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Acetaldehyde forms covalent GG
Intrastrand crosslinks in DNA

. Yuina Sonohara?, Junpei Yamamoto?, Kosuke Tohashi?, Reine Takatsuka?,
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Received: 20 March 2018 . Carcinogens often generate mutable DNA lesions that contribute to cancer and aging. However, the
Accepted: 4 December 2018 . chemical structure of tumorigenic DNA lesions formed by acetaldehyde remains unknown, although it
Published online: 24 January 2019 . haslong been considered an environmental mutagen in alcohol, tobacco, and food. Here, we identify
: an aldehyde-induced DNA lesion, forming an intrastrand crosslink between adjacent guanine bases, but
not in single guanine bases or in other combinations of nucleotides. The GG intrastrand crosslink exists
in equilibrium in the presence of aldehyde, and therefore it has not been detected or analyzed in the
previous investigations. The newly identified GG intrastrand crosslinks might explain the toxicity and
mutagenicity of acetaldehyde in DNA metabolism.

© Acetaldehyde is a small, highly reactive compound that occurs naturally in various plants, ripe fruits, and veg-

etables, and is a key raw material in a wide range of chemical products. Importantly, humans appear to be con-
. stantly and unavoidably exposed to acetaldehyde, especially from alcohol, cigarettes, sugars, and polluted air'.
. Acetaldehyde is classified by the International Agency for Research on Cancer as having sufficient evidence of
. carcinogenicity in humans'. Indeed, carcinogenicity and mutagenicity have been repeatedly demonstrated in cells
* and experimental animals®.

Acetaldehyde is thought to cause a variety of DNA lesions in living cells*, but paradoxically, the major acetaldehyde-

induced DNA lesions have very little effect on replication, because DNA polymerases bypass them in a nonmuta-
© genic manner’. For example, acetaldehyde reacts with deoxyguanosine to form N2-ethylidenedeoxyguanosine, a
* type of Schiff base adduct®®. This adduct is relatively unstable but abundant in the human liver, at about 0.1 per 10°
- nucleotides, even in the absence of exposure to exogenous acetaldehyde®'?, suggesting that acetaldehyde is endog-
. enously produced from normal metabolism. N*-ethylidenedeoxyguanosine can be stabilized by chemical reduc-
. tion of the Schiff base to N?-ethyldeoxyguanosine®, which is then typically used as a model adduct in research.
- DNA repair pathways for these lesions have not been found'!.
: One hint for the identity of mutagenic lesions caused by acetaldehyde comes from a test of mutagenicity, in
: which a plasmid containing a selectable drug resistance gene is incubated with acetaldehyde in vitro and then
. transfected into human cells. This revealed an increase of GG to TT mutations in NER-deficient human XP cells'2.
. However, the structure, physiological significance, and tumorigenicity of acetaldehyde-induced DNA lesions
: that elicit such mutations are unknown. We report here that acetaldehyde forms covalent guanine dimers. These
. lesions are specifically formed in adjacent deoxyguanosine residues, but not in single deoxyguanosine residues,
. or in deoxyadenosine, deoxycytosine, and thymidine residues. Detailed analysis revealed that acetaldehyde forms

reversible intrastrand crosslinks in GG. These lesions are unstable, and hence have not been previously observed,
. butare likely to be toxic and mutagenic. We propose that these GG lesions may account for the apparent carcino-
: genicity of acetaldehyde in humans, and our understanding of these lesions may help develop new strategies to
. prevent alcohol-related cancer.

