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Abstract
A field defect is a field of pre-malignant tissue in which 
a new cancer is likely to arise. Field defects often ap-
pear to be histologically normal under the microscope. 
Recent research indicates that cells within a field defect 
characteristically have an increased frequency of epi-
genetic alterations and these may be fundamentally im-
portant as underlying factors in progression to cancer. 
However, understanding of epigenetic field defects is 
at an early stage, and the work of Katsurano et al  pub-
lished this year, is a key contribution to this field. One 
question examined by Katsurano et al  was how early 
could the formation of an epigenetic field defect be de-
tected in a mouse colitis model of tumorigenesis. They 
highlighted a number of measurable epigenetic altera-
tions, detected very early in normal appearing tissue 
undergoing histologically invisible tumorigenesis. They 
also documented the increasing presence of the epi-
genetic alterations at successive times during progres-
sion to cancer. In this commentary, we offer a perspec-
tive on the changes they observed within a broader 
sequence of epigenetic events that occur in progression 

to cancer. In particular, we highlight the likely central 
role of epigenetic deficiencies in DNA repair gene ex-
pression that arise during progression to cancer.
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COMMENTARY ON HOT TOPICS 
We read with great interest the recent article by Kat-
surano et al[1] describing a mouse colitis model leading 
to tumor formation. They report that an epigenetic field 
defect forms early after treatment with dextran sulfate 
sodium (DSS) and that the epigenetic alterations continue 
to increase even with diminishing stimulation. Their study 
was unique in showing that particular epigenetic altera-
tions, involving DNA methylation, increased even while 
inflammation was diminishing.

The term “field cancerization” was first used in 1953 
to describe an area or “field” of  epithelium that has 
been preconditioned by (at that time) largely unknown 
processes so as to predispose it towards development of  
cancer[2]. Since then, the terms “field cancerization” and 
“field defect” have been used to describe pre-malignant 
tissue in which new cancers are likely to arise.

Field defects are of  crucial importance in progression 
to cancer, though they have not received a great deal of  
attention thus far. As pointed out by Rubin[3], “The vast 
majority of  studies in cancer research has been done on 
well-defined tumors in vivo, or on discrete neoplastic foci 
in vitro. Yet there is evidence that more than 80% of  the 
somatic mutations found in mutator phenotype human 
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colorectal tumors occur before the onset of  terminal 
clonal expansion[4].” Field defects with mutations are pre-
cursors of  cancers with those same mutations. Likewise, 
epigenetic alterations in field defects are precursors of  
cancers with those same epigenetic alterations.

Colon cancers contain a median of  76 non-silent 
sequence mutations, of  which about 15 are “driver mu-
tations” (the rest are “passenger mutations”)[5], as well 
as about 55 aneuploidy events[6]. By comparison, some 
frequent epigenetic alterations in colon cancers affect 
hundreds of  genes. For example, CpG island methylation 
of  the DNA sequence encoding microRNA miR-137 
reduces its expression, and this is a frequent early epigen-
etic event in colorectal carcinogenesis, occurring in 81% 
of  colon cancers and in 14% of  the normal appearing 
colonic mucosa of  the field defects associated with these 
cancers[7]. Silencing of  miR-137 can affect expression of  
491 genes, the targets of  this miRNA[7]. Changes in the 
level of  miR-137 expression result in changed mRNA 
expression of  the target genes by 2 to 20-fold and cor-
responding, though often smaller, changes in expression 
of  the protein products of  the genes. Other microRNAs, 
with likely comparable numbers of  target genes, are even 
more frequently epigenetically altered in colonic field 

defects and in the colon cancers that arise from them. 
These include miR-124a, miR-34b/c and miR-342 which 
are silenced by CpG island methylation of  their encod-
ing DNA sequences in primary tumors at rates of  99%, 
93% and 86%, respectively, and in the adjacent normal 
appearing mucosa at rates of  59%, 26% and 56%, re-
spectively[8,9]. In addition to epigenetic alteration of  ex-
pression of  miRNAs, other common types of  epigenetic 
alterations in cancers that change gene expression levels 
include direct hypermethylation or hypomethlyation of  
CpG islands of  protein-encoding genes and alterations 
in histones and chromosomal architecture that influence 
gene expression[10,11].

