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 From Cancer Genomes to Epigenomes 

The	  sequencing	  of	  cancer	  genomes	  and	  epigenomes	  over	  the	  last	  
decade	  or	  so,	  has	  provided	  unprecedented	  insights	  into	  tumors	  

and	  their	  underlying	  gene8c	  and	  epigene8c	  changes:	  
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 Epigenetics Research is flourishing 
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 From Cancer Genomes to Epigenomes to Biomarkers 

Sturm	  et	  al.,	  2016,	  Cell	  164,	  1060–1072	  

Just	  one	  of	  many	  recent	  examples	  of	  how	  epigenomics	  can	  help:	  
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 From Cancer Genomes to Epigenomes to Biomarkers 

Brain	  tumors	  can	  be	  very	  challenging	  to	  diagnose	  and	  dis8nguish...	  	  
Molecular	  profiling	  means	  that	  cancers	  (eg	  highly	  malignant	  primi8ve	  
neuroectodermal	  tumors	  of	  the	  CNS	  (CNS-‐PNETs)	  can	  be	  classified.	  

	  
⇒  Both	  known	  tumor	  types	  and	  several	  new	  en88es	  (some	  linked	  to	  epigene8c	  

factors)	  with	  dis8nct	  histopathological	  and	  clinical	  features,	  can	  be	  iden8fied	  
paving	  the	  way	  for	  meaningful	  clinical	  trials	  

	  Sturm	  et	  al.,	  2016,	  Cell	  164,	  1060–1072	  



 
 Hopes from Cancer Genomes and Epigenomes 

•	  Discovery	  of	  new	  pathways	  /	  cellular	  processes	  in	  cancer	  
	  
•	  Therapeu8c	  poten8al	  (targeted	  therapies)	  subtle	  interven@on	  
instead	  of	  	  brute	  force,	  aiming	  to	  disable	  or	  block	  cancer	  processes	  
	  
•	  Biomarkers:	  cancers	  will	  eventually	  be	  classified	  based	  on	  their	  
molecular	  (epigenomic	  and	  muta8on)	  profiles	  in	  addi@on	  to	  their	  
histologies	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
•	  Integrated	  “–omics”	  informa8on	  is	  even	  more	  powerful:	  genomes,	  
transcriptomes	  and	  epigenomes.	  
•	  Together	  with	  Func8onal	  tests	  using	  model	  systems	  (mouse,	  iPS…)	  	  
•	  Moving	  towards	  a	  Systems	  Biology	  Approach	  to	  Cancer?	  E. Heard, 2016 

TUMOR	  CLASSIFICATION…	  	  
HETEROGENEITY…?	  
EVOLUTION…?	  

Important	  new	  insights	  from	  deep	  
sequencing	  or	  single	  cell	  sequencing	  

of	  different	  regions	  of	  tumors	  	  
and	  over	  @me	  

the	  data	  have	  yielded	  new	  ways	  to	  classify	  
tumours	  and	  pointed	  to	  previously	  
unrecognized	  drug	  targets	  and	  carcinogens.	  	  
•	  Many	  researchers	  think	  that	  sequencing	  s@ll	  
has	  a	  lot	  to	  offer:	  a	  sta@s@cal	  analysis	  of	  the	  
muta@on	  data	  for	  21	  cancers	  showed	  that	  
sequencing	  s@ll	  has	  the	  poten8al	  to	  find	  
clinically	  useful	  muta8ons	  (M.	  S.	  Lawrence	  et	  
al.	  Nature	  505,	  495–501;	  2014).	  
•	  Ultradeep	  sequencing	  and	  single	  cell	  
sequencing	  provide	  unique	  insight	  into	  tumor	  
evolu8on	  
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 Integrating Datasets for Comprehensive Cancer Care 

Plass	  et	  al,	  Nat.	  Rev.	  Gene@cs,	  2013	  
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 Systems Biology of Cancer 

Understanding	  complex	  biological	  systems	  using	  
computa8onal	  and	  mathema8cal	  modeling	  
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 Systems Biology of Cancer 

An	  overview	  of	  systems	  biology	  applied	  to	  
cancers,	  from	  the	  experimental	  part	  over	  
bioinforma@cs	  aspects	  up	  to	  dynamical	  
modelling.	  It	  covers	  a	  large	  variety	  of	  
founda@ons	  and	  methods,	  which	  are	  necessary	  
for	  the	  understanding	  of	  cancer	  from	  a	  
computa@onal	  systems	  biology	  angle	  as	  
cancers	  are	  complex	  and	  robust	  dynamical	  
systems.	  

