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Outline	
  

•  What	
  is	
  epigene0cs?	
  
•  What	
  are	
  examples	
  of	
  epigene0c	
  processes?	
  
•  What	
  is	
  the	
  epigenome	
  and	
  how	
  is	
  it	
  decoded?	
  
•  Are	
  epigene0c	
  mechanisms	
  important	
  in	
  human	
  
cancers?	
  

•  Does	
  epigene0cs	
  provide	
  a	
  link	
  between	
  the	
  
genome	
  and	
  the	
  environment?	
  

•  What	
  are	
  examples	
  of	
  epigene0c	
  changes	
  that	
  
contribute	
  to	
  human	
  cancers?	
  



Defini0on	
  
•  Epigene'cs	
  (as	
  in	
  "

epigene0c	
  landscape")	
  was	
  coined	
  by	
  C.	
  H.	
  Waddington	
  in	
  1942	
  as	
  a	
  portmanteau	
  
of	
  the	
  words	
  gene'cs	
  and	
  epigenesis.[5]	
  Epigenesis	
  is	
  an	
  old[6]	
  word	
  that	
  has	
  more	
  
recently	
  been	
  used	
  (see	
  preforma'onism	
  for	
  historical	
  background)	
  to	
  describe	
  the	
  
differen0a0on	
  of	
  cells	
  from	
  their	
  ini0al	
  to0potent	
  state	
  in	
  embryonic	
  
development.	
  When	
  Waddington	
  coined	
  the	
  term	
  the	
  physical	
  nature	
  of	
  genes	
  
and	
  their	
  role	
  in	
  heredity	
  was	
  not	
  known;	
  he	
  used	
  it	
  as	
  a	
  conceptual	
  model	
  of	
  how	
  
genes	
  might	
  interact	
  with	
  their	
  surroundings	
  to	
  produce	
  a	
  phenotype.	
  

•  Robin	
  Holliday	
  defined	
  epigene0cs	
  as	
  "the	
  study	
  of	
  the	
  mechanisms	
  of	
  temporal	
  
and	
  spa0al	
  control	
  of	
  gene	
  ac0vity	
  during	
  the	
  development	
  of	
  complex	
  
organisms."[7]	
  Thus	
  epigene'c	
  can	
  be	
  used	
  to	
  describe	
  anything	
  other	
  than	
  DNA	
  
sequence	
  that	
  influences	
  the	
  development	
  of	
  an	
  organism.	
  

•  The	
  modern	
  usage	
  of	
  the	
  word	
  in	
  scien0fic	
  discourse	
  is	
  more	
  narrow,	
  referring	
  to	
  
heritable	
  traits	
  (over	
  rounds	
  of	
  cell	
  division	
  and	
  some0mes	
  transgenera0onally)	
  
that	
  do	
  not	
  involve	
  changes	
  to	
  the	
  underlying	
  DNA	
  sequence.[8]	
  The	
  Greek	
  prefix	
  
epi-­‐	
  in	
  epigene'cs	
  implies	
  features	
  that	
  are	
  "on	
  top	
  of"	
  or	
  "in	
  addi0on	
  to"	
  gene0cs;	
  
thus	
  epigene'c	
  traits	
  exist	
  on	
  top	
  of	
  or	
  in	
  addi0on	
  to	
  the	
  tradi0onal	
  molecular	
  
basis	
  for	
  inheritance.	
  



Posi0on-­‐effect	
  variega0on	
  

h^p://taputea.lbl.gov/images/flies/
fliesgallery/pages/variega0on.sat.html	
   h^p://www.personal.psu.edu/faculty/r/c/

rch8/workmg/TxnlRegChroma0nCh20.htm	
  



The	
  Regula0on	
  of	
  Chroma0n	
  Structure	
  
•  Cons%tu%ve	
  heterochroma%n	
  -­‐maintains	
  its	
  condensed	
  state	
  throughout	
  the	
  cell	
  cycle	
  and	
  in	
  all	
  cells	
  and	
  

cell	
  types.	
  	
  Associated	
  with	
  trimethyla0on	
  of	
  lysine	
  20	
  of	
  histone	
  H4,	
  trimethyla0on	
  of	
  lysine	
  9	
  of	
  histone	
  
H3,	
  deacetyla0on	
  of	
  all	
  four	
  histone	
  types	
  of	
  the	
  nucleosome,	
  and	
  HP1	
  binding.	
  	
