
antitumor effect (13). Infection of the tumor 
vasculature with retroviral vectors that ex- 
press immunologic activators could provoke 
a local response, which might enhance tu- 
mor rejection. 
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5-Methylcytosine as an Endogenous Mutagen in the 
Human LDL Receptor and p53 Genes 

Direct genomic sequencing revealed that cytosine residues known to have undergone a 
germ-line mutation in the low density lipoprotein receptor gene or somatic mutations 
in the p53 tumor suppressor gene were methylated in all normal human tissues 
analyzed. Thus, these mutations should be scored as transitions from 5-methylcytosine 
to thymine rather than from cytosine to thymine. Methylated cytosines occur exclu- 
sively at CpG dinucleotides, which, although markedly underrepresented in human 
DNA, are sites for more than 30 percent of all known disease-related point mutations. 
Thus, 5-methylcytosine functions as an endogenous mutagen and carcinogen in 
humans, in that methylation seems to increase the potential for mutation at cytosine 
residues at least by a factor of 10. 

L ESS THAN 1% OF THE BASES OF 

human DNA are 5-methylcytosine. 
Methyl groups that occur on both C 

residues in the double-stranded palindrome 
CpG account for more than 90% of the 
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methylated C residues (I) .  Although the 
CpG sequence is underrepresented by a 
factor of five in the vertebrate genome ( 2 ) ,  it 
is the site of a disproportionately high num- 
ber of human germ-line point mutations. 
Estimates suggest that 35% of point muta- 
tions causing human genetic disorders have 
occurred at CpG dinucleotides (CpGs), and 
over 90% of these were transitions from C 
to T or corresponding G-to-A transitions 
(3). CpGs may also be overrepresented 

among sites of somatic mutation in tumor 
suppressor genes, such as the p53 or retino- 
blastoma genes, in which about 40% of 
reported point mutations are localized to 
CpGs (4, 5) .  

Methylation of CpGs in normal tissues 
might increase the probability of mutations 
at such sites because of the ability of 5- 
methylcytosine to undergo deamination, re- 
sulting in a thymine (6).  Because of the 
inverse relation between the presence of 5- 
methylcytosine and gene expression (7) ,  ac- 
tive genes might be expected to be unmeth- 
ylated. Despite this inverse relation often 
observed between methylation and gene 
expression, many genes (such as HPRT and 
PGK) are expressed with methylation in 
their coding sequences (8). We therefore 
used ligation-mediated polymerase chain re- 
action (PCR) genomic sequencing (9) to 
analyze directly CpGs that have undergone 
either a germ-line mutation in the low densi- 
ty lipoprotein (LDL) receptor or somatic 
mutations in the p53 tumor suppressor 
genes (Fig. 1) .  These CpGs were all methyl- 
ated in several human tissues obtained from 
five indwiduals. 

We first obtained an overall indication of 
the methylation status of the LDL receptor 
and p53 genes by digesting DNA obtained 
from sperm or white blood cells (WBC) 
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Fig. 1. Schematic repre- A 
sentation of the cDNA 
sequences (nucleotide 800 1000 1 200 1400 1600 1800 2000 2200 
numbers as indicated) of 
(A) LDL receptor and ndp ' 

GPC ( 6 )  p53. Only a portion c p ~  ; ;; : ; ; ;; w, ; ; ; :: : ; ; ; : :: :;; ; : : ; w;  : : : : : ; : ;: Ctl 
of the LDL receptor 
cDNA is shown (exon 9 II 

