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Abstract 
Promoter silencing by ectopic de novo methylation of tumor suppressor genes has been proposed 
as comparable or equivalent to inactivating mutations as a factor in carcinogenesis. However, this 
hypotheses had not previously been tested by high resolution, high-coverage whole-genome me-
thylation profiling in primary carcinomas. We have determined the genomic methylation status of 
a series of primary mammary carcinomas and matched control tissues by examination of more 
than 2.7 billion CpG dinucleotides. Most of the tumors showed variable losses of DNA methylation 
from all sequence compartments, but increases in promoter methylation were infrequent, very small 
in extent, and were observed largely at CpG-poor promoters. De novo methylation at the promoters of 
proto-oncogenes and tumor suppressor genes occurred at approximately the same frequency. The 
findings indicate that tumor suppressor silencing by de novo methylation is much less common 
than currently believed. We put forward a hypothesis under which the demethylation commonly 
observed in carcinomas is a manifestation of a defensive system that kills incipient cancer cells. 
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1. Introduction 
It has long been known that genome demethylation is often an early step in multistage carcinogenesis [1], al-
though the biological cause of this demethylation remains obscure and the role of demethylation in carcinogene-
sis is unknown. It has also been held that general demethylation is accompanied by focal de novo methylation 
targeted to CpG islands, and that de novo methylation of tumor suppressor CpG islands silences transcription of 
the gene in a manner that is functionally equivalent to an inactivating mutation [2]; this model will be referred to 
as the epimutation hypothesis. 

There have been studies that called into question the importance of epimutation methylation in carcinogenesis. 
Smiraglia et al. [3] found that rates of de novo promoter region methylation could be several hundred-fold more 
common in tumor cells lines than in primary cancers. Close inspection of the literature in primary carcinomas 
yielded essentially no convincing examples of tumor suppressor methylation; in the large majority of cases, the 
reported de novo methylation occurs outside of promoter regions, and the proximal promoter is frequently not 
tested. This point is important because most sequences outside of proximal promoters are usually methylated to 
varying extents [4] [5] and this methylation has not been shown to affect expression. In addition, most studies that 
employ bisulfite sequencing and other PCR-based methods to map DNA methylation do not control the docu-
mented bias of these method in favor of methylated sequences [6]. 

Here we use Methyl-MAPS (methylation mapping by paired-end sequencing [4] [5]) to compare the genomic 
methylation patterns of a series of primary mammary carcinomas with normal breast tissues from the same sub-
jects. Methyl-MAPS does not involve preselected primers or probes and yields high coverage, single-CpG reso-
lution methylation profiles across the entire genome. The results confirm the reported variable loss of DNA me-
thylation from all sequence compartments in carcinomas, but whole genome methylation profiling in primary 
mammary carcinoma indicates that the frequency of aberrant promoter methylation in this cancer is much lower 
than previously reported and may not play a major role in carcinogenesis. We suggest that the genome-wide 
demethylation that commonly occurs in mammary carcinoma may be a manifestation of a methylation-based an-
ti-cancer defensive system, and that the silencing of tumor suppressor genes in carcinomas involves pathways 
other than de novo promoter methylation. 

2. Results 
DNA was prepared from mammary ductal carcinomas that were judged by the study pathologist (H. H.) to con-
tain >80% cancer cells Table S1. Methyl-MAPS was performed as described [4] [5]; more than 319 million 
paired-end reads were obtained, and these determined the methylation status of >2.7 billion CpG sites Table S2. 
The methylation status of the CDH1 and RB1 genes, two of the most commonly mutated genes in mammary 
carcinoma [7] is shown in Figure 1(a) and illustrates the type of primary data obtained with this approach. As is 
typical of genes whose promoters overlap a CpG island, the 5’ end of the gene is unmethylated, and methylation at 
other sequences in and around these genes is partial and variable [4] [5]. 

Genome-wide Methyl-MAPS data was compiled over multiple sequence categories and the methylation status 
of the tumor genomes was compared to that of DNA from normal adjacent breast tissues for tumors 30T, 31T, 
and 32T; only tumor DNA was analyzed from tumor 34T. Mean genome-wide fold coverage ranged from 4.9 to 
60.1 Table S2. The results are shown in graphical format in Figure 1(b). The first column compares the methy-
lation status of the two normal breast genomes where very strong concordance between the two samples is evi-
dent. The second through fourth columns compare the methylation status of tumor 30T to normal breast tissue 
30N, tumor 31T to 31N and tumor 32T to 32N. Genome-wide demethylation was found to occur in all three tu-
mors. 

