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Genome	
  Integrity	
  

Highly	
  conserved	
  molecular	
  mechanisms	
  are	
  responsible	
  
for	
  maintaining	
  genome	
  integrity	
  and	
  7ghtly	
  regulated	
  
gene	
  expression,	
  which	
  is	
  essen7al	
  for	
  cell	
  survival.	
  
Those	
  include	
  the	
  fine	
  regula7on	
  of	
  chroma7n	
  structure,	
  
mainly	
  maintained	
  through	
  three	
  dis7nct	
  processes:	
  the	
  
post-­‐transla7onal	
  modifica7on	
  of	
  histone	
  tails,	
  the	
  
replacement	
  
of	
  core	
  histones	
  by	
  histone	
  variants,	
  and	
  the	
  
direct	
  structural	
  remodeling	
  by	
  ATP-­‐dependent	
  chroma7n-­‐	
  
remodeling	
  enzymes	
  [1].	
  The	
  proteins	
  that	
  control	
  
this	
  system,	
  broadly	
  referred	
  to	
  as	
  chroma7n	
  regulatory	
  
factors	
  (CRFs),	
  contribute	
  to	
  the	
  establishment	
  of	
  chroma7n	
  
structures	
  that	
  modulate	
  the	
  expression	
  of	
  large	
  
gene	
  sets,	
  either	
  by	
  establishing	
  more	
  inaccessible	
  regions	
  
or	
  by	
  placing	
  histone	
  marks	
  that	
  open	
  the	
  chroma7n	
  
and	
  allow	
  the	
  binding	
  of	
  other	
  factors.	
  These	
  CRFs	
  
help	
  to	
  maintain	
  cellular	
  iden7ty,	
  and	
  muta7ons	
  in	
  them	
  
(commonly	
  called	
  epimuta7ons)	
  oLen	
  lead	
  to	
  a	
  deregula7on	
  
of	
  gene	
  expression	
  that	
  may	
  contribute	
  to	
  
tumorigenesis	
  [2].	
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New Lessons from Cancer Genomes 

“The	
  Cancer	
  Genome”	
  
Michael	
  R.	
  StraRon,	
  Peter	
  J.	
  Campbell	
  &	
  P.	
  Andrew	
  

Futreal	
  (2009)	
  	
  
Nature	
  458,	
  719-­‐724	
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Identifying Chromatin Regulatory Factors as Putative 

Drivers in Cancer 
4,623	
  tumor	
  samples	
  from	
  thirteen	
  anatomical	
  sites	
  to	
  determine	
  	
  
Iden7fy	
  34	
  chroma7n	
  regulatory	
  factors	
  that	
  are	
  likely	
  drivers	
  in	
  tumors	
  from	
  at	
  least	
  one	
  site	
  
Tumors	
  from	
  all	
  thirteen	
  sites	
  show	
  muta7ons	
  in	
  likely	
  driver	
  chroma7n	
  regulatory	
  factors	
  
More	
  prevalent	
  in	
  tumors	
  arising	
  from	
  certain	
  7ssues:	
  hematopoie7c,	
  liver	
  and	
  kidney	
  tumors,	
  	
  

Likely	
  driver	
  chroma7n	
  regulatory	
  
factors	
  across	
  the	
  datasets	
  of	
  
soma7c	
  muta7ons	
  in	
  IntOGen-­‐
muta7ons.	
  The	
  heat-­‐map	
  in	
  the	
  
RIGHT	
  panel	
  iden7fies	
  FM-­‐biased	
  
and	
  CLUST-­‐biased	
  CRFs	
  across	
  the	
  31	
  
datasets	
  from	
  13	
  sites	
  in	
  IntOGen-­‐
muta7ons,	
  whose	
  original	
  projects	
  
are	
  detailed	
  in	
  the	
  middle	
  panel.	
  The	
  
heat-­‐map	
  in	
  the	
  LEFT	
  panel	
  contains	
  
the	
  number	
  of	
  samples	
  with	
  
muta7ons	
  in	
  each	
  likely	
  driver	
  CRF	
  in	
  
each	
  site.	
  	
  Cells	
  in	
  the	
  heat-­‐map	
  are	
  
colored	
  following	
  muta7onal	
  
frequency	
  



 
Mutated Cancer Genes affect a spectrum of  

Chromatin Modifers 

Shen	
  et	
  al,	
  Cell	
  2013	
  	
  E. Heard, 2016 

Both	
  gain	
  and	
  loss	
  of	
  
func7on	
  
	
  
Already	
  useful	
  for	
  
classifying	
  specific	
  tumors!	
  
	
  
Affected	
  genes/cell	
  
func7ons	
  s7ll	
  need	
  to	
  be	
  
understood…	
  
	
  
	
  
Targeted	
  therapy	
  already	
  
underway	
  
	
  

See	
  also:	
  “dbEM:	
  A	
  database	
  of	
  epigene7c	
  modifiers	
  
curated	
  from	
  cancerous	
  and	
  normal	
  genomes”.	
  Nanda	
  
et	
  al,	
  Scien1fic	
  Reports	
  2016	
  



 
 Chromatin remodeling proteins, Histone  

Modifiers and DNA Methyltransferases/demethylases  

In	
  2009,	
  biochemical	
  studies	
  
iden7fied	
  a	
  new	
  type	
  of	
  DNA	
  modifica7on:	
  the	
  conversion	
  of	
  
5-­‐methylcytosine	
  (5mC)	
  at	
  CpG	
  islands	
  to	
  a	
  hydroxylated	
  
variant	
  called	
  5-­‐hydroxymethylcytosine	
  (5hmC)	
  by	
  the	
  ten/	
  
eleven	
  transloca7on	
  (TET)	
  family	
  of	
  DNA	
  hydroxylases	
  
(Kriaucionis	
  
and	
  Heintz,	
  2009;	
  Tahiliani	
  et	
  al.,	
  2009)	
  (Figure	
  2).	
  Soon	
  
thereaLer,	
  genomic	
  surveys	
  found	
  that	
  a	
  family	
  member	
  
TET2	
  
shows	
  recurrent	
  inac7va7ng	
  muta7ons	
  in	
  AML,	
  MDS,	
  and	
  
other	
  
myeloprolifera7ve	
  disorders	
  (Delhommeau	
  et	
  al.,	
  2009;	
  
Langemeijer	
  
et	
  al.,	
  2009).	
  As	
  noted	
  above,	
  the	
  TET	
  enzymes	
  require	
  
a-­‐ketoglutarate	
  for	
  their	
  ac7vity	
  and	
  are	
  inhibited	
  by	
  the	
  
2HG	
  oncometabolite	
  
product	
  of	
  mutant	
  IDH1/2.	
  TET2	
  and	
  IDH1/2	
  muta7ons	
  
thus	
  act,	
  at	
  least	
  in	
  part,	
  through	
  a	
  common	
  mechanism;	
  
as	
  would	
  be	
  expected,	
  these	
  muta7ons	
  rarely	
  co-­‐occur	
  in	
  
AML.	
  Interes7ngly,	
  however,	
  TET2	
  and	
  DNMT3A	
  muta7ons	
  
frequently	
  co-­‐occur	
  in	
  MDS,	
  poin7ng	
  to	
  an	
  as-­‐yet	
  
unexplained	
  
coopera7vity	
  between	
  dysregula7on	
  of	
  5mC	
  and	
  5hmC	
  in	
  
leukemogenesis	
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COURS	
  V	
  and	
  VI	
  



How do Epigenetic Changes Arise? 
Mutations in DNA Methylation modifers 
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UHRF1	
  (DNA	
  replica7on)	
  
DNA	
  Repair	
  proteins?	
  



 
Mutated Cancer Genes are Involved in DNA 

Methylation 

Shen	
  et	
  al,	
  Cell	
  2013	
  	
  E. Heard, 2016 

Both	
  gain	
  and	
  loss	
  of	
  
func7on	
  	
  found	
  
	
  
Already	
  useful	
  for	
  
classifying	
  specific	
  tumors!	
  
	
  
Affected	
  genes/cell	
  
func7ons	
  s7ll	
  need	
  to	
  be	
  
understood…	
  
	
  
	
  
Targeted	
  therapy	
  already	
  
underway	
  
	
  

See	
  also:	
  “dbEM:	
  A	
  database	
  of	
  epigene7c	
  modifiers	
  
curated	
  from	
  cancerous	
  and	
  normal	
  genomes”.	
  Nanda	
  
et	
  al,	
  Scien1fic	
  Reports	
  2016	
  

Eg	
  high	
  frequency	
  of	
  DNA	
  
methylaPon	
  associated	
  
mutaPons	
  in	
  hematopoiePc	
  
malignancies:	
  	
  
	
  
DNMT3A	
  muta7ons	
  are	
  found	
  in:	
  
AML	
  (30%)	
  	
  
Myeloprolifera7ve	
  neoplasia	
  (MPN)	
  
(7–15%)	
  
Myelodysplas7c	
  syndrome	
  (MDS)	
  
(8%)	
  
	
  
TET2	
  is	
  frequently	
  mutated	
  in	
  
myeloid	
  disease:	
  	
  
AML	
  (7–23%),	
  	
  
Chronic	
  myelomonocy7c	
  leukemia	
  
(CMML)	
  (50%),	
  	
  
MDS	
  (10–20%)	
  
	
  
IDH1/2	
  muta7ons	
  found	
  in:	
  
AML	
  (16-­‐19%),	
  	
  
MPN	
  (2-­‐9%)	
  
MDS	
  (3%)	
  

Un7l	
  recently,	
  DNMT	
  proteins	
  had	
  not	
  been	
  
found	
  mutated	
  in	
  cancer	
  [3],	
  but	
  DNMT3A,	
  and	
  
later	
  DNMT1	
  and	
  DNMT3B,	
  were	
  reported	
  as	
  
altered	
  in	
  pa7ents	
  with	
  myelodysplas7c	
  
syndromes	
  and	
  in	
  acute	
  monocy7c	
  
leukemia,	
  where	
  their	
  muta7on	
  status	
  also	
  
predicted	
  prognosis	
  [4,5].	
  



