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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].	
  



Chromatin: the physiological template of the genome 
and a carrier of cellular memory	
  

EpigeneEc	
  changes	
  can	
  be	
  stably	
  maintained	
  yet	
  adapt	
  to	
  
changing	
  developmental	
  or	
  environmental	
  needs	
  

•  ChromaEn	
  acts	
  as	
  an	
  epigeneEc	
  barrier:	
  to	
  prevent	
  aberrant	
  transcripEon	
  
•  ChromaEn	
  memory	
  is	
  progressively	
  established	
  during	
  development	
  
•  ChromaEn	
  states	
  have	
  to	
  be	
  perpetuated	
  during	
  DNA	
  replicaEon/repair	
  
•  In	
  cancer,	
  chromaEn	
  states	
  can	
  be	
  perturbed	
  by	
  redistribuEon	
  of	
  

epigeneEc	
  regulators,	
  their	
  aberrant	
  acEon	
  or	
  their	
  loss	
  
•  Changes	
  in	
  epigeneEc	
  factors	
  can	
  have	
  widespread	
  effects	
  on	
  gene	
  

expression	
  states,	
  repeat	
  silencing,	
  genome	
  stablity…mulEple	
  phenotypes	
  

Transcrip7on	
  Factor	
  



 
Mutated Cancer Genes affect a spectrum of  

Chromatin Modifers 

Shen	
  et	
  al,	
  Cell	
  2013	
  	
  E. Heard, 2016 

Cancer	
  genomes/exomes	
  
have	
  revealed	
  altera7ons	
  
for	
  numerous	
  epigene7c	
  
proteins	
  
	
  
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	
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Epigenetic modifers 
can act at many different levels 
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Genes	
  

Regulatory	
  
Sequences	
  
Repeats	
  
	
  

Epigenetic modifers 
can act at many different levels 
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 Summary of DNA methylation pathways  

•	
  MutaEons	
  in	
  DNA	
  MethylaEon	
  enzymes	
  (DNMT3A,	
  TET1/2	
  and	
  IDH1/2)	
  are	
  
frequent	
  in	
  some	
  cancers	
  (leukemia	
  and	
  lymphoma)	
  
	
  
•	
  Mouse	
  models	
  have	
  demonstrated	
  the	
  direct	
  role	
  of	
  these	
  factors	
  in	
  tumor	
  
inducEon:	
  	
  Dnmt3a	
  KO	
  and	
  Tet2/3	
  KO	
  mice	
  (increased	
  HSC	
  self	
  renewal,	
  myeloid	
  
skewing	
  and	
  transformaEon)	
  
	
  
•	
  Loss	
  of	
  Dnmt3a	
  leads	
  to	
  decreased	
  5mC,	
  while	
  loss	
  of	
  Tet	
  and	
  IDH1/2	
  enzymes	
  
leads	
  to	
  increased	
  5mC;	
  all	
  mutants	
  lead	
  to	
  decreased	
  5hmC	
  
	
  	
  	
  	
  	
  
•	
  Roles:	
  Repeat	
  control,	
  gene	
  regulaEon,	
  enhancers,	
  insulators,	
  DNA	
  repair…?	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  

Oncogene	
  OFF	
   Oncogene	
  ON	
  

Proposed	
  model	
  for	
  impact	
  of	
  IDH	
  mutaEons	
  on	
  oncogene	
  acEvaEon:	
  
•	
  Gain	
  of	
  DNA	
  methyla7on	
  @	
  CpG	
  sites	
  including	
  CTCF	
  binding	
  sequences	
  
•	
  Loss	
  of	
  CTCF	
  binding	
  –	
  loss	
  of	
  insula7on	
  between	
  regions	
  
•	
  Aberrant	
  interac7on	
  between	
  an	
  enhancer	
  (long	
  range	
  regulatory	
  element)	
  &	
  promoter	
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 Summary of DNA methylation pathways  

•	
  MutaEons	
  in	
  DNA	
  MethylaEon	
  enzymes	
  (DNMT3A,	
  TET1/2	
  and	
  IDH1/2)	
  are	
  
frequent	
  in	
  some	
  cancers	
  (leukemia	
  and	
  lymphoma)	
  
	
  
•	
  Mouse	
  models	
  have	
  demonstrated	
  the	
  direct	
  role	
  of	
  these	
  factors	
  in	
  tumor	
  
inducEon:	
  	
  Dnmt3a	
  KO	
  and	
  Tet2/3	
  KO	
  mice	
  (increased	
  HSC	
  self	
  renewal,	
  myeloid	
  
skewing	
  and	
  transformaEon)	
  
	
  
•	
  Loss	
  of	
  Dnmt3a	
  leads	
  to	
  decreased	
  5mC,	
  while	
  loss	
  of	
  Tet	
  and	
  IDH1/2	
  enzymes	
  
leads	
  to	
  increased	
  5mC;	
  all	
  mutants	
  lead	
  to	
  decreased	
  5hmC	
  
	
  	
  	
  	
  	
  
•	
  Roles:	
  Repeat	
  control,	
  gene	
  regulaEon,	
  enhancers,	
  insulators,	
  DNA	
  repair…?	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  

5hmC	
  is	
  ac*vely	
  enriched	
  at	
  endogenous	
  DNA	
  damage	
  
sites	
  in	
  cancer	
  cell	
  lines.	
  
	
  
TET2	
  is	
  required	
  for	
  damage-­‐associated	
  5hmC	
  foci	
  (but	
  
not	
  to	
  recruit	
  DDR	
  proteins	
  to	
  damage).	
  
	
  
TET	
  enzymes	
  promote	
  genome	
  integrity	
  under	
  
replica*on	
  stress	
  in	
  mouse	
  ES	
  cells.	
  
(Kafer	
  et	
  al,	
  Cell	
  Reports,	
  2016)	
  
	
  	
  	
  

Whatever	
  its	
  funcEons,	
  	
  
aberrant	
  DNA	
  methylaEon	
  can	
  define	
  tumor	
  subtypes	
  	
  
⇒ Powerful	
  prognosEc	
  value	
  and	
  important	
  therapeuEc	
  

target	
  
	
  
	
  
	
  
	
  



 
 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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•	
  IDH1	
  and	
  IDH2	
  genes	
  encode	
  isocitrate	
  dehydrogenases	
  	
  
	
  
•	
  Muta7ons	
  frequently	
  found	
  in	
  human	
  glioblastomas	
  and	
  
cytogene7cally	
  normal	
  acute	
  myeloid	
  leukaemias	
  (AML)	
  
	
  
•	
  Gain-­‐of-­‐func7on	
  muta7ons:	
  synthesis	
  of	
  ‘oncometabolite’	
  
R-­‐2-­‐hydroxyglutarate	
  (2HG)	
  instead	
  of	
  α-­‐ketoglutarate	
  
(αKG)	
  

•	
  IDH1	
  and	
  IDH2	
  genes	
  encode	
  isocitrate	
  dehydrogenases	
  	
  
•	
  Muta7ons	
  frequently	
  found	
  in	
  many	
  tumors	
  (glioblastomas,	
  leukemias)	
  
•	
  Gain-­‐of-­‐func7on	
  IDH	
  muta7ons:	
  synthesis	
  of	
  ‘oncometabolite’	
  R-­‐2-­‐
hydroxyglutarate	
  (2HG)	
  instead	
  of	
  α-­‐ketoglutarate	
  (αKG)	
  
•	
  2HG	
  is	
  a	
  compe77ve	
  inhibitor	
  of	
  several	
  α-­‐KG-­‐dependent	
  dioxygenases	
  
(eg	
  histone	
  demethylase	
  KDM4C,	
  TET	
  hydroxylases).	
  	
  
	
  
Dang,	
  L.	
  et	
  al.	
  Cancer-­‐associated	
  IDH1	
  muta7ons	
  produce	
  2-­‐hydroxyglutarate.	
  
Nature	
  462,	
  739–744	
  (2009).	
  
	
  
	
  

IDH	
  mutants	
  no	
  longer	
  produce	
  
α-­‐Ketoglutarate:	
  essen7al	
  for	
  
dioxygenases	
  (eg	
  TET	
  
hydroxylases,	
  histone	
  lysine	
  
demethylases	
  eg	
  KDM4C).	
  	
  
Instead	
  produce	
  oncometabolite:	
  
R-­‐2-­‐Hydroxyglutarate	
  which	
  is	
  a	
  
compe77ve	
  inhibitor	
  of	
  these	
  
eznymes	
  

Tricarboxylic	
  acid	
  cycle	
  :	
  
central	
  hub	
  that	
  links	
  
catabolic	
  and	
  anabolic	
  

pathways	
  



hlp://
www.lookfo
rdiagnosis.c

om/
mesh_info.

php?
term=Polyc
omb-­‐Group
+Proteins

=1#	
  

Ac7ve	
  and	
  inac7ve	
  states	
  of	
  genes	
  expression	
  established	
  by	
  
transcrip7on	
  factors	
  are	
  maintained	
  during	
  cellular	
  differen7a7on	
  
by	
  Polycomb	
  (PcG)	
  and	
  trithorax	
  (trxG)	
  over	
  mul7ple	
  cell	
  divisions	
  

Maintenance	
  of	
  cell	
  idenEty	
  
Faculta7ve	
  heterochroma7n	
  

Stem	
  cell	
  plas7city	
  
Bivalent	
  states	
  	
  

(resolved	
  into	
  fully	
  ON	
  or	
  OFF	
  as	
  
development	
  proceeds)	
  

DisrupEon	
  in	
  development	
  =>	
  	
  
homeo7c	
  transforma7ons,	
  

germ	
  line	
  defects	
  
DisrupEon	
  in	
  adults	
  	
  =>	
  	
  

stem	
  cell	
  defects,	
  cancer…	
  

hlp://
www.lookfordiagnosis
.com/mesh_info.php?
term=Polycomb-­‐
Group+Proteins =1#	
  

H3K4me3	
  

H3K27me3	
  
H2AK119ub	
  

 
Polycomb and Trithorax Group Complexes 

E. Heard, 2016 

Chroma7n	
  “memory”	
  complexes	
  that	
  are	
  more	
  highly	
  
conserved	
  than	
  DNA	
  methyla7on!	
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Polycomb and Trithorax Complexes 

in Cancer 
Mul7-­‐protein	
  complexes:	
  core	
  components	
  including	
  histone	
  
modifying	
  enzymes	
  plus	
  subunits	
  that	
  can	
  change	
  during	
  

development	
  and	
  in	
  different	
  7ssues	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  Altered	
  TrX	
  and	
  PRC	
  acEviEes	
  in	
  cancer	
  via:	
  

-­‐	
  Fusions	
  proteins	
  (eg	
  MLL)	
  	
  
-­‐	
  Muta7ons	
  in	
  some	
  of	
  these	
  proteins	
  or	
  in	
  their	
  targets	
  (eg	
  histones)	
  

	
  
Cancer	
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Genetic Disruption of Epigenetic Control  

at H3K27 in Cancer 
The	
  writer	
  EZH2	
  and	
  eraser	
  KDM6A/UTX	
  
form	
  a	
  counterac7ng	
  pair	
  in	
  regula7ng	
  
methyla7on	
  at	
  H3	
  lysine	
  27.	
  EZH2	
  
catalyzes	
  methyla7on	
  process	
  with	
  help	
  
from	
  other	
  components	
  in	
  PRC2,	
  whereas	
  
KDM6A	
  (UTX),	
  	
  part	
  of	
  the	
  Trithorax	
  
complex,	
  removes	
  this	
  repressive	
  mark.	
  

