, respectively using a 0.5 mL/min flow rate at 40° C, followed by a 100% ACN

wash. The ESI source was used in positive mode for both adducts. Adducts were quantified

using multiple reaction monitoring mode (MRM). Ion transitions of 324.2→208.1 m/z (Acr-

dG) and 339.2→218.1 m/z ([13C10,15N5]-Acr-dG) with a collision energy (CE) of 20 eV

were used for quantitation, and those of 324.2→190.1 m/z (Acr-dG) and 339.2→200.1 m/z

([13C10,15N5]-Acr-dG) with a CE of 47 eV were used for structural conformation of Acr-dG.

For HNE-dG, ion transitions of 424.2→308.2 m/z (HNE-dG) and 439.2→318.2 m/z

([13C10,15N5]-HNE-dG) with CE of 19 eV were used for quantitation, and those of

424.2→290.2 m/z (HNE-dG) and 439.2→300.2 m/z ([13C10,15N5]-HNE-dG) with a CE of

31 eV were used for structural conformation. A more detailed description of this assay can

be found in the supporting materials.

2.10. dG quantification by UV-HPLC

The levels of adduct in DNA are expressed as number of adduct/dG. dG in DNA was

analyzed by reversed–phase HPLC using enzymatically hydrolyzed DNA samples. A more

detailed description of this assay is given in the supporting materials.

2.11. Statistical analysis

Statistical analyses were performed on data collected from at least three independent

experiments. Student’s t test (one-tailed) was used to evaluate the statistical difference, and

the differences were considered statistically significant when P<0.05.

3. Results

3.1. Acr-dG is repaired by the NER pathway in human cell free extracts, but its repair is

less efficient than HNE-dG

To determine and verify that the NER pathway is involved in the repair of Acr-dG, we used

the NER-proficient and NER-deficient (XPA) human cells in a cell-free assay similar to that

described previously for HNE-dG [42]. We found that the extracts from the normal

fibroblast line (GM000637) has a substantial DNA repair synthesis capacity for Acr-dG in

pBluescript II (pBSII; 4.1 adducts/103 dG), whereas the extracts from the NER-deficient line

(XPA) show very little or no repair. However, extracts from XAN1, a derivative of XPA

cells stably transfected with XPA minigene and expressing active XPA protein [43], restored

the repair synthesis of Acr-dG (Fig. 2A). After establishing the role of NER in Acr-dG

repair in XPA cells, we next compared the repair efficiencies of Acr-dG and HNE-dG

adducts using human colon cell extracts. The pBSII plasmid DNA containing HNE-dG or

Acr-dG was used as a substrate. The results indicate that at comparable levels of

modification, HNE-dG (4.8/103 dG) appears to be more efficiently repaired than Acr-dG

(4.1/103 dG) through the NER pathway (Fig. 2B). Because of the small quantity of plasmid

DNA (300 ng) used, it was necessary to use the highly modified substrates for reliable

quantification of adducts by the LC-MS/MS method, especially in the post-repair samples

(see section 3.3). A time study was then carried out to ascertain that the difference in repair

is not observed at only one time point. The kinetics showed that repair synthesis for both

adducts increases steadily as time progresses and reaches a maximum between 3–4 h (Fig.

2C). Thus, the repair of Acr-dG and HNE-dG in human cell nuclear extracts occurs in a

Choudhury et al. Page 6

Mutat Res. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



time-dependent manner and it is also clear that Acr-dG is repaired at a significantly slower

rate than HNE-dG (P<0.05).

3.2. Excision repair of Acr-dG and HNE-dG in plasmid DNA determined by LC-MS/MS

To examine whether Acr-dG and HNE-dG adducts are specifically removed from plasmid

DNA we used the LC-MS/MS method. Unlike the in vitro incorporation assay described

above that determines complete repair activity (excision and gap-synthesis), the LC-MS/MS

method can specifically quantify the Acr-dG and HNE-dG adducts remaining in the

substrates after repair, namely the excision steps of the repair process. In the Acr-modified

plasmid DNA, Acr-dG3 (γ-OHPdG) was detected as by far the predominant isomeric adduct

(Fig.3A and B). This is expected based on previous studies showing the regio-selective

formation of Acr-dG 3 in DNA in Tris-containing buffer [49]. It was found that ~30% of

Acr-dG (Fig 3A, B and C) vs. 70–80% of HNE-dG (Fig 3D, E and F) were excised in

nuclear extracts of human colon HT29 cells within 2 h at 30° C. Therefore, the results of the

LC-MS/MS assays corroborate those from the repair synthesis assay by gel electrophoresis

and demonstrate specifically that Acr-dG and HNE-dG in the modified DNA can be excised

and repaired by human colon cells and that HNE-dG adducts are repaired significantly more

efficiently than Acr-dG.

