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Figure	
  3.13.	
  Anchorage-­‐independent	
  growth	
  with	
  BRG1	
  knockdown.	
  	
  
U2OS	
  cells	
  expressing	
  control	
  shRNA,	
  BRG1	
  shRNA,	
  p53	
  shRNA,	
  or	
  both	
  BRG1	
  and	
  
p53	
  shRNAs	
  were	
  assayed	
  for	
  their	
  ability	
  to	
  form	
  the	
  colonies	
  in	
  soft	
  agar.	
  For	
  the	
  
colony	
  formation	
  assay,	
  1x104	
  cells	
  were	
  used.	
  The	
  represented	
  data	
  are	
  mean	
  ±	
  SD	
  
of	
  three	
  independent	
  experiments.	
  Figure	
  courtesy	
  of	
  Dr.	
  Yide	
  Mei.	
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Figure	
  3.14.	
  BRM	
  can	
  interact	
  with	
  Daxx	
  and	
  HAUSP.	
  	
  	
  
U2OS	
  cells	
  were	
  transfected	
  with	
  BRM,	
  Flag-­‐Daxx	
  and	
  Flag-­‐HAUSP	
  as	
  indicated	
  and	
  
cells	
  were	
  harvested	
  24	
  hours	
  later.	
  	
  Daxx	
  or	
  HAUSP	
  was	
  immunoprecipitated	
  with	
  
anti-­‐Flag	
  beads	
  and	
  analyzed	
  by	
  western	
  blot	
  with	
  anti-­‐BRM	
  and	
  anti-­‐Flag	
  
antibodies.	
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CHAPTER	
  4	
  :	
  Discussion	
  and	
  Future	
  Directions	
  

	
  

Mdm2	
  is	
  the	
  major	
  negative	
  regulator	
  of	
  the	
  tumor	
  suppressor	
  p53.	
  	
  As	
  a	
  RING	
  domain	
  

E3	
  ligase,	
  Mdm2	
  targets	
  p53	
  for	
  ubiquitination	
  and	
  subsequent	
  degradation	
  by	
  the	
  

proteasome.	
  	
  It	
  is	
  crucial	
  to	
  have	
  multiple	
  checks	
  and	
  balances	
  to	
  regulate	
  the	
  activity	
  

and	
  stability	
  of	
  Mdm2.	
  	
  The	
  mechanisms	
  that	
  enable	
  processive	
  ubiquitination	
  of	
  

substrates	
  by	
  RING	
  domain	
  E3	
  ligases	
  are	
  also	
  unclear.	
  	
  Autoubiquitination	
  seems	
  to	
  be	
  

a	
  general	
  feature	
  of	
  RING	
  E3s	
  used	
  to	
  gauge	
  the	
  activity	
  of	
  the	
  enzyme	
  but	
  its	
  function	
  

remains	
  overlooked.	
  Data	
  presented	
  in	
  Chapter	
  2	
  add	
  to	
  our	
  understanding	
  of	
  an	
  

intricate	
  autocatalytic	
  mechanism	
  to	
  regulate	
  the	
  activation	
  of	
  the	
  RING	
  domain	
  E3	
  

ligase	
  Mdm2.	
  	
  	
  

	
   Mdm2	
  has	
  an	
  extremely	
  short	
  half-­‐life	
  within	
  a	
  cell	
  due	
  to	
  constant	
  

ubiquitination	
  and	
  degradation.	
  	
  A	
  complex	
  containing	
  the	
  adaptor	
  protein	
  Daxx	
  and	
  the	
  

deubiquitinase	
  HAUSP	
  mediate	
  stabilization	
  of	
  Mdm2	
  and	
  thus	
  preventing	
  p53	
  

activation.	
  	
  In	
  Chapter	
  3,	
  evidence	
  was	
  presented	
  for	
  the	
  role	
  of	
  the	
  chromatin	
  

remodeling	
  protein	
  BRG1	
  in	
  regulating	
  Mdm2	
  stability	
  and	
  p53	
  activation	
  by	
  

modulating	
  the	
  assembly	
  of	
  the	
  Mdm2-­‐Daxx-­‐HAUSP	
  complex.	
  	
  

	
   In	
  this	
  chapter,	
  how	
  these	
  findings	
  impact	
  our	
  knowledge	
  of	
  how	
  a	
  RING	
  E3	
  

ligase	
  functions	
  and	
  the	
  regulation	
  of	
  Mdm2	
  are	
  discussed.	
  	
  We	
  propose	
  mechanistic	
  

models	
  based	
  on	
  our	
  evidence	
  to	
  explain	
  processive	
  ubiquitination	
  of	
  p53	
  by	
  Mdm2.	
  	
  

We	
  further	
  discuss	
  the	
  role	
  played	
  by	
  BRG1	
  in	
  regulating	
  the	
  Mdm2-­‐p53	
  axis.	
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4.1. Autoubiquitination of Mdm2 recruits multiple E2 enzymes to promote 

processive ubiquitination. 

The	
  data	
  presented	
  in	
  Chapter	
  2	
  shows	
  that	
  autoubiquitination	
  of	
  Mdm2	
  results	
  

in	
  an	
  enhanced	
  substrate	
  ubiquitin	
  ligase	
  activity	
  toward	
  p53.	
  	
  Stimulation	
  of	
  E3	
  activity	
  

was	
  dependent	
  on	
  the	
  degree	
  as	
  well	
  as	
  the	
  type	
  of	
  Mdm2	
  autoubiquitination.	
  	
  The	
  

extent	
  of	
  autoubiquitination	
  affected	
  the	
  increase	
  in	
  E3	
  activity.	
  	
  Monoubiquitination	
  of	
  

Mdm2	
  mediated	
  by	
  using	
  methylated-­‐ubiquitin	
  was	
  unable	
  to	
  stimulate	
  E3	
  activity.	
  	
  

Mechanistically,	
  autoubiquitination	
  of	
  Mdm2	
  does	
  not	
  seem	
  alter	
  its	
  affinity	
  for	
  p53.	
  	
  

Enhancement	
  of	
  p53	
  ubiquitination	
  does	
  not	
  seem	
  to	
  stem	
  from	
  direct	
  ubiquitin	
  

“transfer”	
  mechanism.	
  	
  Ultimately,	
  examination	
  of	
  the	
  UbcH5	
  and	
  Mdm2	
  interactions	
  

uncovered	
  a	
  probable	
  mechanism.	
  	
  Autoubiquitinated	
  Mdm2	
  displayed	
  higher	
  affinity	
  

for	
  UbcH5	
  enzymes	
  with	
  functional	
  ubiquitin-­‐binding	
  domains	
  (UBDs)	
  but	
  not	
  mutant	
  

enzymes.	
  	
  Autoubiquitinating	
  Mdm2	
  with	
  I44A	
  ubiquitin,	
  unable	
  to	
  interact	
  with	
  E2	
  

UBDs,	
  compromised	
  the	
  stimulation	
  of	
  E3	
  activity	
  as	
  well	
  as	
  the	
  UbcH5-­‐Mdm2	
  

interaction.	
  	
  	
  

Altogether,	
  this	
  data	
  suggests	
  a	
  model	
  where	
  the	
  polyubiquitin	
  chains	
  on	
  a	
  RING	
  

domain	
  E3	
  ligase	
  act	
  as	
  “landing	
  pads”	
  for	
  UbcH5~Ub	
  recruitment	
  through	
  the	
  non-­‐

covalent	
  ubiquitin-­‐UbcH5	
  interaction	
  (Figure	
  4.1).	
  	
  The	
  non-­‐covalent	
  ubiquitin-­‐UbcH5	
  

interaction	
  has	
  previously	
  been	
  shown	
  to	
  facilitate	
  the	
  self-­‐assembly	
  of	
  UbcH5~Ub	
  into	
  

multimeric	
  complexes	
  (Brzovic	
  et	
  al.	
  2006),	
  which	
  may	
  further	
  enrich	
  UbcH5~Ub	
  in	
  the	
  

proximity	
  of	
  the	
  E3-­‐bound	
  target	
  protein.	
  	
  The	
  increased	
  local	
  concentration	
  of	
  E2~Ub	
  

may	
  overcome	
  the	
  rate-­‐limiting	
  step	
  of	
  E2	
  recruitment	
  and	
  permit	
  processive	
  

ubiquitination	
  of	
  the	
  substrate.	
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Figure	
  4.1.	
  	
  A	
  model	
  for	
  enhancing	
  Mdm2	
  substrate	
  E3	
  activity.	
  	
  	
  
(A)	
  Unmodified	
  Mdm2	
  recruits	
  a	
  single	
  E2~Ub	
  through	
  the	
  RING	
  domain	
  for	
  each	
  
round	
  of	
  substrate	
  ubiquitination.	
  (B)	
  The	
  poly-­‐ubiquitin	
  chains	
  on	
  Mdm2	
  may	
  act	
  
as	
  “landing	
  pads”	
  to	
  recruit	
  multiple	
  E2~Ub	
  molecules	
  via	
  non-­‐covalent	
  interactions	
  
between	
  ubiquitin	
  and	
  the	
  UBD	
  on	
  E2s.	
  The	
  increased	
  local	
  concentration	
  of	
  E2~Ub	
  
molecules	
  allows	
  for	
  processive	
  ubiquitination	
  of	
  p53.	
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Structural	
  biology	
  studies	
  demonstrate	
  that	
  an	
  E3	
  ubiquitin	
  ligase	
  contains	
  a	
  

shallow	
  cleft	
  on	
  the	
  surface	
  of	
  the	
  RING	
  domain	
  that	
  binds	
  an	
  E2	
  enzyme	
  (Plechanovová	
  

et	
  al.	
  2012).	
  	
  How	
  the	
  binding	
  affinities	
  of	
  E2-­‐E3	
  association	
  contribute	
  to	
  ubiquitin	
  

ligase	
  activity	
  is	
  unclear.	
  	
  The	
  Brca1-­‐Bard1	
  E3	
  can	
  bind	
  its	
  partner	
  E2	
  UbcH7	
  with	
  tight	
  

affinity,	
  but	
  the	
  pairing	
  is	
  inactive	
  for	
  ubiquitin	
  transfer	
  (Brzovic	
  et	
  al.	
  2003).	
  	
  In	
  

contrast,	
  many	
  other	
  potent	
  and	
  highly	
  active	
  E2-­‐E3	
  pairs	
  do	
  not	
  display	
  stable	
  

association,	
  with	
  dissociation	
  constants	
  in	
  the	
  low	
  micromolar	
  range	
  (Deshaies	
  and	
  

Joazeiro	
  2009).	
  	
  In	
  terms	
  of	
  general	
  enzyme	
  function,	
  this	
  makes	
  perfect	
  sense.	
  	
  If	
  an	
  

enzyme	
  binds	
  too	
  tightly	
  to	
  a	
  substrate,	
  it	
  would	
  be	
  difficult	
  to	
  carry	
  out	
  multiple	
  

rounds	
  of	
  catalytic	
  activity.	
  	
  

This	
  is	
  consistent	
  with	
  our	
  observations	
  for	
  the	
  interaction	
  between	
  UbcH5	
  and	
  

Mdm2	
  (Chapter	
  2).	
  	