Aberrant DNA Methylation profiles in Cancer 
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DNA	
  methylaPon	
  profiling	
  studies:	
  	
  
2000-­‐3000	
  aberrantly	
  methylated	
  gene	
  promoters	
  /	
  cancer	
  genome	
  	
  

mostly	
  associated	
  with	
  gene	
  silencing	
  
The	
  number	
  of	
  muta7ons	
  in	
  protein	
  coding	
  genes	
  is	
  2-­‐3	
  orders	
  of	
  magnitude	
  less.	
  

⇒  Although	
  some	
  genes	
  are	
  mutated	
  in	
  cancer	
  	
  
the	
  majority	
  are	
  inac7vated	
  by	
  epigene1c	
  altera1ons	
  

	
  
How	
  many	
  of	
  these	
  involved	
  in	
  cancer?	
  

Do	
  these	
  DNA	
  methylate	
  states	
  promote	
  noisy	
  expression	
  that	
  allows	
  	
  
sampling	
  of	
  different	
  cell	
  states	
  by	
  the	
  tumor?	
  

How	
  do	
  they	
  arise?	
  
	
  (“errors”	
  due	
  to	
  stress,	
  ageing	
  -­‐	
  or	
  mutated	
  epigene1c	
  machinery?)	
  

1.   Genes:	
  gain/loss	
  of	
  promoter	
  DNA	
  me	
  -­‐	
  >	
  epimutaPons	
  (eg	
  aberrant	
  silencing	
  of	
  tumor	
  
suppressors	
  eg	
  MLH1;	
  aberrant	
  “locking	
  in”	
  of	
  bivalent	
  promoters)	
  	
  

2.   Repeats:	
  loss	
  of	
  DNA	
  me,	
  TE	
  acPvaPon,	
  genome	
  instability	
  	
  	
  	
  	
  	
  	
  (See	
  last	
  week,	
  COURS	
  III)	
  
3.   Non-­‐coding	
  Regulatory	
  Regions:	
  CGI	
  shores,	
  enhancers,	
  insulators	
  



DNA Methylation profiles in Cancer 
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  •	
  Genome	
  wide	
  DNA	
  methyla7on	
  paRerns	
  in	
  different	
  tumors	
  
	
   	
  •	
  Specific	
  methyla7on	
  events	
  seen	
  in	
  different	
  tumors:	
  CIMPs,	
  LRES,	
  PMDs	
  
	
   	
  •	
  Non-­‐random	
  paRerns	
  of	
  aberrant	
  CpG	
  island	
  methyla7on	
  are	
  oLen	
  found	
  
	
   	
   	
  =>	
  Cell	
  of	
  origin	
  of	
  a	
  given	
  tumor	
  type?	
  
	
   	
   	
  =>	
  Specific	
  molecular	
  mechanisms	
  involved?	
  

	
  



•  DNMT1	
  preferenPally	
  methylates	
  hemimethylated	
  DNA	
  	
  
•  DNMT3A/3B	
  de	
  novo	
  methylate	
  both	
  unmethylated	
  and	
  hemimethylated	
  	
  DNA	
  
•  DNMT3L	
  sPmulates	
  DNMT3A/3B	
  acPvity	
  in	
  ES	
  cells	
  
•  TET	
  enzymes	
  result	
  in	
  loss	
  of	
  5mC	
  through	
  oxidaPon	
  
•  DNA	
  methylaPon	
  can	
  be	
  passively	
  lost	
  in	
  absence	
  of	
  DNMT1	
  or	
  acPvely	
  lost	
  via	
  TETs	
  	
  

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

DNA Methyltransferases:  
Orchestrators of DNA Methylation 
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TETs

Passive	
  loss	
  
(no	
  DNMT1)	
  

Ac7ve	
  loss	
  

Is	
  the	
  DNA	
  MethylaPon	
  machinery	
  a	
  driver	
  in	
  cancer?	
  



So	
  what?	
  

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

DNA Methyltransferases:  
Orchestrators of DNA Methylation 
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  in	
  gene	
  expression,	
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Fig.2.	
  Dnmt1	
  hypomorphs	
  are	
  runted	
  and	
  develop	
  T	
  cell	
  
lymphomas.	
  (A)	
  Average	
  weight	
  of	
  Dnmt1chip/	
  (n	
  	
  20)	
  and	
  
Dnmt1chip/–	
  (n	
  	
  20)	
  male	
  liRermates	
  at	
  birth	
  (inset).	
  
Dnmt1chip/–	
  mice	
  were	
  66%	
  as	
  large	
  as	
  Dnmt1chip/	
  mice.	
  
Females	
  showed	
  the	
  same	
  runt	
  phenotype.	
  The	
  error	
  bar	
  
indicates	
  1	
  SD,	
  p	
  	
  0.0001	
  (Student	
  t	
  test,	
  StatView	
  5.0.1	
  
soLware).	
  Also	
  shown	
  are	
  growth	
  curves	
  of	
  Dnmt1chip/chip,	
  
Dnmt1chip/–,	
  and	
  wild-­‐type	
  male	
  mice.	
  Six	
  to	
  10	
  mice	
  of	
  each	
  
genotype	
  were	
  used	
  for	
  each	
  data	
  point.	
  (B)	
  Cumula7ve	
  
survival	
  of	
  Dnmt1chip/–	
  mice.	
  Most	
  Dnmt1chip/–	
  mice	
  became	
  
terminally	
  ill	
  between	
  4and	
  8	
  months	
  of	
  age.	
  Control	
  mice	
  
were	
  Dnmt1chip/chip	
  (n	
  	
  18);	
  experimental	
  mice	
  were	
  
Dnmt1chip/–	
  (n	
  	
  33).	
  Mice	
  were	
  autopsied	
  when	
  visibly	
  ill.	
  At	
  
autopsy,	
  23	
  of	
  33	
  Dnmt1chip/–	
  mice	
  had	
  developed	
  tumors	
  
(21	
  lymphomas	
  and	
  2	
  fibrosarcomas).	
  Autopsy	
  of	
  Dnmt1chip/	
  
chip	
  mice	
  at	
  6	
  months	
  (n	
  	
  12)	
  and	
  12	
  months	
  (n	
  	
  6)	
  
showed	
  no	
  evidence	
  of	
  tumor	
  forma7on	
  

Dnmt1	
  hypomorphic	
  mice	
  develop	
  aggressive	
  T	
  cell	
  lymphomas:	
  
	
  
Genomic	
  instability	
  and	
  gene	
  rearrangements	
  observed	
  in	
  these	
  mice	
  
	
  
Chromosome	
  segrega7on	
  problems?	
  
	
  
DNA	
  hypomethyla7on	
  at	
  centromeric	
  satellites?	
  
	
  
Repeat	
  element	
  transcrip7on	
  /	
  reac7va7on?	
  
	
  

DNMT1	
  in	
  differen7ated	
  human	
  cells	
  leads	
  to	
  secondary	
  
effects	
  on	
  MMR	
  protein	
  levels,	
  drug	
  resistance	
  and	
  MSI.	
  
This	
  occurs	
  through	
  a	
  mechanism	
  involving	
  ac7va7on	
  of	
  the	
  
DDR	
  and	
  cell-­‐death	
  pathways	
  and	
  we	
  uncovered	
  a	
  novel	
  
and	
  substan7al	
  role	
  for	
  the	
  PARP	
  enzyme	
  in	
  this	
  process.	
  
Loss	
  of	
  MMR	
  repair	
  ac7vity	
  explains	
  how	
  deple7on	
  of	
  
DNMT1	
  can	
  affect	
  microsatellite	
  sequences	
  which	
  do	
  not	
  
contain	
  CpG,	
  the	
  target	
  of	
  the	
  methyltransferase	
  enzyme.	
  
The	
  effects	
  on	
  members	
  of	
  both	
  the	
  BER	
  and	
  MMR	
  family	
  
and	
  our	
  other	
  findings	
  here	
  
fit	
  well	
  with	
  previous	
  observa7ons	
  of	
  a	
  link	
  between	
  
DNMT1	
  insufficiency	
  and	
  genomic	
  instability	
  and	
  reinforce	
  
the	
  idea	
  that	
  epigene7c	
  and	
  gene7c	
  stability	
  are	
  intrinsically	
  
linked.	
  

DNMT1	
  loss	
  leads	
  to	
  decreased	
  
protein	
  levels	
  of	
  DNA	
  mismatch	
  
repair	
  components	
  following	
  
ac7va7on	
  of	
  the	
  DNA	
  damage	
  
response	
  
	
  

 
 Can DNMT1 disruption lead to Cancer? 

Defects	
  in	
  DNA	
  Damage	
  Repair	
  ?	
  	