  An	
  example	
  of	
  
cons0tu0ve	
  heterochroma0n	
  is	
  the	
  heterochroma0n	
  surrounding	
  the	
  centromere	
  (pericentric	
  
heterochroma0n).	
  	
  	
  

•  Faculta%ve	
  Heterochroma%n	
  -­‐regions	
  of	
  the	
  genome	
  that	
  maintain	
  a	
  high	
  condensed	
  state	
  during	
  
interphase	
  in	
  some	
  cells	
  but	
  where	
  the	
  inclusion	
  of	
  this	
  region	
  of	
  the	
  genome	
  in	
  heterochroma0n	
  can	
  vary	
  
from	
  cell	
  type	
  to	
  cell	
  type	
  or	
  under	
  different	
  physiological	
  condi0ons.	
  Associated	
  with	
  the	
  trimethyla0on	
  
of	
  lysine	
  27	
  of	
  histone	
  H3.	
  	
  An	
  example	
  of	
  faculta0ve	
  heterochroma0n	
  is	
  the	
  inac0ve	
  X	
  chromosome	
  in	
  
mammalian	
  females.	
  	
  	
  

	
  	
  
•  Euchroma%n-­‐regions	
  of	
  the	
  genome	
  that	
  are	
  condensed	
  in	
  metaphase	
  but	
  decondensed	
  (below	
  the	
  scale	
  

necessary	
  to	
  be	
  visible	
  by	
  conven0onal	
  light	
  microscopy)	
  during	
  interphase.	
  	
  Associated	
  with	
  increased	
  
histone	
  acetyla0on	
  and	
  the	
  trimethyla0on	
  of	
  lysine	
  4	
  of	
  histone	
  H3	
  	
  

•  The	
  state	
  of	
  packaging	
  confers	
  transcrip0onal	
  competence	
  (can	
  be	
  transcribed	
  if	
  the	
  regulatory	
  proteins	
  
are	
  available)	
  or	
  stable	
  repression	
  



The	
  Histone	
  Proteins	
  

There	
  are	
  four	
  histones	
  (H2A,	
  H2B,	
  H3,	
  and	
  H4)	
  
present	
  in	
  two	
  copies	
  each	
  to	
  form	
  the	
  
nucleosome.	
  



The	
  Nucleosome-­‐The	
  fundamental	
  
organiza0onal	
  unit	
  of	
  the	
  genome	
  



Nucleosomes	
  are	
  folded	
  into	
  higher-­‐order	
  
structures	
  in	
  cells	
  

Note	
  the	
  rela0onship	
  between	
  linear	
  sequence	
  and	
  spa0al	
  proximity	
  of	
  that	
  sequence	
  



Rodriguez-­‐Paredes	
  and	
  Esteller	
  (2011).	
  	
  Nat.	
  Medicine	
  17:330-­‐330	
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Rodriguez-­‐Paredes	
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  Esteller	
  (2011).	
  	
  Nat.	
  Medicine	
  17:330-­‐330	
  	
  





defined that can neatly surround a nucleo-
some and presumably initiate methylation in 
this context35. This complex comprises two 
molecules of the de novo DNA methyltrans-
ferase DNMT3A and two of DNMT3L, a 
catalytically inactive isomer that is expressed 
in ESCs. Nucleosomes containing the active 
histone mark H3K4me3 cannot be encom-
passed by this complex35, thus targeting DNA 
methylation to regions such as inactive pro-
moters, intragenic regions, gene bodies and 
non-control regions.

Cooperation between DNMT1 (a 
maintenance DNA methyltransferase) and 
DNMT3A and DNMT3B, is being defined 
in normal and cancer cells36. It has been sug-
gested that DNMT3A and DNMT3B repair 
the errors made by DNMT1 after DNA 
synthesis. Unlike DNMT1, DNMT3A and 
DNMT3B are firmly anchored to nucleo-
somes, perhaps allowing these enzymes to 
remain closely associated with the DNA 
methylation that they produce to facilitate 
epigenetic inheritance37. Excitingly, enzyme 
systems that remove DNA methylation, 
such as the TET family proteins, which form 
5-hydroxylmethyl cytosine from methyl-
ated cytosine, have been discovered to be 
crucially important during development and 
tumorigenesis38–41.

Visualizing the cancer epigenome
The recent findings outlined above now 
frame observations from the 1980s that mul-
tiple types of cancers abnormally gain and 
lose DNA methylation1, and these findings 
are providing a greater understanding of the 
importance of these abnormalities to tumori-
genesis. Juxtaposing these changes with other 

abnormalities of chromatin organization 
is rapidly reshaping our view of the cancer 
epigenome.