  We	
  could	
  only	
  detect	
  an	
  association	
  under	
  the	
  presence	
  of	
  chemical	
  

crosslinking,	
  suggesting	
  a	
  low	
  affinity	
  transient	
  interaction	
  between	
  the	
  pair.	
  	
  However,	
  

it	
  is	
  important	
  to	
  realize	
  that	
  “naked”	
  E2,	
  not	
  charged	
  with	
  ubiquitin,	
  was	
  used	
  for	
  many	
  

of	
  the	
  binding	
  assays.	
  	
  When	
  thioesterified	
  UbcH5	
  (E2~Ub)	
  was	
  tested	
  for	
  interaction	
  

with	
  Mdm2,	
  there	
  was	
  no	
  detectable	
  difference	
  between	
  binding	
  to	
  unmodified	
  and	
  

autoubiquitinated	
  Mdm2	
  (Figure	
  2.15).	
  	
  It	
  may	
  well	
  be	
  that	
  uncharged	
  E2	
  enzymes	
  

have	
  lower	
  affinity	
  for	
  the	
  RING	
  domain	
  of	
  an	
  E3	
  so	
  they	
  can	
  discharge	
  after	
  the	
  

transferring	
  their	
  ubiquitin	
  cargo.	
  	
  But	
  maybe	
  the	
  discharged	
  E2s	
  continue	
  to	
  associate	
  

with	
  the	
  autoubiquitin	
  chains	
  on	
  the	
  E3	
  surface	
  via	
  non-­‐covalent	
  interactions.	
  	
  In	
  

contrast,	
  the	
  interaction	
  of	
  E2~Ub	
  with	
  Mdm2	
  was	
  more	
  readily	
  detected	
  in	
  our	
  assay,	
  

suggesting	
  a	
  much	
  higher	
  affinity	
  for	
  Mdm2’s	
  RING	
  domain.	
  	
  It	
  is	
  possible	
  that	
  

detectability	
  of	
  E2	
  recruitment	
  via	
  non-­‐covalent	
  interaction	
  with	
  ubiquitin	
  was	
  masked	
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by	
  the	
  strong	
  interaction	
  of	
  E2~Ub	
  with	
  the	
  RING	
  domain.	
  	
  Recruiting	
  an	
  uncharged	
  E2	
  

enzyme	
  to	
  an	
  autoubiquitinated	
  E3	
  could	
  be	
  a	
  solution	
  to	
  the	
  problem	
  of	
  an	
  E2’s	
  use	
  of	
  

overlapping	
  interfaces	
  to	
  interact	
  with	
  an	
  E1	
  enzyme	
  and	
  the	
  E3	
  RING	
  domain.	
  	
  An	
  

E2~Ub	
  bound	
  to	
  a	
  RING	
  domain,	
  having	
  completed	
  ubiquitin	
  transfer,	
  must	
  discharge	
  in	
  

order	
  to	
  be	
  recharged	
  by	
  the	
  E1.	
  	
  The	
  low	
  affinity	
  binding	
  surfaces	
  provided	
  by	
  

autoubiquitin	
  chains	
  may	
  enable	
  on-­‐site	
  recharging	
  of	
  E2s	
  by	
  an	
  E1,	
  without	
  complete	
  

disassociation	
  from	
  the	
  E3.	
  	
  This	
  model	
  where	
  an	
  E2	
  enzyme	
  has	
  multidentate	
  

interactions	
  with	
  the	
  E3	
  provides	
  a	
  solution	
  to	
  the	
  rate-­‐limiting	
  step	
  of	
  E2	
  recruitment,	
  

enabling	
  sequential	
  assembly	
  of	
  a	
  polyubiquitin	
  chain	
  on	
  a	
  given	
  substrate.	
  	
  	
  

Certain	
  enzymes	
  can	
  be	
  activated	
  through	
  autocatalytic	
  action,	
  as	
  exemplified	
  by	
  

the	
  activation	
  of	
  receptor	
  tyrosine	
  kinases	
  by	
  autophosphorylation	
  and	
  of	
  apoptotic	
  

proteases	
  (caspases)	
  by	
  autoproteolytic	
  cleavage.	
  The	
  results	
  presented	
  here	
  further	
  

support	
  the	
  notion	
  that	
  autocatalytic	
  action	
  is	
  a	
  prevalent	
  mechanism	
  for	
  switching	
  on	
  

enzymatic	
  activity.	
  Like	
  receptor	
  tyrosine	
  kinases	
  and	
  caspases,	
  ubiquitin	
  ligases	
  

catalyze	
  a	
  post-­‐translational	
  modification	
  that	
  has	
  profound	
  effects	
  on	
  various	
  target	
  

proteins	
  and	
  that,	
  if	
  not	
  controlled	
  properly,	
  can	
  have	
  deleterious	
  consequences	
  to	
  the	
  

cell	
  and	
  the	
  organism.	
  Thus,	
  it	
  is	
  vital	
  to	
  synthesize	
  these	
  enzymes	
  with	
  minimal	
  or	
  no	
  

activity,	
  and	
  to	
  activate	
  them	
  in	
  a	
  controlled	
  manner.	
  Autocatalytic	
  activation,	
  as	
  

opposed	
  to	
  trans-­‐activation	
  by	
  molecules	
  of	
  the	
  same	
  class	
  or	
  a	
  different	
  class	
  of	
  

enzymes,	
  would	
  offer	
  important	
  advantages.	
  It	
  is	
  highly	
  efficient	
  because	
  of	
  the	
  reduced	
  

reliance	
  on	
  other	
  enzymes.	
  From	
  an	
  evolutionary	
  point	
  of	
  view,	
  autocatalytic	
  activation	
  

might	
  also	
  be	
  a	
  necessity.	
  When	
  a	
  new	
  class	
  of	
  enzyme	
  emerged,	
  other	
  regulatory	
  

proteins	
  might	
  not	
  initially	
  be	
  able	
  to	
  perform	
  the	
  task,	
  or	
  might	
  not	
  even	
  exist.	
  Perhaps	
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more	
  importantly,	
  autocatalytic	
  activation,	
  as	
  opposed	
  to	
  autocatalytic	
  inhibition,	
  

engenders	
  a	
  built-­‐in	
  quality	
  control	
  mechanism:	
  proteins	
  that	
  cannot	
  fulfill	
  the	
  intended	
  

function	
  would	
  not	
  become	
  activated.	
  

	
  

Outstanding	
  Issues	
  and	
  Future	
  Directions:	
  

Autoubiquitination	
  is	
  a	
  general	
  feature	
  of	
  RING	
  domain	
  E3	
  ligases.	
  	
  At	
  least	
  two	
  

studies	
  have	
  previously	
  uncovered	
  the	
  activating	
  effect	
  of	
  RING	
  E3	
  autoubiquitination.	
  

Polyubiquitination	
  has	
  been	
  shown	
  to	
  enhance	
  the	
  E3	
  activity	
  of	
  the	
  BRCA1/BARD1	
  

ubiquitin	
  ligase	
  complex	
  (Mallery,	
  Vandenberg,	
  and	
  Hiom	
  2002).	
  	
  Modification	
  of	
  TRAF6	
  

with	
  Lys63-­‐linked	
  polyubiquitin	
  is	
  also	
  an	
  activating	
  event	
  (C.	
  Wang	
  et	
  al.	
  2001).	
  	
  It	
  is	
  

fair	
  to	
  speculate	
  that	
  autoubiquitination	
  may	
  also	
  augment	
  the	
  activity	
  of	
  other	
  

multiple-­‐domain	
  RING	
  ligases	
  that	
  use	
  members	
  of	
  the	
  UbcH5	
  family	
  as	
  their	
  cognate	
  

E2s.	
  	
  In	
  principle,	
  autoubiquitination	
  can	
  accelerate	
  other	
  steps	
  of	
  ubiquitination	
  and	
  

could	
  be	
  an	
  activating	
  event	
  for	
  multiple-­‐domain	
  RING	
  ligases	
  that	
  employ	
  E2s	
  without	
  

an	
  UBD.	
  	
  For	
  Cullin-­‐based	
  RING	
  ligases,	
  the	
  rapid	
  E2-­‐E3	
  association	
  and	
  dissociation,	
  

albeit	
  facilitating	
  substrate	
  ubiquitination,	
  cannot	
  fully	
  account	
  for	
  the	
  high	
  processivity	
  

of	
  the	
  reaction	
  (Kleiger	
  et	
  al.	
  2009).	
  	
  It	
  would	
  be	
  interesting	
  to	
  determine	
  whether	
  

autoubiquitination	
  also	
  enhances	
  the	
  substrate	
  E3	
  activity	
  of	
  enzymes	
  belonging	
  to	
  the	
  

cullin-­‐RING	
  ligase	
  family.	
  	
  	
  

In	
  optimizing	
  this	
  in	
  vitro	
  ubiquitination	
  system,	
  we	
  have	
  uncovered	
  serious	
  

technical	
  caveats	
  that	
  may	
  have	
  been	
  previously	
  overlooked.	
  	
  The	
  use	
  of	
  epitope-­‐tagged	
  

ubiquitin	
  for	
  ubiquitination	
  assays	
  is	
  common	
  in	
  the	
  literature.	
  	
  This	
  may	
  have	
  

produced	
  erroneous	
  results	
  for	
  other	
  groups	
  in	
  the	
  ubiquitination	
  field.	
  	
  When	
  either	
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HA,	
  Flag,	
  or	
  6x-­‐His-­‐tagged	
  ubiquitin	
  was	
  used	
  for	
  Mdm2	
  autoubiquitination,	
  the	
  result	
  

was	
  a	
  dramatic	
  inhibition	
  of	
  its	
  substrate	
  ligase	
  activity	
  (Figure	
  2.9	
  and	
  2.10).	
  	
  The	
  

inhibitory	
  effect	
  of	
  tagged-­‐ubiquitin	
  was	
  stronger	
  with	
  higher	
  degrees	
  of	
  

autoubiquitination.	
  This	
  inhibition	
  may	
  be	
  due	
  to	
  the	
  epitope	
  tag	
  disrupting	
  the	
  non-­‐

covalent	
  interaction	
  between	
  the	
  E2	
  UBD	
  and	
  ubiquitin.	
  	
  One	
  can	
  speculate	
  that	
  the	
  

presence	
  of	
  charged	
  or	
  hydrophobic	
  residues	
  in	
  the	
  tags	
  may	
  occlude	
  the	
  contact	
  

between	
  Ile44	
  of	
  ubiquitin	
  and	
  the	
  E2	
  UBD.	
  	
  We	
  may	
  be	
  able	
  to	
  use	
  this	
  observation	
  as	
  a	
  

guide	
  to	
  think	
  of	
  novel	
  ways	
  to	
  target	
  E3	
  activity	
  using	
  small	
  molecules.	
  	
  Hypothetically,	
  

if	
  tagged-­‐ubiquitin	
  conjugation	
  inhibits	
  E3	
  activity	
  in	
  vitro,	
  targeting	
  a	
  small	
  molecule	
  in	
  

vivo	
  could	
  produce	
  the	
  same	
  effect	
  to	
  inhibit	
  aberrantly	
  activated	
  oncogenic	
  E3	
  ligases.	
  	