PRC1,	
  which	
  ubiqui7nates	
  H2AK119,	
  and	
  
thereby	
  blocks	
  PolII	
  elonga7on.	
  Another	
  
Polycomb	
  complex,	
  PR-­‐DUB,	
  is	
  also	
  
cri7cal	
  to	
  the	
  maintenance	
  of	
  the	
  repression	
  at	
  
a	
  subset	
  of	
  the	
  Polycomb	
  genes,	
  although	
  it	
  
removes	
  the	
  H2AK119ub	
  mark	
  and	
  thus	
  
counteracts	
  PRC1	
  	
  

Solid	
  tumors	
  show	
  possibly	
  neomorphic	
  
histone	
  K27	
  muta7ons	
  (mimicking	
  
H3K27me2),	
  UTX	
  muta7on,	
  EZH2	
  
amplifica7on,	
  and/or	
  overexpression	
  due	
  to	
  
genomic	
  loss	
  of	
  the	
  repressive	
  microRNA	
  
miR101,	
  as	
  well	
  as	
  amplifica7on/
overexpression	
  of	
  the	
  PRC1	
  member	
  BMI1,	
  
and	
  ymphoma	
  exhibits	
  gain-­‐of-­‐func7on	
  
muta7ons	
  of	
  EZH2,	
  which	
  is	
  consistent	
  with	
  a	
  
gain	
  of	
  Polycomb	
  repression	
  	
  
In	
  myeloid	
  malignancies	
  and	
  ALL,	
  par7cularly	
  
early	
  T	
  cell	
  precursor	
  ALL,	
  show	
  muta7ons	
  
that	
  may	
  sabotage	
  Polycomb	
  repression.	
  

Shen	
  and	
  Laird,	
  Cell	
  2013	
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•	
  Glioblastomas	
  are	
  the	
  most	
  frequent	
  and	
  aggressive	
  malignant	
  primary	
  brain	
  tumors	
  
•	
  Brain	
  tumors	
  are	
  the	
  most	
  common	
  solid	
  tumors	
  in	
  children.	
  	
  
•	
  Pediatric	
  high-­‐grade	
  glioma	
  (HGG)	
  accounts	
  for	
  8–	
  12	
  %	
  of	
  brain	
  tumors	
  	
  
•	
  Devasta7ng	
  disease	
  as	
  70–90%	
  of	
  pa7ents	
  die	
  within	
  2	
  years	
  of	
  diagnosis	
  	
  
•	
  Failure	
  to	
  treat	
  children	
  over	
  last	
  30	
  years	
  :	
  largely	
  due	
  to	
  limited	
  knowledge	
  of	
  the	
  
molecular	
  basis	
  for	
  these	
  tumors	
  +	
  a	
  lack	
  of	
  disease	
  models.	
  
•	
  Recent	
  sequencing	
  of	
  tumors	
  revealed	
  recurrent	
  combina7ons	
  of	
  genomic	
  and/or	
  
epigene7c	
  aberra7ons	
  associated	
  with	
  glioblastoma:	
  meaningful	
  subgroup	
  classifica7ons	
  
•	
  Found	
  gene7c	
  lesions	
  disrup7ng	
  several	
  epigene7c	
  controllers	
  at	
  high	
  frequency	
  	
  
•	
  Remarkably,	
  the	
  histone	
  H3	
  variants	
  H3.1	
  and	
  H3.3	
  are	
  frequently	
  mutated	
  in	
  pediatric	
  
HGG,	
  with	
  up	
  to	
  78	
  %	
  of	
  diffuse	
  intrinsic	
  pon7ne	
  gliomas	
  (DIPGs)	
  carrying	
  K27M	
  and	
  36	
  %	
  
of	
  nonbrainstem	
  gliomas	
  carrying	
  either	
  K27M	
  or	
  G34R/V	
  muta7ons.	
  
=>	
  First	
  demonstra0on	
  that	
  histone	
  muta0ons	
  may	
  be	
  drivers	
  of	
  disease.	
  
•	
  High-­‐frequency	
  muta7on	
  of	
  histone	
  H3	
  to	
  K36M	
  found	
  in	
  chondroblastomas	
  and	
  to	
  
G34W/L	
  in	
  giant	
  cell	
  tumors	
  of	
  bone,	
  	
  which	
  are	
  diseases	
  of	
  adolescents	
  and	
  young	
  adults.	
  
•	
  Intriguingly,	
  Histone	
  H3K27M	
  muta7ons	
  very	
  rare	
  in	
  older	
  pa7ents	
  

Diffuse	
  gliomas	
  represent	
  the	
  most	
  common	
  primary	
  
human	
  brain	
  tumors.	
  Tradi7onally,	
  diffuse	
  
gliomas	
  have	
  been	
  classified	
  following	
  Bailey	
  and	
  
Cushing’s	
  original	
  schemes,	
  on	
  phenotypic	
  
resemblance	
  to	
  normal	
  neural	
  and	
  glial	
  cell	
  types	
  
(e.g.,	
  astrocytomas,	
  oligodendrogliomas),	
  and	
  
graded	
  from	
  II	
  to	
  IV	
  on	
  histopathological	
  criteria	
  that	
  
predict	
  their	
  natural	
  course	
  (1).	
  Recently,	
  the	
  
World	
  Health	
  Organiza7on	
  (WHO)	
  has	
  been	
  revising	
  
this	
  classifica7on	
  scheme	
  to	
  beler	
  incorporate	
  
molecular	
  data	
  into	
  integrated	
  diagnoses	
  that	
  
include	
  the	
  histological	
  phenotype	
  of	
  the	
  tumor	
  
as	
  well	
  as	
  its	
  molecular	
  features	
  (2).	
  In	
  adult	
  diffuse	
  
gliomas,	
  three	
  main	
  en77es	
  have	
  emerged,	
  
which	
  are	
  defined	
  by	
  muta7onal	
  spectrum,	
  
histopathology,	
  copy-­‐number-­‐varia7on	
  and	
  
methyla7on	
  
palerns:	
  (a)	
  primary	
  glioblastoma,	
  isocitrate	
  
dehydrogenase	
  (IDH1/2)	
  wild-­‐type,	
  grade	
  IV;	
  
(b)	
  astrocytoma,	
  IDH1/2	
  mutant,	
  grades	
  II-­‐IV;	
  and	
  (c)	
  
oligodendroglioma,	
  IDH1/2	
  mutant,	
  1p/19q	
  
codeleted,	
  grades	
  II–III.	
  Importantly,	
  in	
  some	
  key	
  
situa7ons,	
  molecular	
  findings	
  now	
  prevail	
  over	
  
histopathology,	
  such	
  that	
  mixed	
  or	
  uncertain	
  
morphological	
  categories	
  can	
  be	
  beler	
  classified	
  
into	
  
specific	
  en77es.	
  In	
  pediatric	
  gliomas,	
  grade	
  and	
  
loca7on	
  are	
  well	
  correlated	
  with	
  specific	
  molecular	
  
events,	
  such	
  that	
  three	
  main	
  clinical	
  and	
  molecular	
  
en77es	
  can	
  be	
  defined:	
  (a)	
  low-­‐grade	
  
gliomas;	
  (b)	
  midline	
  high-­‐grade	
  gliomas;	
  and	
  (c)	
  
hemispheric	
  high-­‐grade	
  gliomas.	
  Throughout	
  
this	
  review,	
  we	
  will	
  adopt	
  this	
  classifica7on	
  scheme	
  
that	
  defines	
  important	
  clinical	
  and	
  biological	
  
groups	
  in	
  both	
  adults	
  and	
  children.	
  First,	
  we	
  will	
  
briefly	
  discuss	
  commonali7es	
  and	
  differences	
  
among	
  categories	
  of	
  gliomas	
  as	
  well	
  as	
  challenges	
  
and	
  opportuni7es	
  for	
  their	
  management.	
  

Cancer	
  Genome	
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  Research	
  N,	
  Brat	
  DJ,	
  Verhaak	
  RG,	
  Aldape	
  KD,	
  Yung	
  WK,	
  et	
  al.	
  2015.	
  Comprehensive,	
  
Integra7ve	
  Genomic	
  Analysis	
  of	
  Diffuse	
  Lower-­‐Grade	
  Gliomas.	
  N.	
  Engl.	
  J.	
  Med.	
  372:2481–98	
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HISTONE	
  VARIANTS	
  
the	
  mammalian	
  genome	
  is	
  indexed	
  by	
  H3	
  variants	
  in	
  a	
  
nonrandom	
  fashion	
  reflec7ng	
  the	
  assembly	
  mechanisms	
  of	
  
dedicated,	
  personalized	
  chaperone	
  proteins	
  and	
  exchange	
  
factors	
  that	
  control	
  whether	
  genes	
  are	
  cons7tu7vely	
  
expressed	
  or	
  remain	
  silent.	
  The	
  Allis	
  lab	
  produced	
  the	
  first	
  
genome-­‐wide	
  maps	
  of	
  H3.3	
  localiza7on,	
  first	
  in	
  mammalian	
  
embryonic	
  stem	
  cells	
  and	
  then	
  again	
  aLer	
  the	
  cells	
  had	
  
differen7ated	
  to	
  become	
  neurons.	
  Biochemical	
  approaches	
  
have	
  led	
  them	
  to	
  chaperone	
  complexes	
  that	
  engage	
  H3.3	
  
selec7vely,	
  deposi7ng	
  it	
  into	
  dis7nct	
  regions	
  of	
  the	
  genome.	
  
One	
  of	
  these	
  chaperone	
  systems	
  (ATRX/Daxx	
  targe7ng	
  H3.3	
  
to	
  telomeres	
  and	
  other	
  heterochroma7c	
  loci)	
  has	
  been	
  
shown	
  to	
  be	
  mutated	
  in	
  a	
  significant	
  frac7on	
  of	
  pa7ents	
  
who	
  suffer	
  from	
  pancrea7c	
  neuroendocrine	
  tumors.	
  
Remarkably,	
  H3.3	
  muta7ons	
  are	
  also	
  highly	
  specific	
  to	
  
pediatric	
  gliomas,	
  a	
  disease	
  that	
  is	
  clinically	
  and	
  molecularly	
  
dis7nct	
  from	
  its	
  adult	
  counterpart.	
  Dr.	
  Allis	
  and	
  his	
  
colleagues	
  hypothesize	
  that	
  these	
  muta7ons	
  can	
  alter	
  the	
  
recruitment	
  and	
  ac7vity	
  of	
  histone-­‐modifying	
  complexes	
  
and	
  therefore	
  alter	
  the	
  epigene7c	
  landscape	
  and	
  
dysregulate	
  gene	
  expression.	
  Given	
  the	
  restricted	
  
distribu7on	
  of	
  H3.3	
  muta7ons	
  to	
  pediatric	
  gliomas,	
  they	
  
further	
  hypothesize	
  that	
  cell	
  lineage-­‐specific	
  cellular	
  context	
  
is	
  crucial	
  for	
  the	
  ability	
  of	
  these	
  muta7ons	
  to	
  mediate	
  
oncogenesis.	
  Ac7ve	
  inves7ga7ons	
  are	
  under	
  way	
  to	
  test	
  
these	
  hypotheses	
  with	
  collaborators	
  in	
  more	
  clinically	
  
relevant	
  se�ngs,	
  including	
  human	
  pa7ents.	
  

Chan et al, Genes Dev , 2013
Recent studies have identified a Lys 27-to-
methionine (K27M) mutation at one allele of 
H3F3A, one of the two genes encoding histone 
H3 variant H3.3, in 60% of high-grade 
pediatric glioma cases. The median survival of 
this group of patients after diagnosis is ∼1 yr. 
Here we show that the levels of H3K27 di- and 
trimethylation (H3K27me2 and H3K27me3) 
are reduced globally in H3.3K27M patient 
samples due to the expression of the 
H3.3K27M mutant allele. Remarkably, we also 
observed that H3K27me3 and Ezh2 (the 
catalytic subunit of H3K27 methyltransferase) 
at chromatin are dramatically increased locally 
at hundreds of gene loci in H3.3K27M patient 
cells. Moreover, the gain of H3K27me3 and 
Ezh2 at gene promoters alters the expression of 
genes that are associated with various cancer 
pathways. These results indicate that 
H3.3K27M mutation reprograms epigenetic 
landscape and gene expression, which may 
drive tumorigenesis. 