- Results

. Acetaldehyde reacts with oligonucleotides containing GG.  Acetaldehyde was previously reported to

: react with deoxyguanosine, deoxycytidine, and deoxyadenosine'?, and to induce GG-to-TT tandem mutations in

© plasmid DNA'. Thus, a 15-mer synthetic oligomer with GG (oligoGG, Fig. 1a upper panel) was incubated with

- acetaldehyde at 37 °C for 1h, and analyzed by HPLC. As shown in Fig. 1a, acetaldehyde generated a new peak
(peak ii) in addition to the initial substrate (peak i), suggesting that DNA adducts were formed. As the oligomer
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Figure 1. Acetaldehyde reacts with oligonucleotides containing GG, but not TT or GT. Oligonucleotides were
incubated at 37°C for 1h in the presence of acetaldehyde (AL), and analyzed by HPLC to test the effects of
acetaldehyde on (a) o0ligoGG (5'-CCTAAATGGTAACTC-3'), (b) oligoTT (5'-CCTAAATTTTAACTC-3'), and
(c) oligoGT (5'-CCTAAATGTTAACTC-3'). (d) HPLC analysis of oligoGG reacted with acetaldehyde at 37°C
for Oh, 1h, 2h, 4h, and overnight. (e) Stability of acetaldehyde-treated oligonucleotides. OligoGG was incubated
with acetaldehyde at 37°C for 1 h, evaporated in a SpeedVac to remove acetaldehyde, incubated at 37°C at pH
7,and (f) analyzed by HPLC. (g) Decrease of the acetaldehyde adduct (red) and increase of oligoGG (black)
under physiological conditions. The decay and rise were globally fitted with a monoexponential function with

a shared time constant. (h) Stabilization of acetaldehyde-treated oligonucleotides. OligoGG was incubated with
acetaldehyde at 37°C for 1h, purified using a spin column to remove acetaldehyde, incubated with NaBH,CN at
37°C for 30 min and for another 1h or 2h, and (i) analyzed by HPLC in the presence of NaBH;CN.

contained not only GG, but also CC and AA sequences, oligomers with TT (oligoTT) or with only one G (oli-
goGT) were also tested. Strikingly, very little modified product was observed (Fig. 1b,c), indicating that acetalde-
hyde only reacts with GG sequences. Acetaldehyde also did not appear to react with oligonucleotides containing
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GA or AG (Supplementary Fig. 1a), GC or CG (Supplementary Fig. 1b), or GTG or GTTG (Supplementary
Fig. 1c). Furthermore, we found that adducts were not formed under our experimental conditions even in GG
dimers (Supplementary Fig. 2a,b), suggesting that acetaldehyde reacts only with GG sequences present in longer
sequences. However, extended reaction times with oligoGG (Fig. 1d) also did not increase the amount of adducts
formed after 1h, suggesting that the reaction is reversible and reaches equilibrium.

We then investigated whether acetaldehyde reacts with complementary oligonucleotides that contain a GG
site in one strand (Supplementary Fig. 3). As before, adducts were clearly formed in single-stranded oligonucleo-
tides containing GG (oligoGG2, Supplementary Fig. 3a upper panel, peak iii), whereas broad peaks were observed
in complementary strands (anti-oligoGG2, Supplementary Fig. 3b upper panel). Similarly, adducts were formed
in oligoGG2 annealed to its complementary strand (ds-oligoGG2, Supplementary Fig. 3c upper panel), indicating
that acetaldehyde reacts with both single-stranded and double-stranded DNA.

Acetaldehyde has been reported to produce interstrand crosslinks, especially in cells deficient in the
Fanconi anemia pathway, which are notably hypersensitive to acetaldehyde!*!®. However, we found that
acetaldehyde-induced adducts were not formed under our experimental conditions in double-stranded oligonu-
cleotides with a predicted GG interstrand crosslinking site (Supplementary Fig. 4), implying that acetaldehyde
does not form interstrand crosslinks in this case.

In addition, we investigated whether a detectable human DNA glycosylase of BER might catalyze the cleavage
in acetaldehyde-treated oligonucleotides containing GG using normal human cell extracts'®. After incubation
with HeLa cell extracts, no indications of any DNA glycosylase active on acetaldehyde-treated oligonucleotides
were obtained under our experimental conditions, whereas DNA strand cleavage of a control oligonucleotide
containing a uracil residue was detected (Supplementary Fig. 5).