  

For	
  example,	
  it	
  could	
  prove	
  to	
  be	
  an	
  effective	
  way	
  to	
  target	
  tumors	
  with	
  Mdm2	
  

overexpression.	
  	
  	
  

Another	
  point	
  to	
  consider	
  in	
  deciphering	
  the	
  dynamics	
  of	
  RING	
  E3	
  activity	
  is	
  the	
  

ratio	
  of	
  enzyme	
  to	
  substrate.	
  	
  In	
  our	
  experiments,	
  we	
  maintained	
  a	
  1:3	
  ratio	
  of	
  Mdm2	
  to	
  

p53	
  for	
  ubiquitination	
  reactions	
  because	
  the	
  most	
  distinctive	
  difference	
  in	
  activity	
  

between	
  unmodified	
  and	
  autoubiquitinated	
  Mdm2	
  was	
  seen	
  under	
  these	
  conditions.	
  	
  

The	
  activity	
  of	
  an	
  E3	
  ligase	
  could	
  potentially	
  be	
  regulated	
  by	
  the	
  abundance	
  of	
  its	
  

specific	
  substrate.	
  	
  In	
  the	
  case	
  of	
  Mdm2	
  and	
  p53,	
  their	
  stoichiometric	
  ratio	
  in	
  an	
  

unstressed	
  cell	
  is	
  unknown.	
  	
  If	
  p53	
  has	
  some	
  effect	
  on	
  Mdm2	
  autoubiquitination	
  and	
  its	
  

activity,	
  degradation-­‐resistant	
  mutant	
  p53	
  might	
  be	
  unable	
  to	
  do	
  the	
  same.	
  	
  It	
  would	
  

helpful	
  to	
  have	
  some	
  idea	
  of	
  the	
  stoichiometric	
  ratios	
  of	
  p53	
  to	
  Mdm2	
  under	
  different	
  

cellular	
  contexts.	
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Our	
  results	
  suggest	
  a	
  requirement	
  of	
  autoubiquitin	
  chains,	
  rather	
  than	
  

monoubiquitin,	
  on	
  Mdm2	
  to	
  enhance	
  E3	
  activity.	
  	
  Further	
  experiments	
  should	
  be	
  

performed	
  to	
  examine	
  whether	
  ubiquitin	
  chains	
  of	
  different	
  linkages	
  can	
  affect	
  E3	
  

activation.	
  	
  Moreover,	
  whether	
  specific	
  sites	
  of	
  autoubiquitination	
  can	
  contribute	
  

differently	
  to	
  activity	
  should	
  be	
  investigated.	
  	
  To	
  that	
  end,	
  our	
  laboratory	
  has	
  

discovered	
  three	
  major	
  ubiquitination	
  sites	
  on	
  Mdm2	
  via	
  mass	
  spectrometric	
  analysis	
  

(unpublished).	
  	
  We	
  have	
  mutated	
  each	
  lysine	
  residue	
  individually	
  to	
  arginine	
  and	
  plan	
  

to	
  compare	
  the	
  activity	
  of	
  these	
  mutants	
  using	
  assays	
  described	
  in	
  Chapter	
  2.	
  	
  

Interestingly,	
  one	
  of	
  the	
  sites	
  lies	
  within	
  the	
  RING	
  domain	
  while	
  the	
  others	
  are	
  outside	
  

the	
  RING.	
  	
  In	
  the	
  three-­‐dimensional	
  structure	
  of	
  Mdm2,	
  autoubiquitin	
  chains	
  situated	
  

close	
  to	
  or	
  within	
  the	
  RING	
  domain	
  could	
  be	
  advantageous	
  in	
  recruiting	
  E2	
  enzymes	
  or	
  

altering	
  RING	
  domain	
  conformation.	
  	
  With	
  regard	
  to	
  sites	
  of	
  autoubiquitination,	
  further	
  

studies	
  should	
  be	
  performed	
  to	
  see	
  whether	
  HAUSP	
  mediates	
  site-­‐specific	
  or	
  chain	
  

type-­‐specific	
  deubiquitination	
  of	
  Mdm2.	
  	
  So	
  far,	
  other	
  E3	
  ligases	
  including	
  PCAF	
  and	
  

Pirh2	
  have	
  been	
  implicated	
  in	
  targeting	
  Mdm2	
  for	
  ubiquitination.	
  	
  Studies	
  should	
  also	
  

focus	
  on	
  whether	
  autoubiquitination	
  sites	
  on	
  Mdm2	
  vary	
  from	
  those	
  targeted	
  by	
  other	
  

E3	
  ligases.	
  	
  	
  

As	
  demonstrated	
  for	
  the	
  receptor	
  tyrosine	
  kinases	
  and	
  for	
  the	
  precursors	
  of	
  

caspase,	
  autocatalytic	
  activation	
  can	
  be	
  induced	
  by	
  dimerization	
  or	
  oligomerization.	
  	
  

Activation	
  of	
  Mdm2	
  is	
  also	
  likely	
  induced	
  by	
  its	
  homo-­‐oligomerization	
  or	
  hetero-­‐

oligomerization	
  with	
  MdmX	
  mediated	
  by	
  the	
  RING	
  domains	
  on	
  these	
  proteins,	
  

especially	
  the	
  C-­‐terminal	
  amino	
  acids	
  of	
  these	
  domains.	
  	
  Mdm2	
  oligomers	
  exhibit	
  

enhanced	
  E3	
  activity	
  compared	
  to	
  Mdm2	
  monomers,	
  indicating	
  an	
  important	
  role	
  of	
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oligomerization	
  in	
  Mdm2	
  activation.	
  	
  Oligomerization	
  also	
  facilitates	
  the	
  

autoubiquitination	
  of	
  Mdm2	
  or	
  the	
  Mdm2:MdmX	
  complex.	
  	
  In	
  a	
  heterodimer	
  formed	
  by	
  

the	
  RING	
  domains	
  of	
  these	
  proteins,	
  self-­‐ubiquitination	
  occurs	
  in	
  trans,	
  with	
  Mdm2	
  

ubiquitinating	
  MdmX	
  but	
  not	
  itself.	
  	
  The	
  reasons	
  for	
  this	
  selective	
  ubiquitination	
  is	
  not	
  

completely	
  clear,	
  as	
  the	
  RING	
  domains	
  of	
  Mdm2	
  and	
  MdmX	
  in	
  this	
  complex	
  appear	
  to	
  

adapt	
  nearly	
  identical	
  structures.	
  It	
  is	
  proposed	
  that	
  in	
  an	
  Mdm2	
  RING	
  homodimer,	
  one	
  

Mdm2	
  molecule	
  might	
  take	
  on	
  the	
  role	
  as	
  a	
  substrate,	
  while	
  the	
  other	
  one	
  as	
  the	
  

enzyme.	
  	
  Still,	
  it	
  is	
  possible	
  that	
  in	
  the	
  complex	
  formed	
  by	
  full-­‐length	
  Mdm2	
  or	
  Mdm2	
  

and	
  MdmX	
  proteins,	
  autoubiquitination	
  may	
  occur	
  in	
  cis,	
  as	
  well	
  as	
  in	
  trans.	
  	
  Also,	
  the	
  

autoubiquitination	
  may	
  occur	
  between	
  different	
  complexes	
  instead	
  of	
  within	
  the	
  same	
  

complex.	
  A	
  precedent	
  for	
  the	
  latter	
  is	
  shown	
  for	
  the	
  activation	
  of	
  caspases,	
  where	
  the	
  

activating	
  cleavage	
  events	
  occur	
  between	
  dimeric	
  caspase	
  precursors.	
  This	
  scenario	
  

would	
  make	
  autoubiquitination	
  especially	
  sensitive	
  to	
  the	
  abundance	
  of	
  Mdm2.	
  	
  

Recent	
  results	
  from	
  mouse	
  models	
  point	
  to	
  the	
  importance	
  of	
  Mdm2:MdmX	
  

hetero-­‐oligomerization	
  for	
  the	
  ability	
  of	
  Mdm2	
  to	
  restrain	
  p53	
  in	
  vivo.	
  	
  Mutation	
  of	
  the	
  

conserved	
  cysteine	
  residue	
  in	
  the	
  MdmX	
  RING	
  domain,	
  C462A,	
  disrupts	
  dimerization	
  

with	
  Mdm2	
  and	
  allows	
  for	
  p53	
  activation,	
  leading	
  to	
  embryonic	
  lethality	
  by	
  day	
  9.5.	
  	
  

Notably,	
  in	
  the	
  MdmXC462A	
  mouse	
  model,	
  disruption	
  of	
  hetero-­‐dimerization	
  results	
  in	
  

less	
  Mdm2	
  autoubiquitination	
  and	
  higher	
  levels	
  of	
  p53	
  and	
  Mdm2.	
  	
  This	
  result	
  hints	
  at	
  a	
  

mechanism	
  in	
  which	
  heterodimerization	
  is	
  crucial	
  to	
  activate	
  Mdm2	
  through	
  

autoubiquitination.	
  	
  We	
  envision	
  a	
  scenario	
  where	
  under	
  physiological	
  settings	
  Mdm2	
  

alone	
  is	
  unable	
  to	
  function	
  as	
  a	
  potent	
  E3	
  ligase	
  probably	
  due	
  to	
  its	
  low	
  abundance	
  and	
  

the	
  relatively	
  weak	
  self-­‐association.	
  	
  In	
  comparison,	
  the	
  Mdm2:MdmX	
  association	
  may	
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occur	
  more	
  readily,	
  which	
  triggers	
  the	
  formation	
  of	
  autoubiquitin	
  chains	
  that	
  recruit	
  

multiple	
  E2s	
  to	
  processively	
  poly-­‐ubiquitinate	
  p53.	
  	
  

Regardless	
  of	
  the	
  precise	
  mechanism,	
  the	
  activation	
  of	
  RING	
  domain	
  ubiquitin	
  

ligases	
  such	
  as	
  Mdm2	
  likely	
  follows	
  a	
  similar	
  mode	
  to	
  the	
  oligomerization-­‐induced	
  

activation	
  of	
  receptor	
  tyrosine	
  kinases	
  and	
  caspases.	
  	
  In	
  this	
  case,	
  autoubiquitination	
  

likely	
  rids	
  the	
  cell	
  of	
  excessive	
  E3s	
  when	
  the	
  concentration	
  of	
  an	
  E3	
  reaches	
  a	
  threshold	
  

while	
  no	
  substrates	
  are	
  around,	
  thereby	
  allowing	
  a	
  homeostatic	
  control	
  of	
  the	
  levels	
  of	
  

these	
  ligases.	
  

 

4.2. BRG1 is a scaffold maintaining Mdm2 stability and inhibiting p53 

activation 

Regulation	
  of	
  Mdm2	
  stability	
  is	
  particularly	
  important	
  for	
  p53	
  regulation.	
  	
  The	
  work	
  

presented	
  in	
  Chapter	
  3	
  reveals	
  that	
  BRG1,	
  a	
  core	
  ATPase	
  of	
  the	
  SWI/SNF	
  chromatin-­‐

remodeling	
  complex,	
  plays	
  a	
  critical	
  role	
  in	
  regulating	
  Mdm2.	
  	