The available genome assemblies largely lack long tandem repeats, whose methylation status has been re-
ported to be altered in mammary carcinoma [8]-[10]. The methylation status of these sequences was addressed 
by DNA blot hybridization after cleavage by methylation-sensitive restriction endonucleases or by the methyla-
tion-dependent McrBC complex. Of 41 primary breast cancers analyzed, 18 showed evidence of demethylation 
at Satellite 2, Satellite 3 and promoter regions of LINE-1 retrotransposon sequences as measured by increased 
resistance to McrBC cleavage, as did 7 of 10 breast cancer cell lines (Figure 2). Demethylation of alpha satellite 
DNA was not detected in primary breast tumors; this provided a control for completeness of digestion. The fre-
quency of gross global demethylation observed in this sample was consistent with that of earlier studies [8]-[11].  
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(a)                                                      (b) 

Figure 1. (a) Methyl-MAPS analysis of CDH1 and RB1 genes. Along the top of the figure, tick marks indicate locations of 
individual CpG sites (black), RE (red) and McrBC (blue) recognition sequences. Below the gene diagram, coverage of 
McrBC (blue bars) and RE (red bars) at cleavable sites is indicated as an overlayed histogram. The vertical scale indicates 
fold coverage over the range of 0 to 50×. The promoter-associated CpG island (green) for each gene can be seen to be 
unmethylated in all samples. (b) Global genome demethylation in mammary carcinoma. For each sample pair, the methy-
lation levels of each CpG dinucleotide in control and cancer genomes was compared. The densities of the resulting scatter 
plots are shown as heat maps. Demethylation in a tumor relative to the normal is below and to the right the diagonal, while 
hypermethylation in a tumor relative to the normal is above and to the left of the diagonal. The number of CpGs analyzed in 
each sequence category is shown. Methylation patterns are largely conserved between the two normal tissues (30N and 31N) 
while 30T and 32T are partially demethylated and tumor 31T shows sweeping demethylation.                        

 
Demethylation was not associated with clinical and pathological factors including tumor size, stage, grade, hor-
mone receptor status, or lymph node positivity, which is also consistent with earlier studies [12]. 

A metagene analysis of all RefSeq genes was conducted on the Methyl-MAPS data; the result is shown in 
Figure 3(a). As expected from the data in Figure 1, tumor 31T was found to be demethylated at promoters, in-
trons, and exons relative to tumor 30T, but tumor 30T showed increased methylation density specifically in a 
region from −300 bp to +300 bp centered on the transcriptional start site (TSS); this was also true of tumor 32T 
(data not shown). In order to determine whether the increased methylation density in tumor 30T and 32T was 
due to large increases of methylation at a small number of promoters (as predicted by the epimutation model) or 
was due to small increases at large numbers of promoters, we analyzed the distribution of methylation changes 
found in promoters (Figure 3(b)). Two findings emerged from this analysis: First, few promoters showed in-
creased methylation to >10% above control, and second, virtually all of the increased DNA methylation was in 
low-CpG promoters (<13 CpG sites) (Figure 3(b), right panel). The methylation increase did not exceed 1.6 
methylated sites per promoter. No densely methylated CpG island promoter at any gene was detected in the 
cancer genomes. 

The tumor suppressor genes (TSGs) that are most often mutated in mammary carcinoma  
(www.sanger.ac.uk/resources/databases/cosmic.html) were inspected for evidence of de novo promoter methyl- 

http://www.sanger.ac.uk/resources/databases/cosmic.html
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(a) 

 
(b) 

Figure 2. Genome demethylation in mammary carcinoma tumors and cell lines. (a) Re-
sistance to digestion by the methylation-dependent endonuclease complex McrBC (M) 
indicates demethylation, while resistance to digestion by the RE (R) cocktail of methyla-
tion-sensitive endonucleases indicates methylation. MCF7, 30T and 31T show wide-
spread hypomethylation in tandem (Satellite 2 and 3) and dispersed repeats (LINE), but 
show no change at heavily methylated alpha-satellites. (b) Digestion by McrBC for pri-
mary breast tumors and breast cancer cell lines shows genomic demethylation at tandem 
(Satellite 2 and 3) and dispersed repeats (LINE). The same blot was repeatedly stripped 
and reprobed for the indicated regions. Digestions of DNA isolated from normal brain 
tissue are used as a reference control.                                             

 
tion. The promoters were divided into CpG-poor and CpG-rich categories by the criteria described in [4] and 
analyzed separately. As shown in Figure 4, no tumor suppressor promoter examined showed evidence of in-
creased methylation at a level of statistical significance of p < 0.05. The most heavily methylated promoter was 
that of proto-oncogene PIK3CA. The excess methylation in this gene was found to result from 2 heavily methy-
lated reads among a total of 11 reads, 9 of which were unmethylated Figure S1. It is important to note that the 
extent of de novo methylation of proto-oncogenes (blue-green) was equivalent to that of tumor suppressors 
(black) (p = 0.933). 