Promoter CpG island DNA hypermethyla-
tion. Abnormal gains of DNA methylation 
in normally unmethylated gene promoter 
CpG islands, and associated stabilization of 
transcriptional repression and loss of gene 
function, are the most extensively studied 
epigenetic alterations in cancer1,7,8. Rapid 
advances that have enabled the precise map-
ping of DNA methylation across normal and 
cancer genomes confirms that almost  
all cancer types harbour hundreds of genes 
with these abnormal gains in methyla-
tion1,7 (FIG. 2), affecting some 5–10% of the 
thousands of promoter CpG islands that 
never normally contain DNA methylation 
from embryonic development onwards42. 
Some genes do, however, show changes in 
CpG island DNA methylation with age-
ing43,44. Although most genes that become 
DNA hypermethylated in cancer are 
usually affected on an individual basis45, 
subchromosomal domains with multiple 
hypermethylated loci have recently been 
discovered46,47.

Understanding current views of genetic 
changes in cancers may provide a perspec-
tive on how this large number of epigenetic 
changes contributes to the cancer pheno-
type. Similar to DNA mutations that fre-
quently occur in specific genes, such as TP53 
or KRAS, which act as major drivers for 
cancer initiation and progression48–50, there 
are a few rare, high-frequency epigenetic 
mutations, or ‘mountains’, being discovered 
in specific genes. For example, the tumour 

suppressor genes Von Hippel–Lindau (VHL) 
in renal cancer and CDKN2A (encoding the 
tumour suppressors INK4A and ARF) in 
several tumour types are DNA hypermethyl-
ated, and these have emphasized the impor-
tance of epigenetic changes mediating the 
loss of gene function in cancer1,7.

What then are the roles, if any, for the hun-
dreds of other DNA hypermethylated cancer 
genes? Just as the majority of gene mutations 
are increasingly recognized as low frequency 
and have been termed ‘hills’, as opposed to 
mountains48, their importance may be their 
aggregation in the same signalling pathways, 
thus helping in the derivation of the cancer 
phenotype48. Importantly, epigenetic changes 
can be much more common for many of 
the same infrequently mutated genes51–53. 
For example, on average, one gene in the 
extracellular matrix construction pathway 
is mutated compared with four being DNA 
hypermethylated in an individual colon or 
breast tumour53. Frequent simultaneous 
hypermethylation occurs in both the GATA4 
and GATA5 transcription factors and their 
downstream targets in colon cancer: GATA4 
and GATA5 function in a pathway that is 
crucial for proper epithelial differentiation54. 
DNA hypermethylation also affects multiple 
genes that negatively regulate the WNT path-
way from the cell membrane to the nucleus in 
this same tumour type55. This finding shows 
how epigenetic changes can complement 
single driver mutations, such as those occur-
ring in adenomatous polyposis coli (APC) or 
β-catenin that activate the WNT pathway56,57. 
Additionally, DNA hypermethylation of a 
range of genes can collectively contribute to 
the disruption of the p53 pathway.

Timeline | Examples of key advances in epigenetics and cancer over the past decade

2003 2006 2007 2008 2009

The concept of 
bivalent chromatin 
and balanced 
chromatin for the 
control of key genes 
in embryonic stem 
cells is introduced17,21

(2003–2004) Evidence that 
genes that are rarely 
mutated in cancer but that 
are frequently DNA 
hypermethylated and 
silenced can be important 
tumour suppressor genes55,71

(2006–2009) A Phase III trial of 
azacitidine in patients with 
myelodysplastic syndrome (MDS) 
shows significant survival and time 
to progression benefit144. Azacitidine 
and decitabine are approved by the 
FDA for treatment of MDS

New data provide a better 
understanding of how DNA 
methylation can be 
targeted to the mammalian 
epigenome in the context 
of nucleosomes and 
histone modifications35

Promoter DNA 
hypermethylated genes 
provide markers for 
molecular restaging and 
detection of cancer128,132

An association is made 
between promoter CpG 
island DNA hypermethylation 
of a large group of genes in 
colon cancer and their 
Polycomb-marks in 
embryonic stem cells24–26

(2009–2011) The discovery of a 
DNA demethylating system 
that is fundamental for 
development is also linked 
with metabolic abnormalities 
and changes in the cancer 
epigenome38,39,100,103