  
DNMT1	
  is	
  normally	
  recruited	
  to	
  repair	
  sites…	
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Females	
  showed	
  the	
  same	
  runt	
  phenotype.	
  The	
  error	
  bar	
  
indicates	
  1	
  SD,	
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  0.0001	
  (Student	
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soLware).	
  Also	
  shown	
  are	
  growth	
  curves	
  of	
  Dnmt1chip/chip,	
  
Dnmt1chip/–,	
  and	
  wild-­‐type	
  male	
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  Six	
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  each	
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  were	
  used	
  for	
  each	
  data	
  point.	
  (B)	
  Cumula7ve	
  
survival	
  of	
  Dnmt1chip/–	
  mice.	
  Most	
  Dnmt1chip/–	
  mice	
  became	
  
terminally	
  ill	
  between	
  4and	
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  months	
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  age.	
  Control	
  mice	
  
were	
  Dnmt1chip/chip	
  (n	
  	
  18);	
  experimental	
  mice	
  were	
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  33).	
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  were	
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  when	
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  ill.	
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  Dnmt1chip/–	
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(21	
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  and	
  2	
  fibrosarcomas).	
  Autopsy	
  of	
  Dnmt1chip/	
  
chip	
  mice	
  at	
  6	
  months	
  (n	
  	
  12)	
  and	
  12	
  months	
  (n	
  	
  6)	
  
showed	
  no	
  evidence	
  of	
  tumor	
  forma7on	
  

Dnmt1	
  hypomorphic	
  mice	
  develop	
  
aggressive	
  T	
  cell	
  lymphomas:	
  

	
  
Genomic	
  instability	
  and	
  gene	
  rearrangements	
  
observed	
  in	
  these	
  mice	
  
	
  
Chromosome	
  segrega7on	
  problems?	
  
	
  
DNA	
  hypomethyla7on	
  at	
  centromeric	
  satellites?	
  
	
  
Repeat	
  element	
  transcrip7on	
  /	
  reac7va7on?	
  
	
  
Defects	
  in	
  DNA	
  Damage	
  Repair	
  ?	
  NB	
  DNMT1	
  is	
  
normally	
  recruited	
  to	
  repair	
  sites…	
  DNMT1	
  in	
  differen7ated	
  human	
  cells	
  leads	
  to	
  secondary	
  

effects	
  on	
  MMR	
  protein	
  levels,	
  drug	
  resistance	
  and	
  MSI.	
  
This	
  occurs	
  through	
  a	
  mechanism	
  involving	
  ac7va7on	
  of	
  the	
  
DDR	
  and	
  cell-­‐death	
  pathways	
  and	
  we	
  uncovered	
  a	
  novel	
  
and	
  substan7al	
  role	
  for	
  the	
  PARP	
  enzyme	
  in	
  this	
  process.	
  
Loss	
  of	
  MMR	
  repair	
  ac7vity	
  explains	
  how	
  deple7on	
  of	
  
DNMT1	
  can	
  affect	
  microsatellite	
  sequences	
  which	
  do	
  not	
  
contain	
  CpG,	
  the	
  target	
  of	
  the	
  methyltransferase	
  enzyme.	
  
The	
  effects	
  on	
  members	
  of	
  both	
  the	
  BER	
  and	
  MMR	
  family	
  
and	
  our	
  other	
  findings	
  here	
  
fit	
  well	
  with	
  previous	
  observa7ons	
  of	
  a	
  link	
  between	
  
DNMT1	
  insufficiency	
  and	
  genomic	
  instability	
  and	
  reinforce	
  
the	
  idea	
  that	
  epigene7c	
  and	
  gene7c	
  stability	
  are	
  intrinsically	
  
linked.	
  

DNMT1	
  loss	
  leads	
  to	
  decreased	
  protein	
  levels	
  of	
  DNA	
  
mismatch	
  repair	
  components	
  following	
  ac7va7on	
  of	
  the	
  
DNA	
  damage	
  response	
  
	
  

Possible	
  role	
  of	
  DNMT1	
  at	
  sites	
  of	
  oxidaPve	
  damage	
  
to	
  reduce	
  transcripPon,	
  in	
  order	
  to	
  prevent	
  

transcripPon	
  from	
  interfering	
  with	
  DNA	
  repair?	
  

 
 Can DNMT1 disruption lead to Cancer? 

MSH6	
  recruits	
  DNMT1	
  to	
  damaged	
  chroma7n	
  
treated	
  with	
  4	
  mM	
  H2O2	
  for	
  30	
  min	
  

Journal	
  of	
  Molecular	
  Cell	
  Biology	
  (2015),	
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Can genotoxic insults challenge 
epigenetic stability?

H2AX	
  phosphoryla7on	
  is	
  an	
  early	
  
repsonse	
  to	
  DSB	
  
	
  
DSB	
  repair	
  includes	
  checkpoint	
  
ac7va7on	
  and	
  cell	
  cycle	
  arrest	
  
Recruitment	
  of	
  repair	
  proteins	
  (NHEJ	
  
or	
  HR)	
  
	
  
H2AX	
  carries	
  an	
  extra	
  mo7f	
  that	
  
allows	
  it	
  to	
  be	
  phosphorylated	
  by	
  a	
  
kinase	
  (PIKK)	
  
	
  
In	
  mammals	
  this	
  mark	
  is	
  bound	
  by	
  
the	
  MDC1	
  protein	
  (mediator	
  of	
  
damage	
  checkpoint	
  1)	
  
	
  
Which	
  recruits	
  the	
  MRN	
  complex	
  
that	
  binds	
  to	
  the	
  DSB	
  and	
  promotes	
  
resec7oning,	
  recru7ng	
  ATM	
  –	
  that	
  
phosphorylates	
  several	
  checkpoint	
  
proteins	
  and	
  chroma7n	
  several	
  
hundred	
  kb	
  around…	
  this	
  phosph	
  
domain	
  thought	
  to	
  concentrate	
  
cohesin	
  and	
  repair	
  and	
  checkpoint	
  
factors	
  close	
  to	
  the	
  breakpoint	
  (as	
  a	
  
toolkit	
  for	
  HR)	
  though	
  don’t	
  yet	
  know	
  
for	
  sure….	
  
Mutant	
  H2AX	
  mice	
  are	
  viable	
  and	
  
can	
  ac7vate	
  checkpoints	
  but	
  are	
  
growth	
  retarded	
  and	
  radia7on	
  
sensis7ve	
  and	
  have	
  defects	
  in	
  HR	
  
repair.	
  Mutant	
  fibroblasts	
  proliferate	
  
poorly	
  andhave	
  chromosomal	
  
defects…	
  H2AX	
  +/-­‐	
  mice	
  in	
  
combina7on	
  with	
  p53	
  deficiency	
  
have	
  tumor	
  suscep7bility…	
  
	
  

H2A.Z	
  incorpora7on	
  also	
  occurs	
  at	
  DSBs	
  –	
  
via	
  p400	
  ATPase	
  remodeling	
  complex	
  
wich	
  acetylates	
  H2A.Z	
  and	
  H4	
  crea7ng	
  
more	
  “open”	
  chroma7n	
  structure.	
  H2A.Z	
  
incorpora7on	
  also	
  enables	
  recruitment	
  of	
  
RNF8	
  ubiqui7n	
  ligase	
  –	
  necessary	
  to	
  
recruit	
  repair	
  proteins	
  (for	
  both	
  HR	
  and	
  
NHEJ)	
  
In	
  yeast	
  INO80	
  is	
  required	
  to	
  remove	
  H2AZ	
  
and	
  return	
  to	
  the	
  cell	
  cycle	
  

DNA damage :
single- and double-strand breaks

loss of excision repair 
cross-linking

alkali-labile sites
point mutations

structural and numerical chromosomal 
aberrations

Chromatin memory?
(or loss!)

DSB	
  

Single	
  -­‐	
  
strand	
  
break	
  

Genotoxic Stress and the Epigenetic Machinery 
 
  

	
  
Genotoxic	
  stress	
  can	
  

induce	
  genome	
  damage	
  
&	
  

chromaPn	
  memory	
  loss:	
  
both	
  at	
  the	
  site	
  of	
  

damage	
  and	
  elsewhere	
  
by	
  redeployment	
  of	
  
chromaPn	
  	
  proteins	
  

	
  
(see	
  last	
  week’s	
  lecture	
  

And	
  also	
  COURS	
  V	
  and	
  VI)	
  

DNA	
  damage	
  repair	
  may	
  require	
  epigenePc	
  proteins	
  such	
  as	
  DNMT1	
  	
  
to	
  ensure	
  efficient	
  repair	
  



•  DNMT1	
  preferenPally	
  methylates	
  hemimethylated	
  DNA	
  	
  
•  DNMT3A/3B	
  de	
  novo	
  methylate	
  both	
  unmethylated	
  and	
  hemimethylated	
  	
  DNA	
  
•  DNMT3L	
  sPmulates	
  DNMT3A/3B	
  acPvity	
  in	
  ES	
  cells	
  
•  TET	
  enzymes	
  result	
  in	
  loss	
  of	
  5mC	
  through	
  oxidaPon	
  
•  DNA	
  methylaPon	
  can	
  be	
  passively	
  lost	
  in	
  absence	
  of	
  DNMT1	
  or	
  acPvely	
  lost	
  via	
  TETs	
  	
  

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

DNA Methyltransferases:  
Orchestrators of DNA Methylation 

E. Heard, 2016 

TETs

Passive	
  loss	
  
(no	
  DNMT1)	
  

Ac7ve	
  loss	
  

Is	
  the	
  DNA	
  MethylaPon	
  machinery	
  a	
  driver	
  in	
  cancer?	
  



