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Abstract

Enzymatic cytosine methylation produces hotspots for 5-methylcytosine-to-tymine transition mutations (5mC>T) at CpG sites in human genes. As it is hypothesized here, the host-defense function of DNA methylation in epigenetic silencing and mutation destruction of transposones and other intragenomic parasites extended in evolution on most host genes that have to be inactivated in differentiated somatic cells. To test this hypothesis, ~40,000 spontaneous and mutagen-induced mutations were analyzed in p53, FIX, hprt human genes, and SupF transgene. The evidence is presented that both CpG and CpNpG sites of DNA methylation and their 5`-, 3`-neighboring nucleotides are hotspots not only for 5mC>T transitions, but also for most types of mutations. 40-70% of all spontaneous mutations are found at these sites, and mutation frequencies at the hotspots are 10-40 times higher than the average for the genes studied. 52-77% of CpG sites could be lost because of relict germ-line 5mC>T substitutions, and 10-20% of somatic mutations result in the emergence of new sites of methylation in these genes. Various mutagenes induce significant changes in mutation spectra at sites of methylation. Thus, one of the basic functions of DNA methylation is mutation destruction of most host genes that responsible for human genetic diseases, aging, and cancer.         
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INTRODUCTION

METHODS 

The IARC TP53 Database (Release 10, July 2005) was used for on line analysis of various classes of mutations at CG and CNG sites in exones of the human p53 gene [22]. As C(C/G)G sites of methylation include as well CG sites, it is difficult to distinguish between the two sites with respect to mutations. Therefore, these sites were analyzed together with CG sites, and only C(T/A)G sites were investigated here as CNG sites. Percents of the G:C>A:T transitions and G:C>T:A/C:G transversions were calculated for each of 43 CG and 72 CNG sites in p53 gene (Table 2). The single base substitutions at 5`- and 3`-flanking nucleotides of CG and CNG sites were displayed as the “5`,3`-class” of mutations. One more type of mutations includes BS resulted in the emergence of  “de novo” CG and CNG sites [15]. Deletions and insertions of nucleotides at CG and CNG were calculated together with their 5`,3`-neighbouring nucleotides, i.e,. 5`-NC(N)GN-3` sequences. Total percents of mutations at CG and CNG sites of all mutations found in p53 genes are presented on Table 2. DNA strand bias for C>T and G>A transitions at CG and CNG hotspots were calculated by software of IARC Database [22].  The G:C>A:T transitions, G:C>T:A/C:G transversions, 5’,3’-mutations, and “de novo” classes of mutations at CG and CNG sites were determined for all BS. The frameshift and tandem mutations were calculated for all these mutations found at CG and CNG sites. Mutational spectra are the result of summing up all mutations of different classes at CG or CNG sites in the genes. The mutational nomenclature was used as  recommended in IARC Database [22].

The Hemophilia B Mutation Database (Version 13, 2004) was used for analysis of mutations at each of 21 CG and 57 CNG sites in promoter region and exones of FIX gene [23]. Percents of various classes of mutations were displayed as described earlier [15].

The MGMD Database (Release 13, June 2006) was used for analysis of various classes of spontaneous and mutagen-induced mutations at CG and CNG sites in exones of human hprt and gpt genes, and SupF, cII, lacI, and SupArg transgenes in human cells [24]. Different classes of mutations for individual genes were copied in MGMD, transferred, and analyzed by Microsoft Excel software. To have a more statistically significant result, all spontaneous and mutagen-induced deletions, insertions, tandem, multiple, and complex mutations available in MGMD Database for SupF and hprt genes were combined and analyzed together (Table 2). 

RESULT AND DISCUSSION

BOTH *CG AND *CNG SITES ARE HOTSPOTS FOR MUTATIONS

It is commonly accepted that CG sites of DNA methylation are hotspots for most of C>T and G>A (G:C>A:T) transition mutations in genomes of pro- and eukaryotic organisms [5,40-42]. However, little is known about mutability at another type of methylated sites, 5`-C(T/A)G-3` (CNG) [8,43]. It was believed for a long time that contribution of these sites to G:C>A:T mutations is not essential as most of 5mC residues are localized at CG sites in vertebrate genomes [44]. This postulate was re-investigated to estimate the percentage of the G:C>A:T substitutions at CNG sites in human p53, FIX, hprt, gpt genes, SupF and some other transgenes, using mutation databases  [40-42].


This analysis showed that CG sites are indeed the main target for the spontaneous G:C>A:T transitions in the genes studied (Fig.1). However, most of the hotspots on the histogram of distribution of these transitions at non-CG sites in the p53 gene were identified as CNG sites (number of mutations analyzed, n=4,031) [40]. 65% of all G:C>A:T transitions at CNG sites (n=931) were found at ten of 72 CNG sites in this gene. Two super hotspots at 127 and 139 CNG sites containing 31% of all G:C>A:T mutations (n=236) were displayed in the SupF transgene introduced in human cells (Fig.1,C). Four out of the seven hotspots in the hprt gene were identified as CNG sites, and one of them at 195 site accounts for 17.4% of all G:C>A:T transitions (n=293) (Fig.2,D). Totally, 30.6% of all these transitions occurred at CNG sites in the hprt gene.

Taking into account all types of mutations studied, CNG sites can harbor 2.2-4.1 times more mutations than CG sites in hprt, gpt, and lacI genes (Table 1, 3a,5,6). 35.7% of all spontaneous mutations (n=21,495) were found at CG sites and 24.7% mutations at CNG sites in the p53 gene. Hence, it is evident now that both CG and CNG methylation sites are hotspots for mutations in the genes studied.