  It	
  has	
  been	
  previously	
  

shown	
  that	
  HAUSP-­‐mediated	
  deubiquitination	
  by	
  the	
  Daxx-­‐HAUSP	
  complex	
  helps	
  

prevent	
  Mdm2	
  degradation.	
  	
  Here,	
  we	
  find	
  that	
  BRG1	
  is	
  a	
  Daxx	
  and	
  HAUSP	
  interacting	
  

partner	
  and	
  a	
  crucial	
  new	
  component	
  of	
  the	
  Mdm2-­‐Daxx-­‐HAUSP	
  complex,	
  functioning	
  

as	
  a	
  protein	
  scaffold	
  to	
  bring	
  the	
  subunits	
  together.	
  	
  Silencing	
  BRG1	
  expression	
  in	
  

cancer	
  cell	
  lines	
  and	
  primary	
  cells	
  led	
  to	
  a	
  marked	
  decrease	
  in	
  Mdm2	
  at	
  the	
  protein	
  

level	
  as	
  well	
  as	
  increase	
  in	
  p53	
  expression.	
  	
  The	
  observed	
  decrease	
  in	
  Mdm2	
  protein	
  

could	
  be	
  rescued	
  by	
  inhibiting	
  the	
  proteasome,	
  suggesting	
  that	
  BRG1	
  prevents	
  

proteasomal	
  degradation	
  of	
  Mdm2.	
  	
  Mdm2	
  half-­‐life	
  experiments	
  in	
  addition	
  to	
  in	
  vivo	
  

ubiquitination	
  assays	
  confirmed	
  that	
  BRG1	
  is	
  crucial	
  for	
  regulating	
  ubiquitination-­‐
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mediated	
  degradation	
  of	
  Mdm2.	
  	
  Intriguingly,	
  the	
  effects	
  of	
  BRG1	
  on	
  Mdm2	
  stability	
  are	
  

independent	
  of	
  its	
  chromatin	
  remodeling	
  activity	
  suggesting	
  a	
  function	
  separate	
  from	
  

the	
  SWI/SNF	
  complex.	
  	
  We	
  also	
  discover	
  that	
  BRG1	
  has	
  the	
  potential	
  to	
  be	
  a	
  substrate	
  

for	
  Mdm2	
  ubiquitination.	
  	
  Through	
  Mdm2	
  stabilization,	
  BRG1	
  promotes	
  p53	
  

degradation	
  and	
  enhances	
  cell	
  growth	
  and	
  transformation.	
  	
  Based	
  on	
  our	
  findings,	
  a	
  

new	
  model	
  for	
  the	
  control	
  of	
  Mdm2	
  stability	
  is	
  proposed	
  (Figure	
  4.2).	
  	
  BRG1	
  functions	
  

as	
  a	
  scaffold	
  to	
  house	
  Daxx	
  and	
  HAUSP	
  with	
  Mdm2,	
  enabling	
  HAUSP-­‐mediated	
  

deubiquitination	
  of	
  Mdm2.	
  	
  BRG1	
  itself	
  may	
  be	
  subject	
  to	
  Mdm2-­‐mediated	
  

ubiquitination,	
  helping	
  fine-­‐tune	
  the	
  level	
  of	
  Mdm2	
  ubiquitination.	
  	
  Stabilized	
  Mdm2	
  

can	
  efficiently	
  ubiquitinate	
  and	
  target	
  p53	
  for	
  degradation.	
  	
  The	
  functional	
  relevance	
  of	
  

BRG1-­‐mediated	
  p53	
  regulation	
  is	
  apparent	
  in	
  the	
  BRG1	
  knockdown	
  experiments	
  

demonstrating	
  p53-­‐dependent	
  effects	
  on	
  proliferation,	
  senescence	
  and	
  anchorage-­‐

independent	
  growth.	
  	
  

BRM	
  is	
  the	
  paralogous	
  ATPase	
  subunit	
  found	
  in	
  human	
  SWI/SNF	
  complexes.	
  	
  

Studies	
  indicate	
  that	
  BRM	
  is	
  structurally	
  similar	
  to	
  BRG1.	
  	
  Functionally,	
  it	
  is	
  difficult	
  to	
  

entirely	
  separate	
  BRM	
  and	
  BRG1.	
  	
  While	
  BRG1	
  is	
  preferentially	
  expressed	
  in	
  

proliferating	
  cells,	
  BRM	
  is	
  more	
  often	
  highly	
  expressed	
  in	
  differentiated	
  cells	
  

(Bourachot,	
  Yaniv,	
  and	
  Muchardt	
  2003).	
  	
  Mouse	
  models	
  phenotypes	
  of	
  either	
  protein	
  

show	
  dramatic	
  differences	
  as	
  well.	
  	
  BRM	
  null	
  mice	
  develop	
  normally	
  whereas	
  BRG1	
  

deletion	
  results	
  in	
  early	
  embryonic	
  lethality	
  (S.	
  Bultman	
  et	
  al.	
  2000;	
  Reyes	
  et	
  al.	
  1998).	
  	
  

There	
  have	
  been	
  several	
  studies	
  that	
  demonstrate	
  the	
  capability	
  of	
  BRG1	
  and	
  BRM	
  to	
  

compensate	
  for	
  the	
  lack	
  of	
  the	
  other,	
  if	
  expressed	
  higher	
  than	
  normal.	
  	
  We	
  found	
  that	
  

Mdm2	
  levels	
  were	
  not	
  affected	
  with	
  BRM	
  knockdown	
  compared	
  with	
  BRG1	
  depletion.	
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However,	
  this	
  was	
  only	
  tested	
  in	
  U2OS	
  cells	
  (osteosarcoma).	
  	
  Although	
  it	
  is	
  possible	
  that	
  

BRM	
  does	
  not	
  contribute	
  to	
  Mdm2	
  stabilization,	
  it	
  is	
  likely	
  that	
  this	
  cell	
  line	
  has	
  a	
  much	
  

higher	
  abundance	
  of	
  BRG1	
  than	
  BRM.	
  	
  Moreover,	
  BRM	
  was	
  capable	
  of	
  interacting	
  with	
  

Daxx	
  and	
  HAUSP	
  at	
  least	
  under	
  overexpression	
  in	
  the	
  same	
  cell	
  line.	
  	
  

Our	
  experiments	
  indicated	
  that	
  an	
  ATPase	
  defective	
  BRG1	
  mutant	
  could	
  stabilize	
  

Mdm2.	
  	
  This	
  finding	
  suggests	
  that	
  the	
  stabilizing	
  effect	
  of	
  BRG1	
  on	
  Mdm2	
  is	
  

independent	
  of	
  BRG1’s	
  chromatin	
  remodeling	
  function.	
  	
  However,	
  this	
  KR	
  mutant	
  has	
  

previously	
  been	
  characterized	
  as	
  a	
  dominant	
  negative	
  in	
  the	
  presence	
  of	
  wild	
  type	
  of	
  

BRG1.	
  	
  It	
  is	
  unclear	
  why	
  this	
  mutant	
  form	
  has	
  a	
  stronger	
  effect	
  on	
  Mdm2	
  stabilization	
  

than	
  the	
  wild	
  type.	
  

BRG1	
  appears	
  to	
  regulate	
  p53	
  at	
  multiple	
  levels.	
  	
  A	
  recent	
  study	
  suggested	
  that	
  

BRG1	
  also	
  enhances	
  CBP-­‐mediated	
  polyubiquitination	
  of	
  p53	
  (Naidu	
  et	
  al.	
  2009).	
  The	
  

same	
  study	
  also	
  confirmed	
  our	
  observation	
  that	
  BRG1	
  knockdown,	
  but	
  not	
  BRM,	
  could	
  

activate	
  p53.	
  	
  Because	
  BRG1	
  has	
  a	
  minimal	
  effect	
  on	
  p53	
  in	
  the	
  absence	
  of	
  Mdm2,	
  the	
  

effect	
  of	
  BRG1	
  on	
  CBP	
  may	
  also	
  be	
  dependent	
  on	
  Mdm2.	
  Consistent	
  with	
  this	
  notion,	
  

previous	
  studies	
  have	
  shown	
  that	
  CBP	
  and	
  Mdm2	
  cooperate	
  in	
  the	
  ubiquitination	
  of	
  p53	
  

(Ferreon	
  et	
  al.	
  2009).	
  	
  BRG1	
  likely	
  provides	
  an	
  interaction	
  surface	
  that	
  brings	
  together	
  

multiple	
  components	
  of	
  the	
  Mdm2	
  complex,	
  including	
  CBP.	
  	
  	
  

The	
  identification	
  of	
  BRG1	
  as	
  a	
  crucial	
  component	
  of	
  the	
  Mdm2-­‐Daxx-­‐Hausp	
  

complex	
  suggests	
  a	
  previously	
  unappreciated	
  complexity	
  in	
  Mdm2	
  regulation.	
  The	
  

intricacy	
  of	
  the	
  Mdm2	
  complex	
  may	
  enable	
  fine-­‐tuned	
  regulation	
  of	
  p53	
  in	
  response	
  to	
  

various	
  stresses.	
  	
  Because	
  Daxx,	
  HAUSP,	
  and	
  BRG1	
  are	
  all	
  involved	
  in	
  multiple	
  cellular	
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Figure	
  4.2.	
  	
  A	
  model	
  for	
  the	
  regulation	
  of	
  Mdm2	
  stability.	
  	
  
In	
  an	
  unstressed	
  cell,	
  BRG1	
  may	
  function	
  as	
  a	
  scaffold	
  for	
  the	
  Mdm2-­‐Daxx-­‐HAUSP	
  
complex.	
  	
  Mdm2	
  autoubiquitination	
  is	
  controlled	
  through	
  deubiquitination	
  by	
  
HAUSP.	
  	
  BRG1	
  may	
  also	
  be	
  a	
  substrate	
  for	
  Mdm2	
  ubiquitination.	
  	
  Mdm2	
  stability	
  is	
  
maintained,	
  enabling	
  it	
  to	
  polyubiquitinate	
  p53,	
  targeting	
  it	
  for	
  degradation	
  by	
  the	
  
proteasome.	
  	
  	
  

	
   	
  



	
   88	
  

processes	
  including	
  altering	
  chromatin	
  structures	
  and	
  proliferative	
  signaling,	
  they	
  may	
  

link	
  the	
  perturbation	
  of	
  these	
  processes	
  to	
  the	
  activation	
  of	
  p53	
  via	
  Mdm2.	
  	
  	
  

Additionally,	
  the	
  predominant	
  form	
  of	
  Mdm2	
  in	
  vivo	
  is	
  as	
  a	
  heterodimer	
  with	
  

MdmX.	
  	
  The	
  heterodimeric	
  Mdm2-­‐MdmX	
  complex	
  is	
  a	
  more	
  potent	
  E3	
  ubiquitin	
  ligase	
  

for	
  p53.	
  	
  Dimerization	
  with	
  MdmX	
  is	
  also	
  deemed	
  important	
  to	
  maintain	
  Mdm2	
  

stability.	
  	
  Apart	
  from	
  facilitating	
  HAUSP-­‐mediated	
  deubiquitination	
  of	
  Mdm2,	
  BRG1	
  

could	
  provide	
  an	
  interaction	
  surface	
  to	
  accommodate	
  MdmX	
  association	
  with	
  the	
  

multimeric	
  complex	
  involving	
  Daxx,	
  HAUSP	
  and	
  Mdm2.	
  	
