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The	
  40S	
  ribosomal	
  protein	
  S6	
  kinase	
  (S6K)	
  is	
  activated	
  downstream	
  of	
  the	
  mammalian	
  

target	
   of	
   rapamycin	
   (mTOR)	
   and	
   is	
   believed	
   to	
   play	
   an	
   important	
   role	
   in	
   protein	
  

translation.	
  In	
  mammalian	
  cells	
  S6K	
  is	
  represented	
  by	
  two	
  highly	
  homologous	
  proteins,	
  

S6K1	
  and	
  S6K2.	
  Both	
  homologs	
  have	
  been	
  shown	
  to	
  be	
  amplified	
  and	
  overexpressed	
  in	
  

breast	
  cancer	
  cells	
  and	
   tissues.	
  While	
   the	
  regulation	
  and	
   functions	
  of	
  S6K1	
  have	
  been	
  

addressed,	
  little	
  is	
  known	
  about	
  those	
  of	
  S6K2.	
  Hence	
  we	
  sought	
  to	
  examine	
  the	
  causes	
  

and	
  consequences	
  of	
  elevated	
  S6K2	
  levels	
  in	
  breast	
  cancer	
  cells.	
  While	
  the	
  depletion	
  of	
  

S6K1	
  decreased	
  breast	
  cancer	
  cell	
  death,	
  silencing	
  of	
  S6K2	
  substantially	
  increased	
  it	
  in	
  

response	
  to	
  apoptotic	
  and	
  chemotherapeutic	
  agents.	
  We	
  then	
  explored	
  the	
  mechanism	
  

by	
  which	
  S6K2	
  mediates	
  survival	
  and	
  observed	
  that	
  in	
  contrast	
  to	
  S6K1,	
  S6K2	
  depletion	
  

decreased	
   the	
   activation	
   of	
   the	
   prosurvival	
   protein	
   Akt	
   and	
   increased	
   the	
   level	
   of	
  

proapoptotic	
  proteins	
  p53	
  and	
  bid.	
  Following	
  this	
  observation,	
  we	
  sought	
  to	
  determine	
  

the	
  pathway(s)	
  contributing	
  to	
  the	
  overexpression	
  of	
  S6K2	
  in	
  breast	
  cancer	
  cells.	
  Due	
  to	
  

its	
   role	
   as	
   a	
   prognostic	
   indicator	
   in	
   estrogen	
   receptor	
   (ER)	
   –	
   positive	
   tumors,	
   we	
  

studied	
  the	
  role	
  of	
  the	
  estrogen	
  signaling	
  pathway	
  in	
  regulating	
  S6K2	
  levels.	
  Estradiol	
  

and	
  estrogen	
  receptor	
  alpha	
  (ERα)	
  positively	
  regulated	
  S6K2	
  protein	
  but	
  did	
  not	
  affect	
  

its	
  mRNA	
   levels,	
   suggesting	
  post-­‐transcriptional	
   regulation.	
  We	
   further	
   observed	
   that	
  



S6K2	
  regulated	
  cell	
  survival	
  downstream	
  of	
  estrogen	
  in	
  ER-­‐positive	
  breast	
  cancer	
  cells.	
  

These	
   findings	
   strongly	
   suggest	
   that	
   S6K2	
   is	
   critical	
   for	
   the	
   survival	
   of	
   breast	
   cancer	
  

cells	
  and	
  that	
   targeting	
  S6K2	
   in	
  combination	
  with	
  chemotherapeutic	
  agents	
   is	
  a	
  novel	
  

strategy	
  to	
  promote	
  breast	
  cancer	
  cell	
  death.	
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CHAPTER	
  I	
  

	
  

	
  

Introduction	
  

	
  

	
  

Breast	
  cancer	
  

Breast	
   cancer	
   is	
   the	
   most	
   common	
   cancer	
   among	
   women	
   in	
   the	
   United	
   States	
   and	
   the	
  

leading	
   cause	
  of	
   cancer-­‐related	
  deaths	
   in	
  women	
  besides	
   lung	
   cancer	
   (1).	
   It	
   is	
   estimated	
  

that	
  about	
  1	
  in	
  8	
  women	
  will	
  develop	
  invasive	
  breast	
  cancer	
  over	
  the	
  course	
  of	
  her	
  lifetime	
  

(Breastcancer.org).	
   Conventional	
   methods	
   of	
   treating	
   breast	
   cancer	
   include	
   surgical	
  

resection	
   of	
   the	
   tumor	
   along	
  with	
   chemo-­‐	
   and	
   radiation	
   therapy	
   and	
   targeted	
   therapies	
  

such	
   as	
   Her-­‐2/neu	
   inhibitors	
   and	
   anti-­‐estrogens.	
   However,	
   undesirable	
   side	
   effects,	
   the	
  

development	
   of	
   resistance	
   to	
   such	
   targeted	
   therapy	
   and	
   metastatic	
   spread	
   resulting	
   in	
  

secondary	
  tumors	
  pose	
  major	
  challenges	
  in	
  the	
  treatment	
  of	
  breast	
  cancer.	
  At	
  the	
  cellular	
  

level,	
   the	
   existence	
   of	
   redundancy	
   and	
   compensatory	
  mechanisms	
   in	
   signaling	
   pathways	
  

leads	
   to	
   the	
   failure	
   of	
   targeted	
   therapies.	
  Hence	
   current	
   research	
   is	
   aimed	
   at	
   identifying	
  

and	
  characterizing	
  more	
  suitable	
  molecular	
   targets	
   for	
  designing	
  combinatorial	
   therapies	
  

to	
  achieve	
  effective	
  eradication	
  of	
  breast	
  cancer	
  cells.	
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The	
  PI3K/Akt/mTOR	
  pathway	
  in	
  breast	
  cancer	
  

Cancer	
   is	
   characterized	
  by	
  a	
  deregulation	
   in	
  signaling	
  pathways	
   that	
  control	
   cell	
   survival	
  

and	
  proliferation	
   in	
   response	
   to	
   environmental	
   cues.	
  Over	
  70%	
  of	
  breast	
   cancers	
   exhibit	
  

mutations	
   in	
   genes	
   that	
   constitute	
   the	
   phosphatidylinositol	
   3-­‐kinase	
  

(PI3K)/Akt/mammalian	
   target	
  of	
   rapamycin	
  (mTOR)	
  pathway	
   implying	
   its	
   importance	
   in	
  

mediating	
   breast	
   cancer	
   pathogenesis	
   (2).	
   Akt	
   represents	
   an	
   important	
   cell	
   survival-­‐

promoting	
  node	
  along	
  this	
  pathway.	
  It	
  mediates	
  its	
  effects	
  on	
  cell	
  survival	
  by	
  decreasing	
  or	
  

inhibiting	
   several	
   apoptosis-­‐inducing	
   proteins	
   such	
   as	
   p53	
   (3)	
   and	
   FoxO3A	
   (4)	
   and	
  

promoting	
  the	
  activation	
  or	
  increase	
  in	
  the	
  levels	
  of	
  various	
  anti-­‐apoptotic	
  proteins	
  such	
  as	
  

HDM2	
  (5)	
  and	
  Mcl-­‐1	
   (6).	
  Thus	
   targeted	
   therapies	
   that	
  promote	
   the	
   inhibition	
  of	
  Akt	
  and	
  

result	
  in	
  subsequent	
  tumor	
  cell	
  death	
  represent	
  suitable	
  approaches	
  for	
  cancer	
  therapy.	
  	
  

Growth	
  factors	
  bind	
  to	
  their	
  cognate	
  receptor	
  tyrosine	
  kinases	
  and	
  lead	
  to	
  the	
  activation	
  of	
  

PI3K	
  subsequently	
  resulting	
   in	
  Akt	
  and	
  mTOR	
  activation	
  (7,	
  8).	
  mTOR	
   	
  exists	
   in	
  either	
  of	
  

the	
  two	
  distinct	
  complexes,	
  mTOR	
  complex	
  1	
  and	
  2	
  (mTORC1	
  and	
  mTORC2)	
  (9).	
  mTORC2	
  

functions	
  in	
  the	
  phosphorylation	
  and	
  activation	
  of	
  Akt,	
  serum-­‐	
  and	
  glucocorticoid-­‐induced	
  

protein	
  kinase	
  1	
  (SGK1)	
   	
  and	
  protein	
  kinase	
  C	
  (PKC)	
  (10,	
  11).	
  However,	
   the	
  regulation	
  of	
  

mTORC2	
  is	
  poorly	
  understood.	
  mTORC1	
  is	
  activated	
  in	
  response	
  to	
  growth	
  factors	
  via	
  the	
  

PI3K	
   pathway	
   and	
   promotes	
   translation	
   of	
   a	
   subset	
   of	
  mRNAs	
   that	
   harbor	
   a	
   5’	
   terminal	
  

oligopyrimidine	
   tract	
   (5’	
   TOP)	
   which	
   code	
   for	
   components	
   of	
   ribosomes	
   and	
   hence	
   cell	
  

growth	
   and	
  proliferation	
   (12).	
   Owing	
   to	
   these	
   functions,	
   there	
   is	
   great	
   interest	
   in	
   better	
  

understanding	
  the	
  pathways	
  that	
  mediate	
  mTOR	
  activation.	
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Growth	
   factor-­‐mediated	
   activation	
   of	
   receptor	
   tyrosine	
   kinases	
   promote	
   PI3K	
   activation	
  

which	
   then	
   phosphorylates	
   phosphatidylinositol-­‐4,5-­‐bisphosphate	
   (PIP2)	
   to	
   produce	
  

phosphatidylinositol-­‐3,4,5-­‐triphosphate	
  (PIP3)	
  which	
  is	
  reversed	
  by	
  the	
  tumor	
  suppressor	
  

phosphatase	
   and	
   tensin	
   homolog	
   (PTEN).	
   This	
   leads	
   to	
   the	
   membrane	
   recruitment	
   and	
  

activation	
   of	
   pleckstrin	
   homology	
   domain-­‐containing	
   proteins	
   such	
   as	
   phosphoinositide-­‐

dependent	
  kinase	
  1	
  (PDK1).	
  Activation	
  of	
  PDK1	
  leads	
  to	
  the	
  phosphorylation	
  and	
  activation	
  

of	
   several	
   drivers	
   of	
   cell	
   survival	
   and	
   proliferation	
   such	
   as	
   Akt	
   which	
   then	
   promotes	
  

mTORC1	
   activation	
   by	
   negatively	
   regulating	
   tuberous	
   sclerosis	
   complex	
   (TSC),	
   a	
   tumor	
  

suppressor	
  complex	
  (13)	
  mutated	
  in	
  hamartomas	
  (14).	
  TSC	
  inhibition	
  allows	
  activation	
  of	
  

the	
  small	
  GTPase	
  ras	
  homolog	
  enriched	
  in	
  brain	
  (RHEB)	
  (15,	
  16),	
  and	
  subsequent	
  mTORC1	
  

activation	
   resulting	
   in	
   downstream	
   signaling	
   and	
   cap-­‐dependent	
   translation	
   by	
  

phosphorylating	
  and	
  inhibiting	
  the	
  eIF4E-­‐binding	
  protein	
  (4EBP)	
  and	
  activating	
  S6	
  kinase	
  

(S6K)	
  (Fig.	
  1).	
  Thus	
  due	
  to	
   its	
  oncogenic	
  roles,	
  mTOR	
  and	
   its	
  downstream	
  target	
  S6K	
  are	
  

attractive	
   targets	
   for	
   cancer	
   therapy.	
   The	
   immunosuppressant	
   drug	
   rapamycin	
   and	
   its	
  

analogs	
  that	
  inhibit	
  mTOR	
  are	
  currently	
  being	
  evaluated	
  for	
  their	
  potential	
  as	
  anti-­‐cancer	
  

agents	
  (17).	
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Figure	
  1	
  

	
  

Fig.	
  1.	
  The	
  activation	
  of	
  mTOR.	
   Growth	
   factor-­‐mediated	
   activation	
  of	
   the	
  PI3K	
  pathway	
  

leads	
   to	
   the	
   membrane	
   recruitment	
   and	
   activation	
   of	
   PDK1	
   and	
   Akt,	
   which	
   then	
  

phosphorylates	
   and	
   inactivates	
   the	
   tuberous	
   sclerosis	
   complex	
   (TSC1/2),	
   a	
   negative	
  

regulator	
   of	
   Rheb	
   ultimately	
   resulting	
   in	
   the	
   activation	
   of	
   mTOR	
   within	
   complex	
   1.	
  

mTORC1	
   mediates	
   its	
   downstream	
   effects	
   chiefly	
   via	
   the	
   inhibition	
   of	
   4EBP-­‐1	
   and	
   the	
  

activation	
  of	
  S6	
  kinase	
  (S6K).	
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S6	
  kinase	
  

Studies	
  addressing	
  the	
  highly	
  conserved	
  inducible	
  phosphorylation	
  of	
  ribosomal	
  protein	
  S6	
  

in	
   somatic	
   cells	
   led	
   to	
   the	
   discovery	
   of	
   S6K1	
   (S6Kα)	
   or	
   p70S6	
   kinase	
   (18,	
   19).	
   It	
   was	
  

originally	
   identified	
   as	
   the	
   serine/threonine	
   kinase	
   that	
  mediated	
   the	
  mitogen-­‐inducible	
  

phosphorylation	
   of	
   ribosomal	
   protein	
   S6	
   (rpS6).	
   However,	
   the	
   observation	
   that	
   rpS6	
  

phosphorylation	
  was	
  not	
  affected	
  in	
  S6K-­‐/-­‐	
  knockout	
  mice	
  led	
  to	
  the	
  identification	
  of	
  a	
  close	
  

homolog	
  of	
  S6K1,	
  S6K2	
   (S6Kβ)	
  which	
  was	
   later	
   shown	
   to	
  be	
   the	
  major	
  kinase	
  mediating	
  

rpS6	
  phosphorylation	
   (20-­‐24).	
   S6K1	
  and	
  S6K2	
  are	
  encoded	
  by	
  RPS6KB1	
   on	
  chromosome	
  

17	
  and	
  RPS6KB2	
  on	
  chromosome	
  11	
  respectively.	
  Both	
  genes	
  code	
  for	
  two	
  isoforms	
  each	
  

with	
  the	
  use	
  of	
  alternative	
  translation	
  start	
  sites:	
  p70	
  S6K	
  (S6KαII)	
  and	
  p85	
  S6K	
  (S6KαI)	
  in	
  

the	
   case	
   of	
   S6K1	
   and	
  p54	
   S6K	
   (S6KβII)	
   and	
  p56	
   S6K	
   	
   (S6KβI)	
   for	
   S6K2	
   (21,	
   25).	
   The	
  N-­‐

terminal	
  extensions	
  of	
  the	
  longer	
  forms	
  of	
  both	
  S6K1	
  and	
  S6K2	
  harbor	
  a	
  functional	
  nuclear	
  

localization	
   signal	
   (NLS)	
   making	
   them	
   constitutively	
   nuclear.	
   However,	
   the	
   shorter	
  

isoforms	
   represent	
   the	
   predominant	
   forms	
   for	
   both	
   homologs	
   and	
  will	
   be	
   referred	
   to	
   as	
  

S6K1	
  and	
  S6K2	
  henceforth.	
  

Both	
   S6K1	
   and	
   S6K2	
   exhibit	
   a	
  modular	
   structure	
   consisting	
   of	
   an	
  N-­‐terminal	
   regulatory	
  

region,	
   the	
   kinase	
   domain	
   followed	
   by	
   the	
   kinase	
   extension	
   domain	
   and	
   a	
   C-­‐terminal	
  

regulatory	
  region	
  harboring	
  the	
  autoinhibitory/pseudosubstrate	
  domain	
  (Fig.	
  2).	
  S6K1	
  and	
  

S6K2	
  share	
  over	
  80%	
  homology	
  in	
  the	
  amino	
  acids	
  sequence	
  of	
  their	
  kinase	
  domain	
  and	
  a	
  

high	
   degree	
   of	
   similarity	
   in	
   the	
   adjacent	
   kinase	
   extension	
   and	
   pseudosubstrate	
   or	
  

autoinhibitory	
  domains	
  with	
  conserved	
  sites	
  critical	
  for	
  their	
  activation	
  (21,	
  22).	
  However,	
  

important	
  differences	
  exist	
  in	
  the	
  extreme	
  N-­‐	
  and	
  C-­‐terminal	
  regions.	
  S6K1	
  possesses	
  a	
  C-­‐

terminal	
   PDZ-­‐binding	
   domain	
   which	
   promotes	
   association	
   with	
   actin	
   cytoskeleton	
   (26)	
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whereas	
   S6K2	
  but	
   not	
   S6K1	
  harbors	
   a	
   functional	
   nuclear	
   localization	
   signal	
   (NLS)	
   and	
   a	
  

proline-­‐rich	
  domain	
  which	
  may	
  promote	
  interaction	
  with	
  SH3-­‐domain	
  containing	
  proteins	
  

at	
   its	
  C-­‐terminus	
  (21)	
  (Fig.	
  2).	
   It	
   is	
  believed	
  that	
  these	
  key	
  differences	
  between	
  S6K1	
  and	
  

S6K2	
  will	
   result	
   in	
  differential	
   localization,	
  binding	
  partners	
  and	
  hence	
  distinct	
   functions	
  

for	
  the	
  two	
  proteins	
  (27).	
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Figure	
  2	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig.	
   2.	
   Modular	
   structure	
   of	
   S6K.	
  While	
   sharing	
   significant	
   homology	
   in	
   their	
   kinase	
  

domains,	
   the	
  shorter	
   isoforms	
  of	
  both	
  S6K1	
  and	
  S6K2	
  which	
  are	
   the	
  predominant	
   forms,	
  

exhibit	
  substantial	
  divergence	
  in	
  the	
  extreme	
  N-­‐	
  and	
  C-­‐terminal	
  regions.	
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Regulation	
  of	
  S6	
  kinase:	
  	
  

Activation	
  of	
  S6K	
  	
  

Sensitivity	
   of	
   S6K	
   to	
   the	
   immunosuppressant	
   drug	
   rapamycin	
   implied	
   its	
   regulation	
   by	
  

mTOR	
   (28-­‐30).	
   Further	
   studies	
   suggested	
   that	
   the	
   phospho-­‐mimetic	
   mutation	
   of	
   a	
  

conserved	
  phosphorylation	
  site	
  in	
  the	
  kinase-­‐extension	
  domain	
  (T389	
  in	
  S6K1	
  and	
  T388	
  in	
  

S6K2)	
  known	
  as	
   the	
  hydrophobic	
  motif,	
   by	
  mTOR	
   leads	
   to	
   resistance	
   to	
   rapamycin	
   (31).	
  