A feature of the hotspots is the DNA strand bias for C>T and G>A substitutions, i.e. non-equal distribution of these mutations on each of DNA chains (Fig.1). One of the explanations of this fact is that silent mutations escape analysis. For example, G>A transitions at the CG site in the 60 codone (CGG) of the FIX gene result in Gly>Ser substitutions that decrease this factor activity eight-fold, causing Hemophilia B, but C>T mutations in this codone are silent [20]. However, this reason does not hold for other hotspots in the FIX gene or also for the SupF transgene. Preferential mutability on the non-transcribed DNA chain could explain the C>T/G>A bias for the hprt gene (5:1) [45], but the number of these transitions at all CG and CNG sites is similar on both strands in p53 (1:1.15) and FIX (1.04:1) genes (Fig.1,A,B,D). Another reason for the bias might be different repairing efficiency on DNA strands.

Analysis of spontaneous mutations in the p53 gene demonstrated that 82% of all G:C>A:T transitions at CG sites (n=5,357) emerge only at five hotspots (Fig.1,A). At the same time, mutations are almost absent at the 15 “cold” sites of the 43 CG sites in this gene (Table 2). The origin of “hot” and “cold” sites is yet unclear and one of the explanations can be in different methylation levels of these sites in vivo. However, all CG dinucleotides in the DNA-binding domain of the human the p53 gene were found completely and tissue-independent methylated [46].

Another reason for mutation hotspots could be non-random selection of mutations for the databases of p53 and FIX genes, but this reason does not work for SupF and hprt genes. A methylation-independent mechanism was demonstrated for some of hotspots at non-CG sites. For example, the 179 codone (CAT) in the p53 gene is a hotspot for the G:C>A:T, A:T>T:A, and A:T>G:G substitutions; again the 220 codone (TAT) is a super hotspot for 11.9% of A:T>G:G mutations [   ] . DNA strand bias for the G:C>A:T  transitions is another argument in favor of the major determinant of mutational hotspots being the structure of the target sequences in DNA or failure of repair at some of CG sites.

As only 10-20% of all CG and CNG sites are hotspots for the spontaneous G:C>A:T substitutions, frequencies of these transitions are many-fold different at individual sites of methylation (Fig.1). For example, the average frequency of spontaneous mutations (MF) in the p53 gene (length of exones 1,182 n) is 18.2 mutations per nucleotide (m/n) (21,495:1,182). 95% of all G:C>A:T mutations at CG sites were found at 19 CG sites and averaged MF is 199.1 m/n (7,567:38) or 10.9 times higher than at any other nucleotides (199.1:18.2) (Table 2). Two CG super hotspots at 249 and 273 codones harbor 2,870 mutations, i.e. MF is 717.5 m/n or 39.4 times higher than on average in the p53 gene. The MF at 145 and 248 CG super hotspots in the FIX gene is 39.5 times higher than at other sites (75:1.9) and 17.4-fold higher at 508 CG and 195 CNG sites in the hprt gene (43.5:2.5) (Table 2). Thus, both CG and CNG sites are hotspots for the spontaneous G:C>A:T mutations that emerge 10-40 times more frequently than at other sites in the human genes studied.

SITES OF DNA METHYLATION HARBOR VARIOUS TYPES OF MUTATIONS 

CG and CNG sites may be targets not only for G:C>A:T transitions, but also for other types of mutations (Table 1, Fig.2). These types are: G>C/T and C>A/G (G:C>T:A/C:G) transversions, deletions, insertions, tandem, multiple, and complex mutations. It was unexpectedly found that 5`- and 3`-flanking nucleotides of CG and CNG sites are also hotspots for single base substitutions (BS) termed “5`,3`-mutations”. BS, resulting in the “de novo” CG and CNG sites, are of special interest as a pathway for potential hotspots for mutations [   ]. Most CG and CNG hotspots harbor various types of mutations (Fig.2). There is no evident correlation between different classes of mutations at individual CG and CNG sites.

The G:C>T:A/C:G transversions are the second largest class of BS after the G:C>A:T transitions that occur at CG and CNG sites. These mutations were preferentially found at four codones containing CG hotspots and also at the 176 and 242 CNG codones in the p53 gene (Fig.2,A).  66% of all these BS found at CG and CNG sites in this gene (n=2,122) were identified as G:C>T:A/C:G transversions. 30.9% of all transversions in the FIX gene (n=178) were localized at six CG and 16.9% at four CNG hotspots (Fig.2,B). 42% of all these BS (n=226) occur at five CG and 24% at two CNG hotspots in the SupF transgene (Fig.2,C).  46% of all these transversions in hprt gene (n=117) were harbored by five CNG sites (Fig.2,D). Thus, the G:C>T:A/C:G transversions were found both at CG and CNG sites and they often emerge at the same sites as the G:C>A:T transitions. 

17.4% of all “5`,3`- mutations” are localized at four CG and 28% at three CNG hotspots in the p53 gene (n=1,430) (Fig.2,A). A super hotspot for 41.3% of these mutations was found at 110 CG site in the SupF gene (n=96) (Fig. 2,C). 54% of all these mutations in the hprt gene (n=100) were displayed at six CNG sites (Fig.2,D). These BS are only mutation class at some CG and CNG sites in p53 and FIX genes. The 5`,3`-mutations account for 5.3- 21% of all spontaneous and for 7.1-32% of all mutagen-induced BS in the genes studied (Table 1).