(2009–2011) Gene mutations 
are discovered that may 
drive cancer-relevant 
changes in the 
epigenome100,107–111,118,154–161

An explosion of knowledge 
about histone demethylases 
emerges and contributes to 
our understanding of how 
chromatin controls normal 
and cancer epigenomes2,28,30

A link is made between 
the dynamics of 
nucleosome assembly 
and DNA methylation, 
chromatin marking 
and abnormal gene 
silencing in cancer16

(2007–2011) Next-generation 
sequencing begins to revolutionize 
our appreciation of how chromatin 
and DNA methylation is organized 
in normal development, cellular 
reprogramming and 
cancer3,9,10,12,14,15,47,88,92

FDA, US Food and Drug Administration.
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Baylin	
  and	
  Jones	
  (2011).	
  	
  Nature	
  Reviews	
  Cancer	
  11:726-­‐734	
  



X-­‐chromosome	
  inac0va0on	
  

Human	
  Gene0cs	
  130:295-­‐305	
  



What	
  does	
  X-­‐chromosome	
  inac0va0on	
  
tell	
  us	
  about	
  gene	
  regula0on	
  and	
  DNA	
  

sequence?	
  	
  	
  



EMBO	
  reports	
  9,	
  4,	
  337–343	
  (2008)	
  

Charles	
  E	
  Massie	
  &	
  Ian	
  G	
  Mills	
  

Chroma0n	
  immunoprecip0a0on	
  for	
  mapping	
  epigene0c	
  changes	
  in	
  the	
  genome	
  



Genome-­‐wide	
  histone	
  modifica0on	
  
map	
  

Chu	
  et	
  al.	
  (2011).	
  	
  Molecular	
  Cell	
  44:1-­‐12	
  	
  



Epigene0cs	
  and	
  Diet:	
  
There	
  have	
  long	
  been	
  correla0ons	
  between	
  diet	
  and	
  cancer.	
  	
  While	
  
carcinogens	
  in	
  our	
  food	
  can	
  explain	
  some	
  of	
  this	
  rela0onship,	
  what	
  is	
  the	
  
basis	
  for	
  foods	
  that	
  have	
  been	
  associated	
  with	
  reduced	
  cancer	
  risk?	
  
	
  
1)  There	
  is	
  a	
  rela0onship	
  between	
  metabolism	
  and	
  epigene0c	
  state.	
  	
  While	
  

this	
  is	
  s0ll	
  an	
  emerging	
  field	
  with	
  much	
  to	
  be	
  learned,	
  some	
  of	
  these	
  
rela0onships	
  are	
  well	
  established.	
  	
  In	
  par0cular,	
  the	
  importance	
  of	
  
nutrients	
  that	
  regulate	
  the	
  methyla0on	
  state	
  of	
  DNA	
  and	
  proteins	
  is	
  well	
  
established.	
  

2)  Some	
  foods	
  associated	
  with	
  lowered	
  cancer	
  risk	
  have	
  been	
  found	
  to	
  
contain	
  chemicals	
  that	
  inhibit	
  epigene0c	
  processes.	
  	
  For	
  example:	
  
a)  Dietary	
  fiber—generates	
  short	
  chain	
  fa^y	
  acids	
  in	
  the	
  colon.	
  	
  Short	
  

chain	
  fa^y	
  acids	
  are	
  histone	
  deacetylase	
  inhibitors	
  
b)  Sulfranone	
  (broccoli)-­‐inhibits	
  histone	
  deacetylase	
  
c)  Curcumin	
  (curry)-­‐inhibits	
  CBP	
  and	
  P300	
  (histone	
  acetyltransferases)	
  
d)  Epigallocatechin-­‐3-­‐gallate	
  (green	
  tea)-­‐inhibits	
  DNA	
  methyla0on	
  



Feil	
  and	
  Fraga	
  (2011).	
  	
  Nat.	
  Rev.	
  Gene0cs	
  13:97-­‐109,	
  	
  



DNA	
  methyla0on	
  in	
  human	
  cancers	
  

•  Paradoxically,	
  human	
  cancers	
  tend	
  to	
  be	
  hypomethylated	
  rela0ve	
  to	
  normal	
  
0ssue	
  while,	
  at	
  the	
  same	
  0me,	
  they	
  have	
  commonly	
  inac0vated	
  key	
  regulators	
  
of	
  cellular	
  growth	
  by	
  hypermethyla0on.	
  	