As shown in Supplementary Table S2, tumors 32T and 34T were triple negative and did not express ER 
(ESR1), PR (PGR) or HER2/NEU (ERBB2). De novo methylation has been implicated in silencing of each of 
these genes [13] [14], but as shown in Figure S2, there was no increased methylation of any of the four promo-
ters of the ESR1 gene (three of which are very CpG-poor) or of the PGR or ERBB2 promoters. Thus the lack of 
expression of the ESR, PGR, and ERBB2 genes in the triple-negative tumors 32T and 34T cannot be attributed to 
increased methylation of their promoters. 
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(a) 

 
(b) 

Figure 3. (a) CpG density (green) and the fraction of CpGs methylated 
are plotted as functions of distance to the TSS and 5’ splice site of the 
first exon (left panel) and from the 3’ and 5’ splice of internal exons 
(right panel). P-values for the differential methylation between the two 
samples were computed using a two-sample Kolmogorov-Smirnov test. 
(b) The fraction of significantly differentially methylated CpGs between 
each sample pair is plotted for all, CpG-rich, and CpG-poor promoters 
in the region −500 to +1 bp of the TSS. The distribution of the number 
of CpGs in this region was bimodal; a dividing line at 13 CpGs opti-
mally separated the CpG-poor and -rich promoter classes [4]. Note that 
there was very little de novo methylation in the CpG-rich promoters that 
the greatest extent of de novo methylation in the CpG-poor promoters 
did not exceed ~1.6 methylated sites per promoter.                   

 
Methyl-MAPS data were inspected for methylation changes in the vicinity of promoters that are unmethylated 

in control breast DNA. In many cases tumors showed focal de novo methylation of parts of CpG island se-
quences, but in nearly all cases the proximal promoter was found to be unaffected; five examples are shown in 
Figure 5. Cancer-specific de novo methylation of CpG island shores with sparing of proximal promoters has 
been previously reported [15]. In many cases de novo methylation anywhere in the vicinity of the promoter is 
referred to as promoter or CpG island methylation even when there is no reported methylation at the proximal 
promoter. It has long been known that DNA methylation represses transcription through its effects on the pro-
moter and that methylation of other sequences has little or no effect [16] [17]. This is consistent with the finding 
that most sequences other than proximal promoters are usually methylated to greater or lesser extents in normal 
mammalian DNA [4]. 



A. H. O’Donnell et al. 
 

 
1316 

 
Figure 4. Histograms showing average methylation change between 32N and 32T for CpG-poor (left) 
and CpG-rich proximal promoters (right). Tumor suppressor genes (TSGs) are shown in black, proto- 
oncogenes in blue-green. The promoter region for each gene is defined as −500 to +1 bp of the TSS. The 
distribution of the number of CpGs in this region was bimodal; a dividing line at 13 CpGs optimally se-
parated the CpG-poor and CpG-rich promoter classes [5]. Only CpGs with coverage of at least 10 in both 
samples were included. Upper panel shows methylation change across all promoters, noting one and two 
standard deviations (SD) from the mean. Lower panel shows distribution for genes known to be mutated 
in breast cancer (BrCa). A two-sample Kolmogorov-Smirnov test between the CpG-rich BrCa and all 
promoters yielded a p-value of 0.933, which is consistent with what would be expected if the two samples 
came from the same distribution. The mammary carcinoma gene list was compiled from Sanger COSMIC’s 
Biomart (COSMIC53 database [7]), selecting for all genes scored for mutations in two or more tumors 
and with primary site “breast”. Arrowed genes are the 20 genes most commonly mutated in mammary 
carcinoma [7].                                                                           

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 



A. H. O’Donnell et al. 
 

 
1318 

 
(g) 

Figure 5. Examples of of cancer-specific methylation changes found in and around genes with sparing of 
proximal promoters. Methylation changes are sometimes upstream of the proximal promoter in CpG islands 
that are several kb upstream of the TSS (a) Or regions of low CpG density (b) Methylation changes found in 
CpG islands that overlap the TSS tend to occur away from the proximal promoter where methylation has 
been shown to affect gene silencing ((a), (c), (d), (e)). Coverage of McrBC (blue bars) and RE (red bars) at 
cleavable sites is indicated as an overlaid histogram. Tick marks both in tracks along the top of the figure 
indicate locations of individual RE and McrBC recognition sequences. (f) Cancer-specific methylation spe-
cifically in the CpG island of promoter 1 of RASSF1, with lack of methylation of promoters 2 and 3, which are 
the main sites of transcriptional initiation (Figure S2). (g) The individual sequences from the McrBC (blue) 
and RE (red) libraries for RASSF1 promoter 1. There are a greater number of unmethylated sequences at the 
TSS of promoter 1 than methylated sequences. It is unlikely that the observed methylation differences could 
silence RASSF1 expression, given that the major promoters are unmethylated.                           