Raptor	
   within	
   the	
   mTORC1	
   complex	
   (Fig.	
   1)	
   binds	
   to	
   the	
   tor	
   signaling	
   motif	
   (TOS),	
   a	
  

conserved	
  amino	
  acid	
  sequence,	
  found	
  in	
  S6K	
  (32)	
  and	
  promotes	
  its	
  interaction	
  with	
  mTOR	
  

which	
  mediates	
  the	
  hydrophobic	
  motif	
  phosphorylation	
  (33).	
  Following	
  this,	
  the	
  activation	
  

of	
   S6K	
   is	
   achieved	
   by	
   PDK-­‐1-­‐mediated	
   phosphorylation	
   at	
   a	
   threonine	
   residue	
   in	
   the	
  

activation	
  loop	
  (T229	
  in	
  S6K1	
  and	
  T228	
  in	
  S6K2)	
  within	
  the	
  kinase	
  domain	
  (34).	
  	
  

However,	
   in	
  order	
  for	
  mTORC1	
  and	
  PDK1	
  to	
  be	
  able	
  to	
  access	
  their	
  target	
  sites	
  on	
  S6K,	
  a	
  

series	
   of	
   phosphorylation	
   events	
   at	
   C-­‐terminal	
   serine	
   residues	
   first	
  must	
   occur	
   so	
   as	
   to	
  

render	
  the	
  pseudosubstrate/autoinhibitory	
  domain	
  inactive	
  and	
  expose	
  the	
  activation	
  loop	
  

making	
   it	
   accessible	
   by	
   PDK1	
   (Fig.	
   3).	
   The	
   C-­‐terminal	
   autoinhibitory	
   domain	
  

phosphorylations	
  are	
  believed	
  to	
  be	
  carried	
  by	
  members	
  of	
  the	
  mitogen	
  activated	
  protein	
  

kinase	
  (MAPK)	
  family	
  (35).	
  	
  

Thus	
  the	
  current	
  model	
  of	
  S6K	
  activation	
  follows	
  that	
  the	
  initial	
  phosphorylation	
  events	
  in	
  

the	
   C-­‐terminal	
   pseudosubstrate	
   domain	
   expose	
   the	
   kinase	
   extension	
   and	
   kinase	
   domain	
  

and	
   promote	
   mTORC1-­‐mediated	
   phosphorylation	
   followed	
   by	
   the	
   activating	
  

phosphorylation	
  by	
  PDK1	
  (27,	
  36)	
  (Fig.	
  3).	
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While	
   S6K1	
   and	
   S6K2	
   share	
   the	
   majority	
   of	
   conserved	
   phosphorylation	
   sites,	
   they	
   are	
  

believed	
  to	
  exhibit	
  differences	
  in	
  their	
  sensitivities	
  to	
  rapamycin	
  and	
  inputs	
  from	
  the	
  MAPK	
  

signaling	
   pathway.	
   For	
   example,	
   in	
   H510	
   lung	
   cancer	
   cells	
   which	
   are	
   characterized	
   by	
  

highly	
   active	
   mitogen	
   activated	
   protein	
   kinase	
   kinase	
   (MEK)	
   signaling,	
   S6K2	
   was	
   less	
  

responsive	
   to	
   rapamycin	
   but	
   highly	
   sensitive	
   to	
   MEK	
   inhibition	
   (37).	
   These	
   and	
   other	
  

observations	
   suggest	
   that	
   the	
   MAPK-­‐mediated	
   C-­‐terminal	
   phosphorylations	
   are	
   more	
  

critical	
  for	
  the	
  activation	
  of	
  S6K2	
  than	
  that	
  of	
  S6K1	
  (37,	
  38).	
  	
  

Growth	
  factor-­‐mediated	
  activation	
  of	
  S6K1	
  is	
  followed	
  by	
  its	
  rapid	
  dephosphorylation	
  and	
  

desensitization	
  via	
  the	
  serine/threonine	
  protein	
  phosphatase	
  PP2A	
  (39-­‐42).	
  In	
  addition	
  to	
  

the	
   phosphorylation	
   and	
   activation	
   of	
   S6K,	
   mTOR	
   leads	
   to	
   increase	
   in	
   level	
   of	
   the	
  

serine/threonine	
  protein	
  phosphatase	
  PHLPP	
  (43)	
  which	
  aids	
  in	
  switching	
  off	
  S6K	
  activity	
  

by	
   dephosphorylating	
   the	
   hydrophobic	
   motif	
   (44).	
   Thus	
   functional	
   mTOR	
   not	
   only	
  

promotes	
   the	
   activation	
   of	
   S6K	
   but	
   also	
   ensures	
   tight	
   regulation	
   of	
   its	
   activity	
   via	
  

dephosphorylation.	
  

Additional	
  modes	
  of	
  regulation	
  –	
  subcellular	
  localization	
  and	
  protein	
  turnover	
  

The	
  presence	
   of	
   a	
   nuclear	
   localization	
   sequence	
   at	
   its	
   C-­‐terminus	
   suggests	
   S6K2	
  but	
   not	
  

S6K1	
   is	
   nuclear	
   where	
   its	
   activation	
   can	
   be	
   regulated	
   by	
   a	
   pool	
   of	
   nuclear	
   mTOR	
   (45).	
  

Several	
  phosphorylation	
  events	
  have	
  been	
  linked	
  to	
  the	
  regulation	
  of	
  S6K	
  localization.	
  For	
  

example,	
   S6K2	
   has	
   been	
   shown	
   to	
   shuttle	
   between	
   the	
   nucleus	
   and	
   cytoplasm.	
   This	
  

shuttling	
  is	
  believed	
  to	
  be	
  regulated	
  by	
  growth	
  factor-­‐induced	
  phosphorylation	
  by	
  PKC	
  in	
  

C-­‐terminus	
   of	
   S6K2	
   close	
   to	
   its	
   nuclear	
   localization	
   signal	
   thus	
   inhibiting	
   its	
   nuclear	
  

translocation.	
   This	
   mechanism	
   is	
   believed	
   to	
   maintain	
   a	
   pool	
   of	
   active	
   S6K2	
   in	
   the	
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cytoplasm	
   (46).	
   Similarly,	
   the	
   phosphorylation	
   of	
   S6K1	
   by	
   casein	
   kinase	
   2	
   prevents	
   its	
  

nuclear	
  translocation	
  (47)	
  which	
  has	
  been	
  shown	
  to	
  occur	
  upon	
  growth	
  factor	
  stimulation	
  

despite	
   the	
   lack	
   of	
   a	
   nuclear	
   localization	
   signal	
   (47,	
   48).	
   While	
   these	
   phosphorylation	
  

events	
   do	
   not	
   directly	
   correlate	
   with	
   S6K	
   activity,	
   they	
   are	
   believed	
   to	
   recruit	
   them	
   to	
  

specific	
  cellular	
  compartments	
  or	
  serve	
  to	
  bring	
  them	
  in	
  the	
  proximity	
  of	
  their	
  targets	
  thus	
  

determining	
  their	
  functions.	
  	
  

S6Ks	
   have	
   been	
   shown	
   to	
   be	
   regulated	
   via	
   protein	
   degradation	
   and	
   stabilization.	
   For	
  

example,	
  acetylation	
  of	
  S6Ks	
  causes	
  stabilization	
  and	
  increase	
  in	
  their	
  levels	
  (49).	
  Similarly	
  

both	
   S6K1	
   and	
   S6K2	
   have	
   been	
   reported	
   to	
   be	
   ubiquitinated	
   and	
   degraded	
   in	
   the	
  

proteasome.	
   Indeed,	
   the	
  Roc1	
   ubiquitin	
   ligase	
  was	
   shown	
   to	
   ubiquitinate	
   S6K1	
   although	
  

the	
  identity	
  of	
  the	
  ubiquitin	
  ligase	
  mediating	
  the	
  proteasomal	
  degradation	
  of	
  S6K2	
  remains	
  

unknown	
  (50,	
  51).	
  	
  

Thus	
  while	
  the	
  core	
  activation	
  mechanisms	
  are	
  conserved	
  between	
  S6K1	
  and	
  S6K2,	
  there	
  

may	
   exist	
   important	
   differences	
   in	
   their	
   sensitivities	
   to	
   upstream	
   signaling	
   pathways,	
  

localization	
  and	
  modes	
  of	
  protein	
  turnover.	
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Figure	
  3	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig.	
   3.	
   Activation	
   of	
   S6K.	
   The	
   activation	
   of	
   S6Ks	
   involves	
   a	
   series	
   of	
   sequential	
  

phosphorylation	
   events.	
   Components	
   of	
   the	
   MAPK	
   signaling	
   pathway	
   mediate	
   the	
  

phosphorylation	
  of	
  C-­‐terminal	
   residues	
  which	
  displaces	
   the	
  pseudosubstrate	
  domain	
  and	
  

exposing	
  phosphorylation	
  sites	
  in	
  the	
  kinase-­‐extension	
  and	
  kinase	
  domains	
  which	
  are	
  then	
  

phosphorylated	
   by	
   mTORC1	
   and	
   PDK1	
   respectively,	
   rendering	
   the	
   protein	
   fully	
   active	
  

(reviewed	
  in	
  (36)	
  ).	
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Cellular	
  functions	
  of	
  S6	
  kinase	
  

Initial	
  studies	
  on	
  the	
  physiological	
  role	
  of	
  S6K	
  came	
  from	
  Drosophila	
  which	
  possess	
  a	
  single	
  

S6K	
   (dS6K)	
   gene.	
   	
   The	
   disruption	
   of	
   this	
   gene	
   decreases	
   the	
   probability	
   of	
   survival	
   to	
  

adulthood	
  with	
  a	
  marked	
  decrease	
   in	
  body	
  size	
  which	
  was	
  associated	
  with	
  a	
  decrease	
   in	
  

cell	
   size	
   rather	
   than	
   total	
   cell	
   numbers.	
   This	
   suggests	
   a	
   role	
   for	
   dS6K	
   in	
   regulating	
   cell	
  

growth	
  in	
  those	
  that	
  reach	
  adulthood	
  (52).	
  	
  

Similar	
  to	
  Drosophila,	
  S6K1-­‐/-­‐	
  mice	
  exhibit	
  defects	
  such	
  as	
  small	
  size,	
  hypoinsulinemia	
  and	
  

glucose	
   intolerance	
   associated	
  with	
   decreased	
   pancreatic	
   beta	
   cell	
   size	
   (53).	
   It	
   has	
   been	
  

observed	
  that	
  there	
  is	
  an	
  upregulation	
  of	
  S6K2	
  expression	
  in	
  tissues	
  from	
  S6K1	
  knockout	
  

mice,	
   which	
   compensate	
   for	
   the	
   decrease	
   in	
   rpS6	
   phosphorylation	
   in	
   these	
   mice	
   (54).	
  

Conversely,	
   rpS6	
   phosphorylation	
   is	
   abrogated	
   in	
   S6K2-­‐/-­‐	
   mice	
   suggesting	
   that	
  

physiologically	
   S6K2	
   is	
   the	
  principal	
   kinase	
   for	
   rpS6.	
  While	
   S6K1/S6K2	
  double	
  knockout	
  

mice	
   exhibit	
   perinatal	
   lethality,	
   S6K2-­‐/-­‐	
   mice	
   survive	
   to	
   adulthood	
   with	
   no	
   apparent	
  

phenotype	
  (54).	
  

What	
   then	
   is	
   the	
   physiological	
   role	
   of	
   the	
   highly	
   conserved	
   rpS6	
   phosphorylation?	
   The	
  

mitogen-­‐inducible	
  phosphorylation	
  of	
   rpS6	
  occurs	
  at	
   five	
  C-­‐terminal	
   serine	
  residues	
   (55)	
  

and	
   is	
   mediated	
   by	
   several	
   distinct	
   kinases	
   (56).	
   In	
   vivo	
   knock-­‐in	
  mouse	
  models	
   which	
  

harbor	
   a	
   non-­‐phosphorylatable	
  mutant	
   of	
   rpS6	
   showed	
   small	
   size,	
   hypoinsulinemia	
   and	
  

decreased	
   beta	
   cell	
   size	
   and	
   muscle	
   weakness	
   –	
   phenotypes	
   similar	
   to	
   those	
   of	
   S6K1	
  

knockout	
   mice	
   (57,	
   58)	
   which	
   is	
   counterintuitive	
   since	
   S6K2	
   seems	
   to	
   be	
   the	
   primary	
  

kinase	
  mediating	
  rpS6	
  phosphorylation	
  (57).	
  Several	
  explanations	
  have	
  been	
  put	
   forth	
   to	
  

resolve	
   this	
  discrepancy.	
  For	
  example,	
   given	
   their	
  distinct	
   localization	
  patterns,	
   a	
  pool	
  of	
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rpS6	
  that	
  is	
  accessible	
  only	
  by	
  S6K1	
  may	
  be	
  required	
  for	
  mediating	
  cell	
  growth.	
  Similarly,	
  

S6K1	
  but	
  not	
  S6K2	
  may	
  be	
  activated	
  during	
  a	
  particular	
  developmental	
   stage	
  when	
  rpS6	
  

phosphorylation	
   is	
   required	
   (27).	
   Further	
   studies	
   in	
   mice	
   deficient	
   for	
   rpS6	
  

phosphorylation	
   revealed	
   that	
   this	
   highly	
   conserved	
   phosphorylation	
   event	
   was	
  

dispensable	
  for	
  the	
  translation	
  of	
  5’	
  TOP	
  mRNAs,	
  an	
  event	
  long	
  considered	
  to	
  depend	
  on	
  it	
  

(57).	
  

Although	
   S6K	
   was	
   originally	
   identified	
   as	
   the	
   kinase	
   mediating	
   rpS6	
   phosphorylation,	
  

several	
  other	
  cellular	
  S6K	
  substrates,	
  specifically	
  of	
  S6K1,	
  have	
  since	
  been	
  reported	
  which	
  

play	
   important	
  roles	
   in	
  gene	
   transcription,	
  protein	
   translation,	
   insulin	
  resistance	
  and	
  cell	
  

survival.	
  For	
  example,	
  S6K1	
  has	
  been	
  reported	
  to	
  phosphorylate	
  and	
  regulate	
  components	
  

of	
  the	
  translation	
  apparatus	
  such	
  as	
  eIF4B	
  (59)	
  and	
  eEF2K	
  (60)	
  and	
  regulators	
  of	
  protein	
  

synthesis	
   such	
   as	
   programmed	
   cell	
   death	
   4	
   (PDCD4)	
   which	
   inhibits	
   the	
   translation	
  

machinery	
   (61).	
   It	
   is	
   believed	
   to	
   regulate	
   cell	
   survival	
   via	
   the	
   phosphorylation	
   and	
  

regulation	
  of	
  MDM2	
  (62),	
  a	
  negative	
  regulator	
  of	
  p53	
  and	
  BAD	
  (63),	
  a	
  cell	
  death	
  promoting	
  

protein.	
  	