Dnmt3b overexpression promotes tumorigenesis	
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•	
  Overexpressed	
  de	
  novo	
  Dnmt3a	
  and	
  Dnmt3b	
  in	
  ApcMin/+	
  mice.	
  
	
  	
  
	
  
Colorectal	
  cancer:	
  APC	
  1st	
  muta7on	
  “flowchart”	
  of	
  events	
  (Fearon,Vogelstein,	
  1990,	
  1991)	
  
Muta7ons	
  of	
  the	
  APC	
  (adenomatous	
  polyposis	
  coli)	
  gene	
  are	
  strongly	
  associated	
  with	
  
both	
  inherited	
  and	
  sporadic	
  cases	
  of	
  colon	
  cancer.	
  APC,	
  like	
  many	
  tumor	
  suppressors,	
  
func7ons	
  to	
  control	
  the	
  expression	
  of	
  genes	
  cri7cal	
  in	
  the	
  cell	
  division	
  process	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Apc	
  muta7on	
  alone	
  does	
  not	
  lead	
  to	
  cancer	
  –	
  need	
  subsequent	
  events…	
  muta7ons	
  or	
  
epimuta7ons?	
  



Dnmt3b overexpression promotes tumorigenesis	
  

E. Heard, 2016 Genes	
  &	
  Development	
  21:3110–3122	
  	
  (2007)	
  

•	
  Overexpressed	
  de	
  novo	
  Dnmt3a	
  and	
  Dnmt3b	
  in	
  ApcMin/+	
  mice.	
  
	
  	
  
•	
  Dnmt3b	
  enhanced	
  the	
  number	
  of	
  colon	
  tumors	
  in	
  ApcMin/+	
  mice	
  
approximately	
  two-­‐fold	
  and	
  increased	
  size	
  of	
  colonic	
  microadenomas	
  
	
  
•	
  Dnmt3a	
  had	
  no	
  such	
  effect	
  	
  
	
  
•	
  Overexpression	
  of	
  Dnmt3b	
  caused	
  loss	
  of	
  imprin7ng,	
  increased	
  
expression	
  of	
  Igf2	
  as	
  well	
  as	
  methyla7on	
  and	
  transcrip7onal	
  silencing	
  
of	
  tumor	
  suppressor	
  genes	
  Sfrp2,	
  Sfrp4,	
  and	
  Sfrp5.	
  	
  
	
  
•	
  Dnmt3b	
  but	
  not	
  Dnmt3a	
  efficiently	
  methylates	
  the	
  same	
  set	
  of	
  genes	
  
in	
  tumors	
  and	
  in	
  non-­‐tumor	
  7ssues	
  
	
  
⇒  de	
  novo	
  Dnmts	
  can	
  ini7ate	
  methyla7on	
  and	
  silencing	
  of	
  specific	
  

genes	
  in	
  phenotypically	
  normal	
  cells.	
  
	
  
DNA	
  methylaPon	
  paierns	
  in	
  cancer	
  are	
  the	
  result	
  of	
  
specific	
  targePng	
  of	
  at	
  least	
  some	
  tumor	
  suppressor	
  
genes	
  rather	
  than	
  of	
  random,	
  stochasPc	
  methylaPon	
  
followed	
  by	
  clonal	
  selecPon	
  due	
  to	
  a	
  proliferaPve	
  
advantage	
  caused	
  by	
  tumor	
  suppressor	
  gene	
  silencing.	
  



Deletion of Dnmt3a and Dnmt3b in tumor formation	
  

E. Heard, 2016 

Dnmt3a	
  condiPonal	
  KO	
  mouse	
  tumor	
  model:	
  	
  	
  
K-­‐Ras	
  -­‐	
  oncogene	
  ac1va1on	
  and	
  Dnmt3a	
  dele1on	
  induced	
  together	
  
	
  
•	
  Dnmt3a	
  deficiency	
  promotes	
  tumor	
  growth	
  &	
  progression	
  but	
  not	
  ini7a7on.	
  
	
  	
  
•	
  Gene	
  expression	
  changes	
  show	
  that	
  Dnmt3a	
  deficiency	
  affects	
  key	
  steps	
  in	
  
cancer	
  progression,	
  such	
  as	
  angiogenesis,	
  cell	
  adhesion,	
  and	
  cell	
  mo7on,	
  
consistent	
  with	
  accelerated	
  and	
  more	
  malignant	
  growth.	
  	
  
	
  
•	
  Dnmt3a	
  may	
  act	
  like	
  a	
  tumor-­‐suppressor	
  gene	
  in	
  lung	
  tumor	
  progression	
  
and	
  may	
  be	
  a	
  cri7cal	
  determinant	
  of	
  lung	
  cancer	
  malignancy.	
  
	
  
•	
  NO	
  effect	
  seen	
  when	
  Dnmt3b	
  is	
  deleted	
  
Dnmt3a	
  deficiency	
  leads	
  to	
  more	
  
advanced	
  tumors:	
  

Oncogenic	
  muta7on	
  of	
  K-­‐ras	
  is	
  
one	
  of	
  the	
  most	
  common	
  
gene7c	
  lesions	
  and	
  can	
  be	
  
found	
  in	
  a	
  large	
  frac7on	
  of	
  lung	
  
cancers.	
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•	
  Muta7ons	
  in	
  DNMT3A	
  frequently	
  found	
  in	
  human	
  myeloid	
  and	
  
lymphoid	
  malignancies.	
  
	
  
•	
  Allelic	
  losses	
  reported	
  in	
  48%	
  non-­‐Hodgkin	
  lymphomas	
  
	
  
•	
  Long-­‐term	
  DNMT3A	
  inac7va7on	
  in	
  mice	
  leads	
  to	
  impaired	
  
differen7a7on	
  of	
  hematopoie7c	
  stem	
  cells	
  (HSCs)	
  resul7ng	
  in	
  
accumula7on	
  of	
  undifferen7ated	
  cells.	
  
	
  
•	
  DNMT3A	
  loss	
  may	
  promote	
  tumorigenesis	
  in	
  mul7ple	
  
hematopoie7c	
  lineages.	
  	
  
	
  	
  	
  	
  
•	
  DNMT3B	
  rarely	
  mutated	
  in	
  human	
  hematologic	
  malignancies.	
  
	
  
•	
  	
  Aberrant	
  isoforms	
  (eg	
  DNMT3B7)	
  ac7ng	
  as	
  nega7ve	
  regulators	
  
of	
  Dnmt3b	
  ac7vity	
  has	
  been	
  reported	
  
	
  
•DNMT3B7	
  overexpression	
  accelerates	
  	
  MYC-­‐induced	
  B-­‐cell	
  
lymphomas.	
  
	
  
•	
  Tumor	
  suppressr	
  func7on	
  for	
  Dnmt3b	
  in	
  mouse	
  T-­‐	
  and	
  B-­‐cell	
  
lymphomagenesis.	
  

Deletion of Dnmt3a and Dnmt3b in tumor formation	
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•	
  Muta7ons	
  in	
  DNMT3A	
  frequently	
  found	
  in	
  human	
  myeloid	
  and	
  
lymphoid	
  malignancies.	
  
	
  
•	
  Allelic	
  losses	
  reported	
  in	
  48%	
  non-­‐Hodgkin	
  lymphomas	
  
	
  
•	
  Long-­‐term	
  DNMT3A	
  inac7va7on	
  in	
  mice	
  leads	
  to	
  impaired	
  
differen7a7on	
  of	
  hematopoie7c	
  stem	
  cells	
  (HSCs)	
  resul7ng	
  in	
  
accumula7on	
  of	
  undifferen7ated	
  cells.	
  
	
  
•	
  DNMT3A	
  loss	
  may	
  promote	
  tumorigenesis	
  in	
  mul7ple	
  
hematopoie7c	
  lineages.	
  	
  
	
  	
  	
  	
  
•	
  DNMT3B	
  rarely	
  mutated	
  in	
  human	
  hematologic	
  malignancies.	
  
	
  
•	
  	
  Aberrant	
  isoforms	
  (eg	
  DNMT3B7)	
  ac7ng	
  as	
  nega7ve	
  regulators	
  
of	
  Dnmt3b	
  ac7vity	
  has	
  been	
  reported	
  
	
  
•DNMT3B7	
  overexpression	
  accelerates	
  	
  MYC-­‐induced	
  B-­‐cell	
  
lymphomas.	
  
	
  
•	
  Tumor	
  suppressr	
  func7on	
  for	
  Dnmt3b	
  in	
  mouse	
  T-­‐	
  and	
  B-­‐cell	
  
lymphomagenesis.	
  

Deletion of Dnmt3a and Dnmt3b in tumor formation	
  



E. Heard, 2016 

Loss	
  of	
  Dnmt3b	
  accelerates	
  
lymphoid	
  tumor	
  development	
  in	
  

Dnmt3a-­‐/-­‐	
  mice	
  

Deletion of Dnmt3a and Dnmt3b in tumor formation	
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Roles of Dnmt3a and Dnmt3b in HSCs?	
  