5' CCCCMCCTGAGGAACGTGGTCGCTCTG 3' 
spans nucleotides 1295 
to 1466). The p53 cod- 407 408409410 

ing sequence spans nu- B 
cleotides 215 to 1396. 200 400 600 800 1000 1 ZOO 1400 1600 
Msp I recognition se- 
quences (CCGG), GpC, ndp ' a, 
and CpG dinucleotides $ ; ; ; ; : ' ; : 
are indicated. CpGs 
(compared to GpCs) are 
relatively less frequent in 
both sequences. The re- 3' ~TCCAACACTCCGCCACCGGGGTGCTACTC~GACGAGTCTA~CGCTA,S 

gions used for sequenc- 170 175 181 
ing (see Fig. 3) are giv- 5' G G A C ~ A A C A G C ~ G A G G T G ~ G ~ G T G C C T G T C C T G G G A G A G A C ~ G G ~ G C ,  3' 
en, and the codons con- 267 273 282 283 
taining the relevant 
CpGs are indicated. In the region of p53 that contains codons 170 to 186, 
the sequence of the noncoding strand is given. 

0 ; E 

a 
" Z  

with either the methylation-insensitive en- broblasts (13). The CpG that spans codons V) 3 
zyme Msp I (recognition sequence, CCGG) 407 and 408 is mutated from G to A in one A H B i 
or the methylation-sensitive isoschizomer of the founder defective genes resulting in 
Hpa 11. White blood cell DNA cut with familial hypercholesterolemia in South Afri- 13.5- 
Msp I and probed with an exon-9 fragment can Afrikaners (14), changing Val to Met at 10.0- 

8 r 
4 

of the LDL receptor cDNA showed no large amino acid 408. The occurrence of the 5- 
fragments (Fig. 2A); the low molecular methylcytosine on the complementary 
weight fragments generated by Msp I diges- strand in this position in human sperm is 
tion were not visible on the blot. Hpa I1 therefore consistent with the hypothesis that 

I 

digestion of DNA from either WBC or methylation has contributed to the chance 
sperm resulted in only a high molecular for mutation at this site. 
weight band (- 13.5 kb), indicating that The CpG dinucleotides in the p53 gene at 
these CCGG sites were extensively methylat- codons 170, 175, 18 1, and the one span- 
ed. Since the LDL receptor gene is ex- ning codons 185 and 186 are all methylated 0.84 - - 
pressed in lymphocytes (lo), methylation in in the germ line and in somatic tissues of all 0.64 - - 
this region does not apparently silence gene tested individuals (Fig. 3B) (13). The CGC 0.49 - 
expression. Similarly, comparison of Msp I (Arg) of codon 175 was recently reported to 0.37- 

and Hpa I1 digests of WBC and sperm DNA be mutated in four independent tumors 
probed with the p53 cDNA indicated meth- (three colon tumors and one brain tumor); 
ylation at the five restriction sites (Fig. 2B) in all four cases, a change from CGC to 

(11). CAC resulted in a change from Arg to His , 
! 

Because many C to T transitional muta- (4). This corresponded to a transition from 
tion hot spots are not part of Msp I recogni- 5-methylcytosine to T in the noncoding 
don sites, ligation-mediated PCR genomic strand. We also assessed the methylation :$ ~ B ~ ~ ~ : ' " ~ , " , ~ $ ~ ~ O f ~ ~ ~ ~ ~ L f f ~ ~ ~ ~  
sequencing (9) was used to focus on the status of the CpG dinucleotide in codon indicated sources was cut with Msp I (M) or Hpa 
CpG sites of interest. Methylation patterns 273, which similarly has undergone point 11 (H); digests were separated by electrophoresis, 
in genomic DNA are readily detectable in mutations in three independent tumors (a Southern (DNA) blotted, hybridized either to a 
this sequencing procedure because 5-meth- brain tumor, a breast tumor, and a colon 264-nucleotide Pst I fragment of LDL 