  We	
  may	
  still	
  be	
  scratching	
  at	
  

the	
  surface	
  in	
  terms	
  of	
  the	
  size	
  and	
  composition	
  of	
  this	
  Mdm2-­‐p53	
  regulatory	
  complex.	
  	
  	
  

	
  

Outstanding	
  Issues	
  and	
  Future	
  Directions	
  

	
   Our	
  findings	
  have	
  uncovered	
  the	
  chromatin	
  remodeler	
  BRG1	
  as	
  a	
  novel	
  partner	
  

of	
  the	
  Daxx-­‐Mdm2-­‐HAUSP	
  complex.	
  	
  However,	
  there	
  are	
  still	
  many	
  unanswered	
  

questions	
  about	
  how	
  this	
  complex	
  regulates	
  the	
  Mdm2	
  and	
  p53	
  axis.	
  	
  	
  

The	
  protein	
  subunits	
  of	
  this	
  tetrameric	
  complex	
  have	
  been	
  attributed	
  many	
  

other	
  functions	
  related	
  to	
  gene	
  regulation.	
  	
  Daxx	
  has	
  been	
  characterized	
  as	
  a	
  novel	
  

chaperone	
  for	
  the	
  histone	
  variant	
  H3.3	
  (Drané	
  et	
  al.	
  2010)	
  and	
  as	
  a	
  regulator	
  of	
  multiple	
  

transcription	
  factors	
  (Salomoni	
  and	
  Khelifi	
  2006).	
  	
  Mdm2	
  has	
  the	
  ability	
  to	
  

monoubiquitinate	
  histone	
  H2A	
  and	
  H2B	
  (Minsky	
  and	
  Oren	
  2004)	
  as	
  well	
  as	
  recruit	
  

histone	
  modifying	
  proteins	
  (Chen	
  et	
  al.	
  2010).	
  	
  Several	
  studies	
  have	
  also	
  found	
  Mdm2	
  is	
  

bound	
  to	
  p53	
  on	
  chromatin	
  (Arva	
  et	
  al.	
  2005).	
  	
  It	
  would	
  be	
  interesting	
  to	
  see	
  whether	
  

BRG1,	
  Daxx,	
  Mdm2,	
  and	
  HAUSP	
  regulate	
  p53	
  as	
  a	
  chromatin-­‐bound	
  complex.	
  	
  Lastly,	
  

BRG1	
  as	
  a	
  chromatin	
  remodeler	
  and	
  regulator	
  of	
  p53	
  through	
  CBP	
  (Naidu	
  et	
  al.	
  2009),	
  is	
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bound	
  to	
  p53	
  target	
  gene	
  promoters.	
  	
  It	
  is	
  likely	
  that	
  the	
  entire	
  complex	
  mediates	
  both	
  

stability	
  and	
  transactivation	
  of	
  p53.	
  	
  Altogether,	
  the	
  Mdm2-­‐Daxx-­‐HAUSP-­‐BRG1	
  complex	
  

contains	
  a	
  combination	
  of	
  enzyme	
  activities	
  and	
  protein-­‐interaction	
  surfaces,	
  analogous	
  

to	
  a	
  swiss-­‐army	
  knife.	
  	
  Mdm2	
  and	
  HAUSP	
  contribute	
  ubiquitin	
  ligase	
  and	
  deubiquitinase	
  

activities	
  while	
  Daxx	
  and	
  BRG1	
  contribute	
  the	
  ability	
  to	
  recognize	
  acetylated	
  histones	
  

(Shen	
  et	
  al.	
  2007)	
  as	
  well	
  as	
  protein-­‐protein	
  interaction	
  domains	
  capable	
  of	
  recruiting	
  a	
  

multitude	
  of	
  transcription	
  regulatory	
  proteins.	
  	
  It	
  would	
  be	
  exciting	
  to	
  determine	
  

whether	
  these	
  protein	
  components	
  work	
  together	
  to	
  keep	
  p53	
  in	
  a	
  transcriptionally	
  

inactive	
  state	
  either	
  by	
  mediating	
  other	
  post-­‐translational	
  modifications	
  of	
  p53	
  or	
  by	
  

affecting	
  histone	
  modifications	
  at	
  the	
  target	
  promoters.	
  	
  	
  

Given	
  that	
  the	
  ATPase	
  activity	
  of	
  BRG1	
  is	
  not	
  involved	
  in	
  Mdm2	
  stabilization,	
  

BRG1	
  likely	
  provides	
  a	
  platform	
  on	
  which	
  the	
  other	
  components	
  of	
  the	
  Mdm2	
  

complexes	
  assemble.	
  	
  Because	
  the	
  absence	
  of	
  Daxx	
  also	
  diminishes	
  the	
  association	
  

between	
  Mdm2	
  and	
  HAUSP,	
  BRG1	
  and	
  Daxx	
  may	
  act	
  together	
  to	
  cement	
  interaction	
  of	
  

Mdm2	
  with	
  HAUSP.	
  	
  The	
  ability	
  of	
  ATPase	
  mutant	
  BRG1	
  to	
  stabilize	
  Mdm2	
  does	
  not	
  

preclude	
  a	
  role	
  for	
  SWI/SNF	
  components	
  in	
  affecting	
  Mdm2	
  stability.	
  	
  Further	
  studies	
  

involving	
  immunoprecipitations	
  for	
  the	
  possible	
  presence	
  of	
  SWI/SNF	
  components	
  in	
  

the	
  Mdm2	
  complex	
  are	
  necessary.	
  	
  Structurally,	
  BRG1	
  has	
  multiple	
  domains	
  for	
  

mediating	
  protein-­‐protein	
  interactions.	
  	
  Designing	
  a	
  BRG1	
  mutant	
  that	
  is	
  unable	
  to	
  

interact	
  with	
  SWI/SNF	
  but	
  maintains	
  binding	
  to	
  Daxx	
  and	
  HAUSP	
  could	
  decipher	
  

whether	
  regulation	
  of	
  Mdm2	
  is	
  SWI/SNF	
  independent.	
  	
  In	
  addition	
  to	
  the	
  SWI/SNF	
  

chromatin	
  remodelers,	
  BRG1	
  is	
  present	
  in	
  heterogeneous	
  complexes	
  (Trotter	
  and	
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Archer	
  2008).	
  	
  It	
  would	
  be	
  of	
  interest	
  to	
  determine	
  whether	
  BRG1	
  has	
  a	
  scaffolding	
  role	
  

in	
  some	
  or	
  all	
  of	
  these	
  complexes.	
  	
  

Previous	
  studies	
  have	
  established	
  that	
  the	
  Mdm2-­‐Daxx-­‐HAUSP	
  complex	
  is	
  

disrupted	
  by	
  phosphorylation	
  events	
  due	
  to	
  DNA	
  damage	
  signaling	
  (Tang	
  et	
  al.	
  2006,	
  

2013).	
  	
  Additional	
  experiments	
  should	
  be	
  performed	
  to	
  assess	
  whether	
  BRG1	
  remains	
  

bound	
  to	
  Daxx	
  and	
  HAUSP	
  upon	
  DNA	
  damage.	
  	
  Several	
  recent	
  discoveries	
  indicate	
  that	
  

BRG1	
  is	
  recruited	
  to	
  multiple	
  protein	
  complexes	
  during	
  DNA	
  damage	
  signaling.	
  	
  At	
  least	
  

one	
  study	
  demonstrates	
  BRG1	
  recruitment	
  during	
  nucleotide	
  excision	
  repair	
  (Zhao	
  et	
  al.	
  

2009).	
  	
  Another	
  makes	
  a	
  case	
  for	
  BRG1	
  requirement	
  to	
  promote	
  phosphorylation	
  events	
  

at	
  DNA	
  damage	
  sites	
  in	
  order	
  to	
  recruit	
  BRCA1	
  protein	
  and	
  mediate	
  DNA	
  repair	
  (Zhang	
  

et	
  al.	
  2013).	
  	
  Moreover,	
  the	
  interaction	
  of	
  BRG1	
  with	
  CBP	
  and	
  with	
  p53	
  target	
  gene	
  

promoter	
  was	
  diminished	
  upon	
  treatment	
  with	
  doxorubicin,	
  a	
  DNA	
  damaging	
  agent	
  

(Naidu	
  et	
  al.	
  2009).	
  	
  	
  

The	
  critical	
  role	
  of	
  BRG1	
  in	
  the	
  suppression	
  of	
  p53	
  via	
  Mdm2	
  provides	
  an	
  

explanation	
  for	
  its	
  indispensible	
  role	
  in	
  the	
  survival	
  of	
  embryonic	
  and	
  adult	
  tissues.	
  It	
  

may	
  also	
  account	
  for	
  its	
  high	
  expression	
  in	
  proliferating	
  cells	
  (Glaros	
  et	
  al.	
  2008),	
  where	
  

the	
  suppression	
  of	
  p53	
  would	
  be	
  vital	
  for	
  growth.	
  	
  The	
  requirement	
  of	
  BRG1	
  to	
  restrain	
  

p53	
  may	
  explain	
  the	
  abundance	
  of	
  BRG1-­‐null	
  cancer	
  cell	
  lines	
  with	
  mutant	
  p53	
  (Naidu	
  

et	
  al.	
  2009).	
  	
  BRG1-­‐null	
  cell	
  lines	
  retaining	
  wild-­‐type	
  p53	
  are	
  extremely	
  rare.	
  	
  Despite	
  

this	
  growth-­‐promoting	
  property,	
  the	
  enhanced	
  tumor	
  formation	
  in	
  BRG1	
  heterozygous	
  

mice	
  indicates	
  a	
  tumor	
  suppression	
  function	
  of	
  BRG1	
  (S.	
  J.	
  Bultman	
  et	
  al.	
  2008).	
  This	
  is	
  

likely	
  related	
  to	
  a	
  compromised	
  Rb	
  pathway	
  as	
  BRG1	
  is	
  required	
  for	
  the	
  Rb-­‐induced	
  cell	
  

cycle	
  arrest	
  (Bartlett	
  et	
  al.	
  2011).	
  	
  BRG1	
  haplo-­‐insufficiency	
  may	
  also	
  result	
  in	
  genomic	
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instability	
  due	
  to	
  defects	
  in	
  BRCA1-­‐mediated	
  DNA	
  repair	
  (Bochar	
  et	
  al.	
  2000;	
  Zhang	
  et	
  

al.	
  2013),	
  further	
  promoting	
  tumor	
  formation.	
  	
  Taken	
  together,	
  all	
  of	
  the	
  studies	
  on	
  

BRG1	
  highlight	
  the	
  complex	
  role	
  it	
  plays	
  cancer	
  developed	
  by	
  regulating	
  the	
  activities	
  of	
  

p53	
  and	
  various	
  other	
  tumor	
  suppressors.	
  	