Dnmt3a	
  loss	
  in	
  HSCs	
  results	
  in	
  both	
  CpG	
  
Island	
  	
  hyper-­‐	
  and	
  hypomethylaPon	
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Roles of Dnmt3a and Dnmt3b in HSCs?	
  

HSC	
  self-­‐renewal	
  promoPng	
  genes	
  are	
  normally	
  silenced	
  
by	
  Dnmt3a	
  upon	
  differenPaPon	
  

	
  
Loss	
  of	
  Dnmt3a	
  funcPon	
  promotes	
  a	
  progressive	
  

expansion	
  of	
  long	
  term	
  HSCs	
  probably	
  due	
  to	
  inability	
  to	
  
adequately	
  repress	
  genes	
  involved	
  in	
  self	
  renewal?	
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 Multiple Roles of DNMT3A/3B 

De novo DNMTs 3A/3B have multiple 
possible roles 

 
Implication in cancer - still very much 

work in progress… 



•  DNMT1	
  preferenPally	
  methylates	
  hemimethylated	
  DNA	
  	
  
•  DNMT3A/3B	
  de	
  novo	
  methylate	
  both	
  unmethylated	
  and	
  hemimethylated	
  	
  DNA	
  
•  DNMT3L	
  sPmulates	
  DNMT3A/3B	
  acPvity	
  in	
  ES	
  cells	
  
•  TET	
  enzymes	
  result	
  in	
  loss	
  of	
  5mC	
  through	
  oxidaPon	
  
•  DNA	
  methylaPon	
  can	
  be	
  passively	
  lost	
  in	
  absence	
  of	
  DNMT1	
  or	
  acPvely	
  lost	
  via	
  TETs	
  

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

DNA Methyltransferases:  
Orchestrators of DNA Methylation 
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TETs

Passive	
  loss	
  
(no	
  DNMT1)	
  

Ac7ve	
  loss	
  
UHRF1

Cytosine	
  demethyla7on	
  may	
  play	
  and	
  important	
  tumor	
  suppressive	
  role:	
  
In	
  its	
  absence,	
  get	
  CpG	
  methyla7on	
  eg	
  at	
  promoters	
  of	
  tumor	
  suppressors?	
  	
  



E. Heard, 2016 From	
  Leoni	
  et	
  al,	
  2015:	
  Epigene7cs	
  of	
  T	
  lymphocytes	
  in	
  health	
  and	
  disease	
  
	
  

Tahiliani,	
  M.	
  et	
  al.	
  Conversion	
  of	
  5-­‐methylcytosine	
  to	
  5-­‐hydroxymethylcytosine	
  in	
  mammalian	
  DNA	
  by	
  MLL	
  partner	
  TET1.	
  
Science	
  324,	
  930–935	
  (2009).	
  	
  
Discovery	
  of	
  TET	
  enzymes	
  and	
  their	
  biochemical	
  ability	
  to	
  convert	
  5mC	
  to	
  5hmC.	
  
	
  
	
  Ito,	
  S.	
  et	
  al.	
  Role	
  of	
  Tet	
  proteins	
  in	
  5mC	
  to	
  5hmC	
  conversion,	
  ES-­‐cell	
  self-­‐renewal	
  and	
  inner	
  cell	
  mass	
  specifica7on.	
  Nature	
  
466,	
  1129–1133	
  (2010).	
  	
  
Discovery	
  of	
  a	
  role	
  for	
  TET	
  enzymes	
  in	
  5mC	
  oxidaPon	
  within	
  ES	
  cells.	
  

How	
  stable	
  are	
  these	
  oxidised	
  forms?	
  
What	
  is	
  their	
  role	
  –	
  in	
  expression,	
  repair…?	
  
Can	
  they	
  be	
  read	
  by	
  specific	
  “Readers”?	
  

DNA Methylation can be removed either passively  
or actively via the TET enzymes 
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 The TET Enzymes 

TET1,	
  2	
  and	
  3	
  each	
  have	
  a	
  core	
  cataly7c	
  domain	
  
with	
  a	
  double-­‐stranded	
  β-­‐helix	
  fold	
  that	
  contains	
  
the	
  crucial	
  metal-­‐binding	
  residues	
  found	
  in	
  the	
  
family	
  of	
  Fe(II)/α-­‐ketoglutarate	
  (αKG)	
  -­‐dependent	
  
oxygenases.	
  	
  
	
  
TET	
  uses	
  molecular	
  oxygen	
  as	
  a	
  substrate	
  to	
  
catalyse	
  oxida7ve	
  decarboxyla7on	
  of	
  α-­‐KG,	
  
thereby	
  genera7ng	
  a	
  reac7ve	
  high-­‐valent	
  enzyme-­‐
bound	
  Fe(IV)-­‐oxo	
  intermediate	
  that	
  converts	
  5mC	
  
to	
  5hmC	
  	
  
	
  
TET1	
  and	
  TET3	
  also	
  contain	
  a	
  chroma7n-­‐associated	
  
CXXC	
  domain	
  that	
  is	
  known	
  to	
  bind	
  CpG	
  sequences,	
  
whereas	
  TET2	
  partners	
  with	
  IDAX,	
  an	
  independent	
  
CXXC-­‐containing	
  protein.	
  	
  

Xu,	
  Y.	
  et	
  al.	
  Tet3	
  CXXC	
  domain	
  and	
  dioxygenase	
  ac7vity	
  coopera7vely	
  regulate	
  key	
  genes	
  for	
  Xenopus	
  eye	
  and	
  
neural	
  development.	
  Cell	
  151,	
  1200–1213	
  (2012).	
  	
  
34.	
  Zhang,	
  H.	
  et	
  al.	
  TET1	
  is	
  a	
  DNA-­‐binding	
  protein	
  that	
  modulates	
  DNA	
  methyla7on	
  and	
  gene	
  transcrip7on	
  via	
  
hydroxyla7on	
  of	
  5-­‐methylcytosine.	
  Cell	
  Res.	
  20,	
  1390–1393	
  (2010).	
  	
  
35.	
  Ko,	
  M.	
  et	
  al.	
  Modula7on	
  of	
  TET2	
  expression	
  and	
  5-­‐methylcytosine	
  oxida7on	
  by	
  the	
  CXXC	
  domain	
  protein	
  
IDAX.	
  Nature	
  497,	
  122–126	
  (2013).	
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 Roles of TET induced oxidised derivatives? 

Uhrf2	
  S7mulates	
  the	
  Sequen7al	
  Ac7vity	
  of	
  the	
  Tet1	
  Enzyme	
  
The	
  first	
  protein	
  that	
  was	
  iden7fied	
  as	
  an	
  hmC	
  binder	
  was	
  Uhrf1	
  
(Frauer	
  et	
  al.,	
  2011),	
  a	
  protein	
  that	
  is	
  involved	
  in	
  maintenance	
  of	
  
DNA	
  methyla7on	
  (Bos7ck	
  et	
  al.,	
  2007).	
  Our	
  data	
  revealed	
  that	
  
Uhrf1	
  binds	
  with	
  a	
  similar	
  affinity	
  to	
  mC	
  and	
  hmC,	
  which	
  is	
  
consistent	
  with	
  previously	
  published	
  data	
  (Frauer	
  et	
  al.,	
  2011).	
  



E. Heard, 2016 

 
TET discovery and implication in cancer 

Ono,	
  R.	
  et	
  al.	
  LCX,	
  leukemia-­‐associated	
  protein	
  with	
  a	
  CXXC	
  domain,	
  is	
  fused	
  to	
  MLL	
  in	
  acute	
  myeloid	
  leukemia	
  with	
  trilineage	
  
dysplasia	
  having	
  t(10;11)(q22;q23).	
  Cancer	
  Res.	
  62,	
  4075–4080	
  (2002).	
  	
  
	
  

•	
  TET1	
  was	
  ini7ally	
  iden7fied	
  through	
  fusion	
  to	
  MLL	
  (KMT2A)	
  in	
  pa7ents	
  with	
  acute	
  myeloid	
  leukaemia	
  	
  
(NB	
  TET1-­‐fusion	
  may	
  have	
  lost	
  its	
  5mC	
  oxidase	
  ac1vity	
  but	
  recruit	
  unknown	
  factors	
  	
  aberrantly	
  	
  targeted	
  to	
  MLL	
  genes)	
  
	
  
	
  
	
  
	
  
	
  

molecular	
  consequences	
  of	
  this	
  
fusion	
  have	
  yet	
  to	
  be	
  characterized	
  in	
  detail,	
  
but	
  the	
  chimeric	
  
proteins	
  may	
  not	
  retain	
  5mC	
  oxidase	
  ac7vity	
  
because	
  
they	
  lack	
  the	
  Cys-­‐rich	
  domain	
  of	
  TET1	
  that	
  
appears	
  to	
  be	
  
essen7al	
  for	
  enzyma7c	
  ac7vity	
  (2).	
  Instead,	
  the	
  
MLL-­‐TET1	
  
fusion	
  protein	
  may	
  exert	
  its	
  oncogenic	
  effects	
  
by	
  recrui7ng	
  
unknown	
  factors,	
  which	
  physically	
  associate	
  
with	
  the	
  TET1	
  
DSBH	
  domain,	
  to	
  MLL	
  target	
  genes.	
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TET discovery and implication in cancer 

Delhommeau,	
  F.	
  et	
  al.	
  Muta7on	
  in	
  TET2	
  in	
  myeloid	
  cancers.	
  N.	
  Engl.	
  J.	
  Med.	
  360,	
  2289–2301	
  (2009).	
  	