  

While	
   glucose	
   intolerance	
   has	
   been	
   observed	
   in	
   S6K1-­‐/-­‐	
  mice,	
   it	
   has	
   also	
   been	
   shown	
   to	
  

promote	
  the	
  phosphorylation	
  and	
  feedback	
  inhibition	
  of	
  insulin	
  receptor	
  substrate	
  1	
  (IRS1)	
  

(64-­‐67).	
  Insulin-­‐	
  and	
  amino	
  acids-­‐mediated	
  activation	
  of	
  mTOR/S6K	
  via	
  the	
  PI3K	
  pathway	
  

leads	
  to	
  a	
  negative	
  feedback	
  loop	
  resulting	
  in	
  the	
  phosphorylation	
  and	
  downregulation	
  of	
  

IRS1	
  by	
  S6K1	
  and	
  eventually	
  insulin	
  resistance	
  and	
  type	
  2	
  diabetes.	
  In	
  addition	
  to	
  diabetes,	
  

mTOR/S6K1-­‐mediated	
   feedback	
   inhibition	
   of	
   IRS1	
   and	
   by	
   extension	
   the	
   oncogenic	
  

PI3K/Akt	
  pathway	
  poses	
  drawbacks	
   for	
  cancer	
  therapy	
  and	
   limits	
   the	
  cytotoxic	
  effects	
  of	
  

rapamycin-­‐based	
   therapeutic	
   approaches	
   (68).	
   In	
   addition	
   to	
   its	
   role	
   in	
   the	
   inhibition	
   of	
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IRS1,	
   S6K1	
   has	
   also	
   been	
   implicated	
   in	
   the	
   phosphorylation	
   and	
   negative	
   regulation	
   of	
  

Rictor,	
  a	
  component	
  of	
  the	
  mTORC2	
  complex	
  which	
  mediates	
  Akt	
  activation,	
  although	
  this	
  

conclusion	
  remains	
  controversial	
  (69-­‐72).	
  

While	
  several	
  studies	
  have	
  documented	
  the	
  cellular	
  functions	
  and	
  substrates	
  of	
  S6K1,	
  little	
  

is	
   known	
   about	
   those	
   of	
   S6K2.	
   Given	
   the	
   lack	
   of	
   a	
   phenotype	
   in	
   S6K2-­‐/-­‐	
   mice,	
   the	
  

physiological	
  role	
  of	
  S6K2	
  is	
  poorly	
  understood.	
  Some	
  reports	
  suggest	
  that	
  it	
  plays	
  roles	
  in	
  

cell	
  proliferation	
  via	
  interaction	
  with	
  heterogeneous	
  nuclear	
  ribonucleoproteins	
  (hnRNPs)	
  

(73)	
   and	
   histone	
  H3	
   (74).	
   S6K2	
   has	
   also	
   been	
   shown	
   to	
   participate	
   in	
   fibroblast	
   growth	
  

factor-­‐2	
   (FGF-­‐2)–mediated	
   chemoresistance	
   in	
   lung	
   cancer	
   cells	
   (75)	
   and	
   translational	
  

regulation	
   via	
   the	
   inhibition	
   of	
   PDCD4	
   (76).	
   However,	
   the	
   functions	
   of	
   S6K2	
   in	
   other	
  

disease	
  scenarios	
  and	
  cancers	
  remain	
  largely	
  unknown.	
  

S6	
  kinase	
  and	
  breast	
  cancer	
  

Immunohistochemical	
  analysis	
  demonstrated	
  that	
  both	
  S6K1	
  and	
  S6K2	
  are	
  overexpressed	
  

in	
   breast	
   cancer	
   with	
   S6K1	
   primarily	
   cytosolic	
   and	
   S6K2	
   predominantly	
   nuclear	
   in	
  

localization	
   (77,	
   78).	
   Furthermore,	
   nuclear	
   S6K2	
   correlated	
   with	
   nuclear	
   staining	
   of	
  

proliferation	
   markers	
   such	
   as	
   Ki-­‐67	
   and	
   proliferating	
   cell	
   nuclear	
   antigen	
   (PCNA)	
  

suggesting	
  a	
  role	
  for	
  S6K2	
  in	
  breast	
  cancer	
  pathogenesis	
  (77).	
  	
  

S6K1	
  and	
  S6K2	
  are	
  encoded	
  by	
  the	
  genes	
  RPS6KB1	
  and	
  RPS6KB2	
  located	
  on	
  chromosomes	
  

17q23	
  and	
  11q13	
  respectively,	
  which	
  harbor	
  several	
  key	
  mediators	
  of	
  breast	
  cancer.	
  Gene	
  

amplification	
   of	
   both	
  RPS6KB1	
   and	
  RPS6KB2	
   are	
   often	
   observed	
   in	
   breast	
   cancer	
   tissues	
  

(79,	
   80).	
   Furthermore,	
   a	
   co-­‐amplification	
   of	
   RPS6KB2	
   and	
   4EBP1	
   has	
   been	
   reported	
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suggesting	
   a	
   synergy	
   between	
   these	
   mTOR	
   targets	
   in	
   breast	
   cancer	
   development	
   and	
  

progression	
  (81).	
  

RPS6KB1	
  amplification	
  (≥	
  4	
  copies)	
  has	
  been	
  reported	
  in	
  10.7%	
  and	
  gene	
  gains	
  (≥3	
  copies)	
  

have	
  been	
   reported	
   in	
  21.4%	
  breast	
   cancers	
   (80).	
  Furthermore,	
   this	
  has	
  been	
  associated	
  

with	
  loco-­‐regional	
  recurrence	
  (82).	
  While	
  amplification	
  of	
  RPS6KB2	
  is	
  only	
  associated	
  with	
  

4.3%	
  of	
   breast	
   cancers,	
   a	
   large	
   number	
   of	
   sample	
   (21.3%)	
   exhibit	
   gains,	
   suggesting	
   that	
  

RPS6KB2	
  gain	
  rather	
  than	
  amplification	
  is	
  a	
  major	
  event	
  in	
  breast	
  cancer	
  (27).	
  	
  

Estrogen	
  receptor	
  (ER)-­‐positive	
  breast	
  cancers	
  account	
   for	
  over	
  half	
  of	
  all	
  breast	
  cancers	
  

and	
   hence	
   constitute	
   the	
   major	
   subtype	
   (83).	
   The	
   canonical	
   or	
   genomic	
   ER	
   signaling	
   is	
  

characterized	
  by	
  the	
  binding	
  of	
  estrogen	
  to	
  and	
  subsequent	
  activation	
  of	
  ERα	
  which	
  then	
  

translocates	
  to	
  the	
  nucleus	
  and	
  regulates	
  its	
  target	
  genes	
  by	
  either	
  promoting	
  or	
  repressing	
  

their	
  transcription	
  (84).	
  Activation	
  of	
  ERα	
  is	
  associated	
  with	
  its	
  phosphorylation	
  by	
  several	
  

different	
   kinases	
   including	
   S6K1	
   (85-­‐87).	
   Further	
   studies	
   showed	
   that	
   S6K1	
   and	
   ERα	
  

constitute	
   a	
   positive	
   feed	
   forward	
   loop	
   where	
   the	
   phosphorylation	
   of	
   ERα	
   by	
   S6K1	
  

promotes	
   is	
   activity	
  which	
   in	
   turn	
  promotes	
   transcription	
  of	
  RPS6KB1	
   to	
  mediate	
  breast	
  

cancer	
  cell	
  proliferation	
  (88,	
  89).	
  While	
  the	
  role	
  and	
  regulation	
  of	
  S6K1	
  in	
  breast	
  cancer	
  has	
  

been	
  addressed,	
  little	
  is	
  known	
  the	
  causes	
  and	
  consequence	
  of	
  S6K2	
  overexpression.	
  	
  

The	
  availability	
  of	
  anti-­‐estrogen	
  therapies	
  suggests	
  a	
  favorable	
  prognosis	
  for	
  patients	
  with	
  

ER-­‐positive	
   breast	
   cancers.	
   However	
   a	
   substantial	
   number	
   of	
   patients	
   fail	
   to	
   respond	
   to	
  

therapy	
   (90)	
   and	
   the	
   development	
   of	
   resistance	
   further	
   complicates	
   treatment	
   (83).	
  

Studies	
  in	
  breast	
  cancer	
  tissues	
  reported	
  RPS6KB2	
  gains/amplifications	
  correlate	
  with	
  ER-­‐

positivity	
  (80).	
  Also,	
  distant-­‐recurrence	
  free	
  survival	
  was	
  substantially	
  reduced	
  in	
  patients	
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with	
  ER-­‐positive	
  tumors	
  associated	
  with	
  RPS6KB2	
  gains/amplifications	
  (80).	
  Furthermore,	
  

11q13	
  amplifications	
  have	
  been	
  intimately	
  linked	
  to	
  ER-­‐positive	
  breast	
  cancers	
  (81,	
  91-­‐94)	
  

and	
  constitute	
  a	
  high-­‐risk	
  subgroup	
  of	
  ER-­‐positive	
  cancers	
  (91)	
  suggesting	
  that	
  this	
  region	
  

may	
   play	
   an	
   important	
   role	
   in	
   response	
   and	
   resistance	
   of	
   breast	
   cancer	
   cells	
   to	
   death	
  

induced	
  by	
  anti-­‐estrogen	
  therapy.	
  

Apoptosis	
  

Apoptosis	
   or	
   programmed	
   cell	
   death	
   is	
   fundamental	
   for	
   organismal	
   development	
   and	
  

homeostasis	
  (95).	
  It	
  involves	
  a	
  series	
  of	
  controlled	
  events	
  characterized	
  by	
  the	
  activation	
  of	
  

proteases	
   called	
   caspases	
   that	
   results	
   in	
   the	
   destruction	
   of	
   cellular	
   components	
   and	
   cell	
  

shrinkage	
   facilitating	
   its	
   phagocytosis	
   by	
   the	
   immune	
   system.	
  The	
   ability	
   of	
   transformed	
  

cells	
  to	
  evade	
  apoptosis	
  results	
  in	
  cancer.	
  	
  

Apoptosis	
   can	
   be	
   triggered	
   either	
   by	
   a	
   receptor-­‐mediated	
   (extrinsic)	
   pathway	
   or	
  

mitochondrial	
   (intrinsic)	
   pathway.	
   Binding	
   of	
   apoptosis	
   inducing	
   ligands	
   such	
   as	
   tumor	
  

necrosis	
   factor-­‐alpha	
   (TNF)	
   or	
   TRAIL	
   (TNF-­‐related	
   apoptosis	
   inducing	
   ligand)	
   to	
   their	
  

receptors	
   recruits	
   initiator	
   caspase-­‐8/10	
   resulting	
   in	
   the	
   formation	
   of	
   a	
   death-­‐inducing	
  

signaling	
  complex	
  (96).	
  The	
  mitochondrial	
  pathway	
  is	
  activated	
  following	
  the	
  perturbation	
  

of	
   the	
  mitochondrial	
  membrane	
  resulting	
   in	
  cytochrome-­‐c	
  release	
  and	
   initiator	
  caspase-­‐9	
  

activation	
   via	
   the	
   apoptosome	
   (97).	
   Both	
   initiator	
   caspases	
   then	
   cleave	
   and	
   activate	
  

effector	
   caspase	
   such	
   as	
   caspase-­‐3	
   and	
   -­‐7	
   to	
   execute	
   cell	
   death	
   via	
   the	
   cleavage	
   of	
  

downstream	
  molecules	
  involved	
  in	
  processes	
  such	
  as	
  cell	
  cycle	
  progression	
  and	
  DNA	
  repair	
  

(Fig.	
  4).	
  While	
  death	
  domain	
  containing	
  receptors	
  play	
  an	
   important	
   role	
   in	
   the	
  extrinsic	
  

pathway,	
  the	
  mitochondrial	
  pathway	
  is	
  primarily	
  regulated	
  by	
  the	
  Bcl-­‐2	
  family	
  of	
  proteins	
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(98).	
  The	
  Bcl-­‐2	
  family	
  comprises	
  both	
  anti-­‐apoptotic	
  proteins	
  such	
  as	
  Bcl-­‐2,	
  Mcl-­‐1	
  and	
  Bcl-­‐

xl	
  and	
  pro-­‐apoptotic	
  proteins	
  such	
  as	
  Bax,	
  Bim	
  and	
  Bid.	
  The	
  balance	
  between	
  the	
  pro-­‐	
  and	
  

anti-­‐apoptotic	
  Bcl-­‐2	
  family	
  members	
  at	
  the	
  mitochondrial	
  membrane	
  dictates	
  cell	
  fate.	
  	
  The	
  

status	
   of	
   the	
   tumor	
   suppressor	
   protein	
   p53	
   plays	
   an	
   important	
   role	
   in	
   determining	
   this	
  

balance.	
  At	
   the	
   transcriptional	
   level,	
   p53	
  promotes	
   the	
   expression	
  of	
  pro-­‐apoptotic	
  Bcl-­‐2	
  

family	
   members	
   such	
   as	
   Bid	
   and	
   inhibits	
   the	
   expression	
   and	
   function	
   of	
   anti-­‐apoptotic	
  

members	
  such	
  as	
  Bcl-­‐2	
  and	
  Mcl-­‐1	
  (99).	
  

Based	
  on	
  their	
  response	
  to	
  apoptosis,	
  cells	
  have	
  been	
  characterized	
  as	
  either	
  type	
  I	
  or	
  type	
  

II.	
  While	
  the	
  activation	
  of	
  the	
  extrinsic	
  pathway	
  seems	
  sufficient	
  to	
  induce	
  effective	
  killing	
  

of	
  type	
  I	
  cells,	
  the	
  activation	
  of	
  the	
  intrinsic	
  pathway	
  seems	
  essential	
  for	
  effective	
  execution	
  

of	
   apoptosis	
   in	
   type	
   II	
   cells.	
   Cancer	
   cells	
   are	
  often	
   categorized	
   as	
   type	
   II	
   cells	
   due	
   to	
   the	
  

overexpression	
  of	
  the	
  X-­‐linked	
  inhibitor	
  of	
  apoptosis	
  (XIAP)	
  protein	
  (100)	
  and	
  in	
  order	
  for	
  

the	
  receptor-­‐initiated	
  pathway	
  to	
  be	
  effective	
  in	
  these	
  cells,	
  it	
  is	
  essential	
  for	
  the	
  extrinsic	
  

pathway	
   to	
   amplify	
   cell	
   death	
   via	
   the	
   intrinsic	
   cell	
   death	
   pathway	
   (101).	
   It	
   has	
   been	
  

established	
   that	
   the	
   extrinsic	
   cell	
   death	
   pathway	
   communicates	
   with	
   the	
   mitochondrial	
  

pathway	
   via	
   the	
   pro-­‐apoptotic	
   Bcl-­‐2	
   family	
   member	
   Bid.	
   Following	
   caspase-­‐8-­‐mediated	
  

cleavage,	
   truncated	
  Bid	
  translocates	
   to	
   the	
  mitochondria	
  where	
   it	
  amplifies	
  cell	
  death	
  via	
  

the	
   intrinsic	
   pathway	
   (102,	
   103).	
   The	
   regulation	
   of	
   the	
   levels,	
   activation	
   status,	
   and	
  

localization	
   of	
   the	
   Bcl-­‐2	
   family	
   proteins	
   plays	
   an	
   essential	
   role	
   in	
   determining	
   death	
   of	
  

cancer	
  cells	
  in	
  response	
  to	
  therapy.	
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Figure	
  4	
  

	
  

Fig.	
  4.	
  The	
  apoptotic	
  signaling	
  pathway.	
  Death-­‐inducing	
  ligands	
  bind	
  to	
  cell	
  surface	
  death	
  

receptors	
   and	
   result	
   in	
   the	
   recruitment	
   and	
   activation	
   of	
   initiator	
   caspase-­‐8/10	
   while	
  

intracellular	
  death	
  signals	
  promote	
  the	
  release	
  of	
  cytochrome	
  C	
  from	
  the	
  mitochondria	
  via	
  

the	
  Bcl-­‐2	
  family	
  members	
  and	
  result	
  in	
  the	
  activation	
  of	
  initiator	
  caspase-­‐9.	
  Following	
  their	
  

activation,	
   the	
   initiator	
   caspases	
   cleave	
   and	
   activate	
   effector	
   caspase-­‐3/7.	
   The	
   extrinsic	
  

apoptotic	
   pathway	
   communicates	
  with	
   the	
  mitochondrial	
   pathway	
   via	
   the	
   pro-­‐apoptotic	
  

Bcl-­‐2	
  family	
  member	
  Bid.	
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mTOR	
  –	
  S6K	
  signaling	
  as	
  a	
  target	
  for	
  cancer	
  therapy	
  

Given	
   the	
   role	
   of	
   the	
  mTOR-­‐S6K1	
  pathway	
   in	
   promoting	
   protein	
   translation,	
   cell	
   growth	
  

and	
   proliferation,	
   it	
   is	
   an	
   attractive	
   target	
   for	
   cancer	
   therapy	
   (17).	
   Rapamycin	
   and	
   its	
  

analogs	
   that	
   inhibit	
  mTOR	
   are	
   being	
   tested	
   for	
   their	
   clinical	
   potential	
   in	
   several	
   cancers	
  

(104).	
   Indeed,	
   rapamycin	
   analogs	
   have	
   already	
   been	
   approved	
   for	
   the	
   treatment	
   of	
  

advanced	
   renal	
   cell	
   carcinoma	
   (105).	
   Furthermore,	
   due	
   to	
   the	
   association	
   between	
  

RPS6KB1	
   amplifications	
   and	
   cancer,	
   there	
   is	
   considerable	
   interest	
   in	
   the	
   development	
   of	
  

inhibitors	
  of	
  S6K1.	
  LYS6K2	
  (106)	
  and	
  PF-­‐4708671	
  (107)	
  are	
  believed	
  to	
  be	
  highly	
  specific	
  

for	
   S6K1	
   with	
   no	
   observable	
   activity	
   against	
   other	
   related	
   kinases	
   such	
   as	
   S6K2	
   and	
  

ribosomal	
  S6	
  kinases	
  (RSKs).	
  	