 
The RASSF1 gene showed evidence of de novo methylation around a CpG island promoter in one of the three 

tumors examined, tumor 32T (Figure 5(f)) while a second alternative promoter was located in non-island se-
quence and a third was within a CpG island. The second and third promoters did not show evidence of differen-
tial methylation, and most transcripts from this locus originate at promoters two and three according to the re-
presentation of EST sequences (data not shown). Closer inspection of the methylated first promoter by examina-
tion of the individual sequence reads (Figure 5(g)) showed that while there was in fact methylation of sequences 
around the TSS of this promoter, the majority of sequences across this region were unmethylated. While this 
promoter would have been scored as methylated by most standard methods of methylation profiling, the pres-
ence of multiple unmethylated sequences at the TSS of the first promoter and the lack of differential methylation 
at the second and third promoters make it highly unlikely that the methylation at the first promoter could silence 
transcription of the RASSF1 gene. 

3. Discussion 
While it has long been held that tumor suppressor genes are inactivated by de novo methylation of their promo-
ters during carcinogenesis, the hypothesis has remained unchallenged and unconfirmed. No methylation bio-
marker of diagnostic effectiveness has yet resulted from this line of research, and the epimutation hypothesis has 
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not formed the basis of new clinical applications. The results of whole genome methylation profiling in primary 
mammary carcinoma shown here indicate that the frequency of aberrant promoter methylation in this cancer is 
much lower than previously reported. These findings are consistent with a recent report in which gene silencing 
in mammary carcinoma is associated with an overall loss of methylation from affected genes and a gain of his-
tone modifications usually associated with the transcriptionally inactive state [18]. 

Several factors could have led to an overestimation of the extent of promoter methylation in cancer. CpG isl-
ands have long been known to undergo de novo methylation during prolonged passage of cells in culture [18] 
[19], and tumor suppressor CpG islands have also been shown to be much more subject to de novo methylation 
in lines of cultured cells than in primary tumors [3]. Methodological factors also played a role. Bisulfite genomic 
sequencing is heavily biased in favor of methylated sequences [6], and methylated DNA immunoprecipitation 
(Me-DIP) is also biased in favor of methylated DNA because the anti-m5C antibody is biased against certain 
sequence compartments and cannot efficiently distinguish DNA fragments methylated at few versus many cyto-
sines [20]. Another factor is the assumption that inspection of one or a few CpG sites flanking a given promoter 
will accurately reflect the methylation status of that promoter. As shown here, methylation patterns are highly 
heterogeneous at most CpG dinucleotides except for those within CpG-rich proximal promoters, which are al-
most uniformly unmethylated. It has long been known that the repressive effects of CpG methylation are exerted 
only when proximal promoter sequences are methylated [16], and in fact most CpG dinucleotides outside of 
promoters are methylated to variable extents in normal tissue DNA [4]. Our high coverage, whole-genome me-
thylation profiles allowed the detailed examination of all known tumor suppressor genes; this analysis showed 
that tumors do not have an intrinsic propensity to methylate promoters. Furthermore, many genes have multiple 
transcriptional start sites, and a tumor suppressor gene can only be inferred to be silenced by de novo methyla-
tion if all of the start sites are both methylated in the entire cell population and all promoters are CpG-rich. None 
of the genes in our whole-genome analysis met either criterion. 

We did confirm that genome-wide demethylation is a common event in mammary carcinoma [1]. Demethyla-
tion is quantitatively the most prominent methylation abnormality found in cancer genomes, but the mechanism 
and possible biological function of demethylation is obscure. We speculate that cancer-specific genome deme-
thylation is a programmed response to a lack of growth control that kills incipient cancer cells through multiple 
effector pathways. First, genome demethylation induces apoptosis directly in non-stem cells. Embryonic stem 
cells that bear loss-of-function mutations in the Dnmt1 gene grow normally but die by apoptosis when induced 
to differentiate [21]. Demethylation to <~30% of wild type levels triggers apoptosis, and deletion of conditional 
alleles of DNMT1 in human HCT116 colorectal carcinoma cells triggers a mitotic catastrophe and apoptosis [22]. 
These data indicate that demethylation alone is sufficient to trigger apoptosis in non-ES cells. Some breast can-
cers (tumor 56T in Figure 2) and cell lines (Hs578T in Figure 2) have methylation levels reduced to be close to 
the point where apoptosis is induced. Second, the data presented here indicate that demethylation is likely to eli-
cit an anti-tumor immune response. The promoters of cancer-testis (CT) antigen genes are normally heavily me-
thylated and are not expressed except in male germ cells and in many cancers; the germ cells are protected from 
the immune system by the blood-testis barrier, but the expression of CT genes in tumors provokes an immune 
response. We suggest that demethylation and activation of the antigens encoded by CT genes is likely to facili-
tate the killing of cells that express the products of the demethylated CT genes, which is consistent with the fre-
quent inflammation and anti-tumor immune responses seen in breast cancer [23] [24]. The release of demethy-
lated DNA from lysed tumor cells will activate the innate immune response via the TLR9 pathway [25], which 
leads to the release of cytokines and the recruitment of immune effector cells that will augment the adaptive 
immune response against CT antigens. 