The specific epigenetic alterations studied by Katsura-
no et al[1], as well as epigenetic field defects in general, can 
be placed in a broad explanatory framework starting with 
the occurrence of  DNA damage, a major primary event 
in progression to cancer as shown in Figure 1. In Figure 
1 italicized capitalized abbreviations are symbols of  epi-
genetically altered genes. ERCC1, WRN, MSH2, PMS2, 
MLH1 and MGMT are symbols for specific DNA repair 
genes. FOSb, FUT4, HOXa5, MEX3a, MSX1, SOX11 
are symbols for epigenetically altered genes described 
by Katsurano et al[1]. These symbols for the genes (in the 
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order listed above) are: FBJ osteosarcoma oncogene B, 
fucosyltransferase 4, homeobox A5, mex3 homolog A, 
homeobox msh-like 1, and SRY-box-containing gene 1, 
respectively.

DNA damage as a primary cause of cancer
Exogenous and endogenous agents that induce DNA 
damage have been identified as major causes of  many 
common cancers (Figure 1). These include cancers of  
the lung (tobacco smoke[12]), colorectum (exposure to 
bile acids that cause increased reactive oxygen species 
(ROS) and reactive nitrogen species, and are produced 
in response to a high fat diet[13]), esophagus (exposure 
to stomach acids plus bile acids due to gastroesophageal 
reflux[14]), stomach (reactive oxygen species caused by 
Helicobacter pylori infection[15]), liver (Aspergillus metabolite 
aflatoxin B1

[16]), cervix/uterus (human papillomavirus 
plus increased nitric oxide from tobacco smoke or other 
infection[17]) and melanoma (UV light from solar radia-
tion[18]). Inherited germ line mutations in DNA repair 
genes similarly cause an increase in DNA damages due to 
a deficiency in repair capability, and these also cause in-
creases in cancer risk. At least 34 inherited human DNA 
repair gene mutations increase cancer risk, including, for 
example, germ line mutations in the BRCA1, XPC and 
MLH1 genes[19]. From a study of  44 788 pairs of  twins, 
it is estimated that overall, about 30% of  cancers are 
familial (largely due to inherited germ line mutations or 
genetic polymorphisms) and 70% are sporadic[20].

DNA damages cause epigenetic changes and mutations
ROS, produced during inflammation and other types of  
cellular stress, cause a variety of  types of  DNA dam-
age[21], some of  which lead to double strand breaks[22]. 
During repair of  double strand breaks and other types 
of  oxidative DNA damages, methylation of  promoter 
CpG islands in DNA and/or modification of  histones 
can occur, causing gene silencing (Figure 1)[23,24]. These 
epigenetic alterations are sometimes not reversed after 
repair is completed[23,24]. While it has long been known 
that oxidative damage can cause mutation[21], it has only 
recently become clear that oxidative damage can also give 
rise to epigenetic changes (epimutation)[23,24].

Other types of  DNA damage can also give rise to 
epimutation during DNA repair. The DNA repair en-
zyme Parp1 [poly(ADP)-ribose polymerase-1] acts at 
sites of  DNA damage, especially single strand breaks, 
where it adds poly(ADP)-ribose to specific proteins as 
part of  the overall DNA repair process[25]. This, in turn, 
directs recruitment and activation of  the chromatin 
remodeling protein ALC1 to cause nucleosome remod-
eling[26]. Nucleosome remodeling has been found to 
cause, for instance, epigenetic silencing of  DNA repair 
gene MLH1[27]. In addition, certain chemicals previously 
identified as DNA damaging agents, including benzene, 
hydroquinone, styrene, carbon tetrachloride and trichlo-
roethylene, cause considerable hypomethylation of  DNA, 
leading to epigenetic modifications, and some of  this hy-

pomethylation occurs through the activation of  oxidative 
stress pathways[28].

Epigenetic changes in DNA repair gene expression are a 
likely source of genomic instability
While germ line (familial) mutations in DNA repair genes 
cause a high risk of  cancer, in sporadic (non-familial) 
cancers, by contrast, somatic mutations in DNA repair 
genes are rarely found[5]. However, deficient expression 
of  DNA repair genes is frequently observed within spo-
radic cancers, and this is almost always due to epigenetic 
alteration (Figure 1). Epimutation leading to silencing of  
a gene necessary for DNA repair will allow unrepaired 
damages to increase. Such additional DNA damages, in 
turn, will cause increased mutations and epimutations, in-
cluding carcinogenic driver mutations and epimutations.