  Future	
  studies	
  on	
  the	
  molecular	
  mechanisms	
  

of	
  BRG1	
  function	
  in	
  various	
  cellular	
  contexts	
  will	
  hopefully	
  uncover	
  a	
  vulnerability	
  that	
  

we	
  can	
  use	
  to	
  target	
  specific	
  cancer	
  types.	
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CHAPTER	
  5	
  :	
  Materials	
  and	
  Experimental	
  Methods	
  

	
  

5.1. Autoubiquitination of Mdm2 enhances its substrate ligase activity 

Plasmids	
  and	
  reagents	
  	
  	
  

Plasmids	
  for	
  expressing	
  p53	
  and	
  Mdm2	
  in	
  mammalian	
  cells	
  are	
  in	
  pRK5	
  vector	
  with	
  N-­‐

terminal	
  Flag,	
  HA,	
  or	
  GST	
  tags	
  as	
  described	
  previously	
  (Tang	
  et	
  al.	
  2006)T.	
  UbcH5c	
  WT	
  

pET28a	
  (Plasmid	
  12643)	
  and	
  UbcH5c	
  S22R	
  pET28a	
  (Plasmid	
  12644)	
  (Brzovic	
  et	
  al.	
  

2006)were	
  obtained	
  from	
  Addgene	
  (www.addgene.org).	
  	
  

The	
  following	
  reagents	
  were	
  purchased	
  from	
  Boston	
  Biochem:	
  ubiquitin	
  E1	
  (E-­‐305),	
  

UbcH5a	
  (E2-­‐616),	
  Mg2+-­‐ATP	
  (B-­‐20),	
  ubiquitin	
  (U-­‐100H),	
  methylated	
  ubiquitin	
  (U-­‐501),	
  

Lys48-­‐only	
  ubiquitin	
  (UM-­‐K480),	
  and	
  I44A	
  ubiquitin	
  (UM-­‐I44A).	
  

The	
  antibodies	
  for	
  the	
  following	
  proteins	
  were	
  purchased	
  from	
  the	
  indicated	
  sources:	
  

p53	
  (DO-­‐1,	
  Santa	
  Cruz	
  Biotech.);	
  Mdm2	
  (Ab-­‐1,	
  Calbiochem);	
  ubiquitin	
  (P4D1,	
  Santa	
  

Cruz);	
  poly-­‐ubiquitinated	
  conjugates	
  (FK1	
  clone,	
  Enzo	
  Life	
  Sciences);	
  UbcH5	
  (A-­‐615,	
  

Boston	
  Biochem);	
  UbcH5c	
  (ab58251,	
  Abcam);	
  and	
  MdmX	
  (A300-­‐287A,	
  Bethyl	
  

Scientific).	
  	
  

	
  

Protein	
  expression	
  and	
  purification	
  	
  	
  

Mdm2	
  and	
  p53	
  

The	
  corresponding	
  expression	
  plasmids	
  were	
  transfected	
  into	
  HEK293T	
  cells.	
  Cells	
  

expressing	
  Mdm2	
  were	
  further	
  treated	
  with	
  proteasome	
  inhibitor	
  MG132	
  for	
  4	
  h.	
  Cells	
  

were	
  rinsed	
  with	
  ice-­‐cold	
  1x	
  PBS	
  and	
  lysed	
  in	
  Lysis	
  Buffer	
  (20	
  mM	
  Tris-­‐HCl	
  pH7.4,	
  150	
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mM	
  NaCl,	
  10%	
  Glycerol,	
  1	
  mM	
  EDTA,	
  0.5%	
  Triton	
  X-­‐100,	
  0.5%	
  NP-­‐40,	
  1	
  mM	
  DTT,	
  1	
  mM	
  

PMSF,	
  100	
  mM	
  NaF,	
  and	
  1x	
  complete	
  protease	
  cocktail).	
  GST-­‐Mdm2	
  was	
  precipitated	
  

with	
  Glutathione	
  Sepharose	
  4B	
  beads	
  (GE	
  Healthcare,	
  Cat.	
  #	
  17-­‐0756-­‐01),	
  and	
  HA-­‐

Mdm2	
  with	
  anti-­‐HA	
  affinity	
  beads	
  (Roche).	
  Bead-­‐bound	
  Mdm2	
  was	
  sequentially	
  washed	
  

2	
  x	
  with	
  Lysis	
  Buffer,	
  1	
  x	
  with	
  Lysis	
  Buffer	
  plus	
  0.5	
  M	
  KCl,	
  1	
  x	
  with	
  Lysis	
  Buffer	
  plus	
  1	
  M	
  

KCl,	
  and	
  1x	
  with	
  ubiquitination	
  reaction	
  buffer.	
  Bead-­‐bound	
  Mdm2	
  was	
  re-­‐suspended	
  in	
  

ubiquitination	
  reaction	
  buffer	
  and	
  used	
  for	
  subsequent	
  in	
  vitro	
  reactions.	
  Flag-­‐tagged	
  

p53	
  was	
  purified	
  with	
  M2	
  beads	
  (Sigma)	
  as	
  previously	
  described	
  (13)	
  and	
  eluted	
  from	
  

the	
  beads	
  with	
  Elution	
  Buffer	
  (20	
  mM	
  Tris-­‐HCl	
  pH	
  8,	
  150	
  mM	
  NaCl,	
  1	
  mM	
  DTT,	
  10%	
  

Glycerol)	
  plus	
  3xFLAG	
  peptide	
  (Sigma,	
  Cat.	
  #	
  F4799).	
  	
  

	
  

Mdm2:MdmX	
  complex	
  

GST-­‐Mdm2	
  and	
  Flag-­‐MdmX	
  were	
  co-­‐expressed	
  in	
  HEK293T	
  cells.	
  Cells	
  were	
  treated	
  

with	
  proteasome	
  inhibitor	
  MG132	
  for	
  4	
  h.	
  Lysates	
  were	
  incubated	
  with	
  M2	
  beads	
  for	
  3	
  h	
  

at	
  4	
  °C.	
  Beads	
  were	
  washed	
  4	
  x	
  with	
  Lysis	
  Buffer	
  and	
  2	
  x	
  with	
  Elution	
  Buffer.	
  Bound	
  

MdmX	
  was	
  eluted	
  with	
  3x-­‐FLAG	
  peptide	
  for	
  1.5	
  h	
  at	
  4	
  °C.	
  Eluate	
  was	
  incubated	
  with	
  

glutathione	
  beads	
  in	
  Lysis	
  Buffer	
  overnight.	
  Bead	
  bound	
  Mdm2:MdmX	
  complexes	
  were	
  

washed	
  as	
  described	
  for	
  the	
  purification	
  of	
  Mdm2	
  proteins.	
  	
  

	
  

Recombinant	
  WT	
  and	
  S22R	
  UbcH5c	
  

BL21	
  DE3	
  cells	
  containing	
  either	
  WT	
  UbcH5c	
  pET28a	
  or	
  S22R	
  UbcH5c	
  pET28a	
  were	
  

induced	
  with	
  0.2	
  mM	
  IPTG	
  for	
  4	
  h	
  at	
  30	
  °C.	
  Cells	
  were	
  re-­‐suspended	
  in	
  Sonication	
  Buffer	
  

(20	
  mM	
  HEPES,	
  pH	
  6.0,	
  150	
  mM	
  NaCl,	
  2.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT)	
  and	
  lysed	
  by	
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sonication.	
  Lysates	
  were	
  centrifuged	
  at	
  13,000	
  rpm	
  for	
  15	
  minutes.	
  Supernatant	
  was	
  

fractionated	
  by	
  gel	
  filtration	
  using	
  a	
  Superdex	
  200	
  10/300	
  GL	
  Column	
  driven	
  by	
  an	
  

AKTA	
  FPLC	
  system	
  (GE	
  Healthcare).	
  Fractions	
  of	
  0.5	
  ml	
  each	
  were	
  collected.	
  Purified	
  

proteins	
  were	
  resolved	
  by	
  SDS-­‐PAGE,	
  stained	
  by	
  Coomassie,	
  and	
  quantified	
  by	
  

densitometry	
  against	
  a	
  BSA	
  standard	
  curve	
  or	
  by	
  Western	
  blot	
  against	
  known	
  protein	
  

standards.	
  Fractions	
  containing	
  only	
  UbcH5c	
  were	
  pooled	
  and	
  used	
  for	
  

ubiquitination/binding	
  reaction.	
  

	
  

Western	
  blot	
  

Proteins	
  in	
  sample	
  buffer	
  containing	
  5%	
  2-­‐mercaptoethanol	
  were	
  boiled	
  at	
  95	
  °C	
  for	
  5	
  

min	
  and	
  resolved	
  by	
  8%	
  SDS-­‐PAGE	
  for	
  Mdm2	
  and	
  p53,	
  15%	
  SDS-­‐PAGE	
  for	
  E2,	
  and	
  8-­‐

15%	
  gradient	
  for	
  simultaneously	
  detecting	
  GST	
  and	
  GST-­‐Mdm2.	
  	
  Stacking	
  gels	
  were	
  

retained	
  for	
  all	
  ubiquitination	
  reactions.	
  	
  Proteins	
  were	
  transferred	
  onto	
  nitrocellulose	
  

membrane.	
  	
  For	
  ubiquitin	
  blotting,	
  membranes	
  were	
  boiled	
  in	
  water	
  for	
  2	
  min	
  using	
  a	
  

microwave	
  prior	
  to	
  blocking.	
  	
  Membranes	
  were	
  blocked	
  with	
  5%	
  Non-­‐fat	
  Dry	
  Milk	
  in	
  

PBS-­‐T	
  and	
  probed	
  with	
  indicated	
  antibodies.	
  	
  

	
  

In	
  vitro	
  ubiquitination	
  	
  

Auto-­‐ubiquitination	
  reactions	
  consisted	
  of	
  3-­‐5	
  ng	
  bead-­‐bound	
  Mdm2,	
  100	
  nM	
  E1,	
  500	
  

nM	
  UbcH5a,	
  2	
  mM	
  Mg2+-­‐ATP,	
  2	
  mM	
  DTT,	
  and	
  2-­‐5	
  μg	
  wild-­‐type	
  or	
  mutant	
  ubiquitin	
  in	
  

final	
  volume	
  of	
  20	
  μl	
  Ubiquitination	
  Reaction	
  Buffer	
  (40	
  mM	
  Tris-­‐HCl,	
  pH	
  7.6).	
  In	
  

control	
  reactions,	
  either	
  ubiquitin	
  (in	
  Fig.	
  2B)	
  or	
  Mg2+-­‐ATP	
  (in	
  the	
  rest	
  of	
  figures)	
  was	
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omitted.	
  Reaction	
  mixtures	
  were	
  incubated	
  at	
  37	
  °C	
  on	
  a	
  microtube	
  orbital	
  shaker	
  

(Labnet,	
  Shaker20)	
  at	
  1,400	
  rpm	
  and	
  were	
  either	
  stopped	
  by	
  addition	
  of	
  sample	
  buffer,	
  

or	
  washed	
  3	
  x	
  with	
  Ubiquitination	
  Reaction	
  Buffer	
  and	
  aliquotted	
  in	
  separate	
  tubes	
  for	
  

p53	
  ubiquitination.	
  p53	
  ubiquitination	
  was	
  performed	
  at	
  22	
  °C	
  with	
  10	
  ng	
  Flag-­‐p53	
  for	
  

5	
  min	
  or	
  the	
  indicated	
  times.	
  Mdm2	
  and	
  p53	
  ubiquitination	
  was	
  detected	
  by	
  Western	
  

blot	
  using	
  anti-­‐Mdm2	
  and	
  anti-­‐p53	
  antibody,	
  respectively.	
  To	
  detect	
  p53	
  poly-­‐

ubiquitination,	
  Flag-­‐p53	
  (30	
  ng)	
  was	
  ubiquitinated	
  by	
  Mdm2	
  as	
  described	
  above.	
  