  Specific	
  inhibitors	
  of	
  S6K2	
  are	
  yet	
  to	
  be	
  developed.	
  

The	
   therapeutic	
   efficacy	
   of	
   mTOR	
   and	
   S6K1	
   inhibitors,	
   however,	
   is	
   reduced	
   by	
   the	
  

existence	
  of	
  a	
  negative	
   feedback	
   loop	
  between	
  PI3K/Akt	
  and	
  mTOR/S6K1	
  signaling	
   (68).	
  

While	
  S6K1	
  activation	
  promotes	
  phosphorylation	
  and	
  degradation	
  of	
  IRS1	
  resulting	
  in	
  PI3K	
  

inactivation,	
  mTOR	
  also	
  mediates	
   feedback	
   inhibition	
  on	
   insulin	
  signaling	
   independent	
  of	
  

S6K1	
  via	
  Grb10	
  (108,	
  109).	
  These	
  observations	
  dampen	
  the	
  enthusiasm	
  for	
  rapamycin-­‐	
  and	
  

S6K1-­‐inhibitor	
  based	
  approaches	
   for	
  cancer	
  therapy.	
  Currently	
  combinatorial	
  approaches	
  

using	
   dual	
   specificity	
   inhibitors	
   of	
   PI3K/Akt	
   and	
   mTOR	
   are	
   being	
   evaluated	
   (110).	
  

Furthermore,	
  the	
  observation	
  that	
  S6K1-­‐/-­‐	
  mice	
  are	
  characterized	
  by	
  small	
  size	
  and	
  exhibit	
  

hypoinsulinemia	
  suggests	
   that	
   targeting	
  S6K1	
   for	
  cancer	
   therapy	
  may	
  be	
  associated	
  with	
  

significant	
  side	
  effects	
  (53).	
  	
  

The	
  normal	
  development	
  and	
  the	
   lack	
  of	
  an	
  apparent	
  phenotype	
  in	
  S6K2-­‐/-­‐	
  mice	
  suggests	
  

that	
  it	
  is	
  a	
  potential	
  target	
  in	
  the	
  treatment	
  of	
  endometrial	
  (111),	
  gastric	
  (112)	
  and	
  breast	
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cancers	
   (77,	
   78,	
   80)	
  which	
   have	
   been	
   shown	
   to	
   have	
  RPS6KB2	
   amplification	
   or	
   elevated	
  

S6K2	
  expression.	
  However,	
  little	
  is	
  known	
  about	
  the	
  role	
  and	
  regulation	
  of	
  S6K2	
  in	
  breast	
  

cancers.	
  Hence	
  there	
   is	
  a	
  need	
  to	
   identify	
   its	
  cellular	
   functions,	
   targets	
  and	
  the	
  molecular	
  

pathways	
   that	
   mediate	
   its	
   overexpression.	
   This	
   study	
   should	
   help	
   in	
   determining	
   the	
  

suitability	
  of	
  S6K2	
  as	
  a	
  target	
  for	
  cancer	
  therapy	
  and	
  if	
  validated,	
  aid	
  in	
  the	
  designing	
  and	
  

development	
  of	
  novel	
  S6K2-­‐based	
  therapeutic	
  strategies	
  for	
  cancer.	
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Hypothesis	
  and	
  specific	
  aims	
  

The	
  mammalian	
   target	
   of	
   rapamycin	
   (mTOR)	
  plays	
   important	
   roles	
   in	
  mediating	
  protein	
  

synthesis,	
   cell	
   proliferation	
   and	
   cell	
   growth	
   and	
   hence	
   is	
   an	
   attractive	
   target	
   for	
   cancer	
  

therapy.	
  mTOR	
  mediates	
   its	
  downstream	
  effects	
  primarily	
  via	
  eIF4E-­‐binding	
  protein	
  (4E-­‐

BP)	
  and	
  40S	
   ribosomal	
  S6	
  kinases	
   (S6K)	
  1	
  and	
  2.	
  Rapamycin	
  and	
   its	
   analogs	
   that	
   inhibit	
  

mTOR	
  are	
  being	
  tested	
  for	
  their	
  potential	
  as	
  anti-­‐cancer	
  agents	
  albeit	
  with	
  limited	
  success	
  

primarily	
   due	
   to	
   feedback	
   activation	
   of	
   the	
   growth-­‐	
   and	
   survival-­‐promoting	
  

phosphoinositide-­‐3-­‐kinase	
   (PI3K)/Akt	
   pathway	
   following	
  mTOR/S6K1	
   inhibition	
   via	
   the	
  

insulin	
   receptor	
   substrate	
   (IRS).	
  While	
   both	
   S6K1	
   and	
   S6K2	
   are	
   overexpressed	
   in	
   breast	
  

cancer,	
   little	
   is	
  known	
  about	
  the	
  pathways	
  that	
  promote	
  S6K2	
  overexpression	
  and	
  how	
  it	
  

contributes	
   to	
   breast	
   cancer.	
   A	
   recent	
   study	
   utilizing	
   breast	
   cancer	
   tissue	
   specimens	
  

established	
   the	
   role	
   of	
   S6K2	
   as	
   a	
   prognostic	
   marker	
   in	
   estrogen	
   receptor	
   (ER)-­‐positive	
  

breast	
  cancer	
  suggesting	
  a	
  functional	
  relationship	
  at	
  the	
  cellular	
  level	
  between	
  S6K	
  and	
  ER	
  

signaling.	
   Furthermore,	
   the	
   identification	
   of	
   IRS	
   as	
   a	
   substrate	
   for	
   S6K1	
   but	
   not	
   S6K2	
  

suggests	
   that	
   it	
  may	
  not	
  participate	
   in	
   the	
   feedback	
   regulation	
  of	
   the	
  PI3K/Akt	
  pathway.	
  

Based	
   on	
   these	
   observations,	
  we	
   hypothesize	
   that	
   upregulation	
   of	
   S6K1	
   and	
   S6K2	
   exert	
  

distinct	
  effects	
  on	
  Akt	
  activation	
  and	
  breast	
  cancer	
  cell	
   survival.	
  We	
   further	
  propose	
   that	
  

targeting	
   S6K2,	
   in	
   combination	
   with	
   chemotherapeutic	
   agents	
   is	
   a	
   novel	
   strategy	
   to	
  

promote	
  breast	
  cancer	
  cell	
  death.	
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We	
  propose	
  the	
  following	
  specific	
  aims	
  to	
  test	
  our	
  hypothesis	
  (as	
  outlined	
  in	
  Fig.	
  5):	
  

Aim	
  1:	
  To	
  determine	
  the	
  role	
  of	
  S6K	
  in	
  breast	
  cancer	
  cell	
  survival.	
  The	
  working	
  hypothesis	
  

is	
  that	
  the	
  depletion/inhibition	
  of	
  S6K2	
  but	
  not	
  S6K1	
  promotes	
  breast	
  cancer	
  cell	
  death.	
  	
  

Aim	
   2:	
   To	
   determine	
   the	
   role	
   of	
   the	
   estrogen	
   signaling	
   pathway	
   in	
   regulating	
   S6K2	
  

expression.	
  The	
  working	
  hypothesis	
   is	
  that	
  the	
  estrogen	
  signaling	
  pathway	
  contributes	
  to	
  

elevated	
  S6K2	
  levels	
  in	
  breast	
  cancer	
  cells.	
  	
  

Aim	
   3:	
  To	
   determine	
   the	
  mechanism	
   by	
  which	
   S6K	
   regulates	
   cell	
   survival.	
   The	
  working	
  

hypothesis	
   is	
   that	
   S6K1	
   and	
   S6K2	
   have	
   distinct	
   effects	
   on	
   Akt,	
   and	
   S6K2	
   promotes	
   cell	
  

survival	
  by	
  regulating	
  the	
  Bcl-­‐2	
  family	
  proteins.	
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Figure	
  5	
  

	
  

	
  

	
  

	
  

Fig.	
  5.	
  Akt/mTOR/S6K	
  signaling	
  and	
  the	
  questions	
  addressed	
   in	
   this	
  study.	
  The	
  role	
  

and	
  regulation	
  of	
  S6K2	
  in	
  breast	
  cancer	
  in	
  comparison	
  to	
  S6K1	
  are	
  addressed	
  in	
  this	
  study.	
  



	
   24	
  

	
  

References	
  

1.	
   Siegel	
  R,	
  DeSantis	
  C,	
  Virgo	
  K,	
  Stein	
  K,	
  Mariotto	
  A,	
  Smith	
  T,	
  et	
  al.	
  Cancer	
  treatment	
  and	
  

survivorship	
  statistics,	
  2012.	
  CA	
  Cancer	
  J	
  Clin.	
  2012;62(4):220-­‐41.	
  Epub	
  2012/06/16.	
  doi:	
  

10.3322/caac.21149.	
  PubMed	
  PMID:	
  22700443.	
  

2.	
   Miller	
  TW,	
  Rexer	
  BN,	
  Garrett	
  JT,	
  Arteaga	
  CL.	
  Mutations	
  in	
  the	
  phosphatidylinositol	
  3-­‐

kinase	
  pathway:	
  role	
   in	
   tumor	
  progression	
  and	
  therapeutic	
   implications	
   in	
  breast	
  cancer.	
  

Breast	
   Cancer	
   Res.	
   2011;13(6):224.	
   Epub	
   2011/11/26.	
   doi:	
   10.1186/bcr3039.	
   PubMed	
  

PMID:	
  22114931;	
  PubMed	
  Central	
  PMCID:	
  PMC3315683.	
  

3.	
   Ogawara	
  Y,	
  Kishishita	
  S,	
  Obata	
  T,	
  Isazawa	
  Y,	
  Suzuki	
  T,	
  Tanaka	
  K,	
  et	
  al.	
  Akt	
  enhances	
  

Mdm2-­‐mediated	
  ubiquitination	
  and	
  degradation	
  of	
  p53.	
  J	
  Biol	
  Chem.	
  2002;277(24):21843-­‐

50.	
  Epub	
  2002/03/30.	
  doi:	
  10.1074/jbc.M109745200.	
  PubMed	
  PMID:	
  11923280.	
  

4.	
   Brunet	
  A,	
  Bonni	
  A,	
  Zigmond	
  MJ,	
  Lin	
  MZ,	
  Juo	
  P,	
  Hu	
  LS,	
  et	
  al.	
  Akt	
  promotes	
  cell	
  survival	
  

by	
  phosphorylating	
  and	
  inhibiting	
  a	
  Forkhead	
  transcription	
  factor.	
  Cell.	
  1999;96(6):857-­‐68.	
  

Epub	
  1999/04/02.	
  PubMed	
  PMID:	
  10102273.	
  

5.	
   Ashcroft	
   M,	
   Ludwig	
   RL,	
   Woods	
   DB,	
   Copeland	
   TD,	
   Weber	
   HO,	
   MacRae	
   EJ,	
   et	
   al.	
  

Phosphorylation	
  of	
  HDM2	
  by	
  Akt.	
  Oncogene.	
  2002;21(13):1955-­‐62.	
  Epub	
  2002/04/18.	
  doi:	
  

10.1038/sj.onc.1205276.	
  PubMed	
  PMID:	
  11960368.	
  

6.	
   Wang	
   JM,	
   Chao	
   JR,	
   Chen	
  W,	
   Kuo	
  ML,	
   Yen	
   JJ,	
   Yang-­‐Yen	
  HF.	
   The	
   antiapoptotic	
   gene	
  

mcl-­‐1	
  is	
  up-­‐regulated	
  by	
  the	
  phosphatidylinositol	
  3-­‐kinase/Akt	
  signaling	
  pathway	
  through	
  

a	
  transcription	
  factor	
  complex	
  containing	
  CREB.	
  Mol	
  Cell	
  Biol.	
  1999;19(9):6195-­‐206.	
  Epub	
  

1999/08/24.	
  PubMed	
  PMID:	
  10454566;	
  PubMed	
  Central	
  PMCID:	
  PMC84561.	
  



	
   25	
  

7.	
   Laplante	
   M,	
   Sabatini	
   DM.	
   mTOR	
   signaling	
   in	
   growth	
   control	
   and	
   disease.	
   Cell.	
  

2012;149(2):274-­‐93.	
   Epub	
   2012/04/17.	
   doi:	
   10.1016/j.cell.2012.03.017.	
   PubMed	
   PMID:	
  

22500797;	
  PubMed	
  Central	
  PMCID:	
  PMC3331679.	
  

8.	
   Cantley	
   LC.	
   The	
   phosphoinositide	
   3-­‐kinase	
   pathway.	
   Science.	
  

2002;296(5573):1655-­‐7.	
  Epub	
  2002/06/01.	
  doi:	
  10.1126/science.296.5573.1655.	
  PubMed	
  

PMID:	
  12040186.	
  

9.	
   Jacinto	
  E,	
  Lorberg	
  A.	
  TOR	
  regulation	
  of	
  AGC	
  kinases	
  in	
  yeast	
  and	
  mammals.	
  Biochem	
  

J.	
   2008;410(1):19-­‐37.	
   Epub	
   2008/01/25.	
   doi:	
   10.1042/BJ20071518.	
   PubMed	
   PMID:	
  

18215152.	
  

10.	
   Oh	
   WJ,	
   Jacinto	
   E.	
   mTOR	
   complex	
   2	
   signaling	
   and	
   functions.	
   Cell	
   Cycle.	
  

2011;10(14):2305-­‐16.	
   Epub	
   2011/06/15.	
   PubMed	
   PMID:	
   21670596;	
   PubMed	
   Central	
  

PMCID:	
  PMC3322468.	
  

11.	
   Guertin	
  DA,	
  Stevens	
  DM,	
  Thoreen	
  CC,	
  Burds	
  AA,	
  Kalaany	
  NY,	
  Moffat	
  J,	
  et	
  al.	
  Ablation	
  

in	
   mice	
   of	
   the	
   mTORC	
   components	
   raptor,	
   rictor,	
   or	
   mLST8	
   reveals	
   that	
   mTORC2	
   is	
  

required	
  for	
  signaling	
  to	
  Akt-­‐FOXO	
  and	
  PKCalpha,	
  but	
  not	
  S6K1.	
  Dev	
  Cell.	
  2006;11(6):859-­‐

71.	
  Epub	
  2006/12/05.	
  doi:	
  10.1016/j.devcel.2006.10.007.	
  PubMed	
  PMID:	
  17141160.	
  

12.	
   Thoreen	
  CC,	
  Chantranupong	
  L,	
  Keys	
  HR,	
  Wang	
  T,	
  Gray	
  NS,	
  Sabatini	
  DM.	
  A	
  unifying	
  

model	
   for	
   mTORC1-­‐mediated	
   regulation	
   of	
   mRNA	
   translation.	
   Nature.	
  

2012;485(7396):109-­‐13.	
   Epub	
   2012/05/04.	
   doi:	
   10.1038/nature11083.	
   PubMed	
   PMID:	
  

22552098;	
  PubMed	
  Central	
  PMCID:	
  PMC3347774.	
  

13.	
   Sabatini	
  DM.	
  mTOR	
  and	
  cancer:	
  insights	
  into	
  a	
  complex	
  relationship.	
  Nat	
  Rev	
  Cancer.	
  

2006;6(9):729-­‐34.	
  Epub	
  2006/08/18.	
  doi:	
  10.1038/nrc1974.	
  PubMed	
  PMID:	
  16915295.	
  



	
   26	
  

14.	
   Borkowska	
   J,	
   Schwartz	
   RA,	
   Kotulska	
   K,	
   Jozwiak	
   S.	
   Tuberous	
   sclerosis	
   complex:	
  

tumors	
   and	
   tumorigenesis.	
   Int	
   J	
   Dermatol.	
   2011;50(1):13-­‐20.	
   Epub	
   2010/12/25.	
   doi:	
  

10.1111/j.1365-­‐4632.2010.04727.x.	
  PubMed	
  PMID:	
  21182496.	
  

15.	
   Garami	
  A,	
  Zwartkruis	
  FJ,	
  Nobukuni	
  T,	
  Joaquin	
  M,	
  Roccio	
  M,	
  Stocker	
  H,	
  et	
  al.	
  Insulin	
  

activation	
  of	
  Rheb,	
  a	
  mediator	
  of	
  mTOR/S6K/4E-­‐BP	
  signaling,	
   is	
   inhibited	
  by	
  TSC1	
  and	
  2.	
  

Mol	
  Cell.	
  2003;11(6):1457-­‐66.	
  Epub	
  2003/06/25.	
  PubMed	
  PMID:	
  12820960.	
  

16.	
   Castro	
  AF,	
  Rebhun	
  JF,	
  Clark	
  GJ,	
  Quilliam	
  LA.	
  Rheb	
  binds	
  tuberous	
  sclerosis	
  complex	
  

2	
  (TSC2)	
  and	
  promotes	
  S6	
  kinase	
  activation	
  in	
  a	
  rapamycin-­‐	
  and	
  farnesylation-­‐dependent	
  

manner.	
   J	
   Biol	
   Chem.	
   2003;278(35):32493-­‐6.	
   Epub	
   2003/07/05.	
   doi:	
  

10.1074/jbc.C300226200.	
  PubMed	
  PMID:	
  12842888.	
  