cDNA containing exon 9 or to hll-length p53 
ylcytosine does not react with hydrazine and tumor), in two cases from CGT to CAT cDNA as described previously, and autoradio- 
does not appear in the cytosine ladder of the resulting in Arg to His, and in another case graphed (20). WBC, white blood cells. F~~~~~~ 
sequencing gel (12). An unmethylated from CGT to TGT resulting in Arg to Cys s k s  are indicated (kilobases). 
cloned plasmid harboring the appropriate (4). The CpGs in codon 273 and flanking 
cDNA was analyzed in parallel. The CpG codons (267,282, and 283) were methylat- 
that contributes to codons 407 and 408 and ed in all tissues tested (Fig. 3C). Because In the LDL receptor and p53 genes, the 
the one contributing to codons 409 and 410 p53 is considered to be a housekeeping gene CpG sites analyzed, some of which are 
in the LDL receptor gene are both methylat- and is presumably expressed in these tissues, known to be involved in human mutations, 
ed in genomic DNA from WBC, sperm, and the results also showed that methylation of were methylated in normal tissues and 
muscle but are unmethylated in plasmid these sites was not involved in gene suppres- showed no correlation between gene expres- 
DNA (Fig. 3A). Similar results were ob- sion. Extensive methylation of such an ac- sion and methylation. Cytosine methylation, 
tained from DNA extracted from blood and tively expressed gene might predispose it to thought to contribute to prokaryotic muta- 
sperm of two other unrelated individuals, deamination-driven mutations that could al- tions (15) and the extensive CG to TA 
and DNA extracted from cultured skin fi- ter the function of the gene product. transitions in Neurospora crassa (16), may also 
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be a major cause of human somatic mum- Clearly, this is not the only mechanism of transition from G to A) only. Although 
other explanations might exist fbr this bias, 
we suggest that methylation of the C in the 
dinudeotide palindrome is the main, if not 
only, reason. Our observations suggest that 
5-methylcytosine acts as an endogenous mu- 
tagen and that a high percentage of muta- 
tions in human tumor suppressor genes may 
be induced by deamination of methylated 
cytosines to form thymines. 

tions. A disproportionately high percentage 
of restriction enzyme polymorphisms in the 
human genome occurs in enzyme recogni- 

mutagenesis in the p53 gene (4), but it 
might be the most firquent single cause of 
point mutations. All the point mutations 
that o<rumd indepcndendy more than once 
were these transitions. Furthermore, C to T 
(or G to A) transition mutations at CpG 
sites have occurred in three of the eight 
point mutations described in the retinoblas- 
toma tumor suppressor gene (5), as well as 
in the one point mutation recently identified 

tion sequences containing C@ (1 7). ~e -m-  
line mutations, possibly as a result of meth- 
ylation, may be common at these sites as 
well. Thus, methylated cytosine may be 
wmmonly presenttat CpGs outside of CpG 
islands (18) and may be prone to mutation. 

A role for cymsine methylation in germ- 
line mutationi that cause disease hasbeen 
proposed (3), but the contribution of 5- 
methylcytosine to somatic mutation result- 

in a candidate tumor suppressor b e  (DCC 
gene) on chromosome 18q involved in colo- 
rectal cancers (19). Deamination-induced REFERENCES AND NOTES 
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Fig. 3. Genomic sequence data for DNA isolated from the indicated sounxs. Arrows indicate 
mcthylated cytosine gaps in the C sequence ladders, and the c o r m p o n ~  unmethylved cytosine 
bands in the laddas from the doned genes. (A) LDL receptor, (B) p53 codon 175 region, and (C) p53 
d o n  273 region. Base-speafic chemical davage of DNA was followed by ligation-mediated K R  
The sequence ladders were visualized by autoradiognphy of sequence gels afnr end-labcling with "P 
and primer artension (9). For each site adyzed, a set of thee oligonucleotides was used. For the LDL 
receptor (21) and p53 codon 273 regions (22), the coding strands were sequenced; for the p53 codon 
175 region, the noncoding strand was sequenced (23). Rekvant codons ace indicated with square 
bradun. WBC, white blood cells, Uro, nonnal d e l i u m ;  pLDLRs, plasmid; pcD53, plasmid. 
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