3.3. Acr-dG and its isomers are excised following a slower kinetics than HNE-dG and its

isomers by human colon cell extracts

We then determined by the LC-MS/MS method the repair kinetics of Acr and HNE dG

under similar assay conditions by measuring the residual adducts in the substrates after

repair at various time points up to 4 h. The slower excision rate of Acr-dG than that of HNE-

dG is statistically significant (Fig 4A, P<0.01). The results showed that the rate of excision

of both Acr-dG and HNE-dG in the plasmid DNA reached a maximum between 2–4 h (Fig.

4A). Whereas more than 60% of HNE-dG in DNA was excised within one h, the excision of

Acr-dG did not exceed 50% even at 4 h. Taken together, the results from the complete repair

synthesis assay by dCM32P incorporation (Fig. 2) and of the similar kinetics shown by the

two methods suggest that the slower rate of Acr-dG repair compared to HNE-dG in plasmid

DNA is most likely a result of inefficient excision, instead of the incorporating step (gap

synthesis) during repair. Moreover, based on the levels of each Acr-dG isomers detected, it

was concluded that the rates of repair of all three Acr-dG isomers are nearly identical (Fig

4B). Similar to the previous findings, the four HNE-dG isomers were repaired at almost

equal efficiency under the assay conditions [42]. All the isomers of Acr-dG are also excised

at a significantly (P<0.01) slower rate than the isomers of HNE-dG (Fig. 4B).

3.4. HNE-dG in DNA retards the repair of Acr-dG, but not vice versa

Next, we determined to what extent Acr-dG and HNE-dG influence each other in repair.

This is an important question because cellular DNA is modified by more than one type of

adduct and it is expected that the repair machineries have to process multiple classes of

adducts simultaneously. However, only limited data is available, primarily due to a lack of

specificity of the dCM32P incorporation assay to detect and quantify specific adducts in

DNA. The LC-MS/MS method capable of detecting the specific adducts provides a means to
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address this fundamental question. Using the plasmid DNA modified by both Acr and HNE

with levels of Acr-dG and HNE-dG at 4.5/103 dG and 2.5/103 dG, respectively in the same

DNA, the repair kinetics of HNE-dG and Acr-dG in human colon cell extracts were then

determined. The data showed that the presence of Acr-dG does not have much effect on the

repair excision of HNE-dG (Fig. 5A P>0.05). On the other hand, the repair excision of Acr-

dG was significantly inhibited at all time points by the presence of HNE-dG in DNA (Fig.

5B, P<0.01).

4. Discussion

This study demonstrated that, like HNE-dG, Acr-dG is repaired by NER proteins, but its

repair follows a significantly slower overall kinetics than HNE-dG in extracts from human

colon cells and that the slow repair of Acr-dG is likely due to poor excision efficiency. It

also showed that when both adducts are present in DNA the HNE-dG repair was not greatly

affected by the presence of Acr-dG in DNA, whereas the repair of Acr-dG was significantly

inhibited by HNE-dG. These results provide a mechanistic explanation for the high levels of

Acr-dG observed in rodent and human DNA [16,17].

It is generally recognized that the repair rate of DNA adducts can be influenced by their

structures. For example, although the small oxidative adducts, such as 8-oxoguanine and

thymine glycol, are primarily repaired by base excision repair pathway, the UV-damaged

bulky DNA adducts and the small DNA oxidative adducts can be both repaired by NER.

However, these oxidative small adducts are repaired with a significantly lower efficiency

than the UV-damages [50, 51]. Our previous study also showed that HNE-dG is repaired via

NER preferentially to UV-lesions [42]. It is expected that because of the structural similarity

of Acr-dG to P-dG, a model compound without the OH group in the propano ring moiety

that is shown to be repaired by NER, the same pathway should also be involved in the repair

of the Acr adducts. Interestingly, the presence of the OH group at either the 6- or 8-position

of Acr-dG does not affect its repair rate (Fig. 4B), but the presence of a long bulky alkyl

group at the 6-position in HNE-dG seems to harbor NER activity significantly (Figs. 2 and

4). By directly comparing the repair of Acr and HNE adducts this study provides concrete

evidence that Acr-dG adducts are repaired by NER at a much slower rate than HNE-dG

adducts.