Acetaldehyde-induced DNA lesions are reversible. We attempted to purify the product formed by
acetaldehyde and oligoGG to determine its structure. Because the boiling point of acetaldehyde is 20.2°C, it was
easily removed from reaction mixtures by SpeedVac. However, removal of acetaldehyde unexpectedly reduced
the amount of adducts (peak ii) and increased the amount of the initial substrate (peak i, Supplementary Fig. 6),
even when stored at —20°C for 24 h (Supplementary Fig. 6). This observation indicated that adducts reverted to
the unreacted state in the absence of acetaldehyde. Indeed, the adducts completely disappeared after incubation at
75°C or 95 °C for 5min (Supplementary Fig. 7). The reversion of the adducts was analyzed in detail under phys-
iological conditions after the removal of acetaldehyde by SpeedVac (Fig. 1e). Upon incubation of the mixture at
37°Cat pH 7.0, decrease in the adducts and increase in the original oligonucleotide were observed (Fig. 1f) with
a time constant of 31.6 £ 2.3 min (Fig. 1g), and the reaction reached at equilibrium after 120 min. These results
highlight the instability of adducts formed by acetaldehyde, and suggest that the reaction between oligonucleo-
tides and acetaldehyde is reversible.

We hypothesized that the adduct is unstable because of imine structures formed between acetaldehyde and
NH, in deoxyguanosine. Hence, oligos that reacted with acetaldehyde were purified by gel filtration and imme-
diately incubated for 30 min with NaBH;CN, a strong reducing agent, to isolate a stable structure. Samples were
then observed for another 1-2h to monitor stability (Fig. 1h). Notably, incubation with NaBH;CN for 30 min-2h
resolved the adduct peak (peak ii) into peaks iv and v (Fig. 1i).

Mass analysis of reduced acetaldehyde-reacted oligonucleotides. We then analyzed the nucle-
osides produced by digesting peaks iv and v with a nuclease and a phosphatase. Remarkably, the same peak
(peak vi) was detected when peaks iv and v (Fig. 2b) were digested with S1 nuclease and phosphodiesterase
I (Fig. 2a). Compositional analysis indicated that one deoxyguanosine was lost (Fig. 2c and Supplementary
Fig. 8). Furthermore, a compound with m/z [M + H]" 296.0 was detected by LC-MS, indicating that the product
is N*-ethyldeoxyguanosine, which has theoretical m/z 295.29, as shown in Fig. 2d. These results suggest that
peaks iv and v are somehow chemically different, even though they each contain N?-ethyldeoxyguanosine. Hence,
we partially digested both peaks using S1 nuclease and an alkaline phosphatase (Fig. 2e), obtaining peaks vii
and viii from peaks iv and v, respectively (Fig. 2f). Compositional analysis indicated that two deoxyguanosines
were lost in peak iv, and one deoxyguanosine and one thymine were lost in peak v (Fig. 2g and Supplementary
Fig. 9). Mass analysis also detected a compound with m/z [M + H]" 624.8 in peak vii and 599.8 in peak viii
(Fig. 2h), indicating that the products were N?-ethyldeoxyguanosine attached to deoxyguanosine in peak vii and
N?-ethyldeoxyguanosine attached to thymine in peak viii. The structures of oligonucleotides in peaks ivand v,
which were generated by reducing acetaldehyde-reacted oligoGG, are illustrated in Fig. 2h, lower panel.

Chemical structure of acetaldehyde-induced intrastrand GG crosslinks.  As noted, reduction of
acetaldehyde-reacted oligoGG with NaBH;CN produced oligonucleotides containing one N*-ethyldeoxyguanosine
at the 5’ or 3’ end of a GG sequence. However, products with two N2-ethyldeoxyguanosines at the GG site were
not observed, suggesting that acetaldehyde may have formed intrastrand crosslinks that were subsequently
reduced by NaBH;CN. To test this possibility, we analyzed acetaldehyde reaction mixtures by MALDI-TOF-MS.
As shown in Fig. 3a, a product with m/z [M + H]* 4562.26 was observed, indicating that acetaldehyde formed
intrastrand-crosslinked GG, which has theoretical m/z 4561.05. In addition, the observed m/z [M + H] " of prod-
ucts in peaks vi and v correspond with the calculated m/z [M 4+ H]* of expected oligonucleotides as shown in
Fig. 3a, demonstrating conclusively that acetaldehyde forms intrastrand-crosslinked GG.