We propose that a combination of anti-tumor adaptive and innate immune responses, together with demethy-
lation-induced apoptosis, causes many incipient tumor cells to be killed before the tumor reaches detectable size. 
The interferon response, which is important in tumor defense, is frequently defective in cancer [26], and escape 
from immunosurveillance is a common feature of advanced carcinomas. Those tumors that grow to detectable 
size are those that have mutations that render them, which are insensitive to demethylation-induced immuno-
surveillance or apoptosis. 

The data presented here indicate that the epimutation hypothesis, under which the promoters of tumor sup-
pressor genes undergo repressive de novo methylation as a result of unknown causes, may be much less signifi-
cant in carcinogenesis than has been claimed. Genome-wide demethylation has been confirmed to occur in can-
cer genomes; this may. Demethylation may be a programmed response to a loss of growth control that activates 
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a cell killing pathway that is part of tumor defense. Demethylation may have a tumor suppressive function; it 
may promote carcinogenesis, or it may be without significant effect. Identification of the mechanisms that drive 
demethylation in cancer would help to decide the issue. 

4. Materials and Methods 
4.1. Breast Cancer Tissue Bank 
De-identified breast cancer tissue DNA and normal mammary gland tissue DNA (both classified as discarded 
material) were obtained from the Department of Pathology Tumor Bank Service at the Herbert Irving Compre-
hensive Cancer Center under a protocol judged exempt by the IRB of Columbia University. The study patholo-
gist (H. H.) reviewed all tumors, pathological and laboratory parameters and clinical data. The use of these hu-
man tissue specimens in this study has been ruled exempt under NIH category 4. 

4.2. Methyl-MAPS Library Preparation 
Unmethylated and methylated compartments were obtained by limit DNA digestions as described in Rollins et 
al. [18] and Edwards et al. [4]. Paired-end libraries were prepared from the methylated and unmethylated DNA 
compartments by following an adaptation of Applied Biosystems’ SOLiD System Mate-paired Library Prepara-
tion Protocol. 

4.3. Data Filtering and CpG Analysis 
A custom perl script was written to parse the output files from the SOLiD system and filter sequences that did 
not have at least one restriction site (McrBC or RE, respectively) at the fragment ends. Since methylated (RE) 
and unmethylated (McrBC) compartments are sampled independently it is important to find the correct ratio of 
RE: McrBC fragments that represent the “true” distribution that would be obtained from a random sampling of 
the genome. This ratio can be determined numerically since if you fix the total number of McrBC + RE frag-
ments, then using the ratio which matches the underlying “true” distribution should yield the maximum physical 
coverage. This ratio was estimated by finding the ratio of McrBC and RE fragments that maximized coverage on 
a subset of chromosomes (chromosomes 16 - 21). All McrBC and RE fragments were then overlapped with an 
indexed list of CpGs in hg18. The number of unmethylated observances at each CpG, nu, was set equal to the 
number of RE fragments that terminated at that CpG + the number of McrBC fragments containing that CpG in 
its interior (greater than 100 bp from the end). The number of methylated observances, nm, at a particular CpG 
was calculated as the sum of all RE fragments to which a particular CpG was interior. The coverage of a CpG at 
position i is then given as C(i) = nm(i) + nu(i) and the methylation score is calculated as m(i) = nm(i)/C(i). 

CpG island, RepeatMasker, RefSeq gene data and other genomic annotation information was downloaded 
from the UCSC Genome Browser website. The average methylation score of a genomic element e is calculated 
as 

( ) ( ) ( )1m̂ e m i
N e

= ∑  

where N(e) is the total number of CpGs in that element and where C(i) ≥ 5 and each CpG at position i are both 
McrBC and RE sites. All annotation and methylation data, indexed by CpG site was then stored in a MySQL 
database that could be used directly for calculations. 