17.	
   Fasolo	
  A,	
   Sessa	
  C.	
   Targeting	
  mTOR	
  pathways	
   in	
   human	
  malignancies.	
   Curr	
  Pharm	
  

Des.	
  2012;18(19):2766-­‐77.	
  Epub	
  2012/04/06.	
  PubMed	
  PMID:	
  22475451.	
  

18.	
   Jeno	
  P,	
  Ballou	
  LM,	
  Novak-­‐Hofer	
  I,	
  Thomas	
  G.	
  Identification	
  and	
  characterization	
  of	
  a	
  

mitogen-­‐activated	
   S6	
   kinase.	
   Proc	
   Natl	
   Acad	
   Sci	
   U	
   S	
   A.	
   1988;85(2):406-­‐10.	
   Epub	
  

1988/01/01.	
  PubMed	
  PMID:	
  3257566;	
  PubMed	
  Central	
  PMCID:	
  PMC279557.	
  

19.	
   Nemenoff	
  RA,	
  Price	
  DJ,	
  Mendelsohn	
  MJ,	
  Carter	
  EA,	
  Avruch	
  J.	
  An	
  S6	
  kinase	
  activated	
  

during	
   liver	
   regeneration	
   is	
   related	
   to	
   the	
   insulin-­‐stimulated	
   S6	
   kinase	
   in	
   H4	
   hepatoma	
  

cells.	
  J	
  Biol	
  Chem.	
  1988;263(36):19455-­‐60.	
  Epub	
  1988/12/25.	
  PubMed	
  PMID:	
  2848828.	
  

20.	
   Koh	
  H,	
   Jee	
  K,	
  Lee	
  B,	
  Kim	
   J,	
  Kim	
  D,	
  Yun	
  YH,	
  et	
  al.	
  Cloning	
  and	
  characterization	
  of	
  a	
  

nuclear	
  S6	
  kinase,	
  S6	
  kinase-­‐related	
  kinase	
  (SRK);	
  a	
  novel	
  nuclear	
  target	
  of	
  Akt.	
  Oncogene.	
  

1999;18(36):5115-­‐9.	
   Epub	
   1999/09/22.	
   doi:	
   10.1038/sj.onc.1202895.	
   PubMed	
   PMID:	
  

10490848.	
  



	
   27	
  

21.	
   Gout	
  I,	
  Minami	
  T,	
  Hara	
  K,	
  Tsujishita	
  Y,	
  Filonenko	
  V,	
  Waterfield	
  MD,	
  et	
  al.	
  Molecular	
  

cloning	
   and	
   characterization	
   of	
   a	
   novel	
   p70	
   S6	
   kinase,	
   p70	
   S6	
   kinase	
   beta	
   containing	
   a	
  

proline-­‐rich	
  region.	
  J	
  Biol	
  Chem.	
  1998;273(46):30061-­‐4.	
  Epub	
  1998/11/07.	
  PubMed	
  PMID:	
  

9804755.	
  

22.	
   Lee-­‐Fruman	
  KK,	
  Kuo	
  CJ,	
  Lippincott	
  J,	
  Terada	
  N,	
  Blenis	
  J.	
  Characterization	
  of	
  S6K2,	
  a	
  

novel	
   kinase	
   homologous	
   to	
   S6K1.	
   Oncogene.	
   1999;18(36):5108-­‐14.	
   Epub	
   1999/09/22.	
  

doi:	
  10.1038/sj.onc.1202894.	
  PubMed	
  PMID:	
  10490847.	
  

23.	
   Saitoh	
  M,	
  ten	
  Dijke	
  P,	
  Miyazono	
  K,	
  Ichijo	
  H.	
  Cloning	
  and	
  characterization	
  of	
  p70(S6K	
  

beta)	
   defines	
   a	
   novel	
   family	
   of	
   p70	
   S6	
   kinases.	
   Biochem	
   Biophys	
   Res	
   Commun.	
  

1998;253(2):470-­‐6.	
   Epub	
   1999/01/08.	
   doi:	
   10.1006/bbrc.1998.9784.	
   PubMed	
   PMID:	
  

9878560.	
  

24.	
   Shima	
   H,	
   Pende	
   M,	
   Chen	
   Y,	
   Fumagalli	
   S,	
   Thomas	
   G,	
   Kozma	
   SC.	
   Disruption	
   of	
   the	
  

p70(s6k)/p85(s6k)	
  gene	
  reveals	
  a	
  small	
  mouse	
  phenotype	
  and	
  a	
  new	
  functional	
  S6	
  kinase.	
  

EMBO	
   J.	
   1998;17(22):6649-­‐59.	
   Epub	
   1998/11/21.	
   doi:	
   10.1093/emboj/17.22.6649.	
  

PubMed	
  PMID:	
  9822608;	
  PubMed	
  Central	
  PMCID:	
  PMC1171010.	
  

25.	
   Grove	
  JR,	
  Banerjee	
  P,	
  Balasubramanyam	
  A,	
  Coffer	
  PJ,	
  Price	
  DJ,	
  Avruch	
  J,	
  et	
  al.	
  Cloning	
  

and	
   expression	
   of	
   two	
   human	
   p70	
   S6	
   kinase	
   polypeptides	
   differing	
   only	
   at	
   their	
   amino	
  

termini.	
  Mol	
  Cell	
  Biol.	
  1991;11(11):5541-­‐50.	
  Epub	
  1991/11/01.	
  PubMed	
  PMID:	
  1922062;	
  

PubMed	
  Central	
  PMCID:	
  PMC361924.	
  

26.	
   Burnett	
   PE,	
   Blackshaw	
   S,	
   Lai	
   MM,	
   Qureshi	
   IA,	
   Burnett	
   AF,	
   Sabatini	
   DM,	
   et	
   al.	
  

Neurabin	
   is	
  a	
  synaptic	
  protein	
   linking	
  p70	
  S6	
  kinase	
  and	
  the	
  neuronal	
  cytoskeleton.	
  Proc	
  



	
   28	
  

Natl	
   Acad	
   Sci	
   U	
   S	
   A.	
   1998;95(14):8351-­‐6.	
   Epub	
   1998/07/08.	
   PubMed	
   PMID:	
   9653190;	
  

PubMed	
  Central	
  PMCID:	
  PMC20979.	
  

27.	
   Fenton	
  TR,	
  Gout	
  IT.	
  Functions	
  and	
  regulation	
  of	
  the	
  70kDa	
  ribosomal	
  S6	
  kinases.	
  Int	
  

J	
   Biochem	
   Cell	
   Biol.	
   2011;43(1):47-­‐59.	
   Epub	
   2010/10/12.	
   doi:	
  

10.1016/j.biocel.2010.09.018.	
  PubMed	
  PMID:	
  20932932.	
  

28.	
   Chung	
  J,	
  Kuo	
  CJ,	
  Crabtree	
  GR,	
  Blenis	
  J.	
  Rapamycin-­‐FKBP	
  specifically	
  blocks	
  growth-­‐

dependent	
   activation	
   of	
   and	
   signaling	
   by	
   the	
   70	
   kd	
   S6	
   protein	
   kinases.	
   Cell.	
  

1992;69(7):1227-­‐36.	
  Epub	
  1992/06/26.	
  PubMed	
  PMID:	
  1377606.	
  

29.	
   Kuo	
   CJ,	
   Chung	
   J,	
   Fiorentino	
   DF,	
   Flanagan	
   WM,	
   Blenis	
   J,	
   Crabtree	
   GR.	
   Rapamycin	
  

selectively	
  inhibits	
  interleukin-­‐2	
  activation	
  of	
  p70	
  S6	
  kinase.	
  Nature.	
  1992;358(6381):70-­‐3.	
  

Epub	
  1992/07/02.	
  doi:	
  10.1038/358070a0.	
  PubMed	
  PMID:	
  1614535.	
  

30.	
   Price	
  DJ,	
  Grove	
  JR,	
  Calvo	
  V,	
  Avruch	
  J,	
  Bierer	
  BE.	
  Rapamycin-­‐induced	
  inhibition	
  of	
  the	
  

70-­‐kilodalton	
   S6	
   protein	
   kinase.	
   Science.	
   1992;257(5072):973-­‐7.	
   Epub	
   1992/08/14.	
  

PubMed	
  PMID:	
  1380182.	
  

31.	
   Weng	
  QP,	
  Kozlowski	
  M,	
  Belham	
  C,	
  Zhang	
  A,	
  Comb	
  MJ,	
  Avruch	
  J.	
  Regulation	
  of	
  the	
  p70	
  

S6	
   kinase	
   by	
   phosphorylation	
   in	
   vivo.	
   Analysis	
   using	
   site-­‐specific	
   anti-­‐phosphopeptide	
  

antibodies.	
   J	
   Biol	
   Chem.	
   1998;273(26):16621-­‐9.	
   Epub	
   1998/06/20.	
   PubMed	
   PMID:	
  

9632736.	
  

32.	
   Schalm	
  SS,	
  Blenis	
  J.	
  Identification	
  of	
  a	
  conserved	
  motif	
  required	
  for	
  mTOR	
  signaling.	
  

Curr	
  Biol.	
  2002;12(8):632-­‐9.	
  Epub	
  2002/04/23.	
  PubMed	
  PMID:	
  11967149.	
  



	
   29	
  

33.	
   Yonezawa	
  K,	
  Tokunaga	
  C,	
  Oshiro	
  N,	
  Yoshino	
  K.	
  Raptor,	
  a	
  binding	
  partner	
  of	
  target	
  of	
  

rapamycin.	
   Biochem	
   Biophys	
   Res	
   Commun.	
   2004;313(2):437-­‐41.	
   Epub	
   2003/12/20.	
  

PubMed	
  PMID:	
  14684181.	
  

34.	
   Mora	
  A,	
  Komander	
  D,	
  van	
  Aalten	
  DM,	
  Alessi	
  DR.	
  PDK1,	
  the	
  master	
  regulator	
  of	
  AGC	
  

kinase	
   signal	
   transduction.	
   Semin	
   Cell	
   Dev	
   Biol.	
   2004;15(2):161-­‐70.	
   Epub	
   2004/06/24.	
  

PubMed	
  PMID:	
  15209375.	
  

35.	
   Mukhopadhyay	
  NK,	
  Price	
  DJ,	
  Kyriakis	
  JM,	
  Pelech	
  S,	
  Sanghera	
  J,	
  Avruch	
  J.	
  An	
  array	
  of	
  

insulin-­‐activated,	
  proline-­‐directed	
  serine/threonine	
  protein	
  kinases	
  phosphorylate	
  the	
  p70	
  

S6	
  kinase.	
  J	
  Biol	
  Chem.	
  1992;267(5):3325-­‐35.	
  Epub	
  1992/02/15.	
  PubMed	
  PMID:	
  1737788.	
  

36.	
   Pardo	
  OE,	
   Seckl	
  MJ.	
   S6K2:	
   The	
  Neglected	
   S6	
   Kinase	
   Family	
  Member.	
   Front	
   Oncol.	
  

2013;3:191.	
  Epub	
  2013/07/31.	
  doi:	
  10.3389/fonc.2013.00191.	
  PubMed	
  PMID:	
  23898460;	
  

PubMed	
  Central	
  PMCID:	
  PMC3721059.	
  

37.	
   Pardo	
  OE,	
  Arcaro	
  A,	
  Salerno	
  G,	
  Tetley	
  TD,	
  Valovka	
  T,	
  Gout	
   I,	
  et	
  al.	
  Novel	
  cross	
   talk	
  

between	
   MEK	
   and	
   S6K2	
   in	
   FGF-­‐2	
   induced	
   proliferation	
   of	
   SCLC	
   cells.	
   Oncogene.	
  

2001;20(52):7658-­‐67.	
   Epub	
   2001/12/26.	
   doi:	
   10.1038/sj.onc.1204994.	
   PubMed	
   PMID:	
  

11753643.	
  

38.	
   Martin	
   KA,	
   Schalm	
   SS,	
   Romanelli	
   A,	
   Keon	
   KL,	
   Blenis	
   J.	
   Ribosomal	
   S6	
   kinase	
   2	
  

inhibition	
   by	
   a	
   potent	
   C-­‐terminal	
   repressor	
   domain	
   is	
   relieved	
   by	
   mitogen-­‐activated	
  

protein-­‐extracellular	
   signal-­‐regulated	
   kinase	
   kinase-­‐regulated	
   phosphorylation.	
   J	
   Biol	
  

Chem.	
   2001;276(11):7892-­‐8.	
   Epub	
   2000/12/08.	
   doi:	
   10.1074/jbc.M009972200.	
   PubMed	
  

PMID:	
  11108720.	
  



	
   30	
  

39.	
   Bettoun	
  DJ,	
  Buck	
  DW,	
  2nd,	
  Lu	
  J,	
  Khalifa	
  B,	
  Chin	
  WW,	
  Nagpal	
  S.	
  A	
  vitamin	
  D	
  receptor-­‐

Ser/Thr	
  phosphatase-­‐p70	
  S6	
  kinase	
  complex	
  and	
  modulation	
  of	
  its	
  enzymatic	
  activities	
  by	
  

the	
   ligand.	
   J	
   Biol	
   Chem.	
   2002;277(28):24847-­‐50.	
   Epub	
   2002/05/31.	
   doi:	
  

10.1074/jbc.C200187200.	
  PubMed	
  PMID:	
  12036952.	
  

40.	
   Petritsch	
  C,	
  Beug	
  H,	
  Balmain	
  A,	
  Oft	
  M.	
  TGF-­‐beta	
   inhibits	
  p70	
  S6	
  kinase	
  via	
  protein	
  

phosphatase	
   2A	
   to	
   induce	
   G(1)	
   arrest.	
   Genes	
   Dev.	
   2000;14(24):3093-­‐101.	
   Epub	
  

2000/12/22.	
  PubMed	
  PMID:	
  11124802;	
  PubMed	
  Central	
  PMCID:	
  PMC317138.	
  

41.	
   Peterson	
  RT,	
  Desai	
  BN,	
  Hardwick	
  JS,	
  Schreiber	
  SL.	
  Protein	
  phosphatase	
  2A	
  interacts	
  

with	
   the	
  70-­‐kDa	
  S6	
  kinase	
  and	
   is	
  activated	
  by	
   inhibition	
  of	
  FKBP12-­‐rapamycinassociated	
  

protein.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A.	
  1999;96(8):4438-­‐42.	
  Epub	
  1999/04/14.	
  PubMed	
  PMID:	
  

10200280;	
  PubMed	
  Central	
  PMCID:	
  PMC16350.	
  

42.	
   Parrott	
   LA,	
   Templeton	
   DJ.	
   Osmotic	
   stress	
   inhibits	
   p70/85	
   S6	
   kinase	
   through	
  

activation	
  of	
  a	
  protein	
  phosphatase.	
  J	
  Biol	
  Chem.	
  1999;274(35):24731-­‐6.	
  Epub	
  1999/08/24.	
  

PubMed	
  PMID:	
  10455142.	
  

43.	
   Liu	
  J,	
  Stevens	
  PD,	
  Gao	
  T.	
  mTOR-­‐dependent	
  regulation	
  of	
  PHLPP	
  expression	
  controls	
  

the	
   rapamycin	
   sensitivity	
   in	
   cancer	
   cells.	
   J	
   Biol	
   Chem.	
   2011;286(8):6510-­‐20.	
   Epub	
  

2010/12/24.	
   doi:	
   10.1074/jbc.M110.183087.	
   PubMed	
   PMID:	
   21177869;	
   PubMed	
   Central	
  

PMCID:	
  PMC3057781.	
  

44.	
   Liu	
   J,	
  Stevens	
  PD,	
  Li	
  X,	
  Schmidt	
  MD,	
  Gao	
  T.	
  PHLPP-­‐mediated	
  dephosphorylation	
  of	
  

S6K1	
   inhibits	
   protein	
   translation	
   and	
   cell	
   growth.	
   Mol	
   Cell	
   Biol.	
   2011;31(24):4917-­‐27.	
  

Epub	
   2011/10/12.	
   doi:	
   10.1128/MCB.05799-­‐11.	
   PubMed	
   PMID:	
   21986499;	
   PubMed	
  

Central	
  PMCID:	
  PMC3233022.	
  



	
   31	
  

45.	
   Park	
   IH,	
   Bachmann	
   R,	
   Shirazi	
   H,	
   Chen	
   J.	
   Regulation	
   of	
   ribosomal	
   S6	
   kinase	
   2	
   by	
  

mammalian	
   target	
   of	
   rapamycin.	
   J	
   Biol	
   Chem.	
  2002;277(35):31423-­‐9.	
   Epub	
  2002/06/28.	
  

doi:	
  10.1074/jbc.M204080200.	
  PubMed	
  PMID:	
  12087098.	
  

46.	
   Valovka	
   T,	
   Verdier	
   F,	
   Cramer	
   R,	
   Zhyvoloup	
   A,	
   Fenton	
   T,	
   Rebholz	
   H,	
   et	
   al.	
   Protein	
  

kinase	
  C	
  phosphorylates	
   ribosomal	
   protein	
   S6	
   kinase	
  betaII	
   and	
   regulates	
   its	
   subcellular	
  

localization.	
   Mol	
   Cell	
   Biol.	
   2003;23(3):852-­‐63.	
   Epub	
   2003/01/17.	
   PubMed	
   PMID:	
  

12529391;	
  PubMed	
  Central	
  PMCID:	
  PMC140705.	
  