29% of all frameshift mutations are concentrated at two CNG hotspots at the 18 and 136 codones in FIX gene and 41% at 114, 127, 163 CG, and 127 CNG hotspots in the SupF gene (Fig.2,B,C). As deletion and insertions are more rare than BS, these mutations were combined together and analyzed at CG and CNG sites and their 5`- and 3`-neighboring nucleotides in hprt and SupF genes (Table 3).
Most deletions and insertions in the hprt gene were found at CNG sites, whereas CG sites are the preferred targets for these mutations in the SupF gene Hotspots for deletions and insertions were found not only at CG and CNG sites, but also at their 5`,3`-N1 and at more distal 5`,3`-N2 flanking nucleotides, i.e. in 5`-N2N1C(N)GN1N2-3` sequences. Interestingly, the percentage of spontaneous deletions at CG and CNG sites in the SupF gene (25%) is equal to the portion of these mutations at 5`,3`-N1N2 nucleotides (23%) (Table 3). A number of mutagen-induced insertions at 5`,3`-N1N2 flanking nucleotides (34.8%) are 3-fold grater than at CG sites (10.4%) in the SupF gene. This is why percents of the frameshift mutations at CG and CNG sites and their 5`,3`-N1 neighboring nucleotides were calculated together (Table 1). 22-48% spontaneous and 34-62% mutagen-induced frameshift mutations were observed at CG and CNG sites and their 5`,3`-N1-flanking nucleotides in hprt and SupF genes. Cadmium chloride and bleomycin induce more than 70% of all frameshift mutations at sites of methylation in the SupF gene (Table 1,4g,h). 

2,523 deletions and insertions were found in the p53 gene or on average 2.1 m/n (2,523:1,182). 82% of all frameshift mutations were localized at 19 CNG (n=572) and 87% at 25 CG sites (n=367) or on average 8.9 m/n. The MF at 152, 185 CG, and 192 CNG hotspots in this gene is 20.5 m/n. Thus, frameshift mutations emerge 4-10 times more frequently at sites of methylation than at any other nucleotides in the p53 gene (8.9:2.1 and 20.5:2.1).

48% of all tandem mutations were found at five CG and one CNG hotspots in the p53 gene (n=329) (Fig.2,A). These mutations occur 6-25-fold more frequently at sites of methylation than at other nucleotides in this gene. The 332 CNG site is a super hotspot for 15% of tandem mutations in hprt gene (Fig.2,D). UVB irradiation induces at CG and CNG sites 39.6% tandem mutations of all BS and 22.1% of them are 5`,3`-mutations in the SupF gene (n=617) (Table 1,4a). Spontaneous tandem mutations at CG and CNG sites also account for ~40% in the SupF transgene (Table 1,4). 

Multiple mutations appear when two or more BS take place in neighboring or close nucleotides. 70% of all these mutations were found at five CG hotspots in the SupF gene (Fig.2,C). All multiple mutations induced by various mutagenes in the SupF gene were combined and analyzed together (Table 1,4c). 18.5% of these mutations (n=1,067) were presented by G:C>T:A/C:G transversions, whereas 40% of spontaneous mutations (n=115) were identified as G:C>A:T transitions (4b). Altogether, 51% spontaneous and 44% induced multiple mutation of all BS were found at CG and CNG sites in the SupF gene.

Complex mutations are combinations of deletions and/or insertions with one or more BS at the same, neighbor, or close nucleotides. It was found that 32% of all BS and 34% of all deletions and insertions occur at CG and CNG sites in the SupF gene (Table 1,4d). Thus, BS and frameshift mutations at sites of DNA methylation account for 1/3 of all complex mutations in the SupF gene.

A number of CG and CNG sites emerge de novo as a result of somatic mutations [    ]. From 9.5 to 22.2 % of all spontaneous BS produce new sites of methylation in the genes studied (Table 1,1-4,7). Two super hotspots for de novo CNG sites were found in the p53 gene. The C>T transitions at CG sites in 248 and 282 codones (C-CGG) lead to the emergence of, respectively, 575 (9.3%) and 475 (7.6%) new CTG sites in this gene [40]. Thus, CG and CNG sites not only disappear in result of G:C>A:T and other mutations but also sporadically emerge de novo and can become potential hotspots for mutations in genes.

The presented data demonstrate that both CG and CNG sites harbor various types of mutations. In spite of 5mC residues constituting only ~1% of the human genome, CG and CNG sites contribute 40-70% of all spontaneous mutations. Hence, one of the basic characteristics of DNA cytosine methylation is producing various mutations in genes. 

SPECTRA OF INDUCED MUTATIONS AT CG AND CNG SITES 

The spectrum of mutations may be calculated by summing up percents of each mutation class at all CG and CNG sites in various genes. Two-fold decrease a number of all mutagen-induced mutations at CG and CNG sites was found in the hprt gene in comparison with the spontaneous mutations (Table 1,3). The treatment by UVA+B(a)PDE increases two-fold a number of mutations in the cII gene  (7a). The UVC irradiation induces up to 3-fold decrease in all mutations at CNG sites in SupF gene, but it elevates 2.3-fold the G:C>A:T transitions at CG sites (4e). Cadmium chloride produces 20-fold more G:C>T:A/C:G transversions than the G:C>A:T transitions of all BS at CG and CNG sites in the SupF gene (4g). But UVC irradiation induces in this gene 9.4 times less of these transversions than the transitions (4e). Thus, spectra of spontaneous mutations at CG and CNG sites diverse considerably in the genes studied and various mutagens induce different spectra at these sites.

Potassium peroxynitrite (ONOO-) is one of the oxidants that induces up to 75% G:C>T:A/C:G transversions of all BS in the SupF gene [25]. More than 60% of these substitutions occur at 155 CG (17.9%) and 163 CG (13.4%) hotspots and also at 5`-flanking nucleotides of 114 CG (15%) and 127 CNG (15%) sites (Fig.2,C). These mutations can occur under the influence of oxidative damage to non-base-paired residues at CG sites or G:T mismatches that emerge during DNA methylation or MMR (Fig.3). 