Acknowledgements 
Supported by grants from the NIH to H. H., J. R. E., and T. H. B. 

References 
[1] Majuru, S. and Oyewumi, O. (2009) Nanotechnology in Drug Development and Life Cycle Management. Nanotech- 

nology in Drug Delivery, 10, 597-619. http://dx.doi.org/10.1007/978-0-387-77668-2_20 
[2] Feinberg, A.P. and Vogelstein, B. (1983) Hypomethylation Distinguishes Genes of Some Human Cancers from Their 

http://dx.doi.org/10.1007/978-0-387-77668-2_20


A. H. O’Donnell et al. 
 

 
1321 

Normal Counterparts. Nature, 301, 89-92. http://dx.doi.org/10.1038/301089a0 
[3] Greger, V., Passarge, E., Hopping, W., Messmer, E. and Horsthemke, B. (1989) Epigenetic Changes May Contribute to 

the Formation and Spontaneous Regression of Retinoblastoma. Human Genetics, 83, 155-158.  
http://dx.doi.org/10.1007/BF00286709 

[4] Smiraglia, D.J., Rush, L.J., Fruhwald, M.C., Dai, Z., Held, W.A., Costello, J.F., Lang, J.C., Eng, C., Li, B., Wright, 
F.A., Caligiuri, M.A. and Plass, C. (2001) Excessive CpG Island Hypermethylation in Cancer Cell Lines versus Pri-
mary Human Malignancies. Human Molecular Genetics, 10, 1413-1419. http://dx.doi.org/10.1093/hmg/10.13.1413 

[5] Rollins, R.A., Haghighi, F., Edwards, J.R., Das, R., Zhang, M.Q., Ju, J. and Bestor, T.H. (2006) Large-Scale Structure 
of Genomic Methylation Patterns. Genome Research, 16, 157-163.  

[6] Edwards, J.R., O’Donnell, A.H., Rollins, R.A., Peckham, H.E., Lee, C., Milekic, M.H., Chanrion, B., Fu, Y., Su, T., 
Hibshoosh, H., Gingrich, J.A., Haghighi, F., Nutter, R. and Bestor, T.H. (2010) Chromatin and Sequence Features That 
Define the Fine and Gross Structure of Genomic Methylation Patterns. Genome Research, 20, 972-980.  
http://dx.doi.org/10.1101/gr.101535.109 

[7] Warnecke, P.M., Stirzaker, C., Song, J., Grunau, C., Melki, J.R. and Clark, S.J. (2002) Identification and Resolution of 
Artifacts in Bisulfite Sequencing. Methods, 7, 101-107. http://dx.doi.org/10.1016/S1046-2023(02)00060-9 

[8] Forbes, S.A., Tang, G., Bindal, N., Bamford, S., Dawson, E., Cole, C., Kok, C.Y., Jia, M., Ewing, R., Menzies, A., et 
al. (2010) COSMIC (the Catalogue of Somatic Mutations in Cancer): A Resource to Investigate Acquired Mutations in 
Human Cancer. Nucleic Acids Research, 38, D652-D657. http://dx.doi.org/10.1093/nar/gkp995 

[9] Bernardino, J., Roux, C., Almeida, A., Vogt, N., Gibaud, A., Gerbault-Seureau, M., Magdelenat, H., Bourgeois, C.A., 
Malfoy, B. and Dutrillaux, B. (1997) DNA Hypomethylation in Breast Cancer: An Independent Parameter of Tumor 
Progression?” Cancer Genetics and Cytogenetics, 97, 83-89. http://dx.doi.org/10.1016/S0165-4608(96)00385-8 

[10] Soares, J., Pinto, A.E., Cunha, C.V., Andre, S., Barao, I., Sousa, J.M. and Cravo, M. (1999) Global DNA Hypomethy-
lation in Breast Carcinoma: Correlation with Prognostic Factors and Tumor Progression. Cancer, 85, 112-118.  
http://dx.doi.org/10.1002/(SICI)1097-0142(19990101)85:1<112::AID-CNCR16>3.0.CO;2-T 

[11] Jackson, K., Yu, M.C., Arakawa, K., Fiala, E., Youn, B., Fiegl, H., Muller-Holzner, E., Widschwendter, M. and Eh-
rlich, M. (2004) DNA Hypomethylation Is Prevalent Even in Low-Grade Breast Cancers. Cancer Biology & Therapy, 
3, 1225-1231. http://dx.doi.org/10.4161/cbt.3.12.1222 

[12] Holzmann, K., Welter, C., Klein, V., Pistorius, G., Seitz, G. and Blin, N. (1992) Tumor-Specific Methylation Patterns 
of erbB2 (HER2/neu) Sequences in Gastro-Intestinal Cancer. Anticancer Research, 12, 1013-1018.  