E. Heard, February 2nd, 2015 
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  glioblastoma.	
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Gain	
  of	
  func7on	
  muta7ons	
  in	
  H3.3	
  K27M,	
  H3.3	
  G34E	
  
and	
  G34V	
  leads	
  to	
  very	
  specific	
  	
  gliomas.	
  	
  
	
  
Muta7ons	
  always	
  heterozygous,	
  even	
  though	
  >10	
  
different	
  H3	
  genes	
  (H3.1,	
  H3.2,	
  and	
  H3.3)	
  in	
  humans.	
  
	
  
G34R/V	
  mainly	
  leads	
  to	
  the	
  redistribu7on	
  of	
  
H3K36me3,	
  possibly	
  by	
  redirec7ng	
  its	
  enzyme	
  SETD2	
  -­‐	
  
leading	
  to	
  enhanced	
  expression	
  of	
  eg	
  MYCN?	
  	
  
	
  
H3K27M	
  interferes	
  with	
  PRC2-­‐EZH2	
  ac7vity	
  leading	
  to	
  
global	
  down	
  regula7on	
  of	
  H3K27me3	
  
Reprogramming	
  of	
  	
  epigene7c	
  landscapes:	
  	
  
-­‐  genome	
  wide	
  loss	
  in	
  H3K27me3	
  	
  
-­‐  specific	
  (aberrant)	
  enrichment	
  of	
  the	
  mark	
  at	
  

several	
  hundred	
  genes.	
  	
  
-­‐  global	
  DNA	
  hypomethyla7on	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  

From	
  Maze	
  et	
  al,	
  NRG,	
  2014	
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cells. Moreover, the gain of H3K27me3 and 
Ezh2 at gene promoters alters the expression of 
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H3.3K27M mutation reprograms epigenetic 
landscape and gene expression, which may 
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H3.1	
  is	
  deposited	
  during	
  DNA	
  Replica7on	
  -­‐	
  S	
  phase	
  	
  
	
  
H3.3	
  has	
  been	
  noted	
  at	
  promoters	
  and	
  bodies	
  of	
  transcrip7onally	
  ac7ve	
  genes,	
  promoters	
  of	
  
silent	
  genes,	
  enhancers,	
  and	
  pericentromeric	
  and	
  telomeric	
  regions	
  (Skene	
  and	
  Henikoff,	
  2013).	
  
	
  
Muta7ons	
  in	
  the	
  DAXX	
  (death	
  domain-­‐associated	
  protein)/ATRX	
  (alpha	
  thalassemia/mental	
  
retarda7on	
  syndrome	
  X-­‐linked	
  protein)	
  chaperone	
  complex	
  that	
  loads	
  H3.3	
  at	
  pericentromeric	
  
and	
  telomeric	
  regions	
  are	
  associated	
  with	
  alterna7ve	
  lengthening	
  of	
  telomeres	
  (ALT)	
  
	
  
H3.3-­‐G34R/V	
  muta7on	
  showed	
  a	
  100%	
  overlap	
  with	
  ATRX-­‐DAXX	
  muta7ons,	
  unlike	
  the	
  H3.3-­‐K27M	
  
muta7on	
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Although	
  the	
  ini7a7ng	
  event	
  remains	
  
unresolved,	
  a	
  combina7on	
  of	
  mutated	
  genes	
  
seems	
  to	
  drive	
  extensive	
  angiogenesis	
  (such	
  as	
  
vascular	
  endothelial	
  growth	
  factor	
  (VEGF)),	
  
trigger	
  prolifera7on	
  (such	
  as	
  genes	
  encoding	
  
receptor	
  tyrosine	
  kinases	
  (RTKs)),	
  disrupt	
  
metabolism	
  (such	
  as	
  isocitrate	
  dehydrogenase	
  
1	
  (IDH1)),	
  and	
  promote	
  migra7on	
  (such	
  as	
  
neurotrophic	
  tyrosine	
  kinase	
  receptor	
  type	
  1	
  
(TRKA))	
  and	
  invasion	
  (such	
  as	
  hepatocyte	
  
growth	
  factor	
  (HGF)	
  or	
  its	
  receptor	
  (MET))134	
  	
  

Glioblastomas	
  are	
  very	
  heterogeneous:	
  
•	
  Different	
  tumor	
  loca7ons	
  
•	
  Pa7ent	
  ages	
  
•	
  Muta7onal	
  spectra	
  
•	
  Neuronal	
  lineage	
  markers	
  
Speculate	
  that	
  some	
  GBM	
  subgroups	
  
may	
  have	
  a	
  unique	
  cellular	
  origin?	
  
	
  
GBM	
  are	
  highly	
  heterogeneous	
  both	
  
between	
  and	
  within	
  tumors:	
  
Single	
  cell	
  RNA	
  profiling	
  reveals	
  diverse	
  
transcrip7onal	
  programs	
  –	
  related	
  to	
  
cell	
  prolifera7on,	
  oncogenic	
  signaling,	
  
hypoxia,	
  complement/immune	
  
response	
  –	
  and	
  a	
  con7nuum	
  of	
  
“stemness”-­‐like	
  expression	
  states	
  (Patel	
  
et	
  al,	
  Science	
  2014)	
  
GBMs	
  contain	
  cellular	
  niches	
  enriched	
  
for	
  dis*nct	
  phenotypic	
  proper*es	
  such	
  
as	
  transient	
  quiescence.	
  
	
  
Beher	
  classificaEon	
  of	
  tumors	
  
required:	
  genome,	
  transcriptome,	
  
epigenome…	
  

GBM	
  are	
  highly	
  heterogeneous	
  both	
  between	
  and	
  within	
  tumors:	
  
Single	
  cell	
  RNA	
  profiling	
  reveals	
  diverse	
  transcrip7onal	
  programs	
  –	
  related	
  to	
  
cell	
  prolifera7on,	
  oncogenic	
  signaling,	
  hypoxia,	
  complement/immune	
  
response	
  –	
  and	
  a	
  con7nuum	
  of	
  “stemness”-­‐like	
  expression	
  states	
  (Patel	
  et	
  al,	
  
Science	
  2014)	
  
	
  
GBMs	
  contain	
  cellular	
  niches	
  enriched	
  for	
  dis7nct	
  phenotypic	
  proper7es	
  such	
  
as	
  transient	
  quiescence	
  
cancer	
  stem	
  cells	
  (CSCs)	
  and	
  their	
  more	
  differen7ated	
  progenies	
  may	
  lead	
  to	
  
heterogeneous	
  tumors	
  driven	
  by	
  specific	
  subsets	
  of	
  cells.	
  	
  
	
  
Targe7ng	
  CSC	
  neurodevelopmental	
  &	
  self-­‐renewing	
  programs,	
  or	
  pushing	
  
CSCs	
  to	
  differen7ate	
  might	
  offer	
  new	
  opportuni7es	
  for	
  glioma	
  management.	
  	
  
	
  

Jones	
  and	
  Baker,	
  NRC,	
  2014	
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•	
  GBM	
  can	
  now	
  be	
  sub-­‐classified	
  into	
  mul7ple	
  molecular	
  groups	
  that	
  are	
  
indis7nguishable	
  by	
  histological	
  appearance	
  
•	
  6	
  GBM	
  subgroups	
  displaying	
  characteris7c	
  global	
  DNA	
  meth	
  palerns,	
  with	
  
dis7nct	
  hotspot	
  muta7ons,	
  SNVs	
  and	
  transcrip7on	
  palerns	
  
•	
  Hope	
  that	
  these	
  classifica7ons	
  will	
  help	
  in	
  diagnosis	
  and	
  treatment	
  of	
  this	
  
most	
  common	
  and	
  most	
  devasta7ng	
  brain	
  tumor	
  (5-­‐year	
  survival	
  rate	
  <10%)	
  
	
  

 
Hotspot Mutation in H3.3 and IDH1 define Distinct 

Epigenetic and Biological Subgroups of Glioblastoma 
Glioblastoma	
  (GBM)	
  is	
  a	
  brain	
  tumor	
  that	
  carries	
  a	
  dismal	
  
prognosis	
  and	
  displays	
  considerable	
  heterogeneity.	
  
We	
  have	
  recently	
  iden7fied	
  recurrent	
  H3F3A	
  muta7ons	
  
affec7ng	
  two	
  cri7cal	
  amino	
  acids	
  (K27	
  and	
  
G34)	
  of	
  histone	
  H3.3	
  in	
  one-­‐third	
  of	
  pediatric	
  GBM.	
  Here,	
  we	
  
show	
  that	
  each	
  H3F3A	
  muta7on	
  defines	
  an	
  
epigene7c	
  subgroup	
  of	
  GBM	
  with	
  a	
  dis7nct	
  global	
  
methyla7on	
  palern,	
  and	
  that	
  they	
  are	
  mutually	
  exclusive	
  
with	
  IDH1	
  muta7ons,	
  which	
  characterize	
  a	
  third	
  muta7on-­‐
defined	
  subgroup.	
  Three	
  further	
  epigene7c	
  
subgroups	
  were	
  enriched	
  for	
  hallmark	
  gene7c	
  events	
  of	
  adult	
  
GBM	
  and/or	
  established	
  transcriptomic	
  signatures.	
  
We	
  also	
  demonstrate	
  that	
  the	
  two	
  H3F3A	
  muta7ons	
  give	
  rise	
  
to	
  GBMs	
  in	
  separate	
  anatomic	
  compartments,	
  
with	
  differen7al	
  regula7on	
  of	
  transcrip7on	
  factors	
  OLIG1,	
  
OLIG2,	
  and	
  FOXG1,	
  possibly	
  reflec7ng	
  
different	
  cellular	
  origins.	
  



E. Heard, 2016 

•	
  Glioblastoma	
  is	
  the	
  most	
  common	
  and	
  most	
  devasta7ng	
  brain	
  tumor	
  
•	
  5-­‐year	
  survival	
  rate	
  is	
  below	
  10%	
  
•	
  GBM	
  can	
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  into	
  mul7ple	
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  indis7nguishable	
  by	
  histological	
  appearance	
  
•	
  6	
  GBM	
  subgroups	
  displaying	
  characteris7c	
  global	
  DNA	
  meth	
  palerns,	
  with	
  dis7nct	
  hotspot	
  
muta7ons,	
  SNVs	
  and	
  transcrip7on	
  palerns	
  

Glioblastoma	
  (GBM)	
  is	
  a	
  brain	
  tumor	
  that	
  carries	
  a	
  dismal	
  
prognosis	
  and	
  displays	
  considerable	
  heterogeneity.	
  
We	
  have	
  recently	
  iden7fied	
  recurrent	
  H3F3A	
  muta7ons	
  
affec7ng	
  two	
  cri7cal	
  amino	
  acids	
  (K27	
  and	
  
G34)	
  of	
  histone	
  H3.3	
  in	
  one-­‐third	
  of	
  pediatric	
  GBM.	
  Here,	
  we	
  
show	
  that	
  each	
  H3F3A	
  muta7on	
  defines	
  an	
  
epigene7c	
  subgroup	
  of	
  GBM	
  with	
  a	
  dis7nct	
  global	
  
methyla7on	
  palern,	
  and	
  that	
  they	
  are	
  mutually	
  exclusive	
  
with	
  IDH1	
  muta7ons,	
  which	
  characterize	
  a	
  third	
  muta7on-­‐
defined	
  subgroup.	
  Three	
  further	
  epigene7c	
  
subgroups	
  were	
  enriched	
  for	
  hallmark	
  gene7c	
  events	
  of	
  adult	
  
GBM	
  and/or	
  established	
  transcriptomic	
  signatures.	
  