Our data further suggest that the lower rate for the repair of Acr-dG than that of HNE-dG

may lie in the recognition/excision steps of the NER pathway. Recognition/excision has

been found to be the slowest and thus the rate-limiting step of NER for UV-adducts [52]. It

is reasonable to assume that the rates of gap-synthesis would be similar for both HNE-dG

and Acr-dG once they are excised from DNA. Thus, the slower rate of recognition/excision

of Acr-dG (Fig. 4A) is the main reason underlying the slower repair of Acr-dG by NER

(Figs. 2B and C). However, both HNE and Acr are known to generate various DNA adducts

other than the modifications of dG [53,54]. The presence of these other adducts, albeit at

lower levels, may have effect in repair synthesis kinetics (Fig. 2C) obtained by the repair

synthesis assay, and may account for differences in synthesis kinetics from excision kinetics

measured by LC-MS/MS method for either Acr-dG or HNE-dG only (Fig. 4). It is not

known why Acr-dG is not efficiently recognized and/or excised compared to HNE-dG, as
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the X-ray crystallography study of the three-dimensional structures of protein complexes

with HNE-dG or Acr-dG adducted DNA is not as yet available. It is conceivable that,

compared to Acr-dG, HNE-dG adducts are better recognized and/or excised, thus NER

proteins are preoccupied with the repair of HNE-dG in DNA. This is analogous to the

observation that 3,N4-ethenocytosine (eC) inhibits the excision activity of another

structurally-related adduct, 1,N6-ethenoadenine (eA) by a BER DNA-glycosylase, MPG,

because MPG seems to bind tightly to eC, but does not excise eC [55–57]. Surprisingly, the

repair synthesis of Acr-dG is not only slower than HNE-dG, but it also plateaued at a much

lower level (Fig. 2C). The same is true for the excision activity towards these lesions (Fig.

4). Thus, it seems that some Acr-dG lesions are completely refractory to repair, possibly due

to poor recognition and it is isomer-independent (Fig. 4B). This phenomenon may also

account for the greater accumulation of Acr-dG than HNE-dG in the genome. It is generally

acknowledged that NER proteins in mammalian cells recognize different types of DNA

lesions with different binding affinities, which determine the relative kinetics of the repair of

different lesions. For example, the 6-4 photoproducts are recognized and repaired more

rapidly than the cyclobutane pyrimidine dimer (CPD) in human and rodent cells [58,59].

Therefore, the difference in the ability of NER complex to locate and incise HNE-dG and

Acr-dG adducts in DNA may contribute to the differential in repair efficiency for HNE-dG

vs. Acr-dG. It is also possible that Acr and HNE adduction may affect DNA helical structure

in different ways; consequently, they are recognized and excised at different rates. Indeed,

the lesion recognition by NER proteins does not depend solely on the chemical structure of

the DNA lesion itself, but lesion-induced alterations in DNA helical structure, such as local

unwinding of a few DNA bases around the damaged site, may also play a critical role in the

recognition step. During this unwinding process, the DNA bends resulting in further

unwinding by NER enzymes. Additionally, the DNA lesions opposite a mismatch become

even better substrates for NER proteins [60]. Human colon HT29 cells were used in this

study because ω-3 and ω-6 PUFAs, the endogenous sources of the cyclic adducts, are

implicated in colon carcinogenesis [1–5]. Intriguingly, the HT29 cell extracts seem more

efficient and robust than HeLa cell extracts in excision and repair synthesis reactions. As

previously shown, HeLa extracts could excise ~50% of total HNE-dG from DNA in 2.5 h

[42], however, HT29 cell extracts excised the similar amount of adducts in less than an hour

(Fig. 4A). In fact, ~90% of total HNE-dG adducts are removed in 3–4 h by HT29 cell

extracts.

The steady-levels of adducts in tissue DNA are the net outcome of their formation and

removal, and they also depend on the rate of cell proliferation. The results of this study,

although using plasmids with much higher modification than that found in vivo, showed that

the higher basal levels of Acr-dG in tissue DNA may be due in part to its slow repair,

especially when HNE-dG adducts are present in the DNA. Our findings, as a proof of

principle, suggest that the interactions among different adducts in DNA with respect to their

repair could be an important factor for their ultimate levels in vivo. As the formation of

DNA adduct is a critical determinant of how cells respond to the damage, a recent study

showed that Acr-dG after reaching a threshold in the DNA of human colon cells may

contribute to the apoptosis induced by docosahexaenoic acid [13]. This observation raises an
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intriguing question that is whether the accumulation of Acr-dG in cells due to its poor repair

could play a role in the cancer protective effect of ω-3 polyunsaturated fatty acids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACN acetonitrile

Acr acrolein

BEH bridged ethyl hybrid

BER base excision repair

CE collision energy

ESI electrospray ionization

HNE (E)-4-hydroxy-2-nonenal

HNE-dG HNE-derived 1,N2-deoxyguanosine adducts

HPLC high performance liquid chromatography

LC liquid chromatography

MRM multiple reactions monitoring mode

MS mass spectrometry

MS/MS tandem mass spectrometry

NER nucleotide excision repair

OHPdG (Acr-dG) α- and γ-OH-1,N2-propanodeoxyguanosine

P-dG 1,N2-Propano-dG

PUFA polyunsaturated fatty acid

UPLC ultra performance liquid chromatography
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Highlights