  It	
  is	
  the	
  la^er	
  process	
  that	
  is	
  targeted	
  
for	
  therapeu0c	
  purposes.	
  	
  In	
  2004,	
  the	
  first	
  epigene0c	
  drug,	
  a	
  DNA	
  
methyltransferase	
  inhibitor,was	
  approved	
  for	
  the	
  treatment	
  of	
  
myelodysplas0c	
  syndrome.	
  

•  In	
  colon	
  cancer,	
  where	
  a	
  mul0-­‐stage	
  transforma0on	
  process	
  can	
  be	
  followed	
  
from	
  pre-­‐malignant	
  to	
  malignant	
  transforma0on,	
  hypomethyla0on	
  occurs	
  
early	
  in	
  the	
  transforma0on	
  stage,	
  in	
  pre-­‐malignant	
  stages.	
  



Peter	
  Laird,	
  2010	
  Nature	
  Reviews	
  Gene0cs	
  11:	
  191-­‐203	
  



DNA	
  methyla0on	
  

h^p://www.web-­‐books.com/MoBio/Free/Ch7F2.htm	
  



Rodriguez-­‐Paredes	
  and	
  Esteller	
  (2011).	
  	
  Nat.	
  Medicine	
  17:330-­‐330	
  	
  



Tsai	
  and	
  Baylin	
  (2011)	
  	
  Cell	
  Research	
  21:502-­‐517	
  	
  

Genes	
  that	
  are	
  bound	
  by	
  polycomb	
  group	
  proteins	
  in	
  stem/progenitor	
  
cells	
  tend	
  to	
  silenced	
  by	
  DNA	
  methyla0on	
  in	
  human	
  cancers	
  



Histone	
  H3	
  Lysine	
  Methyla0on	
  in	
  Human	
  Cancer	
  

artkqtark	
  stggkaprkq	
  latkaarksa	
  patggvkkph	
   Histone	
  H3	
  

Trithorax	
  homologues	
  (MLL)	
  
Trimethyla0on	
  of	
  lysine	
  4	
  is	
  
associated	
  with	
  
transcrip0onal	
  ac0va0on	
  
and	
  can	
  be	
  mistargeted	
  in	
  
MLL	
  fusion	
  proteins.	
  	
  	
  
	
  

Di	
  and	
  trimethyla0on	
  of	
  lysine	
  9	
  
are	
  associated	
  with	
  
transcrip0onal	
  repression.	
  	
  
Trimethyla0on	
  is	
  associated	
  
with	
  pericentric	
  
heterochroma0n	
  and	
  telomeres	
  
and	
  is	
  important	
  in	
  the	
  
maintenance	
  of	
  genomic	
  
stability	
  

Trimethyla0on	
  of	
  lysine	
  27	
  is	
  associated	
  
transcrip0onal	
  repression	
  and	
  faculta0ve	
  
heterchroma0n	
  forma0on	
  (e.g.	
  .X-­‐
inac0va0on)	
  
EZH2	
  methyltransferase	
  is	
  part	
  of	
  the	
  
polycomb	
  family	
  and	
  omen	
  overexpressed	
  
in	
  human	
  cancers	
  
Essen0al	
  for	
  the	
  maintenance	
  of	
  
pluripotency	
  



MLL	
  transloca0ons	
  are	
  found	
  in	
  70	
  percent	
  of	
  all	
  infant	
  leukemias	
  and	
  approximately	
  10	
  percent	
  of	
  all	
  
human	
  luekaemias.	
  	
  	
  









Sparmann	
  and	
  Lohuizen	
  Nature	
  Reviews	
  Cancer	
  6,	
  846–856	
  (November	
  2006)	
  |	
  doi:10.1038/nrc1991	
  



Polycomb	
  Group	
  Proteins	
  and	
  Lysine	
  27	
  
trimethyla0on	
  

•  Associated	
  with	
  gene	
  silencing	
  and	
  the	
  
establishment	
  of	
  faculta0ve	
  heterochroma0n	
  

•  The	
  EZH2	
  protein	
  has	
  histone	
  methyltransferase	
  
ac0vity	
  that	
  methylates	
  lysine	
  27	
  of	
  histone	
  H3.	
  	