Fancony anemia is the inherited cancer-prone disorder that might be a condition of increasing oxygen damage in human cells. Analysis of the mutation spectrum in these cells showed that 32.2% of all BS in the SupF gene are point mutations at 5`- and 3`-flanking nucleotides in CG and C(T/A)G sites and 10.8% more substitutions were found at 5`,3`- nucleotides of other type of methylated sites, C(C/G)G (Table 1,4f). Finally, 43% of all BS belong to the 5`,3`-type of mutations and most of them were located at four CG hotspots in SupF transgene (Fig.2,C). One of the pathways for emerging mutations at 5`- and 3`-flanking nucleotides of CG and CNG sites is the effect of reactive oxygen species. Hydroxyl radicals can obstruct a hydrogen atom from the methyl carbon atom of 5mC residue, resulting in intra-strand cross-links lesions (CLL) between guanine and 5mC or thymine residues [74]. These lesions at G*C sites are usually formed at a much higher yield than the CLL at *CG sites and may contribute to increasing mutations at 5`-neighrouring nucleotides of CG and CNG sites (Fig.3,9). Analogously, CLL in duplex DNA may contribute to the *CG>TT tandem mutations  (9) [75].

Cigarette smoke carcinogen, Benzo(a)pirene diol epoxide (BPDE), selectively modifies G residues at CG hotspots in 157, 248, and 273 codones in the p53 gene [76]. Analysis of the mutation spectrum in cII transgene in mouse embryonic fibroblasts treated with BPDE and UVA irradiation demonstrated that G:C>T:A/C:G substitutions were increased 11.3-fold in comparison with the spontaneous transversions (Table 1,7). One more effect of BPDE is a 4.7-fold elevation of frameshift mutations at CG and CNG sites in the cII gene. Methylation of all CG sites in the shuttle vector increases 1.8-fold the percent of the G>T transversions compared to unmethylated DNA.

N-methyl-N-nitrosourea (MNU) is an alkyling carcinogen that causes emerging O6-methylguanine (O6mG) in DNA. O6mG can base-pair with thymine, forming G:T mispairs and result in G:C>A:T transitions after DNA replication. One of the possible mechanisms is an effect on insertion fidelity by DNA polymerase. Analysis of the MNU-induced mutations in the human gpt gene showed that 21% G:C>A:T of all BS occur at 3`-flanking nucleotides of CG and C(T/A)G sites (Table 1,5). 29% more of the transitions were found at 3`-neighbour nucleotides of C(C/G)G sites. Thus, MNU can induce half of the G:C>A:T transitions at 3`- flanking nucleotides in CG and CNG sites in the gpt gene. Even a couple of these examples (out of dozens of the spectra analyzed) are sufficient for the conclusion to be made that various mutagens may significantly increase producing particular

types of mutations at sites of DNA methylation.

RELICT 5MC>T MUTATIONS AT CG SITES OF DNA

Since these substitutions are mostly irreversible because of the lower chance of inverse mutations (T>5mC) and they are more neutral, these transitions have been accumulating in germ-line genome for millions years of evolution [18,77]. This is why the observed frequency of CG sites in the human genome is only eight dinucleotides per 1000n (kbp) of DNA instead of 40 CG sites that should be expected from stochastic distribution. At the same time, the observed frequency of the TG+CA dinucleotides is five times higher than the predicted one. The loss of about 80% of CG sites (so-called, CpG-suppression, i.e. a number of CG>TG+CA transitions at 1kbp of DNA) is evident result of relict methylation and accumulation of the mutations in genome (Fig.3,8) [18]. 

CpG-suppression in DNA of eubacteria closes to stochastic distribution, it is 16+_5 in invertebrates, and 30+_1 in vertebrate species [77]. The 5mC content in total DNA of species in these groups grows in the same order. The “fingerprints” of the relict mutations have more than 90% of vertebrate and 40% of invertebrate genes [77]. It was surprisingly to find that many sequences in Drosophila genome have also signs of the ancient methylation (5+_2) [78], as all attempts to discover 5mC in DNA of the imago fly were not successful for a long time [79]. But 5mC was recently found in Drosophila larva [14]. Interestingly, in spite of the absence of DNA methylation in Saccharomyces serevisiae [7], yeast genome has also CpG-suppression (6+_1) [77]. It is highly probable that yeast MTase gene was active in the past and was lost over evolution, similarly to what was demonstrated for one of the nematode species [80].

CG sites are almost lost (<3 CpG per 1 kbp) in many vertebrate pseudogenes, retro-transposones, and various repeated sequences of DNA [81]. The CpG-suppression in this DNA is up to 100 G:C>A:T transitions per one kbp. At the same time, a number of vertebrate genes and CpG-islands have no CpG-suppression and apparently never been density methylated in the past. These genes code various enzymes, tRNA, rRNA, U1-U6 snRNA, H3 and H4 histones, and other more evolutionary conservative proteins and RNAs [81]. Evidently, there is a special mechanism that protects more vital genes from methylation and G:C>A:T mutations [77]. Recently, super-conserved CpG domains (non-CpG islands) were found near genes involved in regulation of embryonic development in human ES cells [82]. The rate of molecular evolution of histone and snRNA genes was found proportional to their CpG-suppression [83-84]. 

There are 43 CG sites in human the p53 gene now and 47 these sites (52%) could have been lost over evolution (Table 2). The FIX and the hprt genes lost 77% and 70% of CG sites, respectively. These genes are either older or they were more methylated in the past compared to the p53 gene. CG sites are left in codones of the amino acids that are critical for the proteins activity. Hence, the reserve of the neutral CG sites in these genes depleted and G:C>A:T mutations result in severe disorders, like various cancers in case of  mutations in the p53 gene, Hemophilia B in the FIX, and Lesch-Nyhan syndrome in the hprt genes [40-42]. 