[13] Lapidus, R.G., Ferguson, A.T., Ottaviano, Y.L., Parl, F.F., Smith, H.S., Weitzman, S.A., Baylin, S.B., Issa, J.P. and 
Davidson, N.E. (1996) Methylation of Estrogen and Progesterone Receptor Gene 5’ CpG Islands Correlates with Lack 
of Estrogen and Progesterone Receptor Gene Expression in Breast Tumors. Clinical Cancer Research, 2, 805-810.  

[14] Irizarry, R.A., Ladd-Acosta, C., Wen, B., Wu, Z., Montano, C., Onyango, P., Cui, H., Gabo, K., Rongione, M., Web-
ster, M., et al. (2009) The Human Colon Cancer Methylome Shows Similar Hypo- and Hypermethylation at Conserved 
Tissue-Specific CpG Island Shores. Nature Genetics, 41, 178-186. http://dx.doi.org/10.1038/ng.298 

[15] Busslinger, M., Hurst, J. and Flavell, R.A. (1983) DNA Methylation and the Regulation of Globin Gene Expression. 
Cell, 34, 197-206. http://dx.doi.org/10.1016/0092-8674(83)90150-2 

[16] Kass, S.U., Landsberger, N. and Wolffe, A.P. (1997) DNA Methylation Directs a Time-Dependent Repression of 
Transcription Initiation. Current Biology, 7, 157-165. http://dx.doi.org/10.1016/S0960-9822(97)70086-1 

[17] Honc, G.C., Hawkins, R.D., Caballero, O.L., Lo, C., Lister, R., Pelizzola, M., Valsesia, A., Ye, Z., Kuan, S., Edsall, 
L.E., Camargo, A.A., Stevenson, B.J., Ecker, J.R., Bafna, V., Strausberg, R.L., Simpson, A.J. and Ren, B. (2012) 
Global DNA Hypomethylation Coupled to Repressive Chromatin Domain Formation and Gene Silencing in Breast 
Cancer. Genome Research, 22, 246-258. http://dx.doi.org/10.1101/gr.125872.111 

[18] Antequera, F., Boyes, J. and Bird, A. (1990) High Levels of de novo Methylation and Altered Chromatin Structure at 
CpG Islands in Cell Lines. Cell, 62, 503-514. http://dx.doi.org/10.1016/0092-8674(90)90015-7 

[19] Jones, P.A., Wolkowicz, M.J., Rideout III, W.M., Gonzales, F.A., Marziasz, C.N., Coetzee, G.A. and Tapscott, S.J. 
(1990) De novo Methylation of the MyoD1 CpG Island during the Establishment of Immortal Cell Lines. Proceedings 
of the National Academy of Sciences of the United States of America, 87, 6117-6121.  
http://dx.doi.org/10.1073/pnas.87.16.6117 

[20] Robinson, M.D., Stirzaker, C., Statham, A.L., Coolen, M.W., Song, J.Z., Nair, S.S., Strbenac, D., Speed, T.P. and 
Clark, S.J. (2010) Evaluation of Affinity-Based Genome-Wide DNA Methylation Data: Effects of CpG Density, Am-
plification Bias, and Copy Number Variation. Genome Research, 20, 1719-1729.  
http://dx.doi.org/10.1101/gr.110601.110 

[21] Damelin, M. and Bestor, T.H. (2007) Biological Functions of DNA Methyltransferase 1 Require Its Methyltransferase 
Activity. Molecular and Cellular Biology, 27, 3891-3899. http://dx.doi.org/10.1128/MCB.00036-07 

http://dx.doi.org/10.1038/301089a0
http://dx.doi.org/10.1007/BF00286709
http://dx.doi.org/10.1093/hmg/10.13.1413
http://dx.doi.org/10.1101/gr.101535.109
http://dx.doi.org/10.1016/S1046-2023(02)00060-9
http://dx.doi.org/10.1093/nar/gkp995
http://dx.doi.org/10.1016/S0165-4608(96)00385-8
http://dx.doi.org/10.1002/(SICI)1097-0142(19990101)85:1%3C112::AID-CNCR16%3E3.0.CO;2-T
http://dx.doi.org/10.4161/cbt.3.12.1222
http://dx.doi.org/10.1038/ng.298
http://dx.doi.org/10.1016/0092-8674(83)90150-2
http://dx.doi.org/10.1016/S0960-9822(97)70086-1
http://dx.doi.org/10.1101/gr.125872.111
http://dx.doi.org/10.1016/0092-8674(90)90015-7
http://dx.doi.org/10.1073/pnas.87.16.6117
http://dx.doi.org/10.1101/gr.110601.110
http://dx.doi.org/10.1128/MCB.00036-07