Computa8onal	  Systems	  Biology	  of	  
Cancer	  	  
by	  Emmanuel	  Barillot,	  Laurence	  Calzone,	  Philippe	  
Hupé,	  Jean-‐Philippe	  Vert	  and	  Andrei	  Zinovyev	  
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 From the Epigenomics to the Epigenetics of Cancer 



E. Heard, 2016 

 Genetic and Epigenetic Changes during Tumor Evolution

Easwaran	  et	  al,	  Mol.	  Cell	  2014	  

Recurring	  themes:	  	  
epigene8c	  changes	  in	  tumors	  can	  impair	  differen8a8on,	  	  

block	  cells	  into	  a	  state	  of	  self	  renewal,	  
par8cipate	  in	  their	  reprogramming…	  
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Epigenetic Changes in Cancer Cells 

Easwaran	  et	  al,	  Mol.	  Cell	  2014	  

Abnormal	  epigene8c	  states	  can	  help	  lock	  in	  cell	  states	  that	  hinder	  the	  ability	  of	  cells	  to	  exit	  
self	  renewal	  and	  differen8ate	  normally	  Eg	  glioblastoma,	  colon	  cancer,	  leukemias	  –	  cells	  

retain	  more	  primi8ve	  stem/	  embryonic	  cell	  type	  
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!  Epigene@c	  differences	  –	  whether	  DNA	  sequence-‐dependent	  or	  not	  –	  can	  lead	  to	  aberrantly	  

ac@ve	  or	  silent	  states	  that	  may	  be	  reversible	  
!  Regulatory	  element	  variants	  can	  be	  ‘shi_ed’	  to	  ac@vate/inac@vate	  a	  gene,	  using	  epidrugs	  

that	  change	  epigene@c	  status?	  
!  Repeat	  (retrotransposons)	  elements	  may	  however	  be	  reac@vated…	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Biallelic expression  Monoallelic expression  

Fixed state 

Metastable state 

Epigenetic therapy: reversal of epigenetic changes 

Most	  new	  therapies	  focus	  on	  gene8c	  abnormali8es.	  
Cancer	  genomes	  has	  allowed	  iden8fica8on	  of	  specific	  driver	  muta8ons	  that	  can	  be	  targeted	  
by	  simple	  molecules:	  this	  can	  provide	  robust	  ini8al	  responses	  but	  oden	  has	  short	  durability	  

with	  evolu8on	  of	  resistance	  
	  

Kelly, Carvalho and Jones, Nat. Biotech. 2010  

!  Epimuta@ons	  may	  be	  induced	  by	  stress	  (replica@ve	  stress,	  inflamma@on	  etc)	  	  
!  Epigene@c	  states	  can	  become	  aberrantly	  fixed	  –	  blocking	  tumor	  cells	  in	  self-‐renewing	  state	  
!  Epigene@c	  varia@on	  (due	  to	  metastable	  states)	  within	  a	  tumor	  can	  generate	  heterogenity	  

and	  predispose	  to	  cancer	  progression	  	  
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Cancer-specific mutations in chromatin modifiers
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	  Of	  the	  top	  58	  genes	  most	  oden	  mutated	  in	  cancers,	  16	  
encode	  epigene8c	  factors	  

(writers,	  readers	  and	  erasers…)	  	  

Schapira	  and	  colleagues,	  Epigene@cs	  and	  Chroma@n,	  2014.	  	  
	  

 Mutations in Epigenetic Factors

Acute	  myeloid	  leukemias	  (AML)	  have	  a	  high	  
frequency	  of	  muta@ons	  in	  R172	  and	  R140.	  
Clinical	  trials	  ongoing	  with	  inhibitors	  of	  mutant	  
IDH2	  (eg	  reversible	  inhibitor	  AG-‐221	  )	  and	  seem	  
promising.	  
Best	  Prac2ce	  &	  Research	  Clinical	  Haematology	  28	  (2015)	  
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 Epidrugs: reversing/overriding epigenetic states 



E. Heard, 2016 

 Epidrugs: reversing/overriding epigenetic states 
Bromodomain	  proteins	  and	  their	  inhibitors.	  	  
The	  bromodomain	  can	  bind	  acetylated	  lysines,	  which	  are	  associated	  with	  
ac@vely	  transcribed	  promoters.	  	  

The	  bromodomain	  proteins	  are	  
thought	  to	  mediate	  the	  ini@a@on	  
and	  elonga@on	  of	  transcrip@on.	  	  

Chemical	  structures	  of	  prototypical	  
bromodomain	  and	  extra-‐terminal	  (BET)	  
inhibitors.	  (+)-‐JQ1,	  IBET762	  and	  IBET151	  bind	  
to	  all	  members	  of	  the	  BET	  sub-‐family	  (Brd2,	  
Brd3,	  Brd4	  and	  BrdT)	  with	  similar	  affinity	  and	  
regulate	  the	  transcrip@on	  of	  key	  oncogenes	  
including	  the	  MYC	  family	  and	  BCL2.	  



Pharamcological	  inhibi@on	  of	  JMJD3	  using	  GSKJ4	  in	  DIPG	  
orthotopic	  xenogra_s	  reduced	  tumor	  growth	  and	  significantly	  
extended	  animal	  survival,	  and	  analysis	  of	  treated	  tumors	  
revealed	  decreased	  prolifera@on	  and	  increased	  apoptosis,	  
rela@ve	  to	  untreated	  control	  tumors.	  	  
	  	  