Truninger et al[29] compared the frequencies of  germ 
line mutations, CpG island methylations and other un-
identified alterations in the down-regulation of  expres-
sion of  DNA mismatch repair (MMR) gene MLH1 in 
colon cancer. They evaluated 1 048 unselected consecu-
tive colon cancers. They found that 103 of  these cancers 
were deficient in protein expression of  MLH1. Among 
the MLH1 deficient cancers, 68 were sporadic and the 
remaining 35 were due to germ line mutations. Among 
the 68 sporadic MLH1 protein-deficient colon cancers, 
65 (96%) were deficient due to epigenetic methylation 
of  the CpG island of  the MLH1 gene. Reduced protein 
expression of  MLH1 in the remaining 3 sporadic MLH1 
protein-deficient cancers may have been caused by over 
expression of  the microRNA miR-155. This explanation 
is suggested by the finding that transfection of  miR-155 
into cells caused reduced expression of  MLH1[30]. Fur-
thermore, high expression of  miR-155 was found in 
colon cancers in which protein expression of  MLH1 was 
reduced and the MLH1 gene was neither mutated nor 
hypermethylated[30].

Some of  the epigenetic alterations in DNA repair 
genes found in colon cancers, as well as in their associ-
ated field defects, are summarized in Table 1[31-35].

Deficiencies in DNA repair genes cause increased 
mutation rates in MMR defective cells[36,37] and in homol-
ogous recombinational repair (HRR) defective cells[38]. 
Chromosomal rearrangements and aneuploidy also in-
crease in HRR defective cells[39]. Thus, deficiency in DNA 
repair causes genomic instability (a mutator phenotype), 
the likely main underlying cause of  DNA sequence al-
terations leading to tumorigenesis. Genomic instability 
permits the acquisition of  a sufficient number of  muta-
tions and epimutations in tumor suppressor genes and 
oncogenes to fuel carcinogenesis. Deficiencies in DNA 
repair appear to be central to the genomic and epigenom-
ic instability characteristic of  cancer.

Figure 1 illustrates the chain of  consequences of  
exposure of  cells to endogenous and exogenous DNA 
damaging agents that lead to cancer. The role of  germ 
line defects in DNA repair genes in familial cancers are 
also indicated. The large role of  DNA damage and con-
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sequent epigenetic DNA repair deficiencies leading to 
sporadic cancer are emphasized. The role of  directly in-
duced somatic mutation in sporadic cancer is indicated as 
well. The items shown in red lettering were demonstrated 
in the recent article of  Katsurano et al[1].

Sequence of epimutation, mutation and natural selection 
leading to carcinogenesis
A field defect arises when an epimutation or mutation 
occurs in a stem cell that provides a reproductive advan-
tage allowing clonal descendents of  that stem cell to out-
compete neighboring stem cells. These cells form a patch 
of  somewhat more rapidly growing cells (an initial field 
defect). As the patch enlarges at the expense of  neighbor-
ing cells, an additional epimutation or mutation may arise 
in one of  the field defect stem cells so that this new stem 
cell with two advantageous epimutations and/or muta-
tions generates daughter stem cells that can out-compete 
the surrounding field defect of  cells that have just one 
advantageous epimutation or mutation. As illustrated in 
Figure 2, this process of  expanding sub-patches within 
earlier patches can occur multiple times until a particular 
constellation of  epimutations and mutations results in 
a cancer (represented by the small dark patch in Figure 
2). The cancer, once formed, continues to evolve and to 
produce sub clones. A renal cancer, for example, sampled 
in 9 areas, had 40 ubiquitous mutations, 59 mutations 

shared by some, but not all regions, and 29 “private” mu-
tations only present in one region[40].