The NH, group in deoxyguanosine seems to be important in forming such a structure. Therefore, we tested
whether acetaldehyde generates intrastrand crosslinks in hypoxanthine, a guanine without NH, (Fig. 3b).
Reactions with oligoGG, oligoGI, and oligoIG (Fig. 3¢) indicated that NH, in deoxyguanosine is essential for
crosslinking.
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Figure 2. Mass spectrometry of acetaldehyde-treated oligonucleotides containing a GG site. (a) Experimental
scheme. Aldehyde-treated oligonucleotides (peaks iv and v) were purified in the presence of NaBH;CN,
digested with S1 nuclease at 37 °C for 24 h and then with phosphodiesterase I at 37 °C for 4 h, and (b) analyzed
by HPLC. (c) Nucleoside composition of peaks iv and v. (d) Estimated structure and observed m/z [M +H]*
in peak vi. (e) Acetaldehyde-treated oligonucleotides (peaks iv and v) were also purified in the presence of
NaBH;CN, digested with S1 nuclease at 37 °C for 24 h and then with alkaline phosphatase at 37 °C for 2h, and
(f) analyzed by HPLC. (g) Nucleoside composition of peaks iv and v. (h) Estimated structure and observed m/z
[M+H]" in peaks vii and viii. Predicted oligonucleotides are indicated in peaks iv and v.

Discussion

In this study, we found that acetaldehyde specifically reacts with single-stranded or double-stranded oligonucleo-
tides containing GG, but not TT, GT, GA, AG, GC, or CG. However, the lesions formed are unstable, and produce
two stable products containing N*-ethyldeoxyguanosine only when reduced with NaBH;CN. Finally, mass analysis
revealed that acetaldehyde forms GG intrastrand crosslinks, a new type of DNA lesion that is uniquely reversible.
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Figure 3. Acetaldehyde induces intrastrand crosslinking of GG sequences. (a) Estimated structure and
observed m/z [M +H]" of oligonucleotides reacted with acetaldehyde (AL). (b) Chemical structure of guanine
and NH, -free hypoxanthine. HPLC analysis of 0ligoGG, GI, and IG reacted with acetaldehyde. (c) A model of
the chemical reaction between two guanines and acetaldehyde.

Chemical features.

The putative mechanism of intrastrand-crosslinking is illustrated in Fig. 3c. In this reac-

tion, an imine is formed between acetaldehyde and the amino group of one of the guanine bases, which then
undergoes nucleophilic attack by the amino group of the adjacent guanine base. Imine formation is known to be
reversible in aqueous solutions, and Fig. 1d,f, and Supplementary Fig. 6 demonstrate that crosslinking after imine
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formation is also in equilibrium and splits the product into imine and amine intermediates. This mechanism is
supported by mass spectrometry (Figs 2 and 3). Each of the two products obtained in the presence of NaBH,
contained an ethyl group, which was presumably formed by the reduction of the imine intermediate, whereas the
crosslinked product was successfully detected only in the absence of reducing agent. Interestingly, intrastrand
crosslinking was not observed by Wang et al.?, who investigated interstrand crosslinking by acetaldehyde, likely
because the reversibly intrastrand-crosslinked products were too labile to be detected. In addition, we believe that
intrastrand crosslinking is more likely to occur than interstrand crosslinking, which requires two acetaldehyde
molecules, and is rate-limited by the addition of the second acetaldehyde, as also observed during aldol conden-
sation in alkaline conditions.