=>	  results	  suggest	  that	  GSKJ4	  an@-‐	  tumor	  ac@vity	  is	  specific	  to	  
K27M	  mutant	  tumors,	  both	  in	  vitro	  and	  in	  vivo,	  and	  its	  
an@tumor	  ac@vity	  occurs	  in	  associa@on	  with	  increasing	  K27me2	  
and	  K27me3	  in	  tumor	  cells	  	  
	  
Results	  from	  high-‐performance	  liquid	  chromatography	  revealed	  
good	  penetra@on	  of	  GSKJ4	  into	  the	  brain,	  including	  to	  the	  site	  
of	  brainstem	  tumor	  development,	  following	  systemic	  
administra@on	  of	  inhibitor,	  and	  further	  support	  the	  
development	  of	  GSKJ4	  or	  other	  histone	  demethylase	  inhibitors	  
as	  poten@ally	  effec@ve	  targeted	  therapy	  for	  DIPG	  pa@ents	  
	  
Applica@on	  of	  inhibitor	  GSKJ4	  to	  T	  cell	  acute	  lymphoblas@c	  
leukemia	  (T-‐ALL),	  a	  hematological	  malignancy	  in	  which	  H3K27	  
methyla@on	  is	  reduced	  by	  loss-‐of-‐func@on	  EZH2	  muta@on,	  have	  
also	  shown	  an@tumor	  ac@vity	  through	  use	  of	  the	  JMJD3.	  As	  for	  
K27M	  DIPG,	  see	  an	  accompanying	  increase	  in	  K27M	  
methyla@on.	  
	  
=>	  JMJD3	  as	  an	  emerging	  therapeu8c	  epigene8c	  target	  
for	  cancer	  treatment.	  
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Pediatric gliomas with H3.3K27M histone mutations:  

from mechanisms to therapy? Also	  performed	  a	  chemical	  screen	  on	  P5K	  
	  
Top	  hit	  was	  the	  menin	  inhibitor	  MI-‐2,	  which	  
significantly	  reduced	  survival	  of	  P5K	  cells	  but	  
had	  no	  effect	  on	  normal	  NPCs	  
	  
Knock	  down	  of	  menin	  (MEN1)	  gene	  resulted	  in	  
decreased	  prolifera@on	  of	  P5K	  cells	  and	  
restored	  astrocyte	  differen@a@on	  
	  
MI-‐2	  systemic	  treatment	  in	  mice	  with	  PFK-‐
induced	  tumors	  –	  showed	  reduced	  tumor	  size	  
a_er	  4	  weeks	  
	  

nearly	  all	  G34-‐mutant	  tumors	  
also	  bear	  altera@ons	  in	  ATRX/DAXX,	  and	  
display	  the	  ALT	  phenotype	  

REVIEW	  
Lulla,	  Saratsis,	  Hashizume	  
Sci.	  Adv.	  2016;	  2	  :	  e1501354	  
18	  March	  2016	  5	  of	  9	  
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 Ongoing Clinical Trials: HDAC inhibitors 

HDAC	  inhibitors:	  
	  
The	  main	  biological	  effects	  of	  HDACi	  are	  cell	  cycle	  
arrest,	  induc@on	  of	  differen@a@on	  and	  promo@on	  of	  
apoptosis	  (Mai	  et	  al.,	  2005;	  
Nebbioso	  et	  al.,	  2005).	  	  
	  
HDACi	  can	  enhance	  the	  sensi@vity	  to	  chemotherapy	  for	  
cancers	  and	  inhibit	  angiogenesis	  (Geng	  et	  al.,	  2006;	  
Qian	  et	  al.,	  2006).	  	  
	  
The	  targets	  of	  the	  HDACs	  are	  not	  always	  clear	  –	  and	  
most	  HDACs	  target	  non-‐histone	  proteins	  
	  
The	  sources,	  natures	  and	  structures	  of	  
known	  HDACi	  so	  far	  vary	  greatly,	  and	  this	  has	  raised	  the	  
ques@on	  whether	  these	  different	  HDACi	  affect	  tumor	  
occurrence	  and	  development	  through	  different	  
mechanisms	  
	  
Despite	  success	  on	  lympomas,	  one	  of	  the	  major	  
concerns	  has	  been	  toxicity	  in	  treatment	  of	  solid	  tumors	  	  
-‐	  leading	  to	  several	  clinical	  trials	  being	  ended	  
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 Ongoing Clinical Trials HDAC and DNA Me inhibitors 



•  DNMT1	  preferen8ally	  methylates	  hemimethylated	  DNA	  	  
•  DNMT3A/3B	  de	  novo	  methylate	  both	  unmethylated	  and	  hemimethylated	  	  DNA	  
•  DNMT3L	  s8mulates	  DNMT3A/3B	  ac8vity	  in	  ES	  cells	  
•  TET	  enzymes	  result	  in	  loss	  of	  5mC	  through	  oxida8on	  to	  5-‐hydroxy	  methyla8on	  
•  DNA	  methyla8on	  can	  be	  passively	  lost	  in	  absence	  of	  DNMT1	  or	  ac8vely	  lost	  via	  TETs	  	  
•  5-‐Aza-‐cy8dine	  can	  also	  lead	  to	  ‘passive’	  	  loss	  of	  DNA	  methyla8on	  	  

Jones P.A. et. al. 2009. Nat Rev Genet.  