47.	
   Panasyuk	
  G,	
  Nemazanyy	
  I,	
  Zhyvoloup	
  A,	
  Bretner	
  M,	
  Litchfield	
  DW,	
  Filonenko	
  V,	
  et	
  al.	
  

Nuclear	
  export	
  of	
  S6K1	
  II	
   is	
  regulated	
  by	
  protein	
  kinase	
  CK2	
  phosphorylation	
  at	
  Ser-­‐17.	
   J	
  

Biol	
   Chem.	
   2006;281(42):31188-­‐201.	
   Epub	
   2006/08/10.	
   doi:	
   10.1074/jbc.M602618200.	
  

PubMed	
  PMID:	
  16895915.	
  

48.	
   Rosner	
  M,	
  Hengstschlager	
  M.	
  Nucleocytoplasmic	
  localization	
  of	
  p70	
  S6K1,	
  but	
  not	
  of	
  

its	
   isoforms	
   p85	
   and	
   p31,	
   is	
   regulated	
   by	
   TSC2/mTOR.	
  Oncogene.	
   2011;30(44):4509-­‐22.	
  

Epub	
  2011/05/24.	
  doi:	
  10.1038/onc.2011.165.	
  PubMed	
  PMID:	
  21602892.	
  

49.	
   Fenton	
  TR,	
   Gwalter	
   J,	
   Ericsson	
   J,	
   Gout	
   IT.	
  Histone	
   acetyltransferases	
   interact	
  with	
  

and	
   acetylate	
   p70	
   ribosomal	
   S6	
   kinases	
   in	
   vitro	
   and	
   in	
   vivo.	
   Int	
   J	
   Biochem	
   Cell	
   Biol.	
  

2010;42(2):359-­‐66.	
  Epub	
  2009/12/08.	
  doi:	
  10.1016/j.biocel.2009.11.022.	
  PubMed	
  PMID:	
  

19961954.	
  

50.	
   Gwalter	
   J,	
   Wang	
   ML,	
   Gout	
   I.	
   The	
   ubiquitination	
   of	
   ribosomal	
   S6	
   kinases	
   is	
  

independent	
   from	
   the	
   mitogen-­‐induced	
   phosphorylation/activation	
   of	
   the	
   kinase.	
   Int	
   J	
  

Biochem	
   Cell	
   Biol.	
   2009;41(4):828-­‐33.	
   Epub	
   2008/09/13.	
   doi:	
  

10.1016/j.biocel.2008.08.018.	
  PubMed	
  PMID:	
  18786649.	
  



	
   32	
  

51.	
   Wang	
   ML,	
   Panasyuk	
   G,	
   Gwalter	
   J,	
   Nemazanyy	
   I,	
   Fenton	
   T,	
   Filonenko	
   V,	
   et	
   al.	
  

Regulation	
   of	
   ribosomal	
   protein	
   S6	
   kinases	
   by	
   ubiquitination.	
   Biochem	
   Biophys	
   Res	
  

Commun.	
   2008;369(2):382-­‐7.	
   Epub	
   2008/02/19.	
   doi:	
   10.1016/j.bbrc.2008.02.032.	
  

PubMed	
  PMID:	
  18280803.	
  

52.	
   Montagne	
   J,	
   Stewart	
  MJ,	
   Stocker	
   H,	
   Hafen	
   E,	
   Kozma	
   SC,	
   Thomas	
   G.	
   Drosophila	
   S6	
  

kinase:	
   a	
   regulator	
   of	
   cell	
   size.	
   Science.	
   1999;285(5436):2126-­‐9.	
   Epub	
   1999/09/25.	
  

PubMed	
  PMID:	
  10497130.	
  

53.	
   Pende	
  M,	
  Kozma	
  SC,	
  Jaquet	
  M,	
  Oorschot	
  V,	
  Burcelin	
  R,	
  Le	
  Marchand-­‐Brustel	
  Y,	
  et	
  al.	
  

Hypoinsulinaemia,	
  glucose	
  intolerance	
  and	
  diminished	
  beta-­‐cell	
  size	
  in	
  S6K1-­‐deficient	
  mice.	
  

Nature.	
   2000;408(6815):994-­‐7.	
   Epub	
   2001/01/05.	
   doi:	
   10.1038/35050135.	
   PubMed	
  

PMID:	
  11140689.	
  

54.	
   Pende	
  M,	
  Um	
  SH,	
  Mieulet	
  V,	
  Sticker	
  M,	
  Goss	
  VL,	
  Mestan	
  J,	
  et	
  al.	
  S6K1(-­‐/-­‐)/S6K2(-­‐/-­‐)	
  

mice	
  exhibit	
  perinatal	
  lethality	
  and	
  rapamycin-­‐sensitive	
  5'-­‐terminal	
  oligopyrimidine	
  mRNA	
  

translation	
   and	
   reveal	
   a	
  mitogen-­‐activated	
   protein	
   kinase-­‐dependent	
   S6	
   kinase	
   pathway.	
  

Mol	
  Cell	
  Biol.	
  2004;24(8):3112-­‐24.	
  Epub	
  2004/04/03.	
  PubMed	
  PMID:	
  15060135;	
  PubMed	
  

Central	
  PMCID:	
  PMC381608.	
  

55.	
   Krieg	
   J,	
   Hofsteenge	
   J,	
   Thomas	
   G.	
   Identification	
   of	
   the	
   40	
   S	
   ribosomal	
   protein	
   S6	
  

phosphorylation	
  sites	
  induced	
  by	
  cycloheximide.	
  J	
  Biol	
  Chem.	
  1988;263(23):11473-­‐7.	
  Epub	
  

1988/08/15.	
  PubMed	
  PMID:	
  3403539.	
  

56.	
   Anjum	
  R,	
  Blenis	
   J.	
  The	
  RSK	
   family	
  of	
  kinases:	
  emerging	
  roles	
   in	
  cellular	
  signalling.	
  

Nat	
   Rev	
   Mol	
   Cell	
   Biol.	
   2008;9(10):747-­‐58.	
   Epub	
   2008/09/25.	
   doi:	
   10.1038/nrm2509.	
  

PubMed	
  PMID:	
  18813292.	
  



	
   33	
  

57.	
   Ruvinsky	
   I,	
   Sharon	
  N,	
   Lerer	
   T,	
   Cohen	
  H,	
   Stolovich-­‐Rain	
  M,	
  Nir	
   T,	
   et	
   al.	
   Ribosomal	
  

protein	
   S6	
   phosphorylation	
   is	
   a	
   determinant	
   of	
   cell	
   size	
   and	
   glucose	
   homeostasis.	
   Genes	
  

Dev.	
  2005;19(18):2199-­‐211.	
  Epub	
  2005/09/17.	
  doi:	
  10.1101/gad.351605.	
  PubMed	
  PMID:	
  

16166381;	
  PubMed	
  Central	
  PMCID:	
  PMC1221890.	
  

58.	
   Ruvinsky	
   I,	
   Katz	
   M,	
   Dreazen	
   A,	
   Gielchinsky	
   Y,	
   Saada	
   A,	
   Freedman	
   N,	
   et	
   al.	
   Mice	
  

deficient	
   in	
   ribosomal	
   protein	
   S6	
   phosphorylation	
   suffer	
   from	
   muscle	
   weakness	
   that	
  

reflects	
  a	
  growth	
  defect	
  and	
  energy	
  deficit.	
  PLoS	
  One.	
  2009;4(5):e5618.	
  Epub	
  2009/05/30.	
  

doi:	
   10.1371/journal.pone.0005618.	
   PubMed	
   PMID:	
   19479038;	
   PubMed	
   Central	
   PMCID:	
  

PMC2682700.	
  

59.	
   Raught	
   B,	
   Peiretti	
   F,	
   Gingras	
   AC,	
   Livingstone	
   M,	
   Shahbazian	
   D,	
   Mayeur	
   GL,	
   et	
   al.	
  

Phosphorylation	
  of	
   eucaryotic	
   translation	
   initiation	
   factor	
  4B	
  Ser422	
   is	
  modulated	
  by	
   S6	
  

kinases.	
   EMBO	
   J.	
   2004;23(8):1761-­‐9.	
   Epub	
   2004/04/09.	
   doi:	
   10.1038/sj.emboj.7600193.	
  

PubMed	
  PMID:	
  15071500;	
  PubMed	
  Central	
  PMCID:	
  PMC394247.	
  

60.	
   Wang	
  X,	
  Li	
  W,	
  Williams	
  M,	
  Terada	
  N,	
  Alessi	
  DR,	
  Proud	
  CG.	
  Regulation	
  of	
  elongation	
  

factor	
   2	
   kinase	
   by	
   p90(RSK1)	
   and	
   p70	
   S6	
   kinase.	
   EMBO	
   J.	
   2001;20(16):4370-­‐9.	
   Epub	
  

2001/08/14.	
  doi:	
  10.1093/emboj/20.16.4370.	
  PubMed	
  PMID:	
  11500364;	
  PubMed	
  Central	
  

PMCID:	
  PMC125559.	
  

61.	
   Dorrello	
  NV,	
  Peschiaroli	
  A,	
  Guardavaccaro	
  D,	
  Colburn	
  NH,	
  Sherman	
  NE,	
  Pagano	
  M.	
  

S6K1-­‐	
   and	
   betaTRCP-­‐mediated	
   degradation	
   of	
   PDCD4	
   promotes	
   protein	
   translation	
   and	
  

cell	
   growth.	
   Science.	
   2006;314(5798):467-­‐71.	
   Epub	
   2006/10/21.	
   doi:	
  

10.1126/science.1130276.	
  PubMed	
  PMID:	
  17053147.	
  



	
   34	
  

62.	
   Lai	
  KP,	
  Leong	
  WF,	
  Chau	
  JF,	
  Jia	
  D,	
  Zeng	
  L,	
  Liu	
  H,	
  et	
  al.	
  S6K1	
  is	
  a	
  multifaceted	
  regulator	
  

of	
   Mdm2	
   that	
   connects	
   nutrient	
   status	
   and	
   DNA	
   damage	
   response.	
   EMBO	
   J.	
  

2010;29(17):2994-­‐3006.	
  Epub	
  2010/07/27.	
  doi:	
  10.1038/emboj.2010.166.	
  PubMed	
  PMID:	
  

20657550;	
  PubMed	
  Central	
  PMCID:	
  PMC2944047.	
  

63.	
   Harada	
  H,	
  Andersen	
  JS,	
  Mann	
  M,	
  Terada	
  N,	
  Korsmeyer	
  SJ.	
  p70S6	
  kinase	
  signals	
  cell	
  

survival	
  as	
  well	
  as	
  growth,	
  inactivating	
  the	
  pro-­‐apoptotic	
  molecule	
  BAD.	
  Proc	
  Natl	
  Acad	
  Sci	
  

U	
   S	
   A.	
   2001;98(17):9666-­‐70.	
   Epub	
   2001/08/09.	
   doi:	
   10.1073/pnas.171301998.	
   PubMed	
  

PMID:	
  11493700;	
  PubMed	
  Central	
  PMCID:	
  PMC55509.	
  

64.	
   Harrington	
  LS,	
  Findlay	
  GM,	
  Gray	
  A,	
  Tolkacheva	
  T,	
  Wigfield	
  S,	
  Rebholz	
  H,	
  et	
  al.	
  The	
  

TSC1-­‐2	
   tumor	
  suppressor	
  controls	
   insulin-­‐PI3K	
  signaling	
  via	
   regulation	
  of	
   IRS	
  proteins.	
   J	
  

Cell	
   Biol.	
   2004;166(2):213-­‐23.	
   Epub	
   2004/07/14.	
   doi:	
   10.1083/jcb.200403069.	
   PubMed	
  

PMID:	
  15249583;	
  PubMed	
  Central	
  PMCID:	
  PMC2172316.	
  

65.	
   Zhang	
  J,	
  Gao	
  Z,	
  Yin	
  J,	
  Quon	
  MJ,	
  Ye	
  J.	
  S6K	
  directly	
  phosphorylates	
  IRS-­‐1	
  on	
  Ser-­‐270	
  to	
  

promote	
  insulin	
  resistance	
  in	
  response	
  to	
  TNF-­‐(alpha)	
  signaling	
  through	
  IKK2.	
  J	
  Biol	
  Chem.	
  

2008;283(51):35375-­‐82.	
   Epub	
   2008/10/28.	
   doi:	
   10.1074/jbc.M806480200.	
   PubMed	
  

PMID:	
  18952604;	
  PubMed	
  Central	
  PMCID:	
  PMC2602883.	
  

66.	
   Shah	
  OJ,	
  Wang	
  Z,	
  Hunter	
  T.	
   Inappropriate	
   activation	
   of	
   the	
  TSC/Rheb/mTOR/S6K	
  

cassette	
   induces	
   IRS1/2	
   depletion,	
   insulin	
   resistance,	
   and	
   cell	
   survival	
   deficiencies.	
   Curr	
  

Biol.	
   2004;14(18):1650-­‐6.	
   Epub	
   2004/09/24.	
   doi:	
   10.1016/j.cub.2004.08.026.	
   PubMed	
  

PMID:	
  15380067.	
  

67.	
   Tremblay	
  F,	
  Brule	
  S,	
  Hee	
  Um	
  S,	
  Li	
  Y,	
  Masuda	
  K,	
  Roden	
  M,	
  et	
  al.	
  Identification	
  of	
  IRS-­‐1	
  

Ser-­‐1101	
  as	
  a	
  target	
  of	
  S6K1	
  in	
  nutrient-­‐	
  and	
  obesity-­‐induced	
  insulin	
  resistance.	
  Proc	
  Natl	
  



	
   35	
  

Acad	
   Sci	
   U	
   S	
   A.	
   2007;104(35):14056-­‐61.	
   Epub	
   2007/08/22.	
   doi:	
  

10.1073/pnas.0706517104.	
   PubMed	
   PMID:	
   17709744;	
   PubMed	
   Central	
   PMCID:	
  

PMC1950339.	
  

68.	
   Hernandez-­‐Aya	
   LF,	
   Gonzalez-­‐Angulo	
   AM.	
   Targeting	
   the	
   phosphatidylinositol	
   3-­‐

kinase	
   signaling	
   pathway	
   in	
   breast	
   cancer.	
   Oncologist.	
   2011;16(4):404-­‐14.	
   Epub	
  

2011/03/17.	
   doi:	
   10.1634/theoncologist.2010-­‐0402.	
   PubMed	
   PMID:	
   21406469;	
   PubMed	
  

Central	
  PMCID:	
  PMC3228119.	
  

69.	
   Akcakanat	
   A,	
   Singh	
   G,	
   Hung	
   MC,	
   Meric-­‐Bernstam	
   F.	
   Rapamycin	
   regulates	
   the	
  

phosphorylation	
   of	
   rictor.	
   Biochem	
   Biophys	
   Res	
   Commun.	
   2007;362(2):330-­‐3.	
   Epub	
  

2007/08/21.	
  doi:	
  10.1016/j.bbrc.2007.07.151.	
  PubMed	
  PMID:	
  17707343;	
  PubMed	
  Central	
  

PMCID:	
  PMC2040311.	
  

70.	
   Dibble	
  CC,	
  Asara	
   JM,	
  Manning	
  BD.	
  Characterization	
  of	
  Rictor	
  phosphorylation	
  sites	
  

reveals	
  direct	
  regulation	
  of	
  mTOR	
  complex	
  2	
  by	
  S6K1.	
  Mol	
  Cell	
  Biol.	
  2009;29(21):5657-­‐70.	
  

Epub	
   2009/09/02.	
   doi:	
   10.1128/MCB.00735-­‐09.	
   PubMed	
   PMID:	
   19720745;	
   PubMed	
  

Central	
  PMCID:	
  PMC2772744.	
  

71.	
   Treins	
  C,	
  Warne	
  PH,	
  Magnuson	
  MA,	
  Pende	
  M,	
  Downward	
  J.	
  Rictor	
  is	
  a	
  novel	
  target	
  of	
  

p70	
   S6	
   kinase-­‐1.	
   Oncogene.	
   2010;29(7):1003-­‐16.	
   Epub	
   2009/11/26.	
   doi:	
  

10.1038/onc.2009.401.	
  PubMed	
  PMID:	
  19935711.	
  

72.	
   Julien	
   LA,	
   Carriere	
  A,	
  Moreau	
   J,	
   Roux	
  PP.	
  mTORC1-­‐activated	
   S6K1	
  phosphorylates	
  

Rictor	
  on	
  threonine	
  1135	
  and	
  regulates	
  mTORC2	
  signaling.	
  Mol	
  Cell	
  Biol.	
  2010;30(4):908-­‐

21.	
   Epub	
   2009/12/10.	
   doi:	
   10.1128/MCB.00601-­‐09.	
   PubMed	
   PMID:	
   19995915;	
   PubMed	
  

Central	
  PMCID:	
  PMC2815569.	
  