We	
  also	
  demonstrate	
  that	
  the	
  two	
  H3F3A	
  muta7ons	
  give	
  rise	
  
to	
  GBMs	
  in	
  separate	
  anatomic	
  compartments,	
  
with	
  differen7al	
  regula7on	
  of	
  transcrip7on	
  factors	
  OLIG1,	
  
OLIG2,	
  and	
  FOXG1,	
  possibly	
  reflec7ng	
  
different	
  cellular	
  origins.	
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•	
  IDH1	
  R132	
  muta7ons	
  are	
  
associated	
  with	
  a	
  beler	
  
prognosis	
  than	
  non-­‐mutated	
  
IDH1	
  in	
  glioblastoma,	
  presumably	
  
through	
  increased	
  repressive	
  
modifica7ons	
  that	
  slow	
  cellular	
  
prolifera7on	
  and	
  invasion.	
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Molecular Profiling Reveals Biologically Discrete Subsets 

and Pathways of Progression in Diffuse Glioma 

Sturm	
  et	
  al,	
  Nat.	
  Rev.	
  Cancer,	
  2015	
  

The	
  realisaEon	
  that	
  epigeneEc	
  alteraEons	
  play	
  an	
  important	
  role	
  in	
  
gliomagenesis,	
  combined	
  with	
  the	
  rapid	
  development	
  of	
  drugs	
  targeEng	
  

epigeneEc	
  modifiers	
  offers	
  opportuniEes	
  for	
  innovaEve	
  targeted	
  approaches.	
  
	
  

Understanding	
  the	
  mechanisms	
  by	
  which	
  these	
  alteraEons	
  lead	
  to	
  cancer	
  will	
  be	
  
criEcal	
  for	
  opEmal	
  treatment	
  however…	
  



E. Heard, 2016 

 
Molecular Profiling Reveals Biologically Discrete Subsets 

and Pathways of Progression in Diffuse Glioma 

Pediatric	
  (leL)	
  +	
  
adult(right)	
  	
  
glioblastoma	
  
muta7on	
  %	
  



E. Heard, 2016 

 
 Modeling pediatric gliomas with H3.3K27M histone 

mutations 
Use	
  of	
  human	
  embryonic	
  stem	
  cells	
  to	
  model	
  pediatric	
  gliomas	
  with	
  H3.3K27M	
  histone	
  
mutaEon.	
  Funato,	
  Major,	
  Lewis,	
  Allis,	
  Tabar	
  (2014)	
  Science,	
  346,	
  1529	
  

•	
  Poor	
  prognosis,	
  untreatable	
  diffuse	
  intrinsic	
  
pon7ne	
  gliomas	
  (tumeur	
  du	
  tronc	
  cérébral)	
  	
  
>70%	
  are	
  mutated	
  for	
  H3F3A	
  
	
  
•	
  Located	
  in	
  a	
  highly	
  sensi7ve	
  part	
  of	
  the	
  tumor	
  in	
  
the	
  brainstem	
  :	
  difficult	
  to	
  access	
  
	
  
•	
  K27M-­‐mutated	
  DIPGs	
  occur	
  during	
  a	
  restricted	
  
developmental	
  window	
  [mean	
  age	
  at	
  diagnosis	
  is	
  8	
  
years]	
  and	
  have	
  a	
  specific	
  midline	
  loca7on:	
  
⇒  developmentally	
  early	
  and	
  anatomically	
  specific	
  

cell	
  of	
  origin?	
  
	
  
•	
  Genomics/epigenomics	
  studies	
  :	
  
H3.3K27Mmuta7on	
  iden7fies	
  a	
  dis7nct	
  subgroup	
  of	
  
DIPGs	
  -­‐	
  overlap	
  with	
  p53	
  muta7ons	
  &	
  platelet-­‐
derived	
  growth	
  factor	
  receptor	
  (PDGFRA	
  -­‐	
  cell	
  surface	
  
tyrosine	
  kinase	
  receptor)	
  amplifica7on	
  (60%	
  and	
  
40%,	
  respec7vely).	
  
	
  

	
  
•	
  	
  Introduc7on	
  of	
  H3.3K27M	
  into	
  p53-­‐null,	
  
nes7n	
  expressing	
  progenitors	
  in	
  the	
  neonatal	
  
mouse	
  brainstem	
  is	
  insufficient	
  to	
  generate	
  
gliomas	
  (Lewis	
  et	
  al,	
  2013)	
  =>	
  require	
  
addi7onal	
  muta7ons.	
  
	
  
•	
  Use	
  human	
  pluripotent	
  stem	
  cells	
  (hPSCs)	
  as	
  
a	
  model	
  for	
  studying	
  DIPG:	
  
⇒  funcEonal	
  analysis	
  of	
  oncogenic	
  

mutaEons	
  in	
  a	
  geneEcally	
  defined	
  human	
  
background	
  

•	
  Derive	
  early	
  neural	
  progenitor	
  cells	
  (NPCs)	
  
from	
  human	
  ESCs	
  and	
  co-­‐transduce	
  (len7viral	
  
infec7on)	
  a	
  cons7tu7vely	
  ac7ve	
  form	
  of	
  
PDGFRA,	
  a	
  shRNA	
  against	
  p53	
  and	
  a	
  HA-­‐tagged	
  
H3.3K27	
  mutant	
  (based	
  on	
  high	
  frequency	
  in	
  
DIPGs)	
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•	
  	
  Introduc7on	
  of	
  H3.3K27M	
  into	
  p53-­‐null,	
  
nes7n	
  expressing	
  progenitors	
  in	
  the	
  neonatal	
  
mouse	
  brainstem	
  is	
  insufficient	
  to	
  generate	
  
gliomas	
  (Lewis	
  et	
  al,	
  2013)	
  =>	
  glioblastomas	
  
must	
  require	
  addi7onal	
  muta7ons	
  to	
  form?	
  
	
  
•	
  Use	
  human	
  pluripotent	
  stem	
  cells	
  (hPSCs)	
  as	
  
a	
  model	
  for	
  studying	
  DIPG:	
  
⇒  funcEonal	
  analysis	
  of	
  oncogenic	
  

mutaEons	
  in	
  a	
  geneEcally	
  defined	
  human	
  
background	
  

	
  
•	
  Derive	
  early	
  neural	
  progenitor	
  cells	
  (NPCs)	
  
from	
  human	
  ESCs	
  and	
  co-­‐transduce	
  (len7viral	
  
infec7on)	
  a	
  cons7tu7vely	
  ac7ve	
  form	
  of	
  
PDGFRA,	
  a	
  shRNA	
  against	
  p53	
  and	
  a	
  HA-­‐tagged	
  
H3.3K27	
  mutant	
  (based	
  on	
  high	
  frequency	
  in	
  
DIPGs)	
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•	
  Expression	
  of	
  H3.3K27M	
  led	
  to	
  a	
  reduc7on	
  in	
  histone	
  H3K27	
  trimethyla7on	
  
•	
  Expression	
  of	
  H3.3K27M,	
  or	
  overexpression	
  of	
  PDGFRA,	
  or	
  p53	
  KD	
  all	
  show	
  increased	
  NPC	
  	
  prolifera7on	
  
•	
  All	
  three	
  give	
  >30%	
  increase	
  prolifera7on	
  (Ki-­‐67)	
  and	
  a	
  synergis7c	
  effect	
  on	
  cell	
  survival	
  
•	
  ALer	
  growth	
  factor	
  withdrawal:	
  >>	
  apopto7c	
  cells	
  in	
  H3.3K27M-­‐expressing	
  cells	
  compared	
  to	
  normal	
  
⇒  prolifera7ve	
  effect	
  is	
  balanced	
  with	
  increased	
  apopoto7c	
  rate	
  –	
  as	
  oLen	
  seen	
  in	
  pre-­‐malignant	
  states	
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 Modeling pediatric gliomas with H3.3K27M histone 

mutations 
	
  
•	
  Near-­‐complete	
  differen7a7on	
  block	
  in	
  astrocy7c	
  
lineage	
  in	
  the	
  P5K	
  cells	
  	
  	
  
	
  
•	
  Transcranial	
  injec7on	
  of	
  P5K	
  cells	
  into	
  the	
  
brainstem	
  of	
  mice	
  led	
  to	
  slow	
  but	
  massive	
  tumor	
  
forma7on	
  
	
  
•Pathologically,	
  tumors	
  resemble	
  lower-­‐grade	
  
DIPGs	
  rather	
  than	
  full-­‐blown	
  glioblastomas	
  (GBMs)	
  	
  
	
  
•Transcriptomes:	
  tumors	
  comparable	
  to	
  pa7ent	
  
DIPGs	
  with	
  H3K27M	
  (not	
  H3G34R/V)	
  muta7ons	
  
	
  
•	
  K27M-­‐expressing	
  tumor	
  cells	
  express	
  subset	
  of	
  
transcripts	
  found	
  in	
  neuroepithelial	
  cells	
  at	
  a	
  very	
  
early	
  developmental	
  stage—neural	
  plate,	
  which	
  
precedes	
  the	
  emergence	
  of	
  NPCs.	
  
	
  
	
  

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	
  prolifera7on	
  of	
  P5K	
  cells	
  and	
  
restored	
  astrocyte	
  differen7a7on	
  
	
  
MI-­‐2	
  systemic	
  treatment	
  in	
  mice	
  with	
  PFK-­‐
induced	
  tumors	
  –	
  showed	
  reduced	
  tumor	
  size	
  
aLer	
  4	
  weeks	
  
	
  

Expression	
  of	
  mutant	
  H3.3K27M	
  leads	
  to	
  a	
  developmental	
  resejng	
  
of	
  neural	
  precursors	
  to	
  a	
  more	
  primiEve	
  stem	
  cell	
  state,	
  which	
  in	
  
combinaEon	
  with	
  growth	
  factor	
  signaling,	
  results	
  in	
  the	
  acquisiEon	
  

or	
  consolidaEon	
  of	
  oncogenic	
  features.	
  



H3.3K27M	
  introduced	
  into	
  human	
  neural	
  progenitor	
  cells	
  and	
  
combined	
  with	
  PDGFRA	
  acEvaEon	
  and	
  p53	
  loss,	
  leads	
  to	
  tumor	
  

formaEon	
  in	
  xenotransplants	
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mutations 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	
  prolifera7on	
  of	
  P5K	
  cells	
  and	
  
restored	
  astrocyte	
  differen7a7on	
  
	
  
MI-­‐2	
  systemic	
  treatment	
  in	
  mice	
  with	
  PFK-­‐
induced	
  tumors	
  –	
  showed	
  reduced	
  tumor	
  size	
  
aLer	
  4	
  weeks	
  
	
  

•	
  Driver	
  role	
  for	
  H3.3K27M	
  muta7on	
  in	
  gliobastoma	
  in	
  the	
  appropriate	
  cell	
  
context	
  and	
  developmental	
  window	
  
	
  
•	
  Altered	
  chroma7n	
  landscape	
  induced	
  by	
  H3K27M	
  facilitates	
  the	
  reacquisiEon	
  
of	
  an	
  earlier	
  developmental	
  program	
  with	
  subsequent	
  acEvaEon	
  of	
  factors	
  
crucial	
  to	
  reprogramming	
  and	
  oncogenesis	
  eg	
  miRNA	
  binding	
  protein	
  LIN28B	
  	
  
	
  
•	
  A	
  chemical	
  screen	
  iden7fied	
  the	
  menin	
  pathway	
  as	
  a	
  contributor	
  to	
  tumor	
  
maintenance.	
  Menin	
  is	
  a	
  tumor	
  suppressor	
  (mutated	
  in	
  pa7ents	
  with	
  an	
  
inherited	
  syndrome,	
  mul7ple	
  endocrine	
  neoplasia	
  type	
  1).	
  MENIN	
  interacts	
  with	
  
histone	
  H3	
  methyltransferases	
  such	
  as	
  MLL	
  to	
  alter	
  their	
  ac7vity.	
  	