DNA Methyltransferases:  
Orchestrators of DNA Methylation 
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TETs

Passive	  loss	  
(no	  DNMT1)	  

Ac@ve	  loss	  



So	  what?	  

Jones P.A. et. al. 2009. Nat Rev Genet.  
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Inhibition of DNA Methylation could  affect gene expression 

E. Heard, 2016 

1. DNA methylation might affect gene expression 
 
2. Changes in DNA methylation could explain switching on & off of genes in development. 
  
3. Predicted existence of enzyme(s) methylating a particular region of DNA – either by  
    sequence specific  binding, or via interaction with other proteins that were sequence specific 
 
4. DNA methylation pattern could be heritable, if maintenance methylases existed that  
   recognize hemi-methylated DNA soon after replication, but do not act on unmethylated DNA 
⇒ mechanism for heritability of the methylated and non-methylated DNA 
⇒   heritability of a given pattern of gene activities 
 

Phenotypes Induced in 1 OT: Cultures after Treatment with 5-aza-CR 
(a) Adipocytes (4 weeks after treatment); (b) myotubes (2 weeks after treatment); (c) 
chondrocytes (5 weeks after treatment). Taylor and Jones, 1979. 

Advent	  of	  the	  DNA	  methyla@on	  inhibitor	  5-‐azacy@dine	  (Jones,	  1984),	  one	  of	  the	  first	  drugs	  to	  
be	  used	  to	  treat	  cancer	  
	  
Data	  on	  cultured	  mammalian	  cells	  showed	  that	  gene	  expression	  could	  be	  affected	  by	  
methyla@on,	  and	  loss	  of	  DNA	  methyla@on	  could	  lead	  to	  gene	  reac@va@on	  and	  a	  change	  in	  
cell	  iden@ty	  
	  
⇒ The	  inac@ve	  expression	  state	  of	  a	  gene	  could	  be	  stably	  maintained	  by	  DNA	  methyla@on	  	  

(Razin	  and	  Riggs,1980;	  Lock	  et	  al.,	  1987)	  

⇒ Robin	  Holliday	  went	  on	  to	  propose	  in	  1987,	  that	  aberrant	  DNA	  methyla@on	  could	  
some@mes	  lead	  to	  epimuta-ons,	  or	  event	  	  muta-ons,	  for	  example	  in	  cancer…	  
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 DNA Methylation Inhibitors 

Therapy:	  inhibitors	  

5-‐AzaC	  first	  tested	  in	  the	  1960’s	  as	  a	  chemical	  to	  treat	  cancer	  but	  was	  highly	  toxic.	  
Its	  poten8al	  for	  reversing	  epigene8c	  altera8ons	  was	  discovered	  in	  the	  1970’s	  in	  

cultured	  cells	  –	  but	  clinical	  applica8on	  only	  came	  later	  

During	  DNA	  synthesis,	  azacytosine	  can	  subs@tute	  for	  
cytosine	  –	  the	  DNA	  Methylatransferase	  enzyme	  recognizes	  
the	  nucleo@e	  and	  ini@ates	  the	  methyla@on	  process	  but	  

remains	  covalently	  bound	  to	  DNA	  and	  its	  DNA	  
methyltransferase	  func@on	  is	  blocked.	  
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 DNA Methylation Inhibitors 

Therapy:	  inhibitors	  

Azaci8dine	  (trade	  name	  Vidaza)	  a	  chemical	  analog	  of	  cy@dine,	  a	  nucleoside	  present	  in	  DNA	  
and	  RNA.	  Azaci@dine	  and	  its	  deoxy	  deriva@ve,	  decitabine	  (5-‐aza-‐2ʹ′deoxycy@dine),	  are	  FDA-‐
approved	  and	  used	  in	  the	  treatment	  of	  myelodysplas@c	  syndrome.	  Both	  drugs	  were	  first	  
synthesized	  in	  Czechoslovakia	  as	  poten@al	  chemotherapeu@c	  agents	  for	  cancer.	  
	  