The same mechanism is responsible for accumulation of G:C>A:T mutations in evolution as in ontogenesis. But the rate of mutations in germ-line genome is much lower than in somatic cells, and a half-life of a CG site in the primate p53 gene was estimated to be 24-60 millions years [85]. It was also calculated that the rate of G:C>A:T transitions is equal to the rate of de novo CG formation by random mutations. Thus, methylation of the germ-line genome could be one of the mechanisms accumulating the critical mutational burden that determines the evolutionary lifespan of various species [16].

Acknodgement   

Author appreciates C. D. Jackson for comments, T. I. Heyfets and T. I. Vlasova for proofreading of the text, and L.A. Mazin for assistance in preparation of Figures, creation, and maintenance of the Website, www.DNAging.net.    

REFERENCES
1. Hotchkis, R. D. 1948. The quantitative separation of purines, pyrimidines, and nucleosides by paper chromatography. J. Biol. Chem. 175: 315-332.

2. Wyatt, G. R. 1951. Recognition and estimation of 5-methylcytosine in nucleic acids. J. Biochem. (Tokyo). 48: 581-584.

3. Bird, A. 2002. DNA methylation patterns and epigenetic memory. Genes and Development. 16: 6-21.

4. Cooper, D. N. & M. Krawczak. 1989. Cytosine methylation and the fate of CpG dinucleotides in vertebrate genomes. Hum. Genet. 83: 181-188. 

5. Rideout, W. M. III, & G. A. Coetzee, A. F. Olumi, P. A. Jones. 1990. 5-methylcytosine as an endogenous mutagen in the human LDL receptor and p53 genes. Science. 249: 1288-1290.

6. Ponger, L. 2005. Evolution diversification of DNA methyltransferases in eukaryotic genomes. Mol. Biol. Evol. 22: 1119-1128.

7. Vanyushin, B. F. 2006. DNA methylation in plants. Curr. Topics Microbiol. Immunol. 301: 67-122.

8.  Li,E., Bestor, T. H., & R. Jaenish. 1992. Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. Cell. 69: 915-926. 

9. Tsumura, A. & T. Hayakawa, Y. Kumaki, at all. 2006. Maintenance of self-renewal ability of mouse embryonic stem cells in the absence of DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b. Genes to Cells. 11: 805-814. 

10. Bestor, T.H. 2003. Unanswered questions about the role of promotor methylation in carcinogenesi. Annals N.Y. Acad. Sci.983: 22-27.

11. Mazin, A. L. 1994. Enzymatic DNA methylation as a mechanism of aging. Molec. Biol. (Moscow). 28: 11-31. 

12. Mazin, A. L. 1993. Genome loses all 5-methylcytosine during lifespan. How is this related to accumulation of mutations with aging? Molec. Biol. (Moscow). 27: 96-104. 

13. Josse, J. & A. D. Kaiser, A. Kornberg. 1961. Enzymatic synthesis of deoxyribonucleic acid. YIII. Frequency of nearest neighbor base sequences in deoxyribonucleic acid. J. Biol. Chem. 236. 864-875.

14. Yang, A.S. & M. L. Gonzalgo, J. M. Zingg, at all. 1996. The rate of CpG mutations in ALU repetitive elements within the p53 tumor suppressor gene in the primate germ-line. J. Mol. Biol. 258: 240-250.

15. Mazin, A. L. 1994. Methylation of the factor IX gene is a main cause of mutations responsible for Hemophilia B. Molec. Biol. (Moscow). 29: 71-90.

16. Buryanov, Ya. I. & T. V. Shevchuk. 2005. DNA methyltransferases and structural-functional specificity of eukaryotic DNA modification. Biochem. (Moscow). 70: 730-742. 

17. Holliday, R. & J. E. Pugh. 1975. DNA modification mechanisms and the evolving role of DNA methylation in animals. Science. 187: 226-232.

18. Riggs, A. D. 1975. X inactivation, differentiation, and DNA methylation. Cytogenet. Cell Genet. 14: 9-25.

19. Shmookler Reis, R. J. & S. Goldstein. 1982. Variability of DNA methylation patterns during serial passages of human diploid fibroblasts. Proc. Natl. Acad. Sci. USA. 79: 3949-3953.

20. Yoder, J. A. & C. P. Walsh, T. H. Bestor. 1997. Cytosine methylation and the ecology of intragenomic parasites. Trends Genet. 13: 335-340.

21. Imamura, T. & A. Kerjean, T. Heams, at all. 2005. Dynamic CpG and non-CpG methylation of the Peg1/Mest gene in the mouse oocyte and preimplantated embryo. J. Biol. Chem. 280: 20171-20175.

22. Mazin, A. L. 1995. Life span prediction from the rate of age-related DNA demethylation in normal and cancer cell lines. Exper. Gerontol. 5: 475-484.

23. Oliver, M. & R. Eeles, M. Hollstein, at all. 2002. The IARC TP53 Mutation Database (R10, July 2005). Hum. Mutat. 19: 607-614. www.p53.iarc.fr/MutationValidation.asp.

24. Green, P. M. & F. Giannell, S. S. Sommer, at all. 2004. Haemophilia B Mutation Database (Version 13. 2004). www.kcl.ac.uk./ip/petergreen/haemBdatabase.himl

25. Lewis, P. D. & J. S. Harvey, E. M. Waters, J. M. Parry. 2006. MGMD.  The Mammalian Gene Mutation Database (Release 13, June 2006). http://lisntweb.swan.ac.uk/cmgt/index.ntm.

26. Skandalis, A & B. N. Ford, B. W. Glickman. 1994. Strand bias in mutation involving 5-methylcytosine deamination in the human hprt gene. Mutat. Res. 314: 21-26.

27. Tornaletti, S. & G. P. Pfeifer. 1995. Complete and tissue-independent methylation of CpG sites in the p53 gene: implications for mutations in human cancers. Oncogene. 10: 1493-1499.