  
	
  
•	
  Menin	
  inhibitor	
  (MI-­‐2)	
  significantly	
  reduced	
  K27M-­‐expressing	
  cell	
  survival	
  and	
  
tumor	
  growth	
  in	
  this	
  model.	
  Poten7al	
  opportunity	
  for	
  therapeu7c	
  interven7on.	
  
	
  
•	
  Another	
  study	
  revealed	
  that	
  inhibi7on	
  of	
  JMJD3	
  has	
  robust	
  an7tumor	
  ac7vity	
  
in	
  diffuse	
  intrinsic	
  pon7ne	
  glioma	
  xenograLs.	
  (COURS	
  VI)	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

nearly	
  all	
  G34-­‐mutant	
  tumors	
  
also	
  bear	
  altera7ons	
  in	
  ATRX/DAXX,	
  and	
  
display	
  the	
  ALT	
  phenotype	
  

Menin	
  is	
  a	
  tumor	
  suppressor	
  encoded	
  by	
  the	
  
MEN1	
  gene	
  that	
  is	
  mutated	
  in	
  pa7ents	
  with	
  an	
  
inherited	
  syndrome,	
  mul7ple	
  endocrine	
  
neoplasia	
  type	
  1	
  (MEN1).	
  Loss	
  of	
  menin	
  has	
  
potent	
  impact	
  on	
  prolifera7on	
  of	
  endocrine	
  
and	
  non-­‐endocrine	
  cells.	
  However,	
  un7l	
  
recently	
  lille	
  has	
  been	
  known	
  as	
  to	
  how	
  menin	
  
regulates	
  cell	
  prolifera7on.	
  Rapid	
  research	
  
progress	
  in	
  the	
  past	
  several	
  years	
  suggests	
  that	
  
menin	
  represses	
  prolifera7on	
  of	
  endocrine	
  
cells	
  yet	
  promotes	
  prolifera7on	
  in	
  certain	
  
types	
  of	
  leukemia	
  cells	
  via	
  interac7ng	
  with	
  
various	
  transcrip7onal	
  regulators.	
  Menin	
  
interacts	
  with	
  histone	
  H3	
  methyltransferases	
  
such	
  as	
  MLL	
  (mixed	
  lineage	
  leukemia)	
  protein.	
  
Increasing	
  evidence	
  has	
  linked	
  the	
  biological	
  
func7on	
  of	
  menin	
  to	
  epigene7c	
  histone	
  
modifica7ons,	
  control	
  of	
  the	
  palern	
  of	
  gene	
  
expression,	
  and	
  regula7on	
  of	
  cell	
  prolifera7on	
  
in	
  a	
  cell	
  type-­‐specific	
  manner.	
  In	
  light	
  of	
  these	
  
recent	
  findings,	
  an	
  emerging	
  model	
  suggests	
  
that	
  menin	
  is	
  a	
  crucial	
  regulator	
  of	
  histone	
  
modifiers	
  by	
  ac7ng	
  as	
  a	
  scaffold	
  protein	
  to	
  
coordinate	
  gene	
  transcrip7on	
  and	
  cell	
  
prolifera7on	
  in	
  a	
  cell	
  context-­‐dependent	
  
manner.	
  This	
  recent	
  progress	
  unravels	
  the	
  
coordina7ng	
  role	
  of	
  menin	
  in	
  epigene7cs	
  and	
  
regula7on	
  of	
  cell	
  cycle,	
  providing	
  novel	
  insights	
  
into	
  understanding	
  regula7on	
  of	
  beta	
  cell	
  
func7ons	
  and	
  diabetes,	
  as	
  well	
  as	
  the	
  
development	
  and	
  therapy	
  of	
  endocrine	
  tumors	
  
and	
  leukemia.	
  



 
 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	
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  and	
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•	
  IDH1	
  and	
  IDH2	
  genes	
  encode	
  isocitrate	
  dehydrogenases	
  	
  
	
  
•	
  Muta7ons	
  frequently	
  found	
  in	
  human	
  glioblastomas	
  and	
  
cytogene7cally	
  normal	
  acute	
  myeloid	
  leukaemias	
  (AML)	
  
	
  
•	
  Gain-­‐of-­‐func7on	
  muta7ons:	
  synthesis	
  of	
  ‘oncometabolite’	
  
R-­‐2-­‐hydroxyglutarate	
  (2HG)	
  instead	
  of	
  α-­‐ketoglutarate	
  
(αKG)	
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  As	
  the	
  pathways	
  that	
  

carry	
  informa7on	
  from	
  the	
  cell	
  membrane	
  to	
  the	
  nucleus	
  are	
  elucidated	
  a	
  paradox	
  has	
  
became	
  apparent:	
  only	
  about	
  a	
  dozen	
  generic	
  signaling	
  pathways	
  appear	
  to	
  be	
  
responsible	
  for	
  carrying	
  nearly	
  all	
  the	
  informa7on	
  from	
  the	
  cell	
  membrane	
  to	
  the	
  
nucleus	
  to	
  result	
  in	
  the	
  development	
  of	
  the	
  embryo	
  and	
  cellular	
  responses	
  to	
  the	
  
environment.Where	
  does	
  the	
  specificity	
  of	
  signaling	
  then	
  arise?	
  At	
  least	
  part	
  of	
  the	
  
answer	
  appears	
  to	
  be	
  the	
  preexis7ng	
  chroma7n	
  context	
  in	
  which	
  the	
  signal	
  is	
  received.	
  
Inspired	
  by	
  work	
  in	
  yeast	
  implica7ng	
  ATP-­‐dependent	
  chroma7n	
  remodeling	
  in	
  
responses	
  to	
  external	
  s7muli,	
  Paul	
  Khavari	
  (then	
  a	
  graduate	
  student,	
  now	
  a	
  professor)	
  
along	
  with	
  Weidong	
  Wang	
  (now	
  a	
  Senior	
  Inves7gator	
  at	
  the	
  NIH)	
  isolated	
  a	
  chroma7n	
  
remodeling	
  complex	
  similar	
  to	
  the	
  ATP-­‐dependent	
  yeast	
  SWI/SNF	
  complex	
  and	
  cloned	
  
the	
  genes	
  that	
  encode	
  the	
  subunits	
  of	
  this	
  complex.	
  These	
  subunits	
  are	
  encoded	
  by	
  
gene	
  families	
  and	
  are	
  combinatorially	
  assembled	
  to	
  generate	
  several	
  hundred	
  poten7al	
  
complexes.	
  
	
  
ATP-­‐dependent	
  chroma7n	
  remodeling	
  in	
  the	
  development	
  of	
  the	
  nervous	
  system.	
  We	
  
have	
  found	
  that	
  two	
  of	
  these	
  complexes	
  play	
  essen7al	
  and	
  sequen7al	
  roles	
  in	
  the	
  
development	
  of	
  the	
  vertebrate	
  nervous	
  system.	
  Replica7ng	
  neural	
  stem	
  cells	
  have	
  a	
  
specific	
  complex,	
  which	
  we	
  call	
  npBAF	
  (neural	
  progenitor	
  Brg/Brm	
  Associated	
  Factors,	
  
on	
  the	
  right	
  below).	
  At	
  mito7c	
  exit	
  two	
  subunits	
  are	
  removed	
  from	
  this	
  complex	
  and	
  
replaced	
  by	
  two	
  homologous	
  subunits	
  to	
  generate	
  the	
  nBAF	
  complex	
  (on	
  the	
  leL)	
  in	
  
post	
  mito7c	
  neurons.	
  The	
  Figure	
  below	
  shows	
  the	
  subunits	
  of	
  the	
  SWI/SNF-­‐like	
  BAF	
  
complexes	
  with	
  an	
  array	
  of	
  nuclesomes.	
  The	
  sizes	
  of	
  the	
  subunits	
  and	
  nuelosomes	
  are	
  
imprecise	
  2D	
  representa7ons	
  of	
  the	
  molecular	
  masses.	
  

ATP-­‐dependent	
  chroma7n	
  remodeling	
  is	
  one	
  of	
  several	
  mechanisms	
  that	
  permit	
  the	
  compac7on	
  and	
  
decompac7on	
  of	
  DNA	
  in	
  the	
  nucleus	
  while	
  retaining	
  the	
  capacity	
  for	
  replica7on,	
  selec7ve	
  gene	
  
expression,	
  and	
  DNA	
  repair	
  and	
  recombina7on.	
  
	
  

These	
  complexes	
  derive	
  energy	
  from	
  the	
  alterna7ve	
  ATPases	
  Brg	
  or	
  Brm,	
  which	
  are	
  paired	
  with	
  a	
  second	
  
ATPase,	
  β-­‐ac7n	
  
	
  
Nucleosomes	
  thought	
  to	
  be	
  the	
  primary	
  target	
  of	
  the	
  complexes:	
  	
  in	
  vitro	
  transcrip7on	
  on	
  nucleosomal	
  
templates	
  -­‐>	
  complexes	
  can	
  phase	
  or	
  posi7on	
  nucleosomes,	
  exchange	
  nucleosomes,	
  induce	
  nucleosome	
  
mobility,	
  evict	
  nucleosomes,	
  or	
  relax	
  torsional	
  stress	
  possibly	
  by	
  direct	
  ac7ons	
  on	
  nucleosomes	
  	
  
	
  

Swi/Snf	
  sculpts	
  the	
  promoter-­‐associated	
  
nucleosome	
  landscape	
  of	
  a	
  gene.	
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At	
  least	
  29	
  genes	
  encoded	
  by	
  15	
  gene	
  families	
  	
  
Some	
  subunits	
  are	
  highly	
  7ssue-­‐specific	
  

Eg	
  BAF53b	
  (an	
  acEn-­‐like	
  molecule),	
  
BAF45b	
  [a	
  (PHD)	
  finger	
  protein],	
  and	
  
CREST	
  (SS18L1)	
  (a	
  Ca2+-­‐responsive	
  

regulator)	
  only	
  in	
  postmitoEc	
  neurons	
  



E. Heard, 2016 

 
 Chromatin Remodeling Complexes  The	
  Interface	
  of	
  Signal	
  Transduc7on	
  and	
  Chroma7n	
  Regula7on	
  As	
  the	
  pathways	
  that	
  

carry	
  informa7on	
  from	
  the	
  cell	
  membrane	
  to	
  the	
  nucleus	
  are	
  elucidated	
  a	
  paradox	
  has	
  
became	
  apparent:	
  only	
  about	
  a	
  dozen	
  generic	
  signaling	
  pathways	
  appear	
  to	
  be	
  
responsible	
  for	
  carrying	
  nearly	
  all	
  the	
  informa7on	
  from	
  the	
  cell	
  membrane	
  to	
  the	
  
nucleus	
  to	
  result	
  in	
  the	
  development	
  of	
  the	
  embryo	
  and	
  cellular	
  responses	
  to	
  the	
  
environment.Where	
  does	
  the	
  specificity	
  of	
  signaling	
  then	
  arise?	
  At	
  least	
  part	
  of	
  the	
  
answer	
  appears	
  to	
  be	
  the	
  preexis7ng	
  chroma7n	
  context	
  in	
  which	
  the	
  signal	
  is	
  received.	
  