Cihák	  A	  (1974).	  "Biological	  effects	  of	  5-‐azacy@dine	  in	  eukaryotes".	  Oncology	  30	  (5):	  405–422	  

Peter	  Jones	   Steve	  Baylin	  Jean	  Pierre	  Issa	  

5-‐AzaC	  first	  tested	  in	  the	  1960’s	  as	  a	  chemical	  to	  treat	  cancer	  but	  was	  highly	  toxic.	  
Its	  poten8al	  for	  reversing	  epigene8c	  altera8ons	  was	  discovered	  in	  the	  1970’s	  in	  

cultured	  cells	  –	  but	  clinical	  applica8on	  only	  came	  later	  

Peter	  Jones	   Steve	  Baylin	  Jean	  Pierre	  Issa	  

Some	  key	  players:	  
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 DNA Methylation Inhibitors 

Only	  in	  the	  1990s	  were	  these	  drugs	  used	  in	  hematologic	  malignancies,	  	  
par8cularly	  for	  myelodysplas8csyndrome	  (MDS)	  	  (Decitabine)	  

Efficiency	  in	  the	  clinic	  due	  to	  lowered	  dose	  	  –	  improving	  pa8ent	  tolerance	  (&	  also	  specificity?)	  



Selectivity of 5-Aza-CdR (50 nM) Ten Days After treatment
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Courtesy	  of	  Peter	  Jones	  E. Heard, 2016 
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Transient, low-dose DAC decreases Tumorigenicity of Leukemia cells 
with minimal Acute DNA Damage, Cell Cycle changes or Apoptosis

Tsai	  et	  al,	  Cell	  2012	  

Demethyla8ng	  agents	  are	  potent	  an8-‐cancer	  drug	  for	  leukemias	  
Less	  successful	  (used	  alone)	  in	  solid	  tumors	  

Their	  method	  of	  ac8on	  remained	  mysterious	  un8l	  recently…	  
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Multiple Pathways are Misregulated by Epigenetic Therapy 

E. Heard, 2016 Courtesy	  of	  Peter	  Jones	  
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Multiple Pathways are Misregulated by Epigenetic Therapy 

Courtesy	  of	  Peter	  Jones	  

Low	  dose	  AZA	  or	  DEC	  treatment	  show	  slow	  onset,	  and	  induce	  
long	  las8ng	  decrease	  in	  self	  renewal	  and	  tumorigenicity	  without	  

cytotoxicity	  or	  changes	  in	  cell	  cycle,	  as	  would	  have	  been	  	  
predicted	  by	  reac8va8on	  of	  tumor	  suppressors.	  

	  
⇒ What	  are	  the	  key	  genes	  that	  are	  reac8vated,	  that	  predict	  	  

or	  mediate	  the	  response???	  
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Courtesy	  of	  Peter	  Jones	  

However,	  iden@fica@on	  of	  genes	  whose	  reac@va@on	  predicts	  or	  mediates	  response	  has	  
been	  elusive.	  	  
Also	  low	  dose	  AZA	  or	  DEC	  treatment	  can	  induce	  long	  las@ng	  decrease	  in	  self	  renewal	  and	  
tumorigenicity	  without	  cytotoxicity	  or	  changes	  in	  cell	  cycle,	  as	  would	  be	  	  predicted	  by	  
reac@va@on	  of	  tumor	  suppressors?	  

•  AZA	  can	  demethylate	  and	  ac8vate	  genes	  encoding	  MHC	  class	  I	  genes	  and	  tumor	  
an8gen	  genes	  (Karpf	  et	  al.,	  1999,	  2004).	  	  

	  
•  Interferon	  pathway	  genes	  are	  also	  upregulated	  by	  AZA,	  and	  this	  correlates	  with	  

increased	  expression	  of	  endogenous	  retroviral	  transcripts	  rather	  than	  de-‐repression	  
of	  interferon	  pathway	  transcrip8on	  factors	  

•  The	  most	  common	  set	  of	  genes	  induced	  by	  AZA	  in	  solid	  tumor	  cell	  lines	  are	  
those	  involved	  in	  an8gen	  presenta8on	  and	  interferon	  response	  (Li	  et	  al.,	  2014).	  	  

	  

•  Pa8ents	  who	  had	  previously	  received	  AZA	  for	  lung	  cancer	  subsequently	  
had	  a	  highly	  efficient	  response	  to	  immune	  checkpoint	  inhibitors	  (Wrangle	  
et	  al.,	  2013).	  



The Economist June 8th, 2013 

Switching	  off	  CTLA-‐4	  T-‐cell	  receptors	  on	  tumor	  cells	  helps	  to	  shut	  off	  
the	  immune	  checkpoint,	  exposing	  tumors	  an8gens	  to	  immune	  system!	  

	  

E. Heard, 2016 

Immunotherapy	  and	  immune	  checkpoint	  inhibitors	  

Harding	  et	  al	  	  (1992).	  Nature	  356,	  607–609.	  
Hodi	  	  et	  al.	  (2010).	  N.	  Engl.	  J.	  Med.	  363,	  711–723.	  
Topalian	  (2012).	  N.	  Engl.	  J.	  Med.	  366,	  2443–2454.	  
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Pt.	  001-‐0605	  
History:	  	  61	  y.o.	  
male	  with	  stage	  IV	  
NSCLC	  refractory	  to	  
mul@ple	  surgeries,	  
RT,	  two	  mul@drug	  
chemotherapy	  
regimens,	  5-‐AZA	  
and	  en@nostat	  
(HDACi).	  