Many examples of imine formation between aldehydes and amino groups in guanine have been reported®!”.
We note that the amino group in 2’-deoxyguanosine has a lower pK, value (2.5) than 2’-deoxyadenosine and
2'-deoxycytidine (3.8 and 4.3, respectively)®. As the nucleophilicity of a more basic compound is lower than that
of aless basic group in an aqueous solution due to hydration, imine formation is more favorable at a guanine base
than at others. Furthermore, we assume that consecutive reactions at GG sites stabilize the resulting adduct, as
intrastrand crosslinks were observed only at such sites (Fig. 1 and Supplementary Fig. 1), and not in isolated G
sites (Fig. 1c and Supplementary Fig. 1a,b).

DNA repair and mutagenesis. Acetaldehyde-induced GG intrastrand crosslinks are most likely repaired
by the versatile NER pathway. Indeed, an intrastrand-crosslinked GG lesion probably resembles a UV-induced
TT dimer and thus distorts the DNA helix. Consequently, such a distortion can only be resolved by NER, which
primarily repairs bulky helix-distorting damage from environmental mutagens, and not by BER, which repairs
non-bulky and non-distorting DNA modifications from endogenous and some chemical carcinogens. Indeed,
cleavage by DNA glycosylase during BER would not remove this lesion, because guanine would remain attached
to another guanine even after cleavage of the glycosyl bond. In contrast, Matsuda et al. previously reported that
acetaldehyde-treated DNA increases GG-to-TT mutations in NER-deficient cells, which are also more sensitive
to acetaldehyde than NER-proficient cells'>. And an acetaldehyde-induced GG intrastrand crosslink also resem-
ble a cis-diammineplatinum(II)-induced GG intrastrand crosslink that are repaired by NER, in chemical GG
interstrand crosslink products'’. In addition, since many distorted DNA lesions (e.g. a UV-induced TT dimer
and a cis-diammineplatinum(II)-induced GG intrastrand crosslink) have been shown to block transcription, an
acetaldehyde-induced GG intrastrand crosslink might induce a transcription arrest by RNA polymerase II which
is trigger of transcription-coupled NER?’. However, to demonstrate this directly, oligonucleotides containing
acetaldehyde-induced crosslinks would have to be purified and assayed by in vitro NER using human cell extracts.
Although such experiments are challenging to execute because of the chemical instability of these lesions, there
might be the possibility to observe the biological effects of the lesions using a structurally stable analog of intra-
strand crosslink lesion.

Stepwise reaction of two molecules of acetaldehyde with DNA in vivo® produces two other possible DNA
adducts: R- and S-a-CH;-~-OH-1,N?-propano-2/-deoxyguanosine?!. These adducts are thought to be repaired
by NER, and to induce G-to-T transversion 5-10% of the time, although Hoogsteen base pairing with cytosine
is also possible?>?.

In addition, these DNA lesions may react with deoxyguanosine on the opposite strand to form an interstrand
crosslink, or with protein to form a DNA-protein crosslink. To resolve the spectrum of structures formed, repair
pathways for such lesions are probably complex and versatile.

XP and Fanconi anemia. NER is impaired in XP?; as a result, cells from patients with XP are hypersensitive
to UV light. NER-deficient XPA cells were also previously reported to be more sensitive to acetaldehyde than
normal cells, although XPA knockout chicken DT40 cells were only slightly more sensitive than control cells'>.
These results imply that NER resolves acetaldehyde-induced GG intrastrand crosslinks. In any case, even low con-
centrations of acetaldehyde, such as those typically found in the human body, may induce genomic DNA lesions
because the reaction is reversible. Thus, similar to cyclopurine lesions formed during oxidative stress, this lesion
may be an endogenous DNA lesion that accelerates neurodegeneration in XP.

Fanconi anemia is an inherited genomic instability disorder caused by mutations in genes regulating
replication-dependent removal of interstrand DNA crosslinks®. Accordingly, in response to genotoxicity, the
Fanconi anemia DNA repair pathway is thought to coordinate a complex mechanism combining elements of
homologous recombination, NER, and translesion DNA synthesis. Notably, cells from patients with Fanconi ane-
mia are hypersensitive to exogenous interstrand crosslinking agents such as mitomycin C and cisplatin, as well as
to endogenous acetaldehyde®!®, which we found to form intrastrand crosslinks rather than interstrand crosslinks.
Nevertheless, all types of lesions may block DNA synthesis during replication, thereby causing spontaneous cell
death. Indeed, cells from patients with Fanconi anemia are sensitive to not only crosslinking agents but also non-
crosslinking agents®®, UV?, camptothecin®, and etoposide® in some cases.