Inspired	
  by	
  work	
  in	
  yeast	
  implica7ng	
  ATP-­‐dependent	
  chroma7n	
  remodeling	
  in	
  
responses	
  to	
  external	
  s7muli,	
  Paul	
  Khavari	
  (then	
  a	
  graduate	
  student,	
  now	
  a	
  professor)	
  
along	
  with	
  Weidong	
  Wang	
  (now	
  a	
  Senior	
  Inves7gator	
  at	
  the	
  NIH)	
  isolated	
  a	
  chroma7n	
  
remodeling	
  complex	
  similar	
  to	
  the	
  ATP-­‐dependent	
  yeast	
  SWI/SNF	
  complex	
  and	
  cloned	
  
the	
  genes	
  that	
  encode	
  the	
  subunits	
  of	
  this	
  complex.	
  These	
  subunits	
  are	
  encoded	
  by	
  
gene	
  families	
  and	
  are	
  combinatorially	
  assembled	
  to	
  generate	
  several	
  hundred	
  poten7al	
  
complexes.	
  
	
  
ATP-­‐dependent	
  chroma7n	
  remodeling	
  in	
  the	
  development	
  of	
  the	
  nervous	
  system.	
  We	
  
have	
  found	
  that	
  two	
  of	
  these	
  complexes	
  play	
  essen7al	
  and	
  sequen7al	
  roles	
  in	
  the	
  
development	
  of	
  the	
  vertebrate	
  nervous	
  system.	
  Replica7ng	
  neural	
  stem	
  cells	
  have	
  a	
  
specific	
  complex,	
  which	
  we	
  call	
  npBAF	
  (neural	
  progenitor	
  Brg/Brm	
  Associated	
  Factors,	
  
on	
  the	
  right	
  below).	
  At	
  mito7c	
  exit	
  two	
  subunits	
  are	
  removed	
  from	
  this	
  complex	
  and	
  
replaced	
  by	
  two	
  homologous	
  subunits	
  to	
  generate	
  the	
  nBAF	
  complex	
  (on	
  the	
  leL)	
  in	
  
post	
  mito7c	
  neurons.	
  The	
  Figure	
  below	
  shows	
  the	
  subunits	
  of	
  the	
  SWI/SNF-­‐like	
  BAF	
  
complexes	
  with	
  an	
  array	
  of	
  nuclesomes.	
  The	
  sizes	
  of	
  the	
  subunits	
  and	
  nuelosomes	
  are	
  
imprecise	
  2D	
  representa7ons	
  of	
  the	
  molecular	
  masses.	
  

	
  
Mammalian	
  SWI/SNF	
  or	
  BAF	
  complexes	
  may	
  act	
  to	
  counteract	
  Polycomb	
  complexes	
  (eg	
  muta7on	
  of	
  the	
  
ATPase	
  Brg1	
  (Smarca4)	
  of	
  BAF	
  complexes	
  leads	
  to	
  H3K27Me3	
  accumula7on	
  and	
  repression	
  of	
  many	
  genes	
  
in	
  embryonic	
  stem	
  (ES)	
  cells	
  –	
  Crabrtree	
  lab	
  
	
  
Ini7al	
  models	
  for	
  ac7on	
  of	
  ATP-­‐dependent	
  chroma7n	
  remodeling	
  complexes:	
   	
   	
   	
  	
  	
  
Recruitment	
  to	
  DNA	
  by	
  sequence-­‐specific	
  transcrip7on	
  factors,	
  and	
  subsequently	
  alack	
  of	
  nucleosomes	
  
to	
  facilitate	
  the	
  binding	
  of	
  proteins	
  to	
  DNA.	
  
	
  
	
  
	
  
	
  
	
  
However,	
  discovery	
  that	
  the	
  dele7on	
  of	
  subunits	
  that	
  gave	
  the	
  strongest	
  phenotypes	
  in	
  mice	
  were	
  not	
  
required	
  for	
  in	
  vitro	
  chroma7n	
  remodeling	
  opened	
  up	
  the	
  ques7on	
  of	
  how	
  these	
  subunits	
  (and	
  
complexes)	
  were	
  func7oning?	
  
	
  
InstrucEve	
  func7ons	
  of	
  these	
  complexes	
  were	
  discovered	
  in	
  the	
  conversion	
  of	
  fibroblasts	
  to	
  induced	
  
pluripotent	
  stem	
  cells	
  and	
  the	
  conversion	
  of	
  human	
  fibroblasts	
  to	
  neurons	
  –	
  and	
  in	
  cell	
  type	
  specifica7on.	
  
	
  
Genomic	
  studies	
  conducted	
  on	
  a	
  number	
  of	
  human	
  diseases	
  have	
  shown	
  that	
  the	
  subunits	
  most	
  
commonly	
  mutated	
  in	
  human	
  disease	
  (cancer,	
  neurodeveloppmental)	
  were	
  not	
  those	
  required	
  for	
  in	
  vitro	
  
chroma7n	
  remodeling	
  (nor	
  for	
  TF-­‐directed	
  targe7ng…)	
  
	
  

ATP-­‐dependent	
  chroma7n	
  remodeling	
  is	
  one	
  of	
  several	
  mechanisms	
  that	
  permit	
  the	
  compac7on	
  and	
  
decompac7on	
  of	
  DNA	
  in	
  the	
  nucleus	
  while	
  retaining	
  the	
  capacity	
  for	
  replica7on,	
  selec7ve	
  gene	
  
expression,	
  and	
  DNA	
  repair	
  and	
  recombina7on.	
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  Interface	
  of	
  Signal	
  Transduc7on	
  and	
  Chroma7n	
  Regula7on	
  As	
  the	
  pathways	
  that	
  

carry	
  informa7on	
  from	
  the	
  cell	
  membrane	
  to	
  the	
  nucleus	
  are	
  elucidated	
  a	
  paradox	
  has	
  
became	
  apparent:	
  only	
  about	
  a	
  dozen	
  generic	
  signaling	
  pathways	
  appear	
  to	
  be	
  
responsible	
  for	
  carrying	
  nearly	
  all	
  the	
  informa7on	
  from	
  the	
  cell	
  membrane	
  to	
  the	
  
nucleus	
  to	
  result	
  in	
  the	
  development	
  of	
  the	
  embryo	
  and	
  cellular	
  responses	
  to	
  the	
  
environment.Where	
  does	
  the	
  specificity	
  of	
  signaling	
  then	
  arise?	
  At	
  least	
  part	
  of	
  the	
  
answer	
  appears	
  to	
  be	
  the	
  preexis7ng	
  chroma7n	
  context	
  in	
  which	
  the	
  signal	
  is	
  received.	
  
Inspired	
  by	
  work	
  in	
  yeast	
  implica7ng	
  ATP-­‐dependent	
  chroma7n	
  remodeling	
  in	
  
responses	
  to	
  external	
  s7muli,	
  Paul	
  Khavari	
  (then	
  a	
  graduate	
  student,	
  now	
  a	
  professor)	
  
along	
  with	
  Weidong	
  Wang	
  (now	
  a	
  Senior	
  Inves7gator	
  at	
  the	
  NIH)	
  isolated	
  a	
  chroma7n	
  
remodeling	
  complex	
  similar	
  to	
  the	
  ATP-­‐dependent	
  yeast	
  SWI/SNF	
  complex	
  and	
  cloned	
  
the	
  genes	
  that	
  encode	
  the	
  subunits	
  of	
  this	
  complex.	
  These	
  subunits	
  are	
  encoded	
  by	
  
gene	
  families	
  and	
  are	
  combinatorially	
  assembled	
  to	
  generate	
  several	
  hundred	
  poten7al	
  
complexes.	
  
	
  
ATP-­‐dependent	
  chroma7n	
  remodeling	
  in	
  the	
  development	
  of	
  the	
  nervous	
  system.	
  We	
  
have	
  found	
  that	
  two	
  of	
  these	
  complexes	
  play	
  essen7al	
  and	
  sequen7al	
  roles	
  in	
  the	
  
development	
  of	
  the	
  vertebrate	
  nervous	
  system.	
  Replica7ng	
  neural	
  stem	
  cells	
  have	
  a	
  
specific	
  complex,	
  which	
  we	
  call	
  npBAF	
  (neural	
  progenitor	
  Brg/Brm	
  Associated	
  Factors,	
  
on	
  the	
  right	
  below).	
  At	
  mito7c	
  exit	
  two	
  subunits	
  are	
  removed	
  from	
  this	
  complex	
  and	
  
replaced	
  by	
  two	
  homologous	
  subunits	
  to	
  generate	
  the	
  nBAF	
  complex	
  (on	
  the	
  leL)	
  in	
  
post	
  mito7c	
  neurons.	
  The	
  Figure	
  below	
  shows	
  the	
  subunits	
  of	
  the	
  SWI/SNF-­‐like	
  BAF	
  
complexes	
  with	
  an	
  array	
  of	
  nuclesomes.	
  The	
  sizes	
  of	
  the	
  subunits	
  and	
  nuelosomes	
  are	
  
imprecise	
  2D	
  representa7ons	
  of	
  the	
  molecular	
  masses.	
  

ChromaEn	
  remodeling	
  complexes	
  have	
  a	
  far	
  more	
  
important	
  and	
  instrucEve	
  role	
  in	
  reprogramming	
  and	
  

transformaEon	
  than	
  previously	
  thought.	
  
	
  

Mechanism	
  of	
  targeEng?	
  	
  
Simple	
  TF-­‐guided	
  model	
  may	
  not	
  apply.	
  

BAF	
  complexes	
  may	
  be	
  guided	
  by	
  histone	
  modificaEons	
  and	
  
regional	
  architecture.	
  

	
  
An	
  “epigeneEc-­‐locus-­‐recognizing”	
  mechanism	
  would	
  provide	
  a	
  
way	
  of	
  targeEng	
  complexes	
  to	
  loci	
  which	
  have	
  specific	
  features	
  

due	
  to	
  previous	
  developmental	
  events	
  
	
  

Thus	
  enabling	
  access	
  to	
  specific	
  groups	
  of	
  genes	
  with	
  parEcular	
  
chromaEn	
  signature	
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Figure	
  1:	
  Mechanism	
  of	
  oncogenesis	
  in	
  synovial	
  sarcoma.	
  
A	
  transloca7on	
  between	
  SS18	
  and	
  SSX	
  gives	
  rise	
  to	
  a	
  fusion	
  
protein	
  in	
  which	
  78	
  amino	
  acids	
  of	
  SSX	
  are	
  added	
  to	
  the	
  C	
  
terminus	
  of	
  SS18.	
  This	
  fusion	
  protein	
  then	
  enters	
  the	
  BAF	
  
complex,	
  displacing	
  the	
  wild-­‐type	
  subunit	
  as	
  well	
  as	
  BAF47	
  
(hSNF5),	
  which	
  is	
  then	
  degraded.	
  The	
  complex	
  then	
  binds	
  the	
  
silent	
  Sox2	
  locus,	
  which	
  drives	
  prolifera7on.	
  The	
  BAF	
  complex	
  
ac7vates	
  Sox2	
  by	
  removal	
  of	
  polycomb-­‐placed	
  H3K27Me3-­‐
repressive	
  marks.	
  
From	
  Kadoch,	
  C.,	
  and	
  Crabtree,	
  G.R.	
  2013.	
  Cell	
  153:71–85.	
  ©	
  2013	
  
Elsevier	
  Inc.	
  

•	
  More	
  than	
  20%	
  of	
  human	
  cancers	
  bear	
  a	
  
muta7on	
  to	
  one	
  subunit	
  of	
  15-­‐subunit	
  of	
  mSWI/
SNF	
  (BAF)	
  complex	
  
	
  
•	
  Muta7ons	
  can	
  be	
  heterozygous	
  or	
  
homozygous,	
  soma7c	
  or	
  germline,	
  result	
  in	
  
dele7on	
  point	
  muta7on,	
  or	
  transloca7on	
  
resul7ng	
  in	
  protein	
  fusions.	
  