10/13/11,	  post	  C4	  

Response of a “non-immunogenic” tumor to anti-PD-1:  
Stage IV Non-Small Cell Lung Cancer with prior epigenetic therapy 

J.	  Brahmer	  et	  al.	  
E. Heard, 2016 Courtesy	  of	  Peter	  Jones	  
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 DNA Methylation inhibitors: 

Activation of endogenous retroviral expression  

DNMT	  inhibitors	  induce	  ERV	  demethyla8on	  and	  expression	  	  
(sense	  and	  an8sense),	  which	  triggers	  a	  dsRNA	  response	  

Roulois,,	  et	  al.	  (2015).	  Cell	  162,	  961–973.	  
Chiappinelli,	  et	  al.	  (2015).	  Cell	  162,	  974–986.	  
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 DNA Methylation inhibitors: 

Activation of endogenous retroviral expression  

•  Gene	  expression	  profiling	  of	  colorectal	  and	  ovarian	  carcinoma	  cells	  treated	  with	  low-‐dose	  
AZA	  iden@fied	  genes	  	  significantly	  upregulated	  with	  delayed	  kine@cs	  whose	  expression	  was	  
NOT	  	  correlated	  with	  changes	  in	  DNA	  methyla8on	  

•  Many	  of	  these	  were	  targets	  of	  the	  IRF7	  protein	  -‐	  a	  known	  an@viral	  mediator!	  
•  AZA	  induces	  nuclear	  localiza@on	  of	  IRF7	  by	  s@mula@on	  of	  the	  MDA5	  and	  RIG-‐I	  proteins	  that	  

recognize	  double	  stranded	  viral	  RNA	  
•  Colon	  cancer	  cells	  treated	  with	  AZA	  actually	  began	  to	  secrete	  interferon,	  but	  again,	  not	  

linked	  to	  demethyla@on	  of	  interferon	  pathway	  genes.	  	  
•  Transfec@on	  with	  dsRNA	  of	  a	  fresh	  culture	  of	  cells	  derived	  from	  AZA-‐treated	  cells,	  but	  not	  

control	  cells,	  induced	  an	  an@viral	  response	  in	  recipient	  cells.	  
•  Ac@va@on	  of	  endogenous	  retroviral	  sequences	  by	  AZA	  induced	  interferon	  response	  
•  Inhibi@on	  of	  DNA	  methyla@on	  sensi@zes	  a	  murine	  melanoma	  model	  to	  an@-‐CTLA4	  immune	  

checkpoint	  therapy	  
•  Clinical	  trials	  on	  combined	  ASA	  or	  DEC	  treatment	  with	  immunotherapy	  look	  very	  promising	  

-‐	  on	  solid	  tumors	  -‐	  	  not	  just	  on	  hematological	  tumors!	  
	  

Roulois,,	  et	  al.	  (2015).	  Cell	  162,	  961–973.	  
Chiappinelli,	  et	  al.	  (2015).	  Cell	  162,	  974–986.	  
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 DNA Methylation inhibitors: 

Activation of endogenous retroviral expression  

DNMT	  inhibitors	  induce	  a	  “viral	  
mimicry”	  response	  in	  cells	  by	  

ac8va8ng	  endogenous	  
retroviral	  repeats	  and	  

upregula8ng	  immune	  signaling	  
through	  secreted	  interferon	  

In	  addi8on	  to	  ac8va8ng	  tumor	  
an8gen	  genes	  

Roulois	  et	  al.	  (2015).	  Cell	  162,	  961–973.	  
Chiappinelli,	  et	  al.	  (2015).	  Cell	  162,	  974–986.	  

DNMT	  inhibitors	  probably	  sensi8se	  cells	  by	  inducing	  an	  an8viral,	  
	  an8-‐prolifera8ve	  state,	  reac8va8ng	  tumor	  an8gen	  expression	  	  

and	  altering	  	  cell	  signaling	  pathways	  
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 Enhancing Cancer Immune checkpoint therapy with 

DNMT inhibitors  

Epigene8c	  effects	  of	  DNMT	  inhibi8on	  by	  azaci8dine	  (AZA)	  or	  
decitabine	  (DAC).	  

	  
5-‐azaci8dine	  and	  en8nostat,	  which	  
alter	  the	  epigenome,	  may	  prime	  
pa8ents’	  immune	  systems	  to	  
respond	  to	  the	  checkpoint	  inhibitor.	  
	  	  