  
Langemeijer,	
  S.	
  M.	
  et	
  al.	
  Acquired	
  muta7ons	
  in	
  TET2	
  are	
  common	
  in	
  myelodysplas7c	
  syndromes.	
  Nature	
  Genet.	
  41,	
  838–842	
  (2009).	
  	
  

•	
  TET1	
  was	
  ini7ally	
  iden7fied	
  through	
  fusion	
  to	
  MLL	
  (KMT2A)	
  in	
  pa7ents	
  with	
  acute	
  myeloid	
  leukaemia	
  	
  
(NB	
  TET1-­‐fusion	
  may	
  have	
  lost	
  its	
  5mC	
  oxidase	
  ac1vity	
  but	
  recruit	
  unknown	
  factors	
  	
  aberrantly	
  	
  targeted	
  to	
  MLL	
  genes)	
  
	
  
	
  
	
  
	
  
	
  
•	
  TET2	
  muta7ons	
  were	
  since	
  demonstrated	
  to	
  be	
  one	
  of	
  most	
  	
  frequent	
  lesions	
  in	
  myeloid	
  lineage	
  malignancies	
  
(AML:	
  7-­‐23%;	
  CMML:	
  50%;	
  MDS:	
  10-­‐20%)	
  
	
  
•	
  Importantly,	
  these	
  myeloid-­‐lineage	
  condi7ons	
  are	
  suscep7ble	
  to	
  therapy	
  aimed	
  at	
  inhibi7ng	
  DNA	
  methyla7on	
  	
  
	
  
	
  

molecular	
  consequences	
  of	
  this	
  
fusion	
  have	
  yet	
  to	
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but	
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fusion	
  protein	
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  effects	
  
by	
  recrui7ng	
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  associate	
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DSBH	
  domain,	
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•	
  TET1	
  was	
  ini7ally	
  iden7fied	
  through	
  fusion	
  to	
  MLL	
  (KMT2A)	
  in	
  pa7ents	
  with	
  acute	
  myeloid	
  leukaemia	
  	
  
(NB	
  TET1-­‐fusion	
  may	
  have	
  lost	
  its	
  5mC	
  oxidase	
  ac1vity	
  but	
  recruit	
  unknown	
  factors	
  	
  aberrantly	
  	
  targeted	
  to	
  MLL	
  genes)	
  
	
  
•	
  TET2	
  muta7ons	
  were	
  since	
  demonstrated	
  to	
  be	
  one	
  of	
  most	
  	
  frequent	
  lesions	
  in	
  myeloid	
  lineage	
  malignancies	
  
(AML:	
  7-­‐23%;	
  CMML:	
  50%;	
  MDS:	
  10-­‐20%)	
  
	
  
•	
  Importantly,	
  these	
  myeloid-­‐lineage	
  condi7ons	
  are	
  suscep7ble	
  to	
  therapy	
  aimed	
  at	
  inhibi7ng	
  DNA	
  methyla7on	
  	
  
	
  
•	
  Mouse	
  models	
  have	
  shown	
  that	
  Tet2	
  is	
  a	
  crucial	
  regulator	
  of	
  self-­‐renewal	
  and	
  differen7a7on	
  in	
  HSCs	
  =>	
  
suppor7ng	
  a	
  role	
  for	
  Tet2	
  in	
  normal	
  haematopoiesis	
  
	
  
	
  •	
  Downregula7on	
  of	
  TET	
  expression	
  also	
  seen	
  in	
  human	
  breast,	
  liver,	
  lung,	
  pancrea7c	
  and	
  prostate	
  cancers	
  
	
  
•	
  TET	
  muta7ons	
  are	
  consistently	
  associated	
  with	
  a	
  decrease	
  in	
  5hmC;	
  the	
  relevance	
  of	
  5fC	
  and	
  5caC	
  in	
  cancer	
  has	
  not	
  
yet	
  been	
  explored	
  
	
  
•	
  TET	
  muta7ons	
  may	
  affect	
  	
  DNA	
  methyla7on	
  or	
  hydroxymethyla7on	
  of	
  gene	
  regulatory	
  elements?	
  	
  
	
  
	
  

molecular	
  consequences	
  of	
  this	
  
fusion	
  have	
  yet	
  to	
  be	
  characterized	
  in	
  detail,	
  
but	
  the	
  chimeric	
  
proteins	
  may	
  not	
  retain	
  5mC	
  oxidase	
  ac7vity	
  
because	
  
they	
  lack	
  the	
  Cys-­‐rich	
  domain	
  of	
  TET1	
  that	
  
appears	
  to	
  be	
  
essen7al	
  for	
  enzyma7c	
  ac7vity	
  (2).	
  Instead,	
  the	
  
MLL-­‐TET1	
  
fusion	
  protein	
  may	
  exert	
  its	
  oncogenic	
  effects	
  
by	
  recrui7ng	
  
unknown	
  factors,	
  which	
  physically	
  associate	
  
with	
  the	
  TET1	
  
DSBH	
  domain,	
  to	
  MLL	
  target	
  genes.	
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Loss of TET activity leads to aggressive myeloid 

cancer in mice 

•	
  Tet2	
  /Tet3	
  both	
  highly	
  expressed	
  in	
  mouse	
  HSCs:	
  dele7on	
  of	
  
either	
  leads	
  to	
  aberrant	
  hematopoiesis	
  (enhanced	
  self	
  renewal,	
  
preferen7al	
  differen7a7on	
  to	
  myeloid	
  lineage)	
  
	
  
•	
  Acute	
  elimina7on	
  of	
  Tet2+3	
  func7on:	
  rapid	
  development	
  of	
  
aggressive,	
  fully-­‐penetrant	
  and	
  cell-­‐autonomous	
  myeloid	
  
leukaemia	
  
	
  
•	
  Phenotypic	
  and	
  transcrip7onal	
  profiling	
  :	
  	
  

	
  Aberrant	
  differen7a7on	
  of	
  HSC/progenitor	
  cells	
  
	
  Impaired	
  erythroid	
  and	
  lymphoid	
  differen7a7on	
  	
  
	
  Strong	
  skewing	
  to	
  the	
  myeloid	
  lineage,	
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Loss of TET activity leads to aggressive myeloid 

cancer in mice 

•	
  Tet2	
  /Tet3	
  both	
  highly	
  expressed	
  in	
  mouse	
  HSCs:	
  dele7on	
  of	
  
either	
  leads	
  to	
  aberrant	
  hematopoiesis	
  (enhanced	
  self	
  renewal,	
  
preferen7al	
  differen7a7on	
  to	
  myeloid	
  lineage)	
  
	
  
•	
  Acute	
  elimina7on	
  of	
  Tet2+3	
  func7on:	
  rapid	
  development	
  of	
  
aggressive,	
  fully-­‐penetrant	
  and	
  cell-­‐autonomous	
  myeloid	
  
leukaemia	
  
	
  
•	
  Phenotypic	
  and	
  transcrip7onal	
  profiling	
  :	
  	
  

	
  Aberrant	
  differen7a7on	
  of	
  HSC/progenitor	
  cells	
  
	
  Impaired	
  erythroid	
  and	
  lymphoid	
  differen7a7on	
  	
  
	
  Strong	
  skewing	
  to	
  the	
  myeloid	
  lineage,	
  	
  

	
  

Myeloid	
  expansion	
  and	
  
impaired	
  lymphoid	
  and	
  
erythroid	
  development	
  
upon	
  loss	
  of	
  Tet2	
  +Tet3	
  

	
  
Maintain	
  HSC	
  pool	
  size	
  
but	
  becomes	
  skewed	
  
towards	
  Myeloid	
  
progenitor	
  cells.	
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Loss of TET activity leads to aggressive myeloid 

cancer in mice 

•	
  Tet2	
  /Tet3	
  both	
  highly	
  expressed	
  in	
  mouse	
  HSCs:	
  dele7on	
  of	
  
either	
  leads	
  to	
  aberrant	
  hematopoiesis	
  (enhanced	
  self	
  renewal,	
  
preferen7al	
  differen7a7on	
  to	
  myeloid	
  lineage)	
  
	
  
•	
  Acute	
  elimina7on	
  of	
  Tet2+3	
  func7on:	
  rapid	
  development	
  of	
  
aggressive,	
  fully-­‐penetrant	
  and	
  cell-­‐autonomous	
  myeloid	
  
leukaemia	
  
	
  
•	
  Phenotypic	
  and	
  transcrip7onal	
  profiling	
  :	
  	
  

	
  Aberrant	
  differen7a7on	
  of	
  HSC/progenitor	
  cells	
  
	
  Impaired	
  erythroid	
  and	
  lymphoid	
  differen7a7on	
  	
  
	
  Strong	
  skewing	
  to	
  the	
  myeloid	
  lineage,	
  	
  

	
  
•	
  Only	
  a	
  mild	
  correla7on	
  to	
  changes	
  in	
  DNA	
  modifica7on!	
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Loss of TET activity leads to aggressive myeloid 

cancer in mice 

•	
  Tet2	
  /Tet3	
  both	
  highly	
  expressed	
  in	
  mouse	
  HSCs:	
  dele7on	
  of	
  
either	
  leads	
  to	
  aberrant	
  hematopoiesis	
  (enhanced	
  self	
  renewal,	
  
preferen7al	
  differen7a7on	
  to	
  myeloid	
  lineage)	
  
	
  
•	
  Acute	
  elimina7on	
  of	
  Tet2+3	
  func7on:	
  rapid	
  development	
  of	
  
aggressive,	
  fully-­‐penetrant	
  and	
  cell-­‐autonomous	
  myeloid	
  
leukaemia	
  
	
  
•	
  Phenotypic	
  and	
  transcrip7onal	
  profiling	
  :	
  	
  

	
  Aberrant	
  differen7a7on	
  of	
  HSC/progenitor	
  cells	
  
	
  Impaired	
  erythroid	
  and	
  lymphoid	
  differen7a7on	
  	
  
	
  Strong	
  skewing	
  to	
  the	
  myeloid	
  lineage,	
  	
  

	
  
•	
  Only	
  a	
  mild	
  correla7on	
  to	
  changes	
  in	
  DNA	
  modifica7on!	
  