28. Jeltsch, A. 2006. Molecular enzymology of Mammalian DNA methyltransferases. CTMI. 301: 203-225.

29. Ehrlich, M. & K. F. Norris, R. Y. Wang, at all. 1986. DNA cytosine methylation and heat-induced deamination. Biosci Rep. 6: 387-393. 

30. Bandaru, B. & J. Gopal., A.S. Bhagwat. 1996. Overproduction of DNA cytosine methyltransferases causes methylation and C>T mutations at non-canonical sites. J. Biol. Chem. 13: 7851-7859.

31. Morgan, H. D. & W. Dean, H. A. Coker, at all. 2004. Activation-induced cytosine deaminase deaminates 5-methylcytosine in DNA and is expressed in pluripotent tissues. J. Biol. Chem. 279: 52353-52360.

32. Wu, P. & C. Qui, A. Sohail, at all. 2003. Mismatch repair in methylated DNA. J. Biol. Chem. 278: 5285-5291.

33. Jost, J-P. & E. J. Oakeley, B. Zhu, at all. 2001. 5-methylcytosine DNA glycosylase participates in the genome-wide loss of DNA methylation occurring during mouse myoblast differentiation. Nucl. Acids Res. 29: 4452-4461.

34. Morales-Ruiz, T. & A. P. Ortega-Galisteo, M. I. Ponferrada-Marin, at all. 2006. Demeter and repressor of silencing 1 encode 5-methylcytosine DNA glycosylase. Proc. Natl. Acad. Sci. USA. 103: 6853-6858.

35. James, S. J. & I. P. Pogribny, M. Pogribna, at all. 2003. Mechanism of DNA damage, DNA hypomethylation, and tumor progression in the folate/methyl-deficient rat model of hepatocarcinogenesis. J. Nutr. 133: 3740S-3747S.

36. Mazin, A. L. 1993. Replicative DNA methylation as generator of mutations. Molec Biol. (Moscow). 27: 956-979.

37. Vanyushin, B. F. 1984. Replicative DNA methylation in animals and higher plants. Curr. Top. Microbiol. Immunol. 108: 99-114.

38. Li, Y-Q. & P-Z. Zhou, Z-D. Zheng, at all. 2007. Association of Dnmt3a and thymine DNA glycosylase links DNA methylation with base-excision repair. Nucl. Acids Res. 25: 390-400.

39. Mortusewitcz, O. & . Schermelleh, J. Walter, at all. 2005. Recruitment of DNA methyltransferases 1 to DNA repair sites. Proc. Natl. Acad. Sci. USA. 102: 8905-8909.

40.  Shermelleh, L. & A. Haemmer, F. Spada, at all. 2007. Dynamics of Dnmt1 interaction with the replication machinery and its role in postreplicative maintenance of DNA methylation. Nucl. Acids Res. doi: 10. 1093/nar/gkm432.

41. Geiman, T. M. & U. T Sankpal, A. K. Robertson, at all. 2004. Isolation and characterization of a novel DNA methyltransferase complex linking DNMT3b with components of the mitotic chromosome condensation machinery. Nucl. Acids Res. 32: 2716-2729. 

42. Shen, J. C. & W. M. III Rideout, P. A. Jones. 1992. High frequency mutagenesis by a DNA methyltransferase. Cell. 71: 1073-1080.

43. Rusmintratip, V. & L. C. Sowers. 2000. An unexpectedly high excision capacity for mispaired 5-hydroxymethyluracil in human cell extracts. Proc. Natl. Acad USA. 97: 14183-14187.

44. Blount, B. C. & M. M. Mack, C. M. Wehr, at all. 1997. Folate deficiency causes uracil masincorporation into human DNA and chromosome breakage: Implications for cancer and neuronal damage. Proc. Natl. Acad Sci. USA. 94: 3290-9295.  

45. Kress, C. & H. Thomassin, T. Grange. 2006. Active cytosine demethylation triggered by a nuclear receptor involves DNA strand breaks. Proc. Natl. Acad. USA. 103: 11112-11117.

46. Kingma, P.S. & N. Osheroff. 1997. Apurinic sites are position-specific topoisomerase II poisons. J. Biol. Chem. 272: 1148-1155.

47. Mazin, A.L. & O. A. Gimatudinov,  C. I. Turkin, at all. 1985. Non-enzymatic DNA methylation by S-adenosylmethyonine results to formation of minor thymine and 5-methylcytosine residues from cytosine. Molec Biol. (Moscow). 19: 903-914. 

48. Zhang, X. & C. K. Mathews. 1994. Effect of DNA cytosine methylation upon deamination-induced mutagenesis in a natural target sequence. J. Biol. Chem.269-7066-7072.

49. Shen, J-C. & W. M. Rideout III, P. A. Jones. 1994. The rate of hydrolytic deamination of 5-methylcytosine in double-stranded DNA. Nucl. Acids Res. 22:972-976. 

50. Macintyre, G & C. V. Atwood, C. G. Cupples. 2001. Lowering S-adenosylmethyonine levels in Escherichia coly modulates C>T transition mutations. J. Bacteriol. 183: 921-927.

51. Bandaru, B. & M. Wyszynski, A. S. Bhagwat. 1995. HpaII methyltransferase is mutagenic in Escherichia coly. J. Bacteriol. 177: 2950-2952. 

52. Shen, J-C. & J. M. Zingg, A. S. Yang, at all. 1995. A mutant HpaII methyltransferase functions as a mutator enzyme. Nucl. Acids Res. 23: 4275-4282.

53. Zingg, J-M. & J-C. Shen, A. S. Yang, at all. 1996. Methylation inhibitors can increase the rate of cytosine deamination by (cytosine-5)-DNA methyltransferase. Nucl. Acids Res. 24: 3267-3275. 