A. H. O’Donnell et al. 
 

 
1322 

[22] Chen, T., Hevi, S., Gay, F., Tsujimoto, N., He, T., Zhang, B., Ueda, Y. and Li, E. (2007) Complete Inactivation of 
DNMT1 Leads to Mitotic Catastrophe in Human Cancer Cells. Nature Genetics, 39, 391-396.  
http://dx.doi.org/10.1038/ng1982 

[23] Fratta, E., Coral, S., Covre, A., Parisi, G., Colizzi, F., Danielli, R., Marie Nicolay, H.J., Sigalotti, L. and Maio, M. 
(2011) The Biology of Cancer Testis Antigens: Putative Function, Regulation and Therapeutic Potential. Molecular 
Oncology, 5, 164-182. http://dx.doi.org/10.1016/j.molonc.2011.02.001 

[24] DeNardo, D.G. and Coussens, L.M. (2007) Inflammation and Breast Cancer. Balancing Immune Response: Crosstalk 
between Adaptive and Innate Immune Cells during Breast Cancer Progression. Breast Cancer Research, 9, 212.  
http://dx.doi.org/10.1186/bcr1746 

[25] Wagner, H. (2004) The Immunobiology of the TLR9 Subfamily. Trends in Immunology, 25, 381-386.  
http://dx.doi.org/10.1016/j.it.2004.04.011 

[26] Critchley-Thorne, R.J., Simons, D.L., Yan, N., Miyahira, A.K., Dirbas, F.M., Johnson, D.L., Swetter, S.M., Carlson, 
R.W., Fisher, G.A., Koong, A., et al. (2009) Impaired Interferon Signaling Is a Common Immune Defect in Human 
Cancer. Proceedings of the National Academy of Sciences of the United States of America, 106, 9010-9015.  
http://dx.doi.org/10.1073/pnas.0901329106 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://dx.doi.org/10.1038/ng1982
http://dx.doi.org/10.1016/j.molonc.2011.02.001
http://dx.doi.org/10.1186/bcr1746
http://dx.doi.org/10.1016/j.it.2004.04.011
http://dx.doi.org/10.1073/pnas.0901329106


A. H. O’Donnell et al. 
 

 
1323 

Supplementary Data 
Table S1. Histopathology of the mammary carcinomas subjected to whole-genome methylation analysis.                        

Tumor Diagnosis Tumor 
size (cm) 

Cancer 
cells (%) Grade AJCC  

Stage 
ER (ERBB2) 
(% stained) 

RR (% 
stained) 

HER2/ 
NEU Classification 

30T 

Invasive carcinoma, 
mixed ductal and 
lobular feature,  
primarily lobular 

5.5 80 2 3A POS (65) POS (85) NEG Luminal 

31T 

Invasive carcinoma, 
Edema of skin (peau 
d’orange) and ulcera-
tion of skin involved 
by cancer 

14 85 3 3B NEG (0) NEG (0) NEG Triple  
negative 

32T Invasive carcinoma, 
ductal 1.7 90 3 3C POS (50) POS (50) NEG Luminal 

34T Invasive carcinoma 4.0 98 3 2 NEG (0) NEG (0) NEG Triple  
negative 

 
Table S2. Sequencing statistics for Methyl-MAPS analysis.                                                           

Sample Total Paired End Reads Total CpG Sites Tested Physical Coverage 

30N 8,593,791 60,529,032 4.9× 

30T 24,367,296 181,306,252 13.3× 

31N 12,407,641 94,392,993 8.2× 

31T 32,923,635 186,806,278 15.2× 

32N 74,588,780 738,511,384 54.5× 

32T 83,343,938 675,567,405 51.0× 

34T 82,981,578 788,744,498 60.1× 

Sums: 319.206.659 reads 2,715,857,842 CpG sites  

 

 
Figure S1. Methylation status of the 5’ region of the tumor suppressor 
PIK3CA. In both normal (32N) and tumor (32T) DNA, the promoter region 
is unmethylated in almost the entire population; only two methylated alleles 
out of 11 in 32T are methylated.                                     
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Figure S2. Methyl-MAPS data indicate that ESR1, PGR, and ERBB2 promoters are unmethylated in 
triple-negative mammary carcinomas 32T and 34T. All four alternative promoters for ESR1 (ESR prom 
1, 2, 3, 4) are shown; only promoter 4 is within a CpG island. Coverage of McrBC (blue bars) and RE 
(red bars) at cleavable sites is indicated as an overlaid histogram. Tick marks in tracks along the top of the 
figure indicate locations of individual CpG dinucleotides and RE and McrBC recognition sequences.         
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