	
   36	
  

73.	
   Goh	
  ET,	
  Pardo	
  OE,	
  Michael	
  N,	
  Niewiarowski	
  A,	
  Totty	
  N,	
  Volkova	
  D,	
  et	
  al.	
  Involvement	
  

of	
   heterogeneous	
   ribonucleoprotein	
   F	
   in	
   the	
   regulation	
   of	
   cell	
   proliferation	
   via	
   the	
  

mammalian	
  target	
  of	
  rapamycin/S6	
  kinase	
  2	
  pathway.	
   J	
  Biol	
  Chem.	
  2010;285(22):17065-­‐

76.	
  Epub	
  2010/03/24.	
  doi:	
  10.1074/jbc.M109.078782.	
  PubMed	
  PMID:	
  20308064;	
  PubMed	
  

Central	
  PMCID:	
  PMC2878046.	
  

74.	
   Ismail	
  HM,	
  Khalil	
  M,	
  Dawoud	
  M.	
  S6	
  Kinase	
  2	
  is	
  bound	
  to	
  chromatin-­‐nuclear	
  matrix	
  

cellular	
   fractions	
  and	
   is	
  able	
   to	
  phosphorylate	
  histone	
  H3	
  at	
   threonine	
  45	
   in	
  vitro	
  and	
   in	
  

vivo.	
   J	
   Cell	
   Biochem.	
   2013.	
   Epub	
   2013/04/09.	
   doi:	
   10.1002/jcb.24566.	
   PubMed	
   PMID:	
  

23564320.	
  

75.	
   Pardo	
  OE,	
  Wellbrock	
  C,	
  Khanzada	
  UK,	
  Aubert	
  M,	
  Arozarena	
  I,	
  Davidson	
  S,	
  et	
  al.	
  FGF-­‐2	
  

protects	
   small	
   cell	
   lung	
   cancer	
   cells	
   from	
   apoptosis	
   through	
   a	
   complex	
   involving	
  

PKCepsilon,	
   B-­‐Raf	
   and	
   S6K2.	
   EMBO	
   J.	
   2006;25(13):3078-­‐88.	
   Epub	
   2006/07/01.	
   doi:	
  

10.1038/sj.emboj.7601198.	
   PubMed	
   PMID:	
   16810323;	
   PubMed	
   Central	
   PMCID:	
  

PMC1500980.	
  

76.	
   Liwak	
  U,	
  Thakor	
  N,	
  Jordan	
  LE,	
  Roy	
  R,	
  Lewis	
  SM,	
  Pardo	
  OE,	
  et	
  al.	
  Tumor	
  suppressor	
  

PDCD4	
   represses	
   internal	
   ribosome	
   entry	
   site-­‐mediated	
   translation	
   of	
   antiapoptotic	
  

proteins	
   and	
   is	
   regulated	
   by	
   S6	
   kinase	
   2.	
   Mol	
   Cell	
   Biol.	
   2012;32(10):1818-­‐29.	
   Epub	
  

2012/03/21.	
   doi:	
   10.1128/MCB.06317-­‐11.	
   PubMed	
   PMID:	
   22431522;	
   PubMed	
   Central	
  

PMCID:	
  PMC3347423.	
  

77.	
   Lyzogubov	
  V,	
  Khozhaenko	
  Y,	
  Usenko	
  V,	
  Antonjuk	
  S,	
  Ovcharenko	
  G,	
  Tikhonkova	
  I,	
  et	
  

al.	
  Immunohistochemical	
  analysis	
  of	
  Ki-­‐67,	
  PCNA	
  and	
  S6K1/2	
  expression	
  in	
  human	
  breast	
  

cancer.	
  Exp	
  Oncol.	
  2005;27(2):141-­‐4.	
  Epub	
  2005/07/05.	
  PubMed	
  PMID:	
  15995633.	
  



	
   37	
  

78.	
   Filonenko	
   VV,	
   Tytarenko	
   R,	
   Azatjan	
   SK,	
   Savinska	
   LO,	
   Gaydar	
   YA,	
   Gout	
   IT,	
   et	
   al.	
  

Immunohistochemical	
  analysis	
  of	
  S6K1	
  and	
  S6K2	
  localization	
  in	
  human	
  breast	
  tumors.	
  Exp	
  

Oncol.	
  2004;26(4):294-­‐9.	
  Epub	
  2005/01/01.	
  PubMed	
  PMID:	
  15627062.	
  

79.	
   Barlund	
  M,	
  Forozan	
  F,	
  Kononen	
  J,	
  Bubendorf	
  L,	
  Chen	
  Y,	
  Bittner	
  ML,	
  et	
  al.	
  Detecting	
  

activation	
   of	
   ribosomal	
   protein	
   S6	
   kinase	
   by	
   complementary	
  DNA	
   and	
   tissue	
  microarray	
  

analysis.	
   J	
   Natl	
   Cancer	
   Inst.	
   2000;92(15):1252-­‐9.	
   Epub	
   2000/08/03.	
   PubMed	
   PMID:	
  

10922410.	
  

80.	
   Perez-­‐Tenorio	
  G,	
  Karlsson	
  E,	
  Waltersson	
  MA,	
  Olsson	
  B,	
  Holmlund	
  B,	
  Nordenskjold	
  B,	
  

et	
  al.	
  Clinical	
  potential	
  of	
  the	
  mTOR	
  targets	
  S6K1	
  and	
  S6K2	
  in	
  breast	
  cancer.	
  Breast	
  Cancer	
  

Res	
   Treat.	
   2011;128(3):713-­‐23.	
   Epub	
   2010/10/19.	
   doi:	
   10.1007/s10549-­‐010-­‐1058-­‐x.	
  

PubMed	
  PMID:	
  20953835.	
  

81.	
   Karlsson	
  E,	
  Waltersson	
  MA,	
  Bostner	
  J,	
  Perez-­‐Tenorio	
  G,	
  Olsson	
  B,	
  Hallbeck	
  AL,	
  et	
  al.	
  

High-­‐resolution	
   genomic	
   analysis	
   of	
   the	
   11q13	
   amplicon	
   in	
   breast	
   cancers	
   identifies	
  

synergy	
   with	
   8p12	
   amplification,	
   involving	
   the	
   mTOR	
   targets	
   S6K2	
   and	
   4EBP1.	
   Genes	
  

Chromosomes	
   Cancer.	
   2011;50(10):775-­‐87.	
   Epub	
   2011/07/13.	
   doi:	
   10.1002/gcc.20900.	
  

PubMed	
  PMID:	
  21748818.	
  

82.	
   van	
   der	
   Hage	
   JA,	
   van	
   den	
   Broek	
   LJ,	
   Legrand	
   C,	
   Clahsen	
   PC,	
   Bosch	
   CJ,	
   Robanus-­‐

Maandag	
  EC,	
   et	
   al.	
  Overexpression	
  of	
  P70	
  S6	
  kinase	
  protein	
   is	
   associated	
  with	
   increased	
  

risk	
   of	
   locoregional	
   recurrence	
   in	
   node-­‐negative	
   premenopausal	
   early	
   breast	
   cancer	
  

patients.	
  Br	
  J	
  Cancer.	
  2004;90(8):1543-­‐50.	
  Epub	
  2004/04/15.	
  doi:	
  10.1038/sj.bjc.6601741.	
  

PubMed	
  PMID:	
  15083183;	
  PubMed	
  Central	
  PMCID:	
  PMC2409704.	
  



	
   38	
  

83.	
   Ali	
  S,	
  Coombes	
  RC.	
  Estrogen	
  receptor	
  alpha	
  in	
  human	
  breast	
  cancer:	
  occurrence	
  and	
  

significance.	
   J	
   Mammary	
   Gland	
   Biol	
   Neoplasia.	
   2000;5(3):271-­‐81.	
   Epub	
   2004/02/20.	
  

PubMed	
  PMID:	
  14973389.	
  

84.	
   Manavathi	
  B,	
  Dey	
  O,	
  Gajulapalli	
  VN,	
  Bhatia	
  RS,	
  Bugide	
  S,	
  Kumar	
  R.	
  Derailed	
  estrogen	
  

signaling	
   and	
   breast	
   cancer:	
   an	
   authentic	
   couple.	
   Endocr	
   Rev.	
   2013;34(1):1-­‐32.	
   Epub	
  

2012/09/06.	
   doi:	
   10.1210/er.2011-­‐1057.	
   PubMed	
   PMID:	
   22947396;	
   PubMed	
   Central	
  

PMCID:	
  PMC3565105.	
  

85.	
   Yamnik	
   RL,	
   Digilova	
   A,	
   Davis	
   DC,	
   Brodt	
   ZN,	
   Murphy	
   CJ,	
   Holz	
   MK.	
   S6	
   kinase	
   1	
  

regulates	
  estrogen	
  receptor	
  alpha	
  in	
  control	
  of	
  breast	
  cancer	
  cell	
  proliferation.	
  J	
  Biol	
  Chem.	
  

2009;284(10):6361-­‐9.	
   Epub	
   2008/12/30.	
   doi:	
   10.1074/jbc.M807532200.	
   PubMed	
   PMID:	
  

19112174.	
  

86.	
   Weitsman	
  GE,	
  Li	
  L,	
  Skliris	
  GP,	
  Davie	
  JR,	
  Ung	
  K,	
  Niu	
  Y,	
  et	
  al.	
  Estrogen	
  receptor-­‐alpha	
  

phosphorylated	
  at	
  Ser118	
   is	
  present	
  at	
   the	
  promoters	
  of	
  estrogen-­‐regulated	
  genes	
  and	
   is	
  

not	
   altered	
   due	
   to	
   HER-­‐2	
   overexpression.	
   Cancer	
   Res.	
   2006;66(20):10162-­‐70.	
   Epub	
  

2006/10/19.	
  doi:	
  10.1158/0008-­‐5472.CAN-­‐05-­‐4111.	
  PubMed	
  PMID:	
  17047081.	
  

87.	
   Guo	
   JP,	
   Shu	
   SK,	
   Esposito	
   NN,	
   Coppola	
   D,	
   Koomen	
   JM,	
   Cheng	
   JQ.	
   IKKepsilon	
  

phosphorylation	
   of	
   estrogen	
   receptor	
   alpha	
   Ser-­‐167	
   and	
   contribution	
   to	
   tamoxifen	
  

resistance	
   in	
   breast	
   cancer.	
   J	
   Biol	
   Chem.	
   2010;285(6):3676-­‐84.	
   Epub	
   2009/11/27.	
   doi:	
  

10.1074/jbc.M109.078212.	
   PubMed	
   PMID:	
   19940156;	
   PubMed	
   Central	
   PMCID:	
  

PMC2823508.	
  

88.	
   Maruani	
  DM,	
  Spiegel	
  TN,	
  Harris	
  EN,	
  Shachter	
  AS,	
  Unger	
  HA,	
  Herrero-­‐Gonzalez	
  S,	
  et	
  al.	
  

Estrogenic	
   regulation	
  of	
   S6K1	
  expression	
   creates	
   a	
  positive	
   regulatory	
   loop	
   in	
   control	
   of	
  



	
   39	
  

breast	
   cancer	
   cell	
   proliferation.	
  Oncogene.	
   2012;31(49):5073-­‐80.	
   Epub	
  2012/01/31.	
   doi:	
  

10.1038/onc.2011.657.	
  PubMed	
  PMID:	
  22286763;	
  PubMed	
  Central	
  PMCID:	
  PMC3342462.	
  

89.	
   Holz	
   MK.	
   The	
   role	
   of	
   S6K1	
   in	
   ER-­‐positive	
   breast	
   cancer.	
   Cell	
   Cycle.	
  

2012;11(17):3159-­‐65.	
   Epub	
   2012/08/17.	
   doi:	
   10.4161/cc.21194.	
   PubMed	
   PMID:	
  

22895181;	
  PubMed	
  Central	
  PMCID:	
  PMC3466514.	
  

90.	
   Systemic	
   treatment	
   of	
   early	
   breast	
   cancer	
   by	
   hormonal,	
   cytotoxic,	
   or	
   immune	
  

therapy.	
   133	
   randomised	
   trials	
   involving	
   31,000	
   recurrences	
   and	
   24,000	
   deaths	
   among	
  

75,000	
   women.	
   Early	
   Breast	
   Cancer	
   Trialists'	
   Collaborative	
   Group.	
   Lancet.	
  

1992;339(8784):1-­‐15.	
  Epub	
  1992/01/04.	
  PubMed	
  PMID:	
  1345950.	
  

91.	
   Curtis	
  C,	
  Shah	
  SP,	
  Chin	
  SF,	
  Turashvili	
  G,	
  Rueda	
  OM,	
  Dunning	
  MJ,	
  et	
  al.	
  The	
  genomic	
  

and	
  transcriptomic	
  architecture	
  of	
  2,000	
  breast	
  tumours	
  reveals	
  novel	
  subgroups.	
  Nature.	
  

2012;486(7403):346-­‐52.	
   Epub	
   2012/04/24.	
   doi:	
   10.1038/nature10983.	
   PubMed	
   PMID:	
  

22522925;	
  PubMed	
  Central	
  PMCID:	
  PMC3440846.	
  

92.	
   Lambrechts	
  D,	
  Truong	
  T,	
   Justenhoven	
  C,	
  Humphreys	
  MK,	
  Wang	
   J,	
  Hopper	
   JL,	
   et	
  al.	
  

11q13	
   is	
   a	
   susceptibility	
   locus	
   for	
   hormone	
   receptor	
   positive	
   breast	
   cancer.	
  Hum	
  Mutat.	
  

2012;33(7):1123-­‐32.	
   Epub	
   2012/03/31.	
   doi:	
   10.1002/humu.22089.	
   PubMed	
   PMID:	
  

22461340;	
  PubMed	
  Central	
  PMCID:	
  PMC3370081.	
  

93.	
   Loo	
   LW,	
   Grove	
   DI,	
   Williams	
   EM,	
   Neal	
   CL,	
   Cousens	
   LA,	
   Schubert	
   EL,	
   et	
   al.	
   Array	
  

comparative	
   genomic	
   hybridization	
   analysis	
   of	
   genomic	
   alterations	
   in	
   breast	
   cancer	
  

subtypes.	
   Cancer	
   Res.	
   2004;64(23):8541-­‐9.	
   Epub	
   2004/12/03.	
   doi:	
   10.1158/0008-­‐

5472.CAN-­‐04-­‐1992.	
  PubMed	
  PMID:	
  15574760.	
  



	
   40	
  

94.	
   Fantl	
   V,	
   Richards	
   MA,	
   Smith	
   R,	
   Lammie	
   GA,	
   Johnstone	
   G,	
   Allen	
   D,	
   et	
   al.	
   Gene	
  

amplification	
  on	
  chromosome	
  band	
  11q13	
  and	
  oestrogen	
  receptor	
  status	
  in	
  breast	
  cancer.	
  

Eur	
  J	
  Cancer.	
  1990;26(4):423-­‐9.	
  Epub	
  1990/04/01.	
  PubMed	
  PMID:	
  2141507.	
  

95.	
   Kerr	
  JF,	
  Wyllie	
  AH,	
  Currie	
  AR.	
  Apoptosis:	
  a	
  basic	
  biological	
  phenomenon	
  with	
  wide-­‐

ranging	
  implications	
  in	
  tissue	
  kinetics.	
  Br	
  J	
  Cancer.	
  1972;26(4):239-­‐57.	
  Epub	
  1972/08/01.	
  

PubMed	
  PMID:	
  4561027;	
  PubMed	
  Central	
  PMCID:	
  PMC2008650.	
  

96.	
   Pennarun	
   B,	
  Meijer	
   A,	
   de	
   Vries	
   EG,	
   Kleibeuker	
   JH,	
   Kruyt	
   F,	
   de	
   Jong	
   S.	
   Playing	
   the	
  

DISC:	
   turning	
   on	
   TRAIL	
   death	
   receptor-­‐mediated	
   apoptosis	
   in	
   cancer.	
   Biochim	
   Biophys	
  

Acta.	
  2010;1805(2):123-­‐40.	
  Epub	
  2009/12/08.	
  doi:	
  10.1016/j.bbcan.2009.11.004.	
  PubMed	
  

PMID:	
  19961901.	
  

97.	
   Reubold	
   TF,	
   Eschenburg	
   S.	
   A	
   molecular	
   view	
   on	
   signal	
   transduction	
   by	
   the	
  

apoptosome.	
   Cell	
   Signal.	
   2012;24(7):1420-­‐5.	
   Epub	
   2012/03/27.	
   doi:	
  

10.1016/j.cellsig.2012.03.007.	
  PubMed	
  PMID:	
  22446004.	
  

98.	
   Llambi	
  F,	
  Green	
  DR.	
  Apoptosis	
  and	
  oncogenesis:	
  give	
  and	
  take	
  in	
  the	
  BCL-­‐2	
  family.	
  

Curr	
   Opin	
   Genet	
   Dev.	
   2011;21(1):12-­‐20.	
   Epub	
   2011/01/18.	
   doi:	
  

10.1016/j.gde.2010.12.001.	
   PubMed	
   PMID:	
   21236661;	
   PubMed	
   Central	
   PMCID:	
  

PMC3040981.	
  

99.	
   Walia	
  V,	
  Kakar	
  S,	
  Elble	
  R.	
  Micromanagement	
  of	
  the	
  mitochondrial	
  apoptotic	
  pathway	
  

by	
  p53.	
   Front	
  Biosci	
   (Landmark	
  Ed).	
   2011;16:749-­‐58.	
  Epub	
  2011/01/05.	
  PubMed	
  PMID:	
  

21196200.	
  