	
  
•	
  BAF	
  Complexes	
  can	
  be	
  oncogenes	
  as	
  well	
  as	
  
Tumor	
  Suppressors	
  
	
  
•	
  Synovial	
  sarcoma	
  (nearly	
  untreatable	
  cancer	
  of	
  
young	
  people)	
  –	
  is	
  always	
  due	
  to	
  a	
  t(X;18)	
  
transloca7on,	
  fusion	
  of	
  part	
  of	
  SSX	
  protein	
  to	
  
SS18	
  BAF	
  subunit	
  	
  
	
  

•	
  The	
  view	
  that	
  cancer	
  is	
  “development	
  gone	
  wrong”	
  
supported	
  by	
  discovery	
  that	
  BAF250B	
  (ARID1B)	
  is	
  the	
  most	
  
frequently	
  mutated	
  gene	
  in	
  human	
  neurodevelopmental	
  
disorders	
  	
  (Developmentalstudygreoup,	
  Nature	
  2014)	
  

Fusion	
  protein	
  enters	
  the	
  BAF	
  complex,	
  displacing	
  wild-­‐type	
  
subunit	
  as	
  well	
  as	
  BAF47	
  (hSNF5),	
  which	
  is	
  then	
  degraded.	
  The	
  
aberrant	
  complex	
  then	
  binds	
  the	
  silent	
  Sox2	
  locus,	
  which	
  drives	
  

prolifera7on.	
  The	
  BAF	
  complex	
  probably	
  ac7vates	
  Sox2	
  by	
  
removal	
  of	
  polycomb-­‐placed	
  H3K27Me3-­‐repressive	
  marks	
  	
  

(Kadoch	
  and	
  Crabtree,	
  Cell,	
  2013)	
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  H3K27Me3-­‐
repressive	
  marks.	
  
From	
  Kadoch,	
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  Crabtree,	
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  Cell	
  153:71–85.	
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  2013	
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•	
  The	
  view	
  that	
  cancer	
  is	
  “development	
  gone	
  wrong”	
  
supported	
  by	
  discovery	
  that	
  BAF250B	
  (ARID1B)	
  is	
  the	
  most	
  
frequently	
  mutated	
  gene	
  in	
  human	
  neurodevelopmental	
  
disorders	
  	
  (Developmentalstudygreoup,	
  Nature	
  2014)	
  

•	
  More	
  than	
  20%	
  of	
  human	
  cancers	
  bear	
  a	
  
muta7on	
  to	
  one	
  subunit	
  of	
  15-­‐subunit	
  of	
  mSWI/
SNF	
  (BAF)	
  complex	
  
	
  
•	
  Muta7ons	
  can	
  be	
  heterozygous	
  or	
  
homozygous,	
  soma7c	
  or	
  germline,	
  result	
  in	
  
dele7on	
  point	
  muta7on,	
  or	
  transloca7on	
  
resul7ng	
  in	
  protein	
  fusions	
  
	
  
•	
  BAF	
  Complexes	
  can	
  be	
  oncogenes	
  as	
  well	
  as	
  
Tumor	
  Suppressors	
  
	
  
	
  •	
  BAF47	
  (SMARCB1,	
  INI1,	
  hSNF5)	
  is	
  always	
  lost	
  
in	
  malignant	
  rhabdoid	
  tumors	
  (MTRs)	
  	
  
	
  
-­‐	
  Primarily	
  kidney	
  tumor,	
  	
  in	
  children	
  (~<2yrs)	
  	
  
-­‐	
  MRTs	
  have	
  the	
  lowest	
  muta7on	
  burden	
  of	
  all	
  
human	
  tumors	
  (except	
  BAF47	
  muta7on)	
  	
  
	
  
=>	
  	
  In	
  fact	
  –	
  MTRs	
  can	
  be	
  considered	
  
almost	
  purely	
  “epigeneEc”	
  tumors!	
  

BAF47	
  mutant	
  cells	
  appear	
  to	
  be	
  unable	
  to	
  remove	
  PRC2	
  and	
  
H3K27me3	
  including	
  from	
  the	
  Ink4a	
  (Cdkn21)	
  locus	
  which	
  
normally	
  suppresses	
  prolifera7on	
  
Cells	
  are	
  then	
  transformed	
  without	
  addi7onal	
  muta7ons.	
  	
  

Loss	
  of	
  BAF47	
  staining	
  in	
  the	
  tumor	
  cells	
  Rhabdoid	
  tumor	
  of	
  the	
  kidney:	
  cells	
  with	
  
prominent	
  nucleolus	
  in	
  uncondensed	
  
chroma7n	
  and	
  typical	
  cytoplasmic	
  
eosinophilic	
  inclusions.	
  	
  

Versteege	
  et	
  al	
  (1998)	
  	
  Trunca7ng	
  muta7ons	
  of	
  hSNF5/INI1	
  in	
  
aggressive	
  paediatric	
  cancer.	
  Nature	
  394:203-­‐206.	
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•	
  The	
  view	
  that	
  cancer	
  is	
  “development	
  gone	
  wrong”	
  
supported	
  by	
  discovery	
  that	
  BAF250B	
  (ARID1B)	
  is	
  the	
  most	
  
frequently	
  mutated	
  gene	
  in	
  human	
  neurodevelopmental	
  
disorders	
  	
  (Developmentalstudygreoup,	
  Nature	
  2014)	
  

•	
  More	
  than	
  20%	
  of	
  human	
  cancers	
  bear	
  a	
  
muta7on	
  to	
  one	
  subunit	
  of	
  15-­‐subunit	
  of	
  mSWI/
SNF	
  (BAF)	
  complex	
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  Muta7ons	
  can	
  be	
  heterozygous	
  or	
  
homozygous,	
  soma7c	
  or	
  germline,	
  result	
  in	
  
dele7on	
  point	
  muta7on,	
  or	
  transloca7on	
  
resul7ng	
  in	
  protein	
  fusions	
  	
  
	
  
•	
  BAF	
  Complexes	
  can	
  be	
  oncogenes	
  as	
  well	
  as	
  
Tumor	
  Suppressors	
  
	
  
	
  •	
  Other	
  BAF	
  subunits?	
  	
  
-­‐	
  OLen	
  heterozygous	
  muta7on	
  (dosage	
  sensi7ve)	
  
-­‐	
  Mainly	
  adult	
  cancers	
  
-­‐	
  Very	
  different	
  7ssues	
  –	
  specific	
  subunits	
  
-­‐	
  Various	
  histological	
  types	
  -­‐	
  	
  though	
  a	
  significant	
  	
  
number	
  of	
  tumors	
  exhibit	
  a	
  peculiar	
  clear	
  cell	
  morphology	
  –	
  may	
  be	
  linked	
  to	
  excessive	
  glycogen	
  
accumula7on	
  as	
  a	
  consequence	
  of	
  abnormal	
  carbohydrate	
  metabolism?	
  
	
  
•	
  BAF250A	
  (ARID1A)	
  –	
  most	
  common	
  BAF	
  subunit	
  muta7on	
  in	
  cancer	
  -­‐	
  	
  ovarian	
  clear	
  
cell	
  carcinomas	
  (dedicated	
  to	
  the	
  complex;	
  but	
  NOT	
  involved	
  in	
  in	
  vitro	
  chroma7n	
  
remodeling).	
  
•	
  BAF57	
  (SMARCE1)	
  –	
  only	
  mutated	
  in	
  non-­‐NF2	
  mul7ple	
  spinal	
  meningiomas.	
  
•	
  BRG	
  ATPase	
  -­‐	
  	
  mutated	
  in	
  >90%	
  small	
  cell	
  ovarian	
  cancers,	
  but	
  <5%	
  small	
  cell	
  lung	
  
cancers.	
   Excessive	
  cytoplasmic	
  accumula7on	
  of	
  

substances	
  such	
  as	
  glycogen,	
  lipid	
  droplets,	
  
mucosubstances,	
  or	
  mucin	
  vacuoles	
  



E. Heard, 2016 

 
 Chromatin Remodeling Complexes in Cancer  

Figure	
  1:	
  Mechanism	
  of	
  oncogenesis	
  in	
  synovial	
  sarcoma.	
  
A	
  transloca7on	
  between	
  SS18	
  and	
  SSX	
  gives	
  rise	
  to	
  a	
  fusion	
  
protein	
  in	
  which	
  78	
  amino	
  acids	
  of	
  SSX	
  are	
  added	
  to	
  the	
  C	
  
terminus	
  of	
  SS18.	
  This	
  fusion	
  protein	
  then	
  enters	
  the	
  BAF	
  
complex,	
  displacing	
  the	
  wild-­‐type	
  subunit	
  as	
  well	
  as	
  BAF47	
  
(hSNF5),	
  which	
  is	
  then	
  degraded.	
  The	
  complex	
  then	
  binds	
  the	
  
silent	
  Sox2	
  locus,	
  which	
  drives	
  prolifera7on.	
  The	
  BAF	
  complex	
  
ac7vates	
  Sox2	
  by	
  removal	
  of	
  polycomb-­‐placed	
  H3K27Me3-­‐
repressive	
  marks.	
  
From	
  Kadoch,	
  C.,	
  and	
  Crabtree,	
  G.R.	
  2013.	
  Cell	
  153:71–85.	
  ©	
  2013	
  
Elsevier	
  Inc.	
  

•	
  The	
  view	
  that	
  cancer	
  is	
  “development	
  gone	
  wrong”	
  
supported	
  by	
  discovery	
  that	
  BAF250B	
  (ARID1B)	
  is	
  the	
  most	
  
frequently	
  mutated	
  gene	
  in	
  human	
  neurodevelopmental	
  
disorders	
  	
  (Developmentalstudygreoup,	
  Nature	
  2014)	
  

•	
  More	
  than	
  20%	
  of	
  human	
  cancers	
  bear	
  a	
  
muta7on	
  to	
  one	
  subunit	
  of	
  15-­‐subunit	
  of	
  mSWI/
SNF	
  (BAF)	
  complex	
  
	
  
•	
  Muta7ons	
  can	
  be	
  heterozygous	
  or	
  
homozygous,	
  soma7c	
  or	
  germline,	
  result	
  in	
  
dele7on	
  point	
  muta7on,	
  or	
  transloca7on	
  
resul7ng	
  in	
  protein	
  fusions	
  	
  
	
  
•	
  BAF	
  Complexes	
  can	
  be	
  oncogenes	
  as	
  well	
  as	
  
Tumor	
  Suppressors	
  
	
  
	
  •	
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  subunits?	
  	
  
-­‐	
  OLen	
  heterozygous	
  muta7on	
  (dosage	
  sensi7ve)	
  
-­‐	
  Mainly	
  adult	
  cancers	
  
-­‐	
  Very	
  different	
  7ssues	
  –	
  specific	
  subunits:	
  	
  
	
  

•	
  pBAF	
  complex	
  in	
  cancer:	
  
-­‐  pBAF	
  contains	
  polybromo	
  (PBRM1	
  or	
  BAF180);	
  BAF200	
  (Arid2);	
  Brg	
  (but	
  not	
  Brm)	
  &	
  otherBAF	
  subunits	
  	
  
-­‐  BAF180	
  protein	
  contains	
  six	
  bromodomains	
  that	
  are	
  similar	
  to	
  the	
  single	
  bromodomain	
  found	
  in	
  Brg1.	
  
-­‐  BAF180	
  is	
  mutated	
  or	
  deleted	
  in	
  more	
  than	
  50%	
  of	
  clear	
  cell	
  renal	
  cell	
  carcinoma	
  (ccRCC)	
  	
  
	
  
MutaEon	
  of	
  any	
  single	
  bromodomain	
  in	
  one	
  BAF180	
  allele	
  is	
  sufficient	
  to	
  contribute	
  to	
  cancer	
  formaEon	
  
	
  
NB	
  at	
  least	
  2	
  other	
  genes	
  near	
  BAF180,	
  VHL	
  (ubiqui*n	
  ligase);	
  BAP1	
  (deubiqui*nase)	
  fromsame	
  region	
  (3p)	
  
contribute	
  to	
  ccRCC	
  independently…	
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Figure	
  1:	
  Mechanism	
  of	
  oncogenesis	
  in	
  synovial	
  sarcoma.	
  