Pairing	  these	  drugs	  may	  radically	  
improve	  pa8ent	  outcomes.	  	  
Large	  clinical	  trials	  ongoing	  
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DNA	  in	  normal	  cells	  is	  con@nuously	  damaged	  by	  mutagens	  of	  both	  
internal	  and	  external	  origins.	  Most	  of	  this	  damage	  is	  repaired.	  
However,	  a	  small	  frac@on	  may	  be	  converted	  into	  fixed	  muta@ons	  and	  
DNA	  replica@on	  itself	  has	  a	  low	  intrinsic	  error	  rate.	  Our	  understanding	  
of	  soma@c	  muta@on	  rates	  in	  normal	  human	  cells	  is	  s@ll	  rela@vely	  
rudimentary.	  However,	  it	  is	  likely	  that	  the	  muta@on	  rates	  of	  each	  of	  
the	  various	  structural	  classes	  of	  soma@c	  muta@on	  differ	  and	  that	  there	  
are	  differences	  among	  cell	  types	  too.	  Muta@on	  rates	  increase	  in	  the	  
presence	  of	  substan@al	  exogenous	  mutagenic	  exposures,	  for	  example	  
tobacco	  smoke	  carcinogens,	  naturally	  occurring	  chemicals	  such	  as	  
aflatoxins,	  which	  are	  produced	  by	  fungi,	  or	  various	  forms	  of	  radia@on	  
including	  ultraviolet	  light.	  These	  exposures	  are	  associated	  with	  
increased	  rates	  of	  lung,	  liver	  and	  skin	  cancer,	  respec@vely,	  and	  soma@c	  
muta@ons	  within	  such	  cancers	  o_en	  exhibit	  the	  dis@nc@ve	  muta@onal	  
signatures	  known	  to	  be	  associated	  with	  the	  mutagen15.	  The	  rates	  of	  
the	  different	  classes	  of	  soma@c	  muta@on	  are	  also	  increased	  in	  several	  
rare	  inherited	  diseases,	  for	  example	  Fanconi	  anaemia,	  ataxia	  
telangiectasia,	  mosaic	  variegated	  aneuploidy	  and	  xeroderma	  
pigmentosum,	  each	  of	  which	  is	  also	  associated	  with	  increased	  risks	  of	  
cancer16,	  17.	  
The	  rest	  of	  the	  soma@c	  muta@ons	  in	  a	  cancer	  cell	  genome	  have	  been	  
acquired	  during	  the	  segment	  of	  the	  cell	  lineage	  in	  which	  predecessors	  
of	  the	  cancer	  cell	  already	  show	  phenotypic	  evidence	  of	  neoplas@c	  
change	  (Fig.	  1).	  Whether	  the	  soma@c	  muta@on	  rate	  is	  always	  higher	  
during	  this	  part	  of	  the	  lineage	  is	  controversial18,	  19.	  For	  some	  cancers	  
this	  is	  clearly	  the	  case.	  For	  example,	  colorectal	  and	  endometrial	  
cancers	  with	  defec@ve	  DNA	  mismatch	  repair	  due	  to	  abnormali@es	  in	  
genes	  such	  as	  MLH1	  and	  MSH2,	  exhibit	  increased	  rates	  of	  acquisi@on	  
of	  single	  nucleo@de	  changes	  and	  small	  inser@ons/dele@ons	  at	  
polynucleo@de	  tracts20.	  Other	  classes	  of	  such	  'mutator	  phenotypes'	  
may	  exist,	  for	  example	  leading	  to	  abnormali@es	  in	  chromosome	  
number	  or	  increased	  rates	  of	  genomic	  rearrangement,	  although	  these	  
are	  generally	  less	  well	  characterized20.	  The	  merit	  of	  an	  increased	  
soma@c	  muta@on	  rate	  with	  respect	  to	  the	  development	  of	  cancer	  is	  
that	  it	  increases	  the	  DNA	  sequence	  diversity	  on	  which	  selec@on	  can	  
act.	  However,	  it	  has	  been	  suggested	  that	  the	  muta@on	  rates	  of	  normal	  
cells	  may	  be	  sufficient	  to	  account	  for	  the	  development	  of	  some	  
cancers,	  without	  the	  requirement	  for	  a	  mutator	  phenotype18,	  19.	  
The	  course	  of	  muta@on	  acquisi@on	  need	  not	  be	  smooth	  and	  
predecessors	  of	  the	  cancer	  cell	  may	  suddenly	  acquire	  a	  large	  number	  
of	  muta@ons.	  This	  is	  some@mes	  termed	  'crisis'21,	  and	  can	  occur	  a_er	  
a|ri@on	  of	  the	  telomeres	  that	  normally	  cap	  the	  ends	  of	  chromosomes,	  
with	  the	  cell	  having	  to	  substan@ally	  reorganize	  its	  genome	  to	  survive.	  
Although	  complex	  and	  poten@ally	  cryp@c	  to	  decipher,	  the	  catalogue	  of	  
soma@c	  muta@ons	  present	  in	  a	  cancer	  cell	  therefore	  represents	  a	  
cumula@ve	  archaeological	  record	  of	  all	  the	  muta@onal	  processes	  the	  
cancer	  cell	  has	  experienced	  throughout	  the	  life@me	  of	  the	  pa@ent.	  It	  
provides	  a	  rich,	  and	  predominantly	  unmined,	  source	  of	  informa@on	  for	  
cancer	  epidemiologists	  and	  biologists	  with	  which	  to	  interrogate	  the	  
development	  of	  individual	  tumours.	  
	  