	
  
•	
  Progressive	
  accumula7on	
  of	
  phospho-­‐H2AX	
  and	
  strong	
  
impairment	
  of	
  DNA	
  damage	
  repair	
  pathways	
  	
  
=>	
  	
  key	
  role	
  for	
  TET	
  proteins	
  in	
  maintaining	
  genome	
  integrity?	
  

ALer	
  irradia7on	
  –	
  induced	
  
DNA	
  damage,	
  	
  gH2Ax	
  foci	
  are	
  
resolved	
  with	
  hours	
  in	
  
normal	
  cells	
  but	
  linger	
  for	
  
days	
  in	
  Tet2/3	
  KO	
  bone	
  
marrow	
  and	
  spleen	
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Loss of TET activity leads to aggressive myeloid 

cancer in mice 

Aberrant	
  methylomes	
  associated	
  with	
  Tet	
  mutant	
  
induced	
  leukemia	
  not	
  easily	
  connected	
  to	
  changes	
  in	
  
gene	
  expression…	
  
	
  
Could	
  be	
  due	
  to	
  effects	
  on	
  enhancers,	
  insulators,	
  
repePPve	
  elements?	
  (need	
  whole	
  genome	
  analyses)	
  
	
  
Could	
  be	
  due	
  to	
  DNA	
  damage	
  repair	
  and	
  genome	
  
integrity…?	
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 5-Hydroxymethylcytosine marks sites of DNA damage and 

promotes genome stability 

•	
  5hmC	
  is	
  ac7vely	
  enriched	
  at	
  endogenous	
  DNA	
  
damage	
  sites	
  in	
  cancer	
  cell	
  lines	
  
	
  
•	
  DNA	
  damage	
  induced	
  by	
  aphidicolin	
  or	
  
microirradia7on	
  increases	
  5hmC	
  locally	
  
	
  
•	
  TET2	
  is	
  required	
  for	
  damage-­‐associated	
  5hmC	
  
foci	
  (but	
  not	
  to	
  recruit	
  DDR	
  proteins	
  to	
  damage)	
  
	
  
•	
  TET	
  enzymes	
  promote	
  genome	
  integrity	
  under	
  
replica7on	
  stress	
  in	
  mouse	
  ES	
  cells	
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 5-Hydroxymethylcytosine marks sites of DNA damage and 

promotes genome stability 

•	
  5hmC	
  is	
  ac7vely	
  enriched	
  at	
  endogenous	
  DNA	
  
damage	
  sites	
  in	
  cancer	
  cell	
  lines	
  
	
  
•	
  DNA	
  damage	
  induced	
  by	
  aphidicolin	
  or	
  
microirradia7on	
  increases	
  5hmC	
  locally	
  
	
  
•	
  TET2	
  is	
  required	
  for	
  damage-­‐associated	
  5hmC	
  
foci	
  (but	
  not	
  to	
  recruit	
  DDR	
  proteins	
  to	
  damage)	
  
	
  
•	
  TET	
  enzymes	
  promote	
  genome	
  integrity	
  under	
  
replica7on	
  stress	
  in	
  mouse	
  ES	
  cells	
  

TET2	
  induced	
  5hmC	
  important	
  for	
  both	
  	
  genome	
  
integrity	
  and	
  gene	
  regulaPon?	
  

	
  
Both	
  Dnmt3a	
  and	
  Tet2	
  Lead	
  to	
  similar	
  defects	
  in	
  

hematopoePc	
  system	
  that	
  can	
  result	
  in	
  cancer	
  –	
  could	
  
this	
  be	
  linked	
  to	
  aberrant	
  DNA	
  Damage	
  repair?	
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 IDH1/2 Dysfunction in Cancer 

Parsons,	
  D.	
  W.	
  et	
  al.	
  An	
  integrated	
  genomic	
  analysis	
  of	
  human	
  glioblastoma	
  mul7forme.	
  Science	
  321,	
  1807–1812	
  (2008).	
  
The	
  Cancer	
  Genome	
  Atlas	
  Research	
  Network.	
  Comprehensive,	
  integra7ve	
  genomic	
  analysis	
  of	
  diffuse	
  lower-­‐grade	
  gliomas.	
  N.	
  Engl.	
  J.	
  
Med.	
  372,	
  
2481–2498	
  (2015).	
  
Dang,	
  L.	
  et	
  al.	
  Cancer-­‐associated	
  IDH1	
  muta7ons	
  produce	
  2-­‐hydroxyglutarate.	
  Nature	
  462,	
  739–744	
  (2009).	
  

•	
  IDH1	
  and	
  IDH2	
  genes	
  encoding	
  isocitrate	
  dehydrogenases	
  	
  
	
  
•	
  Muta7ons	
  frequently	
  found	
  in	
  human	
  glioblastomas	
  and	
  cytogene7cally	
  normal	
  acute	
  
myeloid	
  leukaemias	
  (AML)	
  
	
  
•	
  Gain-­‐of-­‐func7on	
  muta7ons	
  –	
  drive	
  the	
  synthesis	
  of	
  the	
  ‘oncometabolite’	
  R-­‐2-­‐
hydroxyglutarate	
  (2HG)	
  instead	
  of	
  α-­‐ketoglutarate	
  (αKG)	
  
	
  
•	
  How	
  do	
  IDH1	
  andIDH2	
  muta7ons	
  modify	
  myeloid	
  cell	
  development	
  and	
  promote	
  
leukaemogenesis?	
  

IDH1(R132H),	
  is	
  inserted	
  into	
  endogenous	
  
murine	
  Idh1	
  locus	
  	
  
	
  
Expressed	
  in	
  all	
  haematopoie7c	
  cells	
  (Vav-­‐KI	
  
mice)	
  	
  
	
  
Or	
  specifically	
  in	
  cells	
  of	
  the	
  myeloid	
  lineage	
  
(LysM-­‐KI	
  mice).	
  	
  
	
  
Mutants	
  show	
  increased	
  numbers	
  of	
  early	
  
haematopoie7c	
  progenitors	
  and	
  develop	
  
splenomegaly	
  and	
  anaemia	
  with	
  
extramedullary	
  haematopoiesis,	
  sugges7ng	
  a	
  
dysfunc7onal	
  bone	
  marrow	
  niche.	
  	
  
	
  
LysM-­‐KI	
  cells	
  have	
  hypermethylated	
  
histones	
  and	
  changes	
  to	
  DNA	
  methyla7on	
  
similar	
  to	
  those	
  observed	
  in	
  human	
  IDH1-­‐	
  or	
  
IDH2-­‐mutant	
  AML.	
  	
  
	
  
=>	
  IDH1	
  single	
  amino	
  acid	
  change	
  induces	
  a	
  
leukaemic	
  DNA	
  methyla7on	
  signature	
  
in	
  a	
  mouse	
  model	
  =	
  >	
  human	
  AML.	
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 IDH1/2 Dysfunction in Cancer 

►	
  Examine	
  a	
  large	
  cohort	
  of	
  AML	
  pa7es	
  for	
  muta7ons	
  and	
  DNA	
  Methylomes	
  
	
  
►	
  IDH1/2	
  muta7ons	
  associated	
  with	
  a	
  specific	
  DNA	
  hypermethyla7on	
  profile	
  in	
  AML	
  
	
  
►	
  Expression	
  of	
  mutant	
  IDH1/2	
  induces	
  an	
  increase	
  in	
  global	
  5-­‐methylcytosine	
  levels	
  	
  
	
  
►	
  IDH1/2	
  muta7ons	
  inhibit	
  the	
  hydroxyla7on	
  reac7on	
  of	
  methylcytosine	
  by	
  TET2	
  	
  
	
  
►	
  Expression	
  of	
  IDH2	
  mutants	
  or	
  	
  loss	
  of	
  TET2	
  impair	
  myeloid	
  differen7a7on,	
  with	
  increased	
  
stem/progenitor	
  cell	
  marker	
  expression,	
  	
  
	
  

=>	
  shared	
  proleukemogenic	
  effects?	
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  Examine	
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  large	
  cohort	
  of	
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  pa7es	
  for	
  muta7ons	
  and	
  DNA	
  Methylomes	
  
	
  
►	
  IDH1/2	
  muta7ons	
  associated	
  with	
  a	
  specific	
  DNA	
  hypermethyla7on	
  profile	
  in	
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►	
  Expression	
  of	
  mutant	
  IDH1/2	
  induces	
  an	
  increase	
  in	
  global	
  5-­‐methylcytosine	
  levels	
  	
  
	
  
►	
  IDH1/2	
  muta7ons	
  inhibit	
  the	
  hydroxyla7on	
  reac7on	
  of	
  methylcytosine	
  by	
  TET2	
  	
  
	
  
►	
  Expression	
  of	
  IDH2	
  mutants	
  or	
  	
  loss	
  of	
  TET2	
  impair	
  myeloid	
  differen7a7on,	
  with	
  increased	
  
stem/progenitor	
  cell	
  marker	
  expression,	
  	
  
	
  

⇒ shared	
  proleukemogenic	
  effects?	
  