54. Sharath, A. N. & E. Weihold, A. S. Bhagwat. 2000. Reviving a dead enzyme: cytosine deaminations promoted by an inactive DNA methyltransferase and an S-adenosylmethionine analogue. Biochem. 28: 14611-14616.

55. de Oliveria, R. C. & D. T. Ribeiro,  R. G. Nigro, at all. 1992. Singlet oxigen induced mutation spectrum in mammalian cells. Nucl. Acids Res. 20: 4319-4323.

56. Zhang, Q. & Y. Wang. 2005. Generation of 5-(2’-deoxycytidyl)methyl radical and the formation of intrastrand cross-link lesions in oligodeoxyribonucleotides. Nucl. Acids Res. 33: 1593-1603.

57. Denisenco, M. F. & J. X. Chen, M. Tang, G. P. Pfeifer. 1997. Cytosine methylation determines hot spots of DNA damage in the human P53 gene. Proc. Natl. Acad. Sci. USA. 94: 3893-3898.

58. Mazin, A. L. & B. F. Vanyushin. 1987. CpG-suppression in DNA. I. Methylated and non-methylated genome compartments in eukaryotes with  different content of 5-methylcytosine in DNA. Molec. Biol. (Moscow). 21: 543-551.

59. Mazin, A. L. & B. F. Vanyushin. 1988. CpG-suppression in DNA. V. The fingerprints of “relict” methylation in Drosophila genome. Molec. Biol. (Moscow). 22: 1399-1404.

60. Mazin, A. L. & L. M. Muchovatova,  N. G. Shuppe, B. F. Vanyushin. 1984. The absence of 5-methylcytosine in DNA of Drosophila melanogaster and D. virilis. Dokl. Acad. Sci. USSR. 276:760-762.

61. Lyko, F. & B. H. Ramsahoye, R. Jaenisch. 2000. DNA methylation in Drosophila melanogaster. Natute. 408: 538-540.

62. Gutierres, A. & R. J. Sommer. 2004. Evolution of dnmt-2 and mbd-2-like genes in the free-living nematodes Pristionchus pacificus, Caenorhabditis elegans, and Caenorhabditis brggsae. Nucl. Acid Res. 32: 6388-6396.

63. Mazin, A.L. & B. F. Vanyushin. 1987. CpG-suppression in DNA. II. Methylated and non-methylated genes in vertebrates. Molec. Biol. (Moscow). 21: 552-562.

64. Tanay, A. & A. O’Donnell, M. Damelin, T. H. Bestor. 2007. Hyperconserved CpG domains underlie Polcomb-binding sites. Proc. Natl. Acad. Sci. USA. 104: 5521-5526.

65. Yang, A.S. & M. L. Gonzaldo, J.M. Zingg, at all. 1996. The rate of CpG mutation in Alu repetitive elements within the p53 tumor suppressor gene in the primate germ-line.  J. Mol. Biol. 258: 240-250.

66. Aoki, A. & I. Suetake, J. Miyagawa, at all. 2001. Enzymatic properties of de novo-type DNA (cytosine-5) methyltransferases. Nucl. Acids. Res. 29: 3506-3512.

67. Ramsahoye, b. h. & D. Biniszkiewicz, F. Lyko, at all. 2000. Non-CpG methylation is prevalent in embryonic stem cells and may be mediated by DNA methyltransferase 3a. Proc. Natl. Acad. Sci. USA. 97: 5237-5242.

68.  Araujo, F. D. & J. D. Knox, M. Szyf, at all. 1998. Concurrent replication and methylation at mammalian origins of replication. Mol. Cell Biol. 18: 3475-3482.

69. Kress, C, & H. Thomassin, T. Grande. 2001. Local DNA demethylation in vertebrates: how could it be performed and targeted? FEBS. 494: 135-140.

70. Vilkaitis, G. & I. Suetake, S. Klimasauskas, S. Tajima. 2005. Processive methylation of hemimethylated CpG sites by mouse Dnmt1 DNA methyltransferase. J. Biol. Chem. 280: 64-72.

71. Burden, A. F. & N. C. Manley, A. D. Clark, at all. 2005. Hemimethylation and non-CpG methylation levels in a promoter region of human LINE-1 (L1) repeated elements. J. Biol. Chem. 280: 14413-14419. 

72. Berdishev, G. D. & G. K. Korotaev, G. V. Boyarskikh, B. F. Vanyushin. 1967. Age and tissues specificity of 5-methylcytosine content in DNA of spawning Salmon. Biochem. (Moscow). 32: 988-993. 

73. Curry J. & L. Karnaokhova, C. Gabriel, at all. 1999. Influence of sex, smokink and age on human hprt mutation frequencies and spectra. Genetics. 152: 1065-1077.

74. Kirnos, M. D. & S. A. Volkova, N. I. Ganicheva, at all. 1983. Mitochondrial nature of newly synthesized DNA in aging coleoptiles of ethiolated wheat shoots. Biochem. (Moscow). 48: 1587-1596.

75. Veres, D. A. & L. Wilkins, D. W. Coble, S. B. Lyon. 1989. DNA methylation and differetiation of human keratinocytes. J. Invest. Dermatol 93: 687-690.

76. Orgel L. E. 1970. The maintenance of the accuracy of protein synthesis and its relevance to ageing. Proc. Natl. acad. Sci. USA. 67: 1476-1480.

77. Monk, M. & M. Grant M. 1990. Preferential X-chromosome inactivation, DNA methylation and imprinting. Develop., Suppl., 55-62.

78. Hayflick L. 1977. The cellular bases for biological aging. In: Hand-book of Biology and Aging, ed. L. Hayflick and C. E. Finch, New York: Van Nosland Reinhold, 159-186.  