The repair kinetics of two common cyclic DNA adducts derived lipid peroxidation, Acr-

dG and HNE-dG, in human colon cells was studied

This study is the first to measure DNA repair rates by both DNA repair synthesis and LC-

MS/MS methods

Acr-dG, like HNE-dG, is repaired by NER pathway, but it is repaired at a much slower

rate compared to HNE-dG

HNE-dG can inhibit the repair of Acr-dG if both are present in the same DNA

These results provide an explanation for the higher levels of Acr-dG than HNE-dG

observed in vivo
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Figure 1.

Chemical Structures of isomeric Acr-dG and HNE-dG adducts.
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Figure 2.

DNA Repair synthesis of Acr-dG or HNE-dG adducts in plasmid DNA. (A) To confirm the

NER’s role in Acr-dG repair, DNA Repair synthesis assays were carried out by incubating

the plasmid DNA (pBSII) with (Acr-pBSII) and without (Undamaged) Acr-dG modification

with cell extracts from XPA (NER–deficient), XAN1 (NER-proficient) and GM00637

(NER-proficient) (60 µg) for 3 h at 30° C. (B) Comparison of DNA repair synthesis of Acr-

or HNE-dG adducts in pBSII DNA upon incubations with HT-29 cell nuclear extracts. The

ethidium bromide stained gel is shown in the upper panel and autoradiogram of the dried gel

Choudhury et al. Page 17

Mutat Res. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



in the lower panel. The DNA Repair synthesis activity for recognition/excision and gap

synthesis is expressed as radioactivity (CPM) for dCM32P incorporation. (C) The kinetics of

DNA Repair synthesis of Acr- or HNE-dG adducts in pBSII DNA incubated with HT-29

cell nuclear extracts. The reaction conditions are the same as described in Fig. 2 A. The

repair synthesis is expressed as CPM for dCM32P incorporation. The data are the mean

value derived from three independent experiments with standard errors. P<0.05 by Student’s

t test (one-tailed).
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Figure 3.

Multiple reaction monitoring mass chromatograms for Acr-dG or HNE-dG adducts. (A)

Acr-dG adduct standards (upper panel, 324.2→208.1 m/z) and [13C10,15N5]-Acr-dG internal

standards (lower panel, 339.2→218.1 m/z). The lower panel is internal standards. (B) Acr-

dG levels in pBSII DNA (upper panel) before repair. The lower panel is internal standards.

Acr-dG 3 is the major isomer and the insert with a different scale shows small amounts of

Acr-dG 1 and 2 are present in the plasmid DNA. (C) Acr-dG levels in pBSII DNA (upper

panel) after incubating with HT-29 cell nuclear extracts in the DNA repair experiments for
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excision activity. The lower panel is internal standards. (D) HNE-dG standards (upper panel,

424.2→308.2 m/z) and [13C10,15N5]-HNE-dG internal standards (lower panel, 439.2→318.2

m/z). (E) HNE-dG levels in pBSII DNA (upper panel) before repair and internal standards

(lower panel). (F) HNE-dG levels in pBSII DNA (upper panel) after incubating with HT-29

cell nuclear extracts in the DNA repair experiments for excision activity. The lower panel is

internal standards.
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Figure 4.

The kinetics of DNA Repair excision activity of (A) Acr- or HNE-dG adducts in pBSII

DNA and (B) their respective isomers. The plasmid DNA containing 4.2 Acr-dG/103 dG or

2.3 HNE-dG/103 dG was separately incubated with HT-29 cell nuclear extracts under the

conditions as described in section 2.5. The repair kinetics of Acr and HNE dG under similar

assay conditions was determined by the LC-MS/MS method by measuring the residual

adducts in the substrates after repair at various time points up to 4 h. The data are the mean
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value derived from three independent experiments and presented with standard errors. A,

P<0.01 and B, P<0.01 by Student’s t test (one-tailed).
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Figure 5.

The kinetics of DNA Repair excision activity of pBSII DNA containing both Acr- and

HNE-dG adducts. The dual-modified plasmid DNA containing 4.5 Acr-dG/103 dG and 2.5

HNE-dG/103 dG was incubated with HT-29 cell nuclear extracts as described in section 2.5.

The LC-MS/MS method was used to determine (A) Repair kinetics of HNE–dG in dual-

modified vs. single-modified plasmid DNA and (B) Repair kinetics of Acr-dG in dual-

modified vs. single-modified plasmid DNA. The data are the mean value derived from three
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independent experiments and presented with standard errors. A, P>0.05 and B, P<0.01 by

Student’s t test (one-tailed).
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