IDH1/2-­‐	
  and	
  TET2-­‐mutant	
  leukemias	
  are	
  a	
  biologically	
  
disPnct	
  disease	
  subtype	
  

Link	
  between	
  cancer	
  metabolism	
  with	
  epigenePc	
  control	
  of	
  gene	
  
expression.	
  

	
  
More	
  in	
  COURS	
  V	
  

Heatmap	
  representa7on	
  of	
  genes	
  iden7fied	
  as	
  differenPally	
  methylated	
  between	
  IDH1/2-­‐
mutant	
  or	
  TET2-­‐mutant	
  	
  primary	
  AML	
  cases	
  (indicated	
  by	
  the	
  red	
  bar)	
  and	
  wild-­‐type	
  cases	
  

Each	
  row	
  represents	
  a	
  probe	
  set	
  and	
  each	
  column	
  represents	
  a	
  pa7ent.	
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•	
  IDH1(R132H)	
  inserted	
  into	
  endogenous	
  murine	
  
Idh1	
  locus	
  	
  	
  
	
  
•	
  Mutants	
  show	
  increased	
  early	
  haematopoie7c	
  
progenitors,	
  develop	
  splenomegaly	
  and	
  anaemia	
  
with	
  extramedullary	
  haematopoiesis	
  
=>	
  dysfuncPonal	
  bone	
  marrow	
  niche.	
  	
  
	
  
•	
  Mice	
  have	
  hypermethylated	
  histones	
  and	
  
changes	
  to	
  DNA	
  methyla7on	
  similar	
  to	
  those	
  
observed	
  in	
  human	
  IDH1-­‐	
  or	
  IDH2-­‐mutant	
  AML.	
  	
  
	
  
=>	
  IDH1	
  single	
  amino	
  acid	
  change	
  induces	
  a	
  
leukaemic	
  DNA	
  methylaPon	
  signature	
  
in	
  a	
  mouse	
  model	
  of	
  human	
  AML.	
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Chromatin regulation and metabolism	
  

From Gut and Verdin, Nature 2013
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•	
  IDH	
  mutant	
  gliomas	
  manifest	
  a	
  CpG	
  island	
  methylator	
  phenotype	
  
	
  
•	
  Human	
  IDH	
  mutant	
  gliomas	
  exhibit	
  hypermethyla7on	
  at	
  cohesin	
  and	
  
CCCTCbinding	
  factor	
  (CTCF)-­‐binding	
  sites,	
  compromising	
  binding	
  
of	
  this	
  methyla7on-­‐sensi7ve	
  insulator	
  protein.	
  	
  
	
  
•	
  Reduced	
  CTCF	
  binding	
  =>	
  loss	
  of	
  insula7on	
  between	
  topological	
  
domains	
  and	
  aberrant	
  gene	
  ac7va7on.	
  	
  
	
  
•	
  Loss	
  of	
  CTCF	
  at	
  a	
  domain	
  boundary	
  permits	
  a	
  cons7tu7ve	
  
enhancer	
  to	
  interact	
  aberrantly	
  with	
  the	
  receptor	
  tyrosine	
  kinase	
  
gene	
  PDGFRA,	
  a	
  prominent	
  glioma	
  oncogene.	
  	
  
	
  
•	
  CRISPR-­‐mediated	
  disrup7on	
  of	
  the	
  CTCF	
  mo7f	
  in	
  IDH	
  wild-­‐type	
  
gliomaspheres	
  upregulates	
  PDGFRA	
  and	
  increases	
  prolifera7on.	
  
	
  
•	
  Treatment	
  of	
  IDH	
  mutant	
  gliomaspheres	
  with	
  a	
  demethyla7ng	
  agent	
  par7ally	
  
restores	
  insulator	
  func7on	
  and	
  downregulates	
  PDGFRA.	
  	
  IDH	
  mutaPons	
  promote	
  tumor	
  formaPon	
  

(gliomas)	
  by	
  disrupPng	
  chromosomal	
  
topology	
  and	
  allowing	
  aberrant	
  regulatory	
  

interacPons	
  that	
  induce	
  oncogene	
  expression	
  



 
IDH1/2	
  mutaPons	
  inhibit	
  Tet2	
  (and	
  other	
  enzymes)	
  

and	
  affect	
  DNA	
  methylaPon	
  paierns 
SomaPc	
  IDH1/2	
  MutaPons	
  Produce	
  the	
  Oncometabolite	
  2HG	
  
	
  
Oncogenic	
  effects	
  of	
  2HG:	
  
-­‐	
  genera7on	
  of	
  a	
  CIMP-­‐like(CpG	
  island	
  methylator)	
  phenotype	
  	
  
-­‐	
  inhibi7on	
  of	
  a-­‐ketoglutarate-­‐dependent	
  enzymes	
  such	
  as	
  histone	
  
methyltransferases	
  (KMT),	
  histone	
  demethylases	
  (KDM),	
  and	
  prolyl	
  
hydroxylases	
  (EGLN).	
  	
  
	
  
TET2	
  muta7ons	
  are	
  mutually	
  exclusive	
  with	
  IDH1/2	
  muta7ons	
  in	
  
leukemias	
  and	
  may	
  exert	
  common	
  downstream	
  effects	
  on	
  DNA	
  
methyla7on.	
  	
  
	
  
Mutant	
  IDH1/2	
  proteins	
  are	
  the	
  targets	
  of	
  emerging	
  drug	
  discovery	
  
effort	
  

Balance	
  of	
  de	
  novo	
  DNA	
  methyltransferase	
  and	
  DNA	
  demethylase	
  seems	
  to	
  be	
  cri7cal	
  	
  
Absence	
  of	
  either	
  one	
  leads	
  to	
  widespread	
  changes	
  in	
  the	
  epigenome,	
  	
  
its	
  overall	
  organisa7on	
  and	
  at	
  gene	
  regulatory	
  elements	
  and	
  repeats…	
  

	
  	
  

IDH	
   mutants	
   no	
   longer	
  
produce	
   α-­‐ketoglutarate:	
  
essen7al	
   for	
   enzyma7c	
  
ac7ity	
   of	
   TETs,	
   HMTases,	
  
and	
  KDMs	
  
	
  
Instead	
   they	
   produce	
   the	
  
oncometabolite:	
  	
  
2-­‐Hydroxyglutarate	
  	
  

E. Heard, 2016 



 
IDH1/2	
  mutaPons	
  inhibit	
  Tet2	
  (and	
  other	
  enzymes)	
  

and	
  affect	
  DNA	
  methylaPon	
  paierns 

Balance	
  of	
  de	
  novo	
  DNA	
  methyltransferase	
  and	
  DNA	
  demethylase	
  seems	
  to	
  be	
  cri7cal	
  	
  
Absence	
  of	
  either	
  one	
  leads	
  to	
  widespread	
  changes	
  in	
  the	
  epigenome,	
  	
  
its	
  overall	
  organisa7on	
  and	
  at	
  gene	
  regulatory	
  elements	
  and	
  repeats…	
  

	
  	
  E. Heard, 2016 



E. Heard, 2016 

 
 How does the DNA methylation machinery 

 impact on Cancer? 
 

•	
  Muta7ons	
  in	
  DNA	
  Methyla7on	
  enzymes	
  (DNMT3A,	
  TET1/2	
  and	
  IDH1/2)	
  
are	
  frequent	
  in	
  some	
  cancers	
  (leukemia	
  and	
  lymphoma)	
  
	
  
•	
  Dynamic	
  DNA	
  methyla7on	
  paRerns	
  in	
  coding	
  and	
  non-­‐coding	
  regions	
  
are	
  found	
  during	
  hematopoie7c	
  transforma7on	
  (tumor	
  forma7on)	
  
	
  
•	
  Similar	
  phenotypes	
  are	
  found	
  in	
  Dnmt3a	
  KO	
  and	
  Tet2/3	
  KO	
  mice	
  
(ie	
  increased	
  HSC	
  self	
  renewal,	
  myeloid	
  skewing	
  and	
  transforma7on)	
  
	
  
•	
  Yet	
  loss	
  of	
  Dnmt3a	
  should	
  lead	
  to	
  decreased	
  5mC,	
  while	
  loss	
  of	
  Tet	
  
enzymes	
  should	
  lead	
  to	
  increased	
  5mC?	
  
	
  
⇒ Effects	
  in	
  all	
  cases	
  may	
  be	
  due	
  to	
  decreased	
  5hmC	
  products	
  	
  
	
  	
  	
  	
  	
  
•	
  Roles?	
  Gene	
  regulaPon	
  (enhancers,	
  insulators)	
  and	
  DNA	
  repair…	
  	
  
	
  

Whatever	
  its	
  funcPons,	
  aberrant	
  DNA	
  methylaPon	
  	
  
can	
  define	
  leukemia	
  and	
  lymphoma	
  subtypes	
  	
  

⇒  Powerful	
  prognosPc	
  value	
  and	
  key	
  therapeuPc	
  target	
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