  
Polycomb	
  group	
  proteins	
  are	
  transcrip0onal	
  
repressors	
  that	
  contain	
  a	
  chromo	
  domain	
  that	
  
specifically	
  recognizes	
  lysine	
  27	
  trimethyla0on	
  

•  The	
  EZH2	
  protein	
  is	
  commonly	
  overexpressed	
  and	
  
associated	
  with	
  poor	
  prognosis	
  in	
  solid	
  tumors	
  in	
  
humans.	
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Rajasekhar,	
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  Stem	
  Cells	
  2007;25:2498-­‐2510	
  

Table	
  1.	
  Polycomb	
  group	
  (PcG)	
  proteins	
  and	
  associated	
  human	
  cancers	
  



BAP1	
  Driver	
  Muta0ons	
  in	
  
Mesothelioma	
  and	
  Melanoma	
  

Histone	
  H2A	
   Ubiquitylated	
  Histone	
  H2A	
  

Polycomb	
  Repressor	
  Complex	
  1	
  

Polycomb	
  Repressive	
  Deubiquitylase	
  (PR-­‐Dub)	
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How	
  is	
  epigene0cs	
  being	
  exploited	
  in	
  the	
  clinic?	
  
1)  Non-­‐invasive	
  detec0on	
  of	
  cancers	
  (lung,	
  colon,	
  bladder)	
  
2)  Predic0ng	
  risk	
  of	
  cancer	
  (lung,	
  colon)	
  
3)  Predic0ng	
  the	
  response	
  to	
  chemotherapy	
  (e.g.,	
  MGMT)	
  
4)  Treatment	
  of	
  cancer	
  



Rodriguez-­‐Paredes	
  and	
  Esteller	
  (2011).	
  	
  Nat.	
  Medicine	
  17:330-­‐330	
  	
  



Rodriguez-­‐Paredes	
  and	
  Esteller	
  (2011).	
  	
  Nat.	
  Medicine	
  17:330-­‐330	
  	
  



Rodriguez-­‐Paredes	
  and	
  Esteller	
  (2011).	
  	
  Nat.	
  Medicine	
  17:330-­‐330	
  	
  



Nature Reviews | Cancer

Acetylation

Closed promoter chromatin 
as seen in CDKN2A and VHL

Loosening of chromatin

3 
Deacetylated

Nucleosome
(Remodelling and 
positioning)

Histone
(Modifications 
and variants)

1 2 

 MLL 
 EZH2
 UTX

 SNF5 
 ARID1A
 PBRM1

 TET2 
 IDH1 and IDH2 
 DNMT3A 

DNA methylation

epigenetic changes can be the earliest initiat-
ing factor in a human cancer83. More recently, 
this change in IGF2 has been linked to the 
expansion of abnormal stem and progenitor 
cells in the progression of colon cancer84.

Other DNA methylation changes. Key roles 
for DNA methylation are emerging for 
regions other than the most proximal pro-
moter areas. DNA methylation patterns for 
conserved gene sequences several kilobases 
upstream or downstream of promoter CpG 
islands, and termed shores, are tightly linked 
with the tissue of origin85,86. Alterations 
of this methylation pattern in cancer cells 
have been reported to be more frequent 
than those in nearby CpG islands86, but 
the importance of these changes is not yet 
known. Most recent studies indicate that, in 
cancer, such shores are isolated targets for 
DNA hypermethylation much less frequently 
than the CpG islands87,88.

Although regional gains in DNA methy-
lation in cancer are important, simultane-
ous losses of DNA methylation have long 
been recognized and are even more wide-
spread1,7,89. Recent genome-wide sequencing 
of CpG sites in small numbers of colon can-
cer versus normal colon samples is begin-
ning to reveal intriguing insights into the 
relationships between these abnormal losses 
of DNA methylation and the previously 

discussed gains in many CpG islands. The 
large regions of DNA methylation losses are 
not randomly distributed but rather span 
megabase regions on multiple chromosomes. 
In turn, these losses, in predominantly CpG-
poor regions, are punctuated with narrow 
gains of DNA methylation, which are those 
predominantly involving the regional gains 
in promoter, and other non-annotated, CpG 
islands87,88,90. Importantly, these domains 
of losses and gains are associated with late-
replicating, lamin-associated nuclear regions 
and this is profoundly important. It is these 
regions in ESCs that contain the majority of 
the genes with bivalent, chromatin promoter 
domains, which, as discussed earlier, are 
those that are highly vulnerable to abnormal 
CpG island DNA hypermethylation in can-
cer87,88,90. Also, this change and the methyla-
tion losses that occur within the bodies of 
many genes could be functionally related 
to reduced expression in cancer14. These 
regional changes in cancer DNA methylation 
will undoubtedly be the subject of intense  
investigation over the next few years.