Intriguingly, recent genome-wide analysis of sequence signatures indicates that CC-to-AA mutations are
associated with cancer, as are GG lesions™. This survey also suggests that mutations are induced on transcribed
strands, and are linked to transcription-coupled NER. Thus, we propose that the GG-to-TT mutations observed
in cancers may in part be correlated with acetaldehyde-induced intrastrand crosslinks.

Methods

HPLC. Samples were analyzed by HPLC on a gradient-type analytical HPLC system (Gilson, Inc.) equipped
with a Waters 2996 photodiode-array detector. Oligonucleotides were loaded on a uBondasphere C18 column
(Waters Co.) at 1.0mLmin~! and 30°C, and eluted over a linear, 20-minute gradient of 6-14% acetonitrile in
0.1 M triethylammonium acetate pH 7.0. In contrast, nucleosides from digested oligonucleotides were loaded on
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an Inertsil ODS-3 column (GL Science Inc.) at 1.0 mL min~! and ambient temperature, and eluted over 30 min
along a linear gradient of 2.5-20% acetonitrile in 0.1 M triethylammonium acetate, pH 7.0.

Stability of acetaldehyde-crosslinked products. Purified oligonucleotides were allowed to react with
acetaldehyde at 37 °C for 1h in water, and the solution was freeze-dried by SpeedVac for 1 h. The dried material
was dissolved in 100 mM phosphate buffer (pH 7.0) and incubated at 37 °C. Aliquots (5uL) of the mixture was
sampled at appropriate intervals and immediately analyzed by HPLC, with a linear 15-min gradient of 7-14%
acetonitrile in 0.1 M triethylammonium acetate pH 7.0. The yields of the product were estimated using the peak
areas of the original material and crosslinked product detected at 260 nm. The experiments were independently
performed in triplicate, and the results were globally fitted with a monoexponential function with Origin2016.

MALDI-TOF mass spectrometry. Acetaldehyde (10 uL) was reacted at room temperature for 1 h with
10uM 15-mer oligo with GG, which had been prepared in 100 uL of water. An aliquot (2 uL) of the reaction mix-
ture was spotted on a predried 3-hydroxypicolinic acid matrix, dried a second time in ambient conditions, and
analyzed on a Bruker Ultraflex III MALDI TOF/TOF mass spectrometer. MALDI TOF mass spectra of purified
unreacted oligonucleotides were also collected with the same instrument and matrix.

Enzymatic digestion of oligonucleotides. Purified oligonucletides (1 nmol) were mixed with 180 U of
S1 nuclease (TaKaRa Bio) in 20 uL of 30 mM sodium acetate buffer pH 4.6 containing 100 mM NaCl and 1 mM
ZnCl,. After 24 h at 37°C, the product was digested for another 4h at 37°C in 30 uL of 0.167 M Tris-HCI buffer
pH 7.0 containing 5 U of antarctic phosphatase or 40 U of phosphodiesterase I from Crotalus adamanteus venom.
Finally, digests were stored at -80 °C until HPLC analysis.

For partial digestion, purified oligonucleotides were first treated with SI nuclease as previously described.
After 24 hours, the reaction was quenched with 5puL of 0.5 M Tris-HCI buffer pH 9.0 containing 10 mM MgCl,,
and mixed with 2 uL of alkaline phosphatase from Escherichia coli C75 (1 U, TaKaRa Bio) and 23 uL of water. The
mixture (50 uL) was incubated at 37 °C for 2 hours, and stored at —80 °C until HPLC analysis.

References

1. JARC (International Agency for Research on Cancer). IARC Monogr. Eval. Carcinog Risks Hum. Acetaldehyde Vol. 71, pp319-pp335
(1999).