Reaction	
  mixtures	
  were	
  denatured	
  by	
  adding	
  SDS	
  to	
  1%	
  final	
  concentration	
  and	
  boiling	
  

for	
  5	
  min,	
  and	
  diluted	
  to	
  reduce	
  the	
  SDS	
  concentration	
  to	
  0.1%.	
  Flag-­‐p53	
  was	
  pulled	
  

down	
  with	
  anti-­‐flag	
  M2	
  beads	
  (Sigma)	
  and	
  analyzed	
  by	
  Western	
  blot	
  with	
  anti-­‐poly-­‐

ubiquitin	
  or	
  anti-­‐p53	
  antibodies.	
  	
  

	
  

E2	
  Thioesterification	
  

Thioesterification	
  of	
  E2	
  was	
  performed	
  using	
  150	
  nM	
  E1,	
  600	
  ng	
  WT	
  or	
  S22R	
  E2,	
  100	
  

mM	
  NaCl,	
  5	
  mM	
  Mg2+-­‐ATP,	
  and	
  2	
  μg	
  ubiquitin	
  in	
  a	
  final	
  volume	
  of	
  20	
  μl	
  Ubiquitination	
  

Reaction	
  Buffer.	
  Reactions	
  were	
  incubated	
  at	
  22°C	
  for	
  indicated	
  times	
  and	
  analyzed	
  by	
  

non-­‐reducing	
  SDS-­‐PAGE	
  and	
  Western	
  blot.	
  	
  

	
  

In	
  vitro	
  binding	
  assays	
  	
  

For	
  p53	
  and	
  Mdm2	
  binding,	
  GST-­‐Mdm2	
  (unmodified	
  or	
  auto-­‐ubiquitinated)	
  

immobilized	
  on	
  glutathione	
  beads	
  was	
  first	
  blocked	
  with	
  3%	
  BSA	
  for	
  1	
  h	
  at	
  4	
  °C.	
  Beads	
  

were	
  incubated	
  with	
  30	
  ng	
  p53	
  in	
  Lysis	
  Buffer	
  for	
  1	
  h	
  at	
  4	
  °C.	
  Beads	
  were	
  washed	
  with	
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Lysis	
  Buffer	
  5	
  x	
  and	
  the	
  bound	
  proteins	
  were	
  analyzed	
  by	
  Western	
  blot.	
  

	
   For	
  binding	
  between	
  Mdm2	
  and	
  E2,	
  ~100	
  ng	
  immobilized	
  GST	
  or	
  GST-­‐Mdm2	
  

(unmodified	
  or	
  auto-­‐ubiquitinated)	
  were	
  washed	
  with	
  50	
  mM	
  HEPES	
  Buffer	
  and	
  

incubated	
  with	
  1	
  μg	
  UbcH5c	
  in	
  50	
  μl	
  final	
  volume	
  of	
  Lysis	
  Buffer	
  at	
  4	
  °C	
  for	
  2	
  h.	
  	
  The	
  

UbcH5c	
  was	
  either	
  uncharged	
  or	
  thioesterified	
  with	
  ubiquitin	
  prior	
  to	
  incubation	
  with	
  

Mdm2.	
  	
  Samples	
  were	
  treated	
  with	
  15	
  mM	
  Dithiobis[succinimidyl	
  propionate]	
  (DSP),	
  a	
  

thiol-­‐cleavable	
  cross	
  linker	
  (Thermo	
  Scientific),	
  at	
  22	
  °C	
  for	
  2	
  min.	
  Cross-­‐linking	
  was	
  

quenched	
  with	
  50	
  mM	
  (final	
  concentration)	
  of	
  Tris-­‐HCl,	
  pH	
  7.5	
  for	
  15	
  min.	
  After	
  

extensive	
  washing,	
  the	
  bead-­‐bound	
  proteins	
  were	
  boiled	
  in	
  sample	
  buffer	
  containing	
  

5%	
  2-­‐mercaptoethanol	
  to	
  reverse	
  the	
  cross-­‐linking	
  and	
  analyzed	
  by	
  Western	
  blot.	
  

	
  

5.2. BRG1 Regulates Mdm2 Stability as a Daxx-HAUSP Binding Partner 

Reagents	
  and	
  plasmids	
  

Antibodies	
  against	
  the	
  following	
  proteins/epitopes	
  were	
  obtained	
  from	
  the	
  indicated	
  

sources:	
  HAUSP	
  and	
  BRG1	
  (Bethyl	
  Laboratories);	
  Mdm2	
  (Ab-­‐1	
  and	
  Ab-­‐4,	
  Oncogene;	
  

SMP-­‐14,	
  Santa	
  Cruz	
  Biotechnology);	
  Flag,	
  HA,	
  and	
  actin	
  (Sigma);	
  p53	
  (Ab-­‐6,	
  Oncogene);	
  

p21	
  (Cell	
  Signaling);	
  HA	
  and	
  Daxx	
  (Santa	
  Cruz	
  Biotechnology);	
  and	
  GFP	
  (BD	
  

Biosciences).	
  MG132,	
  Iodoacetate,	
  anti-­‐FLAG	
  M2	
  affinity	
  beads,	
  3x-­‐Flag	
  Peptide,	
  

cycloheximide	
  (CHX),	
  and	
  N-­‐ethylmaleimide	
  (NEM)	
  were	
  purchased	
  from	
  Sigma;	
  

Protein	
  A/G	
  beads	
  and	
  Lipofectamine	
  2000	
  from	
  Invitrogen;	
  anti-­‐HA	
  affinity	
  beads	
  and	
  

complete	
  EDTA	
  free	
  protease	
  inhibitors	
  from	
  Roche	
  Applied	
  Science;	
  Glutathione	
  

Sepharose	
  4B	
  beads	
  from	
  GE	
  Healthcare;	
  and	
  senescence	
  detection	
  kit	
  from	
  Biovision.	
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Flag-­‐BRG1	
  plasmid	
  was	
  ordered	
  from	
  Addgene	
  (pCMV5	
  Brg1-­‐Flag;	
  plasmid	
  #19143).	
  	
  

pCG/BRM	
  and	
  K798R/pBabe-­‐puro	
  plasmids	
  were	
  obtained	
  from	
  David	
  Reisman	
  at	
  the	
  

University	
  of	
  Florida.	
  	
  K798R-­‐Flag	
  was	
  constructed	
  by	
  inserting	
  K798R	
  from	
  pBabe-­‐

puro	
  with	
  SalI	
  into	
  pCMV5,	
  then	
  using	
  AgeI	
  and	
  NotI	
  to	
  swap	
  in	
  the	
  N-­‐terminal	
  flag	
  tag	
  

from	
  Brg1-­‐Flag/pCMV5.	
  	
  Plasmids	
  encoding	
  HAUSP,	
  Mdm2,	
  p53,	
  and	
  Daxx	
  were	
  

previously	
  described	
  (Tang	
  et	
  al	
  2006).	
  BRG1	
  truncation	
  mutants	
  were	
  generated	
  by	
  

PCR	
  and	
  confirmed	
  by	
  sequencing.	
  

	
  

Identification	
  of	
  BRG1	
  as	
  an	
  interacting	
  protein	
  of	
  HAUSP	
  and	
  Daxx	
  	
  

U2OS	
  cells	
  expressing	
  Flag-­‐HAUSP	
  or	
  Flag-­‐Daxx	
  were	
  cross-­‐linked	
  with	
  0.2%	
  

formaldehyde.	
  The	
  cross-­‐linking	
  reaction	
  was	
  quenched	
  with	
  0.15	
  M	
  of	
  glycine	
  (pH7.4).	
  

Cell	
  extracts	
  were	
  prepared	
  in	
  the	
  RIPA	
  buffer	
  (50mM	
  Tris-­‐HCl,	
  pH	
  7.5,	
  150mM	
  NaCl,	
  1	
  

mM	
  EDTA,	
  1%	
  Triton-­‐X-­‐100,	
  1%	
  sodium	
  deoxycholates,	
  and	
  0.1	
  %	
  SDS)	
  supplemented	
  

with	
  protease	
  inhibitors,	
  sonicated,	
  and	
  pre-­‐incubated	
  with	
  protein	
  A/G-­‐coupled	
  

sepharose	
  beads	
  for	
  2h	
  at	
  4	
  °C.	
  Lysates	
  were	
  then	
  immunoprecipitated	
  with	
  anti-­‐Flag	
  

beads	
  for	
  6h	
  at	
  4	
  °C.	
  After	
  beads	
  were	
  extensively	
  washed	
  with	
  RIPA	
  buffer,	
  the	
  bound	
  

proteins	
  were	
  eluted	
  from	
  beads	
  using	
  elution	
  buffer	
  (10mM	
  Tris,	
  100mM	
  NaCl,	
  2.5mM	
  

MgCl2,	
  and	
  0.4%	
  SDS)	
  at	
  room	
  temperature	
  for	
  30	
  min	
  and	
  analyzed	
  by	
  mass	
  

spectrometry	
  at	
  the	
  Proteomic	
  Core	
  Facility	
  of	
  the	
  Abramson	
  Cancer	
  Center	
  at	
  the	
  

University	
  of	
  Pennsylvania.	
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Immunoprecipitation	
  and	
  western	
  blot	
  

U2OS	
  cells	
  were	
  treated	
  with	
  MG132	
  for	
  6	
  h	
  before	
  being	
  lysed	
  in	
  the	
  IP	
  lysis	
  buffer	
  

(50mM	
  HEPES,	
  pH7.4,	
  150mM	
  NaCl,	
  1.5mM	
  MgCl2,	
  20µM	
  MG132,	
  10%	
  glycerol,	
  0.5%	
  

NP-­‐40,	
  0.5%	
  Triton	
  X-­‐100,	
  and	
  protease	
  inhibitors)	
  by	
  gentle	
  sonication.	
  Cell	
  lysates	
  

were	
  pre-­‐cleared	
  with	
  protein	
  A/G-­‐coupled	
  Sepharose	
  beads	
  for	
  2h	
  and	
  

immunoprecipitated	
  with	
  the	
  indicated	
  antibodies	
  and	
  isotype-­‐matched	
  control	
  

antibodies	
  overnight.	
  Immunoprecipitated	
  proteins	
  and	
  cell	
  lysates	
  were	
  separated	
  by	
  

SDS-­‐PAGE	
  followed	
  by	
  western	
  blot.	
  

	
  

In	
  vitro	
  binding	
  

Brg1-­‐Flag	
  was	
  expressed	
  in	
  HEK293T	
  cells,	
  treated	
  with	
  MG132	
  for	
  6h.	
  	
  and	
  purified	
  

with	
  anti-­‐Flag	
  beads	
  as	
  previously	
  described	
  (Tang	
  et	
  al).	
  	
  HA,	
  HA-­‐HAUSP,	
  GST,	
  GST-­‐

Daxx,	
  and	
  GST-­‐mdm2	
  in	
  pRK5	
  vector	
  were	
  transfected	
  into	
  HEK	
  293T	
  cells	
  and	
  treated	
  

with	
  MG132	
  for	
  6h.	
  	