Origins of the cancer epigenome
Clues from developmental biology. Increas-
ingly, the understanding of the cancer epi-
genome has been linked to the epigenetic 
dynamics of development. Abnormal DNA 
hypermethylation in cancer involves many 

genes that are important to embryonic 
development. Three studies of colon cancer 
in 2007 (REFS 24–26,91) revealed that about 
50% of genes with cancer-specific promoter 
CpG island hypermethylation were among 
the approximately 10% of genes that are con-
trolled by the PcGs in ESCs. As noted earlier, 
PcG-mediated transcriptional repression, 
often in the setting of bivalent chromatin, 
seems to mediate a low, poised transcription 
state of CpG island promoters for genes in 
ESCs that are important for regulating line-
age determination3,17,18. Importantly, these 
regulatory events during embryonic develop-
ment occur in the absence of the abnormal 
promoter DNA methylation seen in mul-
tiple types of cancer92. A working model93 
hypothesizes a molecular progression during 
tumorigenesis that starts with abnormally 
expanding adult stem or progenitor cell com-
partments in which vulnerable genes with 
promoter CpG islands undergo quantitative 
replacement of flexible, PcG-mediated gene 
silencing with the more stable silencing that 
is associated with DNA methylation91,93. 
The mechanisms, however, remain to be 
fully characterized. Abnormal retention or 
imposition of PcGs may occur to the exclu-
sion of DNA methylation for some genes22. 
In others, once DNA methylation evolves, 
the PcG complex and the H3K27me3 histone 
mark may be quantitatively and/or qualita-
tively replaced91,93 (FIG. 3). These possibilities 
are consistent with recent data that methyl-
ated DNA in a nucleosomal context actu-
ally repels components of PcGs94. Indeed, a 
specific gene marked by bivalent chromatin 
in the embryonic setting has reduced levels of 
H3K27me3 when the gene undergoes DNA 
methylation in cancer95.

What might these changes and switches 
from PcG marking to DNA methylation 
mean for tumorigenesis? In stem and/or 
progenitor cell renewal systems in an adult, 
such adoption of tight transcriptional 
repression might prevent their subsequent 
activation, which is needed for signal trans-
duction events and cell differentiation. In 
the setting of increased cancer risk states, 
such as chronic inflammation, where there 
is an abnormal stress for tissue renewal and 
a challenge to cell survival, such tight trans-
criptional repression may favour the abnor-
mal expansion of stem and progenitor cell 
populations96,97. In turn, this expansion may 
further select for cell addiction to oncogenic 
gene mutations, which can help to foster 
abnormal growth and survival and progres-
sion to invasive states and malignancy98. The 
exploration of these possibilities provides 
fertile ground for future research.

Figure 2 | The cancer epigenome and relevant gene mutations. The cancer epigenome is charact-
erized by simultaneous global losses in DNA methylation (indicated by pale blue circles) with hundreds 
of genes that have abnormal gains of DNA methylation (indicated by red circles) and repressive histone 
modifications (indicated by red flags) in promoter region CpG islands. The hypomethylated regions 
have an abnormally open nucleosome configuration and abnormally acetylated histone lysines (indi-
cated by green flags). Conversely, abnormal DNA hypermethylation in promoter CpG islands is associ-
ated with nucleosomes positioned over the transcription start sites of the associated silenced genes 
(indicated by an arrow with a red X). Recent whole-exon sequencing of human cancers has shown a 
high proportion of mutations in genes in leukaemias, lymphomas, and ovarian, renal and pancreatic 
cancers, and rhabdomyosarcoma109–111,154–156 (indicated in yellow boxes), which are depicted as helping 
to mediate either abnormal DNA methylation, histone modifications and/or nucleosome remodel-
ling100,107,108,118,155,157–165. ARID1A, AT-rich interactive domain-containing protein 1A; DNMT3A, DNA 
methyltransferase 3A; EZH2, ehancer of zeste 2; IDH1, isocitrate dehydrogenase 1; MLL, mixed lineage 
leukaemia; PBRM1, protein polybromo 1; SNF5, SWI/SNF-related, matrix associated,  
actin-dependent regulator of chromatin, subfamily B, member 1; VHL, Von Hippel–Lindau.
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Genetics meets epigenetics. We have pre-
viously reviewed how CpG methylation 
directly causes genetic changes in cancer 
by generating mutational hotspots in 
somatic tissues99 or abnormally silenc-
ing DNA repair genes such as MLH1 and 
O-6-methylguanine-DNA methyltrans-
ferase (MGMT) leading to microsatellite 
instability and a failure to repair DNA 
lesions, respectively1. However, recent 
whole-exome sequencing has unexpectedly 
revealed a high frequency of cancer-specific 
mutations in genes that are known to 
directly participate in epigenome organiza-
tion in multiple tumour types. Thus, many 
abnormal epigenetic events may lie down-
stream of genetic abnormalities (FIG. 2). 
The precise phenotypic consequences of 
these mutations remain to be determined 
but important clues are emerging. For 
example, mutations in the TET2, isocitrate 
dehydrogenase 1 (IDH1) and IDH2 genes 
occur in gliomas and leukaemia100,101. In 
gliomas101, IDH1 mutations correlate with a 
DNA CpG island hypermethylator pheno-
type (CIMP)102, an important concept that 
is continually being advanced and recog-
nized for multiple tumour types. Strikingly, 