Figure 3 shows an opened resected segment of  a hu-
man colon that has a colon cancer. There are about 100 
colonic microscopic epithelial crypts per sq mm in the 
human colonic epithelium[41]. The colonic epithelium in 
the resection shown in Figure 3 has an area of  about 6.5 
cm by 17 cm, or 111 sq cm, or 11 100 sq mm. Thus this 
area has about 1.11 million crypts. There are 10-20 stem 
cells at the base of  each colonic crypt[42,43]. Therefore 
there are likely 11 to 22 million stem cells in the grossly 
unremarkable colonic mucosal epithelium shown in Fig-
ure 3. Evidence reported by Facista et al[35], listed in Table 
1 and illustrated in Figure 4, indicates that in many such 
resections, most of  the crypts, and thus the stem cells in 
such an area up to 10 cm distant (in each direction) from 
a colon cancer (such as in the grossly unremarkable area 
shown in Figure 3), and the majority of  their differenti-
ated daughter cells, are epigenetically deficient for protein 
expression of  the DNA repair genes ERCC1 and PMS2, 
although the epithelium is histologically normal. 

The stem cells most distant from the cancer as well 
as those closer to the cancer in the resection defined by 
the data in Figure 4 appear to be deficient throughout 
the field defect for ERCC1 and PMS2. The field defect 
of  Figure 4, containing tens of  millions of  stem cells, 
presumably arose from an initial progenitor stem cell 
deficient in DNA repair (due to epigenetic silencing). 
Because of  this repair deficit, the initial stem cell was 
genetically unstable, giving rise to an increased frequency 
of  epimutations and mutations in its descendents. One 
daughter stem cell among its descendents presumably 
had a mutation or epimutation that, by chance, provided 
a replicative advantage. This descendent then underwent 
clonal expansion by natural selection because of  its repli-
cative advantage. Among the further descendents of  the 
clone, new mutations and epimutations arose frequently, 
since these descendents had a mutator phenotype[44], due 
to the repair deficiency passed down epigenetically from 
the original repair-defective stem cell. Among these new 
mutations and epimutations, some would provide further 
replicative advantages, giving rise to a succession of  more 
aggressively growing sub clones (inner rings in Figure 2), 
and eventually to a cancer.

Bernstein C et al . Epigenetic field defects in cancer

Figure 2  Schematic of a field defect in progression to cancer. Figure 3  Human colon resection about 17 cm long, opened longitudinally 
to show inner epithelium, with cancer in center of inner surface.
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The study by Katsurano et al[1] identified 14 genes that 
were epigenetically silenced or considerably reduced in 
expression due to CpG island methylation within at least 
4 out of  5 of  the cancers arising in their DSS induced 
mouse model of  colon cancer. These appear to be “driver” 
epimutations. They then evaluated the non-neoplastic 
epithelial cells in the scraped off  distal half  of  mouse 
colons undergoing DSS-induced tumorigenesis at 2 wk, 5 
wk, 8 wk and 15 wk after transitory initial exposure of  the 
mice to DSS. These epithelial cells constitute a field defect 
from which a mouse colon cancer is likely to arise, since 
80%-100% of  the mouse colons in their repeated experi-
ments developed tumors 15 wk after exposure to DSS. 
By 5 to 8 wk after DSS exposure, and before any grossly 
visible tumors had formed, 6 of  the possible “driver” 
epimutations present in the cancers were not only present, 
but were also increasing in extent with time, in the mouse 
colonic field defect. 

Based on their own experiments and the literature, 
Katsurano et al[1] proposed that macrophages and neu-
trophils in the mouse colonic epithelium were the source 
of  reactive oxygen species causing the DNA damage 
that initiated the tumorigenesis (Figure 1). However, 
even though these inflammatory cells were diminishing 
in frequency in the epithelium by 2 wk after their initial 
great increase upon DSS exposure, the level of  CpG is-
land methylation of  the 6 possible “driver” genes FOSb, 
FUT4, HOXa5, MEX3a, MSX1 and SOX11 continued 
to increase in the isolated epithelial cells. This increase 
in the percentage of  CpG island methylation of  these 6 
genes, as tumorigenesis progressed, may have been due 
to clonal expansion of  epithelial cells that initially had 
these 6 methylated genes. 

The work by Katsurano et al[1] constitutes the first 
mouse model of  carcinogenesis in which the unique find-
ing was made that DNA methylation frequency of  some 
genes increased even as the initial inflammation causing 
DNA damage was decreasing. This work adds important 
experimental support for the idea that epimutation, natu-
ral selection and clonal expansion are key factors driving 
colon carcinogenesis.  
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