  Lysates	
  were	
  immunoprecipitated	
  with	
  anti-­‐HA	
  or	
  Glutathione	
  

beads.	
  	
  Bead	
  bound	
  proteins	
  were	
  first	
  blocked	
  with	
  3%	
  BSA	
  for	
  1h	
  before	
  incubating	
  

with	
  100ng	
  purified	
  Flag-­‐BRG1	
  for	
  2h	
  at	
  4°C.	
  	
  Bound	
  proteins	
  were	
  resolved	
  by	
  SDS-­‐

PAGE	
  and	
  analyzed	
  by	
  Silver	
  Stain	
  Plus	
  (Bio-­‐rad).	
  	
  

	
  

Sequential	
  Immunoprecipitation	
  

HA-­‐HAUSP	
  and	
  GST-­‐Mdm2	
  were	
  transfected	
  into	
  p53-­‐/-­‐Mdm2-­‐/-­‐	
  MEF	
  cells	
  in	
  the	
  

presence	
  or	
  absence	
  of	
  Flag-­‐BRG1.	
  Cells	
  were	
  treated	
  with	
  MG132	
  for	
  6	
  h.	
  Lysates	
  were	
  

first	
  immunoprecipitated	
  with	
  anti-­‐Flag	
  beads.	
  Flag-­‐BRG1	
  and	
  the	
  associated	
  proteins	
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were	
  eluted	
  with	
  3xFlag	
  peptide.	
  The	
  eluants	
  were	
  subjected	
  to	
  another	
  

immunoprecipitation	
  with	
  anti-­‐Mdm2	
  or	
  a	
  control	
  antibody	
  followed	
  by	
  Western	
  blot	
  

analysis	
  with	
  the	
  indicated	
  antibodies.	
  

	
  

Quantitative	
  RT–PCR	
  

Total	
  RNA	
  was	
  isolated	
  from	
  U20S	
  cells	
  by	
  TRIzol	
  Reagent	
  (Invitrogen).	
  Two	
  

micrograms	
  of	
  RNA	
  for	
  each	
  sample	
  were	
  reversed	
  to	
  complementary	
  DNA	
  by	
  First-­‐

strand	
  cDNA	
  Synthesis	
  System	
  (Marligen	
  Biosciences),	
  and	
  0.2μg	
  cDNA	
  was	
  used	
  as	
  a	
  

template	
  to	
  perform	
  PCR.	
  The	
  primer	
  pairs	
  for	
  human	
  genes	
  were:	
  HDM2,	
  5’-­‐

ATGGTGAGGAGCAGGC-­‐3’	
  AND	
  5’-­‐CACAGAGAAGCTTGGCA-­‐3’;	
  ACTB,	
  5′-­‐

GACCTGACTGACTACCTCATGAAGAT-­‐3′	
  and	
  5′-­‐GTCACACTTCATGATGGAGTTGAAGG-­‐3′	
  

All	
  RT–PCR	
  reactions	
  were	
  performed	
  using	
  the	
  7900HT	
  Fast	
  Real-­‐Time	
  PCR	
  

System	
  (Applied	
  Biosystems)	
  and	
  the	
  amplified	
  using	
  the	
  SYBR	
  Green	
  PCR	
  Master	
  Mix	
  

(Applied	
  Biosystems).	
  The	
  thermal	
  cycling	
  conditions	
  were:	
  50°C	
  for	
  2min	
  followed	
  by	
  

an	
  initial	
  de-­‐naturation	
  step	
  at	
  95°C	
  for	
  10min,	
  45	
  cycles	
  at	
  95°C	
  for	
  15s,	
  60°C	
  for	
  1min,	
  

and	
  a	
  dissociation	
  curve	
  at	
  95°C	
  for	
  15s	
  and	
  60°C	
  for	
  15s.	
  The	
  experiments	
  were	
  carried	
  

out	
  in	
  triplicate	
  for	
  each	
  data	
  point.	
  Using	
  this	
  method,	
  we	
  obtained	
  the	
  fold	
  changes	
  in	
  

gene	
  expression	
  normalized	
  to	
  Actin	
  as	
  an	
  internal	
  control	
  gene.	
  

In	
  vivo	
  ubiquitination	
  assay	
  

BRG1,	
  Mdm2,	
  and	
  p53	
  were	
  expressed	
  with	
  HA-­‐ubiquitin	
  in	
  p53-­‐/-­‐Mdm2-­‐/-­‐	
  MEF	
  cells.	
  20	
  

h	
  after	
  transfection,	
  cells	
  were	
  treated	
  with	
  20µM	
  MG132	
  for	
  6	
  h	
  and	
  then	
  lysed	
  in	
  1%	
  

SDS.	
  After	
  boiling	
  for	
  5	
  min,	
  lysates	
  were	
  diluted	
  10	
  times	
  with	
  IP	
  lysis	
  buffer	
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supplemented	
  with	
  10mM	
  N-­‐ethylmaleimide.	
  Lysates	
  were	
  immunoprecipitated	
  with	
  

the	
  indicated	
  antibodies.	
  The	
  immunoprecipitates	
  were	
  subjected	
  to	
  western	
  blot	
  with	
  

anti-­‐HA	
  antibody.	
  

	
  

In	
  vitro	
  ubiquitination	
  assay	
  

BRG1	
  (1-­‐650)	
  was	
  cloned	
  with	
  an	
  N-­‐terminal	
  Flag	
  and	
  C-­‐terminal	
  6x-­‐His	
  tags	
  in	
  the	
  

bacterial	
  expression	
  vector	
  pET28a.	
  	
  BRG1	
  was	
  purified	
  with	
  Nickel	
  beads	
  and	
  eluted	
  

before	
  being	
  re-­‐purified	
  with	
  anti-­‐Flag	
  beads.	
  	
  The	
  dual	
  purification	
  scheme	
  was	
  used	
  to	
  

ensure	
  we	
  did	
  not	
  obtain	
  truncation	
  or	
  internal	
  initiation	
  products	
  of	
  recombinant	
  

BRG1.	
  	
  Ubiquitination	
  reactions	
  consisted	
  of	
  3-­‐5	
  ng	
  bead-­‐bound	
  GST-­‐Mdm2,	
  100	
  nM	
  E1,	
  

500	
  nM	
  UbcH5a,	
  -­‐/+	
  2	
  mM	
  Mg2+-­‐ATP,	
  2	
  mM	
  DTT,	
  2-­‐5	
  μg	
  ubiquitin	
  and	
  30ng	
  

recombinant	
  BRG1	
  in	
  final	
  volume	
  of	
  20	
  μl	
  Ubiquitination	
  Reaction	
  Buffer	
  (40	
  mM	
  Tris-­‐

HCl,	
  pH	
  7.6).	
  	
  Reaction	
  mixtures	
  were	
  incubated	
  at	
  37	
  °C	
  on	
  a	
  microtube	
  orbital	
  shaker	
  

(Labnet,	
  Shaker20)	
  at	
  1,400	
  rpm	
  and	
  were	
  stopped	
  by	
  addition	
  of	
  sample	
  buffer.	
  	
  	
  

	
  

RNA	
  interference	
  

BRG1	
  siRNA	
  and	
  shRNA	
  were	
  purchased	
  from	
  Santa	
  Cruz	
  and	
  Open	
  Biosystems,	
  

respectively.	
  Santa	
  cruz	
  BRG1	
  SiRNA	
  (it	
  is	
  a	
  mixture)	
  of	
  Sc-­‐29827A	
  (Target	
  sequence:	
  

gtacgagtacatcatcaaa),	
  Sc-­‐29827B	
  (Target	
  sequence:	
  ctgctgttctgccaaatga),	
  Sc-­‐29827C	
  

(Target	
  sequence:	
  ccgtcaaagtgaagatcaa).	
  Brg1	
  shRNA	
  from	
  David	
  Reisman	
  target	
  

sequences:	
  shRNA-­‐1:	
  CCATATTTATACAGCAGAGAA,	
  shRNA-­‐4:	
  

CCGAGGTCTGATAGTGAAGAA.	
  	
  For	
  siRNA	
  transfection,	
  Lipofectamine	
  2000	
  (Invitrogen)	
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was	
  used	
  following	
  the	
  specifications	
  by	
  the	
  manufacturer.	
  To	
  generate	
  lentiviruses	
  

expressing	
  BRG1	
  and	
  control	
  shRNAs,	
  HEK293T	
  cells	
  grown	
  on	
  a	
  6-­‐cm	
  dish	
  were	
  

transfected	
  with	
  2	
  µg	
  of	
  pREV,	
  2	
  µg	
  of	
  pGag/Pol/PRE,	
  1	
  µg	
  of	
  pVSVG,	
  and	
  2	
  µg	
  of	
  either	
  

BRG1	
  shRNAs	
  (cloned	
  in	
  PLKO.1)	
  or	
  control	
  vector.	
  24h	
  after	
  transfection,	
  cells	
  were	
  

cultured	
  with	
  DMEM	
  medium	
  containing	
  20%	
  FBS	
  for	
  an	
  additional	
  24h.	
  The	
  culture	
  

medium	
  containing	
  lentiviral	
  particles	
  were	
  used	
  to	
  infect	
  cells	
  in	
  suspension	
  

supplemented	
  with	
  polybrene.	
  	
  Fresh	
  media	
  was	
  added	
  the	
  day	
  after	
  infection.	
  	
  

Cell	
  senescence	
  assay	
  

Senescence	
  assay	
  was	
  conducted	
  using	
  the	
  senescence	
  detection	
  kit	
  from	
  Biovision.	
  

Briefly,	
  IMR90	
  cells	
  expressing	
  BRG1	
  or	
  control	
  shRNAs	
  were	
  fixed	
  by	
  fixative	
  solution	
  

for	
  15	
  min	
  at	
  room	
  temperature.	
  After	
  washing	
  twice	
  with	
  PBS,	
  cells	
  were	
  stained	
  with	
  

0.1%	
  X-­‐gal	
  solution	
  for	
  48	
  h	
  at	
  37	
  °C.	
  The	
  X-­‐gal	
  stained	
  cells	
  were	
  counted	
  under	
  

microscope.	
  

Colony	
  formation	
  in	
  soft	
  agar	
  

U2OS	
  expressing	
  BRG1	
  or	
  control	
  shRNAs	
  were	
  suspended	
  in	
  DMEM	
  containing	
  10%	
  

FBS	
  and	
  0.3%	
  Seaplaque	
  low	
  melting	
  temperature	
  agarose	
  (Lonza,	
  USA).	
  1.5	
  ml	
  agarose	
  

containing	
  1	
  x	
  104	
  cells	
  were	
  plated	
  in	
  one	
  well	
  of	
  6-­‐well	
  plates	
  over	
  a	
  1.5	
  ml	
  layer	
  of	
  

DMEM/10%	
  FBS/0.6%	
  agarose.	
  Cells	
  were	
  incubated	
  at	
  37	
  °C	
  for	
  3	
  weeks.	
  The	
  colonies	
  

were	
  stained	
  with	
  trypan	
  blue	
  and	
  scored	
  under	
  microscope.	
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