mutations in TET2 and IDH1 (or IDH2) 
are mutually exclusive in leukaemias100, 
although each may correlate with increased 
numbers of DNA hypermethylated genes. 
This suggests a possible mechanism for 
the DNA methylation changes100. The TET 
proteins are hydroxylating enzymes that 
generate 5-hydroxymethylcytosine from 
methylated cytosines and may thus help to 
protect against unwanted DNA methyla-
tion in normal cells38,39,103. These enzymes 
require α-ketoglutarate as a cofactor, and 
mutant IDH1 and IDH2, through interac-
tions with their wild-type proteins, use 
α-ketoglutarate to generate a profound 
build up of the metabolite 2-hydroxy-
glutarate, which inhibits TET2 (REF. 100). 
Therefore, focal excesses of 5-methyl-
cytosine in the tumours could result from 
the failure to reduce its accumulation 
through the TET hydroxylation pathway. 
The localization of the TET enzymes, and 
increased levels of 5-hydroxymethylcytosine, 
at CpG island promoters of the genes that 
are most vulnerable to cancer-specific DNA 
hypermethylation (those with bivalent 
chromatin39,40,104) make this an attractive 
hypothesis. Furthermore, TET proteins 

may help to direct transcriptional repres-
sion39,40,104,105 that could precede abnormal 
DNA methylation.

Although the above recent findings 
for TET enzymes provide insightful leads 
explaining how regions of the genome, 
such as promoter CpG islands, could 
acquire abnormal DNA methylation in 
cancer, much remains to be resolved about 
how this may actually evolve. More direct 
evidence for how the loss of TET, through 
mutations in these genes, or through the 
inhibition in the setting of IDH muta-
tions, actually generates abnormal DNA 
methylation during tumour progression 
must be provided. Also, it remains to be 
precisely clarified how the proteins cause 
DNA demethylation. Current evidence 
is that this is not solely due to the forma-
tion of 5-hydroxymethylcytosine, which 
instead may be an intermediate that must 
subsequently be converted to cytosine 
through the action of the DNA repair pro-
cesses that are mediated by proteins such 
as activation-induced cytidine deami-
nase (AID; also known as AICDA) and 
apolipo protein B mRNA-editing enzyme 1 
(APOBEC1)105,106. It is clear that future 

Figure 3 | Modes of abnormal gene silencing in cancer. The currently 
suggested routes to abnormally silenced genes in cancer are shown. Genes 
that are active in cells throughout development and adult cell renewal ini-
tially have active promoter chromatin that is characterized by the presence 
of the histone modification, H3K4me (indicated by green circles and 
dashed arrows), and a lack of DNA methylation (indicated by pale blue cir-
cles). Genes that become silenced (indicated by a red X) can do so either 
by the acquisition of DNA methylation (indicated by red circles) and the 

presence of the repressive mark, H3K9me (indicated by orange circles and 
black arrows), or by the presence of Polycomb-mediated repressive chro-
matin (PRC) marks, H3K27me (purple circles and grey arrows).  DNA methy-
lation and H3K9me marks during tumour progression are shown. The wide 
yellow arrows at the sides of the figure depict movements that link stem 
and progenitor cells and differentiated cells and which can be impeded by 
epigenetic abnormalities in cancer or which can be corrected by epigenetic 
therapy.
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