2. Dellarco, V. L. A mutagenicity assessment of acetaldehyde. Mutat. Res. 195, 1-20 (1988).

3. Niemeld, O. et al. Sequential acetaldehyde production, lipid peroxidation, and fibrogenesis in micropig model of alcohol-induced
liver disease. Hepatology 22, 1208-1214 (1995).

4. Ristow, H. & Obe, G. Acetaldehyde induces cross-links in DNA and causes sister-chromatid exchanges in human cells. Mut. Res. 58,
115-119 (1978).

5. Fang, J. L. & Vaca, C. E. Detection of DNA adducts of acetaldehyde in peripheral white blood cells of alcohol abusers. Carcinogenesis
18, 627-632 (1997).

6. Garaycoechea, J. I. et al. Alcohol and endogenous aldehydes damage chromosomes and mutate stem cells. Nature 553, 171-177
(2018).

7. Choi, J. Y. & Guengerich, F. P. Adduct size limits efficient and error-free bypass across bulky N2-guanine DNA lesions by human
DNA polymerase eta. J. Mol. Biol. 352, 72-90 (2005).

8. Wang, M. et al. Identification of DNA adducts of acetaldehyde. Chem. Res. Toxicol. 13, 1149-1157 (2000).

9. Inagaki, S., Esaka, Y., Deyashiki, Y., Sako, M. & Goto, M. Analysis of DNA adducts of acetaldehyde by liquid chromatography-mass
spectrometry. J. Chromatogr. A 987, 341-347 (2003).

10. Balbo, S. et al. N2-ethyldeoxyguanosine as a potential biomarker for assessing effects of alcohol consumption onDNA. Cancer
Epidemiol. Biomarkers Prev. 17, 3026-3032 (2008).

11. Brooks, P.J. & Zakhari, S. Acetaldehyde and the genome: beyond nuclear DNA adducts and carcinogenesis. Environ. Mol. Mutagen.
55,77-91 (2014).

12. Matsuda, T., Kawanishi, M., Yagi, T., Matsui, S. & Takebe, H. Specific tandem GG to TT base substitutions induced by acetaldehyde
are due to intra-strand crosslinks between adjacent guanine bases. Nucleic Acids Res. 26, 1769-1774 (1998).

13. Vaca, C. E., Fang, J. L. & Schweda, E. K. Studies of the reaction of acetaldehyde with deoxynucleosides. Chem. Biol. Interact. 98,
51-67 (1995).

14. Lorenti Garcia, C. et al. Relationship between DNA lesions, DNA repair and chromosomal damage induced by acetaldehyde. Mutat.
Res. 662, 3-9 (2009).

15. Langevin, E, Crossan, G. P, Rosado, I. V., Arends, M. J. & Patel, K. J. Fancd2 counteracts the toxic effects of naturally produced
aldehydes in mice. Nature 475, 53-58 (2011).

16. Kuraoka, I. et al. Removal of oxygen free-radical-induced 5, 8-purine cyclodeoxynucleosides from DNA by the nucleotide excision-
repair pathway in human cells. Proc. Natl. Acad. Sci. USA 97, 3832-3837 (2000).

17. Stone, M. P. et al. Interstrand DNA cross-linking 1,N2-deoxyguanosine adducts derived from «,3-unsaturated aldehydes:
structure-function relationships. In The Chemical Biology of DNA Damage (eds Geacintov, S. E. & Broyde, S.) 201-206 (Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany 2010).

18. Dunn, D. B. & Hall, R. H. Purines, pyrimidines, nucleosides, and nucleotides. In Handbook of Biochemistry and Molecular Biology
(eds Lundblad, R .L. & MacDonald, E) 269-358 (CRC Press, Boca Raton, FL, 2010).

19. Wang, D., Hara, R., Singh, G., Sancar, A. & Lippard, S. J. Nucleotide excision repair from site-specifically platinum-modified
nucleosomes. Biochemistry 42, 6747-6753 (2003).