79. Zhang, S. & B. W. Glickman,  J. G. Boer. 1995. Spontaneous mutation of the lacI transgene in rodent: Absence of species, strands, and insertion-site influence. Environ. Mol. Mutagen. 37: 141-146.

80. O’Neill, J. P. & B. A. Finette. 1998. Transition mutations at CpG dinucleotides are the most frequent in vivo spontaneous single-base substitution mutation in the human HPRT gene. Envir. Molec. Mutagen. 32: 188-191.

81. Oakes, C. C. & D. J. Smiraglia, C. Plass, at all. 2003. Aging results in hypermethylation of ribosomal DNA in sperm and liver of male rats. Proc. Natl. acad. Sci. USA 100: 1775-1780.

82. Diamond J. M. 1987. Causes of death before birth. Nature. 329: 487-488.

83. Shane, B. S. & J. G. deBoer, B. W. Glickman, M L. Cunningham. 1999. Opazepam is mutagenic in vivo in Big Blue transgene mice. Carcinogen. 20: 1315-1321.

84. Cezar, G. G. & M. S. Bartolomei, E. J. Forberg, at all. 2003. Genome-wide epigenetic alterations in cloned bovine fetuses. Biol. Reproduc. 68: 1009-1014.

85. Dolle, M. E. T. & J. Vijg. 2002. Genome dynamics in aging mice. Genone Res. 11: 1732-1738.

86. Sharpless, N. E. & R. A. DePinho. 2004. Telomeres, stem cells, senescence, and cancer. J. Clin. invest. 113: 160-168.  

87. Selker, E. U. & N. A. Tountas, S. H. Cross, at all. 2003. The methylated component of the Neurospora crassa genome. Nature. 422: 893-897.

88. Dodge, J. E. & M. Okano, F. Dick, at all. 2005. Inactivation of Dnmt3b in mouse embryonic fibroblasts results in DNA hypomethylation, chromosomal instability, and spontaneous immortalization. J. Biol. Chem. 280: 17986-17991.

89. Vanyushin, B. F. & A. L. Mazin, V. K. Vasilyen, A. N. Belozersky. 1973. The content of 5-methylcytosine in animal DNA: the species and tissues specificity. Biochem. Biophys. Acta. 299: 397-403.

90. Mazin, A. L. 1981. Correlation between G+C and 5-methylcytosine contents in Amphibians with various genome sizes. Unpublished data.

91. Mazin, A. L. & G. E. Sulimova. 1973. Correlation between 5-methylcytosine and G+C content in plant DNA. Dokl. Acad. Sci. USSR. 211: 985-988.

92. Rollins, R. A. & F. Haghighi, J. R. Edwards, at all. 2006. Large-scale structure of genomic methylation patterns. Genome Res. 16: 157-163.

93. Kovalchuk, I. & O. Kovalchuk, B. Hohh. 2000. Genome-wide variation of the somatic mutation frequency in transgenic plants. The EMBO J. 19: 4431-4438. 

94. Schmitt, F. & E. J. Oakeley, J-P. Jost. 1997. Antibiotics induce genome-wide hypermethylation in cultured Nicotiana tabacum plants. J. Biol. Chem. 272: 1534-1540.

95. Nishiyama, R. & L. Qi, M. Lacey, M. Ehrlich. 2005. Both hypomethylation and hypermethylation in a 0.2-kb region of a DNA repeat in cancer. Mol. Cancer Res. 3: 617-626. 

96. Rai, K. & S. Chidester, C. V. Zavala, at all. 2007. Dnmt1 functions in the cytoplasm to promote liver, brain, and retina development in zebrafish. Genes. Develop. 21: 261-266.

Figures and Tables

 

 [image: image3.jpg]CNG CNG

A<G,%

CG
175

CG
196

CG
213

CG
245

CG
248

273

CNG
278

CG

2821 284| 306

codone number

C>T,%

=
[os) N
|

CG CG

CG
-4

CG

291

CG
60

CG
145

CG
180

CG
233

CG
248

CG
252

CG

296 338 333

codone number

CG

CNG

A<G,%
L]

.
»

CG
65

CG

110t 1141

127

143 149

cytosine number

C>T,%
N
o]
|
1

CNG

CNG C CNG

CNG
1321

142

151

195

454 508 551

cytosine number








Figure 1. Percents of C>T and G>A spontaneous mutations at CG and CNG hotspots of all these mutations found in human genes. A - p53 gene, n=6,286 [23]; B – FIX gene, n=1,125 [24]; C – SupF transgene, n=236 [25]; D – hprt gene, n=293 [25]. ]. n- number of mutations studied.
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Figure 2. Percents of C>T and G>A spontaneous mutations at CG and CNG hotspots of all these mutations found in genes. A – p53 gene [23]; B – FIX gene [24]; C – SupF transgene [25]; D – hprt gene [25]. n- number of mutations studied.


Figure 2. (continue)
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Table 1. Percents of mutations of various types emerged at CG and CNG sites in genes. BS - single base substitutions. Spnt – spontaneous mutations. Indc – averaged data for mutations induced by various mutagenes. n – number of mutations analyzed. Mutation Databases were used for p53 [23], FIX –[24], hprt, SupF, gpt, lacI, and cII – [25].  
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Table 2. Number of CG and CNG sites (n), mutation frequency (MF, mutation/nucleotide), CpG-suppression, and loss of CG sites from human p53, FIX, and hprt  genes during evolution.
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Table 3. Percents of spontaneous and mutagen-induced deletions and insertions occurred at CG and CNG sites and their 5`,3`-flanking N1 and N2 nucleotides (5`-N2N1C(N)GN1N2-3`) in hprt and SupF genes. 
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