A	
  transloca7on	
  between	
  SS18	
  and	
  SSX	
  gives	
  rise	
  to	
  a	
  fusion	
  
protein	
  in	
  which	
  78	
  amino	
  acids	
  of	
  SSX	
  are	
  added	
  to	
  the	
  C	
  
terminus	
  of	
  SS18.	
  This	
  fusion	
  protein	
  then	
  enters	
  the	
  BAF	
  
complex,	
  displacing	
  the	
  wild-­‐type	
  subunit	
  as	
  well	
  as	
  BAF47	
  
(hSNF5),	
  which	
  is	
  then	
  degraded.	
  The	
  complex	
  then	
  binds	
  the	
  
silent	
  Sox2	
  locus,	
  which	
  drives	
  prolifera7on.	
  The	
  BAF	
  complex	
  
ac7vates	
  Sox2	
  by	
  removal	
  of	
  polycomb-­‐placed	
  H3K27Me3-­‐
repressive	
  marks.	
  
From	
  Kadoch,	
  C.,	
  and	
  Crabtree,	
  G.R.	
  2013.	
  Cell	
  153:71–85.	
  ©	
  2013	
  
Elsevier	
  Inc.	
  

•	
  The	
  view	
  that	
  cancer	
  is	
  “development	
  gone	
  wrong”	
  
supported	
  by	
  discovery	
  that	
  BAF250B	
  (ARID1B)	
  is	
  the	
  most	
  
frequently	
  mutated	
  gene	
  in	
  human	
  neurodevelopmental	
  
disorders	
  	
  (Developmentalstudygreoup,	
  Nature	
  2014)	
  

•	
  More	
  than	
  20%	
  of	
  human	
  cancers	
  bear	
  a	
  
muta7on	
  to	
  one	
  subunit	
  of	
  15-­‐subunit	
  of	
  mSWI/
SNF	
  (BAF)	
  complex	
  
	
  
•	
  Muta7ons	
  can	
  be	
  heterozygous	
  or	
  
homozygous,	
  soma7c	
  or	
  germline,	
  result	
  in	
  
dele7on	
  point	
  muta7on,	
  or	
  transloca7on	
  
resul7ng	
  in	
  protein	
  fusions	
  	
  
	
  
•	
  BAF	
  Complexes	
  can	
  be	
  oncogenes	
  as	
  well	
  as	
  
Tumor	
  Suppressors	
  
	
  
	
  •	
  Other	
  BAF	
  subunits?	
  	
  
-­‐	
  OLen	
  heterozygous	
  muta7on	
  (dosage	
  sensi7ve)	
  
-­‐	
  Mainly	
  adult	
  cancers	
  
-­‐	
  Very	
  different	
  7ssues	
  –	
  specific	
  subunits:	
  
	
  	
  
	
  
•	
  BAF250A	
  (ARID1A)	
  –	
  most	
  common	
  BAF	
  subunit	
  muta7on	
  in	
  cancer	
  -­‐	
  	
  ovarian	
  clear	
  cell	
  carcinomas	
  	
  
	
  	
  (dedicated	
  to	
  the	
  complex;	
  but	
  NOT	
  involved	
  in	
  in	
  vitro	
  chroma7n	
  remodeling)	
  
•	
  BAF57	
  (SMARCE1)	
  –	
  only	
  mutated	
  in	
  non-­‐NF2	
  mul7ple	
  spinal	
  meningiomas	
  
•	
  BRG	
  ATPase	
  -­‐	
  	
  mutated	
  in	
  >90%	
  small	
  cell	
  ovarian	
  cancers,	
  but	
  <5%	
  small	
  cell	
  lung	
  cancers.	
  
	
  
	
   Why	
  such	
  Essue-­‐specificity:	
  Cell	
  of	
  origin?	
  

Why	
  such	
  dosage-­‐sensiEvity:	
  Complex	
  stoicheometry?	
  
How	
  do	
  mutated	
  subunits	
  affect	
  cancer?	
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Human	
  BAF47	
  muta7on:	
  Rhabdoid	
  Tumors	
  by	
  2yr	
  of	
  age	
  
	
  
Mouse	
  condi7onal	
  knock	
  out	
  -­‐>	
  	
  T	
  cell	
  lymphomas:	
  very	
  
short	
  latency	
  (Wilson	
  et	
  al,	
  Cancer	
  Cell,	
  2010)	
  
	
  
⇒  Although	
  mouse	
  model	
  give	
  different	
  tumor	
  type	
  

pathogenesis	
  may	
  be	
  similar:	
  
	
  
BAF	
  complexes	
  in	
  the	
  mutant	
  cells	
  are	
  unable	
  to	
  
remove	
  Polycomb	
  complexes	
  and	
  H3K27Me3,	
  from	
  the	
  
Ink4a	
  (Cdkn2a)	
  locus,	
  which	
  normally	
  suppresses	
  
proliferaEon	
  
	
  
Nearly	
  all	
  of	
  the	
  effects	
  of	
  BAF47	
  loss	
  could	
  be	
  explained	
  
by	
  accumula7on	
  of	
  polycomb	
  and	
  its	
  products	
  over	
  the	
  
Ink4a	
  locus	
  indicated	
  that	
  polycomb	
  inhibitors	
  may	
  be	
  
effec7ve	
  in	
  these	
  cancers.	
  	
  
	
  
However	
  mechanism	
  by	
  which	
  loss	
  of	
  BAF47	
  leads	
  to	
  a	
  
failure	
  to	
  remove	
  Polycomb	
  is	
  s7ll	
  unclear…	
  
	
  

BAF-­‐Polycomb	
  antagonism	
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BAF-­‐Topoisomerase	
  II	
  synergy	
  

BAF	
  co-­‐purifies	
  with	
  Topo11a	
  and	
  is	
  necessary	
  for	
  
binding	
  of	
  TopoIIa	
  to	
  DNA	
  at	
  70%	
  of	
  its	
  genomic	
  sites	
  
	
  
Rapid	
  condi7onal	
  dele7on	
  of	
  oncogenic	
  BAF	
  subunits	
  
leads	
  to	
  cell	
  cycle	
  arrest	
  with	
  anaphase	
  bridges,	
  due	
  
to	
  inability	
  of	
  cells	
  to	
  untangle	
  DNA	
  at	
  anaphase,	
  
normally	
  the	
  job	
  of	
  TopoII.	
  
	
  
The	
  mechanism	
  by	
  which	
  DNA	
  is	
  repaired	
  aLer	
  
possibly	
  being	
  cleaved	
  in	
  the	
  cytoplasm	
  by	
  
cytoplasmic	
  DNase	
  is	
  unclear,	
  but	
  may	
  be	
  error-­‐
prone	
  and	
  lead	
  to	
  an	
  accumula7on	
  of	
  muta7ons.	
  
	
  
BAF	
  helps	
  TopoII	
  resolve	
  tangled	
  DNA,	
  allowing	
  it	
  to	
  
segregate	
  normally	
  to	
  daughter	
  cells.	
  When	
  an	
  
oncogenic	
  subunit	
  of	
  the	
  BAF	
  complex	
  is	
  mutated,	
  
DNA	
  is	
  not	
  untangled	
  at	
  anaphase,	
  leading	
  to	
  
breaks	
  with	
  defecEve	
  repair.	
  

Normal	
  mechanism	
  of	
  
TopoII	
  funcEon.	
  	
  

Mechanism	
  when	
  BAF	
  
subunit	
  is	
  mutated	
  

A	
  clue	
  to	
  the	
  mechanism	
  of	
  ac7on	
  of	
  BAF	
  complexes	
  in	
  
tumor	
  suppression	
  came	
  from	
  our	
  proteomic	
  analysis	
  in	
  
different	
  cell	
  types,	
  which	
  revealed	
  that	
  topoisomerase	
  
II	
  (TopoII)	
  copurified	
  with	
  BAF.	
  This	
  was	
  informa7ve	
  
because	
  Hargreaves	
  (now	
  at	
  the	
  Salk	
  Ins7tute)	
  and	
  
Emily	
  Dykhuizen	
  	
  (now	
  at	
  Purdue	
  University)	
  found	
  that	
  
rapid	
  condi7onal	
  dele7on	
  of	
  the	
  oncogenic	
  BAF	
  
subunits	
  led	
  to	
  cell	
  cycle	
  arrest	
  with	
  anaphase	
  bridges,	
  
reflec7ng	
  the	
  inability	
  of	
  cells	
  to	
  untangle	
  DNA	
  at	
  
anaphase,	
  normally	
  the	
  job	
  of	
  TopoII.	
  Genomic	
  studies	
  
indicated	
  that	
  BAF	
  is	
  necessary	
  for	
  TopoII	
  binding	
  over	
  
the	
  genome	
  and	
  that	
  when	
  the	
  gene	
  for	
  the	
  Brg	
  ATPase	
  
was	
  deleted,	
  70	
  percent	
  of	
  TopoII	
  sites	
  were	
  lost.	
  Thus,	
  
our	
  present	
  understanding	
  of	
  the	
  mechanism	
  of	
  tumor	
  
suppression	
  is	
  that	
  BAF	
  helps	
  TopoII	
  resolve	
  tangled	
  
DNA,	
  allowing	
  it	
  to	
  segregate	
  normally	
  to	
  daughter	
  
cells.	
  When	
  an	
  oncogenic	
  subunit	
  of	
  the	
  BAF	
  complex	
  is	
  
mutated,	
  DNA	
  is	
  not	
  untangled	
  at	
  anaphase,	
  leading	
  to	
  
breaks	
  with	
  defec7ve	
  repair.	
  Eventually	
  these	
  breaks	
  
lead	
  to	
  muta7ons	
  that	
  can	
  drive	
  tumor	
  progression.	
  
Presently,	
  we	
  are	
  studying	
  the	
  molecular	
  mechanism	
  
underlying	
  the	
  ability	
  of	
  BAF	
  to	
  allow	
  TopoIIα	
  binding	
  
and	
  func7on.	
  

Dykhuizen	
  et	
  al	
  (2013)	
  BAF	
  complexes	
  facilitate	
  decatena7on	
  of	
  DNA	
  by	
  
topoisomerase	
  IIα.	
  Nature	
  497,	
  624–627.	
  

As	
  BAF	
  subunit	
  mutaEons	
  prevent	
  TopoII	
  from	
  contacEng	
  DNA,	
  predicEon	
  is	
  that	
  
cancers	
  with	
  BAF	
  subunit	
  mutaEons	
  should	
  be	
  resistant	
  to	
  TopoII	
  inhibitors.	
  	
  

This	
  may	
  be	
  helpful	
  in	
  guiding	
  the	
  use	
  of	
  these	
  highly	
  toxic	
  inhibitors.	
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The Backseat Drivers of Cancer? 

Driver	
  or	
  Passenger	
  MutaEons	
  
De	
  Carvalho	
  et	
  al	
  Cancer	
  Cell	
  2012	
  	
  
	
  &	
  Nature	
  Rev.	
  Cancer	
  2012	
  

MutaEons	
  in	
  epigeneEc	
  
regulators	
  can	
  have	
  a	
  

widespread	
  impact	
  on	
  gene	
  
expression,	
  genome	
  stability	
  
thereby	
  producing	
  mulEple	
  
potenEal	
  new	
  phenotypes	
  

within	
  a	
  single	
  tumor	
  

Many	
  driver	
  mutaEons	
  in	
  
oncogenes	
  and	
  tumors	
  

suppressors	
  now	
  	
  
idenEfied	
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