20. Tornaletti, S. Transcription arrest at DNA damage sites. Mutat Res. 577, 131-145 (2005).

21. Kawanishi, M. et al. A spectrum of mutations induced by crotonaldehyde in shuttle vector plasmids propagated in human cells.
Carcinogenesis 19, 69-72 (1998).

22. Fernandes, P. H., Kanuri, M., Nechev, L. V,, Harris, T. M. & Lloyd, R. S. Mammalian cell mutagenesis of the DNA adducts of vinyl
chloride and crotonaldehyde. Environ. Mol. Mutagen. 45, 455-459 (2005).

23. Minko, I. G. et al. Chemistry and biology of DNA containing 1,N(2)-deoxyguanosine adducts of the alpha,beta-unsaturated
aldehydes acrolein, crotonaldehyde, and 4-hydroxynonenal. Chem. Res. Toxicol. 22, 759-778 (2009).

24. Lehmann, A. R., McGibbon, D. & Stefanini, M. Xeroderma pigmentosum. Orphanet ]. Rare Dis. 6,70 (2011).

25. Mehta, P. A. & Tolar, J. Fanconi anemia in GeneReviews [Internet] (eds Pagon, R.A. et al.) 2002 [updated 2017](University of
Washington, Seattle, WA, 1993-2017).

26. Song, L. Y. et al. Rad18-mediated translesion synthesis of bulky DNA adducts is coupled to activation of the Fanconi anemia DNA
repair pathway. J. Biol. Chem. 285, 31525-31536 (2010).

SCIENTIFIC REPORTS | (2019) 9:660 | DOI:10.1038/s41598-018-37239-6 7



www.nature.com/scientificreports/

27. Godthelp, B. C. et al. Cellular characterization of cells from the Fanconi anemia complementation group, FA-D1/BRCA2. Mutat.
Res. 601, 191-201 (2006).

28. Palle, K. & Vaziri, C. Rad18 E3 ubiquitin ligase activity mediates Fanconi anemia pathway activation and cell survival following
DNA topoisomerase 1 inhibition. Cell Cycle 10, 1625-1638 (2011).

29. Kachnic, L. A. et al. FANCD?2 but not FANCA promotes cellular resistance to type II topoisomerase poisons. Cancer Lett. 305, 86-93
(2011).

30. Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415-421 (2013).

Acknowledgements

We thank Richard D. Wood (University of Texas MD Anderson Cancer Center) for a critical reading of the
manuscript. This work was supported by a Grant-in-Aid for Scientific Research (B) from the Ministry of
Education, Culture, Sports, Science, and Technology (MEXT) of Japan [26650006].

Author Contributions
Y.S., J.Y,, K.T,, R.T. and T.M. performed experiments. J.Y., S.I. and I.K. designed the research and wrote the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37239-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

MMM | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:660 | DOI:10.1038/s41598-018-37239-6 8


http://dx.doi.org/10.1038/s41598-018-37239-6
http://creativecommons.org/licenses/by/4.0/

	Acetaldehyde forms covalent GG intrastrand crosslinks in DNA

	Results

	Acetaldehyde reacts with oligonucleotides containing GG. 
	Acetaldehyde-induced DNA lesions are reversible. 
	Mass analysis of reduced acetaldehyde-reacted oligonucleotides. 
	Chemical structure of acetaldehyde-induced intrastrand GG crosslinks. 

	Discussion

	Chemical features. 
	DNA repair and mutagenesis. 
	XP and Fanconi anemia. 

	Methods

	HPLC. 
	Stability of acetaldehyde-crosslinked products. 
	MALDI-TOF mass spectrometry. 
	Enzymatic digestion of oligonucleotides. 

	Acknowledgements

	Figure 1 Acetaldehyde reacts with oligonucleotides containing GG, but not TT or GT.
	Figure 2 Mass spectrometry of acetaldehyde-treated oligonucleotides containing a GG site.
	Figure 3 Acetaldehyde induces intrastrand crosslinking of GG sequences.