Ding	  et	  al,	  NRG	  (2014)	  Expanding	  the	  computa@onal	  toolbox	  for	  mining	  cancer	  genomes	  

Clonal	  Evolu8on:	  Sequencing	  of	  Tumor	  samples	  through	  disease	  progression	  

 
 Neoantigens generated during clonal evolution within Tumors and/
or by Demethylating agents - are key to successful Immunotherapy 



Epigenetic Therapy Plus Chemotherapy 

E. Heard, 2016 
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 Genetic and Epigenetic basis 
of Drug Resistance - Sensitisation

Easwaran	  et	  al,	  Mol.	  Cell	  2014	  
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 Drug Resistant Cancer Cells:  Low Dose Epigenetic Drugs in 

combination with other therapies may be effective  

CANCER	  PHARMACOLOGY	  
Eco-‐evolu8on	  of	  cancer	  resistance	  
Giannoula	  L.	  Klement	  
Contrary	  to	  high-‐dose	  cytotoxic	  chemotherapy,	  
where	  they	  proliferate	  unopposed,	  drug-‐
resistant	  cancer	  cells	  may	  be	  at	  an	  
evolu@onary	  disadvantage	  in	  presence	  of	  low-‐
dose	  chemotherapy	  owing	  to	  the	  high	  
metabolic	  cost	  of	  their	  resistance	  mechanisms	  
(Enriquez-‐Navas	  et	  al.,	  this	  issue). 	   	  	  

Eco-‐evolu8on	  of	  cancer	  resistance	  
Giannoula	  L.	  Klement	  

Contrary	  to	  high-‐dose	  
cytotoxic	  chemotherapy,	  
where	  they	  proliferate	  
unopposed,	  drug-‐resistant	  
cancer	  cells	  may	  be	  at	  an	  
evolu@onary	  disadvantage	  
in	  presence	  of	  low-‐dose	  
chemotherapy	  owing	  to	  
the	  high	  metabolic	  cost	  of	  
their	  resistance	  
mechanisms	  	  
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Cancer Therapies based on Mutational and Epigenetic Alterations 

Combined	  Immunotherapy	  with	  other	  Epigenet	  

Hormonal	  	  
therapy	  

Immunotherapy	  	  

Chemotherapy	  
Radiotherapy	  

Surgery	  



Hanahan	  and	  Weinberg	  “The	  Hallmarks	  of	  Cancer”	  2011	  
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 Cancer Epigenetics: From Mechanisms to Therapy 

Single	  cell	  cancer	  monitoring:	  Biopsies,	  Circula@ng	  Tumor	  Cells	  

Lung	  carcinoma	  (blue)	  filling	  an	  
alveolus	  of	  the	  human	  lung	  



Highly	  Parallel	  Genome-‐wide	  Expression	  Profiling	  of	  
Individual	  Cells	  Using	  Nanoliter	  Droplets	  
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•	  Single	  cell	  “omics”	  approaches	  are	  providing	  revolu@onary	  insights	  into	  Biology	  –	  especially	  cancer	  
•	  Connec@ng	  genotypes,	  epigenotypes	  to	  the	  phenotypes	  
•	  Allow	  iden@fica@on	  of	  heterogeniety	  (“diversity	  index”)	  =>	  valuable	  prognos@c	  marker	  
•	  Allows	  es@ma@on	  of	  muta@on	  rates	  (not	  just	  frequencies!)	  	  
•	  Enables	  detec@on	  of	  early	  and	  late	  events	  –	  and	  of	  slow	  versus	  sudden	  events	  (eg	  chromothripsis…)	  
•	  Addresses	  the	  ques@on	  of	  Cancer	  Stem	  Cells	  (CSCs	  -‐	  now	  renamed	  Tumor	  Ini@a@ng	  Cells	  (TICs)	  
•	  Phylogene@c	  trees	  and	  insights	  into	  tumor	  evolu@on	  (Darwinian	  or	  macroevolu@on)	  
•	  Sequencing	  of	  circula@ng	  tumor	  cells	  (CTCs)	  and	  tumor	  biopsies	  monitors	  disease	  progression	  and	  
responses	  to	  therapy….	  
See	  Navin	  Genome	  Research,	  2015;	  Patel	  et	  al	  Science,	  2014	  and	  Macosko	  et	  al,	  Cell	  2015	  

Single	  cell	  cancer	  monitoring:	  Biopsies,	  Circula@ng	  Tumor	  Cells	  
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From	  Dawson	  and	  Kouzarides,	  2012	  

Targeted	  molecules	  against	  mutated	  epigene8c	  factors	  (eg	  IDH,	  BETs)	  or	  
general	  inhibitors	  of	  epigenomic	  modifiers	  (eg	  DNMTs,	  HDACs):	  
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Séminaire par le Professeur Kristian Helin 

Epigenetic Targets in Cancer  
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