	
   41	
  

100.	
   Dean	
  EJ,	
  Ranson	
  M,	
  Blackhall	
  F,	
  Dive	
  C.	
  X-­‐linked	
  inhibitor	
  of	
  apoptosis	
  protein	
  as	
  a	
  

therapeutic	
   target.	
   Expert	
   Opin	
   Ther	
   Targets.	
   2007;11(11):1459-­‐71.	
   Epub	
   2007/11/22.	
  

doi:	
  10.1517/14728222.11.11.1459.	
  PubMed	
  PMID:	
  18028010.	
  

101.	
   Jost	
   PJ,	
   Grabow	
   S,	
   Gray	
   D,	
   McKenzie	
   MD,	
   Nachbur	
   U,	
   Huang	
   DC,	
   et	
   al.	
   XIAP	
  

discriminates	
   between	
   type	
   I	
   and	
   type	
   II	
   FAS-­‐induced	
   apoptosis.	
   Nature.	
  

2009;460(7258):1035-­‐9.	
   Epub	
   2009/07/25.	
   doi:	
   10.1038/nature08229.	
   PubMed	
   PMID:	
  

19626005;	
  PubMed	
  Central	
  PMCID:	
  PMC2956120.	
  

102.	
   Li	
  H,	
  Zhu	
  H,	
  Xu	
  CJ,	
  Yuan	
  J.	
  Cleavage	
  of	
  BID	
  by	
  caspase	
  8	
  mediates	
  the	
  mitochondrial	
  

damage	
   in	
   the	
   Fas	
   pathway	
   of	
   apoptosis.	
   Cell.	
   1998;94(4):491-­‐501.	
   Epub	
   1998/09/04.	
  

PubMed	
  PMID:	
  9727492.	
  

103.	
   Kaufmann	
  T,	
  Strasser	
  A,	
  Jost	
  PJ.	
  Fas	
  death	
  receptor	
  signalling:	
  roles	
  of	
  Bid	
  and	
  XIAP.	
  

Cell	
   Death	
   Differ.	
   2012;19(1):42-­‐50.	
   Epub	
   2011/10/01.	
   doi:	
   10.1038/cdd.2011.121.	
  

PubMed	
  PMID:	
  21959933;	
  PubMed	
  Central	
  PMCID:	
  PMC3252833.	
  

104.	
   Yuan	
  R,	
  Kay	
  A,	
  Berg	
  WJ,	
  Lebwohl	
  D.	
  Targeting	
  tumorigenesis:	
  development	
  and	
  use	
  

of	
  mTOR	
  inhibitors	
  in	
  cancer	
  therapy.	
  J	
  Hematol	
  Oncol.	
  2009;2:45.	
  Epub	
  2009/10/29.	
  doi:	
  

10.1186/1756-­‐8722-­‐2-­‐45.	
   PubMed	
   PMID:	
   19860903;	
   PubMed	
   Central	
   PMCID:	
  

PMC2775749.	
  

105.	
   Bukowski	
   RM.	
   Temsirolimus:	
   a	
   safety	
   and	
   efficacy	
   review.	
   Expert	
   Opin	
   Drug	
   Saf.	
  

2012;11(5):861-­‐79.	
   Epub	
   2012/08/07.	
   doi:	
   10.1517/14740338.2012.713344.	
   PubMed	
  

PMID:	
  22861825.	
  

106.	
   Li	
   S,	
   Brown	
  MS,	
  Goldstein	
   JL.	
  Bifurcation	
  of	
   insulin	
   signaling	
  pathway	
   in	
   rat	
   liver:	
  

mTORC1	
   required	
   for	
   stimulation	
   of	
   lipogenesis,	
   but	
   not	
   inhibition	
   of	
   gluconeogenesis.	
  



	
   42	
  

Proc	
   Natl	
   Acad	
   Sci	
   U	
   S	
   A.	
   2010;107(8):3441-­‐6.	
   Epub	
   2010/02/06.	
   doi:	
  

10.1073/pnas.0914798107.	
   PubMed	
   PMID:	
   20133650;	
   PubMed	
   Central	
   PMCID:	
  

PMC2840492.	
  

107.	
   Pearce	
   LR,	
   Alton	
   GR,	
   Richter	
   DT,	
   Kath	
   JC,	
   Lingardo	
   L,	
   Chapman	
   J,	
   et	
   al.	
  

Characterization	
  of	
  PF-­‐4708671,	
  a	
  novel	
  and	
  highly	
  specific	
  inhibitor	
  of	
  p70	
  ribosomal	
  S6	
  

kinase	
   (S6K1).	
   Biochem	
   J.	
   2010;431(2):245-­‐55.	
   Epub	
   2010/08/14.	
   doi:	
  

10.1042/BJ20101024.	
  PubMed	
  PMID:	
  20704563.	
  

108.	
   Yu	
   Y,	
   Yoon	
   SO,	
   Poulogiannis	
   G,	
   Yang	
   Q,	
   Ma	
   XM,	
   Villen	
   J,	
   et	
   al.	
   Phosphoproteomic	
  

analysis	
   identifies	
   Grb10	
   as	
   an	
   mTORC1	
   substrate	
   that	
   negatively	
   regulates	
   insulin	
  

signaling.	
   Science.	
   2011;332(6035):1322-­‐6.	
   Epub	
   2011/06/11.	
   doi:	
  

10.1126/science.1199484.	
   PubMed	
   PMID:	
   21659605;	
   PubMed	
   Central	
   PMCID:	
  

PMC3195509.	
  

109.	
   Hsu	
  PP,	
  Kang	
  SA,	
  Rameseder	
  J,	
  Zhang	
  Y,	
  Ottina	
  KA,	
  Lim	
  D,	
  et	
  al.	
  The	
  mTOR-­‐regulated	
  

phosphoproteome	
  reveals	
  a	
  mechanism	
  of	
  mTORC1-­‐mediated	
   inhibition	
  of	
  growth	
   factor	
  

signaling.	
   Science.	
   2011;332(6035):1317-­‐22.	
   Epub	
   2011/06/11.	
   doi:	
  

10.1126/science.1199498.	
   PubMed	
   PMID:	
   21659604;	
   PubMed	
   Central	
   PMCID:	
  

PMC3177140.	
  

110.	
   Sheppard	
   K,	
   Kinross	
   KM,	
   Solomon	
   B,	
   Pearson	
   RB,	
   Phillips	
   WA.	
   Targeting	
   PI3	
  

kinase/AKT/mTOR	
   signaling	
   in	
   cancer.	
   Crit	
   Rev	
   Oncog.	
   2012;17(1):69-­‐95.	
   Epub	
  

2012/04/05.	
  PubMed	
  PMID:	
  22471665.	
  

111.	
   Lyzogubov	
   VV,	
   Lytvyn	
   DI,	
   Dudchenko	
   TM,	
   Lubchenko	
   NV,	
   Pogrybniy	
   PV,	
  

Nespryadko	
   SV,	
   et	
   al.	
   Immunohistochemical	
   analysis	
   of	
   S6K1	
   and	
   S6K2	
   expression	
   in	
  



	
   43	
  

endometrial	
  adenocarcinomas.	
  Exp	
  Oncol.	
  2004;26(4):287-­‐93.	
  Epub	
  2005/01/01.	
  PubMed	
  

PMID:	
  15627061.	
  

112.	
   Yoshida	
   S,	
   Matsumoto	
   K,	
   Arao	
   T,	
   Taniguchi	
   H,	
   Goto	
   I,	
   Hanafusa	
   T,	
   et	
   al.	
   Gene	
  

amplification	
   of	
   ribosomal	
   protein	
   S6	
   kinase-­‐1	
   and	
   -­‐2	
   in	
   gastric	
   cancer.	
   Anticancer	
   Res.	
  

2013;33(2):469-­‐75.	
  Epub	
  2013/02/09.	
  PubMed	
  PMID:	
  23393338.	
  

	
   	
  

	
   	
  

	
  

	
  

	
  



	
   44	
  

	
  

	
  

CHAPTER	
  II	
  

	
  

	
  

S6	
  Kinase	
  2	
  Promotes	
  Breast	
  Cancer	
  Cell	
  Survival	
  via	
  Akt	
  

	
  

Savitha	
  Sridharan	
  and	
  Alakananda	
  Basu	
  

	
  

	
  

Key	
  Words:	
  S6K,	
  Akt,	
  Bid,	
  TNF,	
  p53,	
  apoptosis,	
  breast	
  cancer	
  

	
  

	
   	
  



	
   45	
  

Abstract	
  

The	
  40S	
  ribosomal	
  protein	
  S6	
  kinase	
  (S6K)	
  acts	
  downstream	
  of	
   the	
  mammalian	
   target	
  of	
  

rapamycin	
   (mTOR),	
  which	
   plays	
   important	
   roles	
   in	
   cell	
   proliferation,	
   protein	
   translation	
  

and	
   cell	
   survival	
   and	
   is	
   a	
   target	
   for	
   cancer	
   therapy.	
   mTOR	
   inhibitors	
   are,	
   however,	
   of	
  

limited	
  success.	
  	
  Although	
  Akt	
  is	
  believed	
  to	
  act	
  upstream	
  of	
  mTOR,	
  persistent	
  inhibition	
  of	
  

p70	
   S6	
   kinase	
   or	
   S6K1	
   can	
   activate	
  Akt	
   via	
   a	
   negative	
   feedback	
   loop.	
   	
   S6K	
   exists	
   as	
   two	
  

homologs,	
   S6K1	
   and	
   S6K2	
  but	
   little	
   is	
   known	
  about	
   the	
   function	
  of	
   S6K2.	
   In	
   the	
  present	
  

study,	
  we	
  have	
  examined	
  the	
  effects	
  of	
  S6K2	
  on	
  Akt	
  activation	
  and	
  cell	
  survival.	
  	
  Silencing	
  

of	
   S6K1	
   caused	
   a	
   modest	
   decrease	
   whereas	
   knockdown	
   of	
   S6K2	
   caused	
   a	
   substantial	
  

increase	
   in	
   tumor	
   necrosis	
   factor-­‐a	
   (TNF)-­‐	
   and	
   TNF-­‐related	
   apoptosis-­‐inducing	
   ligand	
  

(TRAIL)-­‐mediated	
  apoptosis.	
   	
   In	
  contrast	
   to	
  S6K1,	
  depletion	
  of	
  S6K2	
  by	
  siRNA	
  decreased	
  

basal	
   and	
   TNF-­‐induced	
   Akt	
   phosphorylation.	
   	
   Ectopic	
   expression	
   of	
   constitutively-­‐active	
  

Akt	
  in	
  MCF-­‐7	
  cells	
  restored	
  cell	
  survival	
  in	
  S6K2-­‐depleted	
  cells.	
  	
  We	
  have	
  previously	
  shown	
  

that	
  activation	
  of	
  Akt	
  induces	
  downregulation	
  of	
  Bid	
  via	
  p53.	
  	
  Knockdown	
  of	
  S6K2	
  caused	
  

an	
  increase	
  in	
  p53	
  and	
  downregulation	
  of	
  p53	
  by	
  siRNA	
  decreased	
  Bid	
  level.	
   	
  Silencing	
  of	
  

Bid	
   blunted	
   the	
   ability	
   of	
   S6K2	
   deficiency	
   to	
   enhance	
   TNF-­‐induced	
   apoptosis.	
   Taken	
  

together,	
  our	
  study	
  demonstrates	
  that	
  the	
  two	
  homologs	
  of	
  S6K	
  have	
  distinct	
  effects	
  on	
  Akt	
  

activation	
  and	
  cell	
  survival.	
  	
  Thus,	
  targeting	
  S6K2	
  may	
  be	
  an	
  effective	
  therapeutic	
  strategy	
  

to	
  treat	
  cancers.	
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Introduction	
  

Akt	
   or	
   protein	
   kinase	
   B	
   (PKB),	
   a	
   serine/threonine	
   kinase,	
   is	
   the	
   cellular	
   homolog	
   of	
   the	
  

oncogene	
  product	
  v-­‐Akt	
  (1).	
   	
  It	
   is	
  activated	
  downstream	
  of	
  phosphatidyl	
  inositol-­‐3-­‐kinase	
  

(PI3K)	
  in	
  response	
  to	
  growth	
  factors	
  or	
  cytokines.	
  	
  Akt	
  performs	
  diverse	
  cellular	
  functions,	
  

including	
   cell	
   growth,	
   proliferation	
   and	
   survival	
   (2).	
   	
   It	
   is	
   deregulated	
   in	
  many	
   cancers,	
  

including	
   breast	
   cancer	
   and	
   confers	
   resistance	
   to	
   chemotherapeutic	
   drugs	
   (3).	
  	
  

Phosphorylation	
  of	
  Akt	
  at	
  Thr308	
  and	
  Ser473	
  sites	
  results	
  in	
  its	
  activation	
  (4).	
  

Tumor	
  necrosis	
  factor-­‐a	
  (TNF)	
  was	
  originally	
  identified	
  as	
  a	
  cytokine	
  that	
  induces	
  necrosis	
  

in	
  tumors	
  and	
  regression	
  of	
  cancer	
  in	
  animals	
  (5).	
  	
  It	
  causes	
  selective	
  destruction	
  of	
  tumor	
  

tissues	
   but	
   has	
   no	
   effect	
   on	
   normal	
   tissues	
   (6).	
   	
   The	
   presence	
   of	
   antiapoptotic	
   proteins,	
  

however,	
  can	
  counteract	
  cell	
  death	
  mediated	
  by	
  TNF.	
  	
  It	
  has	
  been	
  reported	
  that	
  TNF	
  causes	
  

activation	
  of	
  Akt	
  through	
  phosphorylation	
  at	
  Ser473	
  (7).	
  	
  Binding	
  of	
  TNF	
  to	
  its	
  cell	
  surface	
  

receptors	
   causes	
   activation	
   of	
   initiator	
   caspase-­‐8	
   followed	
   by	
   activation	
   of	
   effector	
  

caspases,	
  such	
  as	
  caspase-­‐3	
  and	
  -­‐7,	
  resulting	
  in	
  the	
  cleavage	
  of	
  critical	
  cellular	
  proteins	
  and	
  

cell	
  death	
  (8,	
  9).	
   	
  Although	
  caspase-­‐8	
  is	
  the	
  apical	
  caspase	
  in	
  the	
  death	
  receptor	
  pathway,	
  

there	
  is	
  cross-­‐talk	
  between	
  the	
  receptor-­‐initiated	
  and	
  mitochondrial	
  pathway	
  (10-­‐12).	
  	
  The	
  

members	
   of	
   the	
   Bcl-­‐2	
   family	
   proteins	
   play	
   important	
   roles	
   in	
   regulating	
   the	
   intrinsic	
   or	
  

mitochondrial	
   cell	
   death	
   pathway	
   (13,	
   14).	
   	
   Capase-­‐8	
   catalyzes	
   the	
   cleavage	
   of	
   the	
  Bcl-­‐2	
  

family	
  protein	
  Bid	
  (10-­‐12).	
  	
  The	
  truncated	
  Bid	
  (tBid)	
  translocates	
  to	
  mitochondria	
  causing	
  

release	
  of	
  cytochrome	
  c	
  and	
  activation	
  of	
  caspase-­‐9	
  (10-­‐12).	
  	
  It	
  has	
  been	
  reported	
  that	
  Akt	
  

can	
  exert	
  its	
  antiapoptotic	
  function	
  by	
  inhibiting	
  the	
  function	
  of	
  proapoptotic	
  Bcl-­‐2	
  family	
  

proteins	
  (15-­‐20).	
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Several	
   cellular	
   functions	
   of	
   Akt	
   are	
   mediated	
   by	
   the	
   mammalian	
   target	
   of	
   rapamycin	
  

(mTOR),	
   which	
   is	
   considered	
   the	
   master	
   controller	
   of	
   protein	
   synthesis	
   and	
   cell	
  

proliferation	
   (21).	
   	
   Activated	
   Akt	
   can	
   phosphorylate	
   and	
   inactivate	
   tuberous	
   sclerosis	
  

complex	
   2	
   (TSC2),	
   which	
   negatively	
   regulates	
   mTOR	
   (22).	
   	
   mTOR	
   interacts	
   with	
   either	
  

raptor	
   or	
   rictor	
   to	
   form	
   mTOR	
   complex	
   I	
   (mTORC1)	
   or	
   mTOR	
   complex	
   2	
   (mTORC2),	
  

respectively	
   (22).	
   	
   	
   While	
   phosphoinositide-­‐dependent	
   kinase	
   1	
   (PDK1),	
   which	
   acts	
  

downstream	
  of	
  PI3K,	
  phosphorylates	
  Akt	
  at	
  Thr308	
  site,	
   rictor	
   complexed	
  with	
  mTORC2	
  

can	
   phosphorylate	
   Akt	
   at	
   Ser473	
   (22).	
   	
   	
   mTORC1	
   is	
   inhibited	
   by	
   rapamycin,	
   which	
   is	
  

currently	
  being	
  tested	
  for	
  use	
  in	
  cancer	
  therapy	
  albeit	
  with	
  limited	
  success	
  (23).	
  	
  	
  

The	
  40S	
  ribosomal	
  protein	
  S6	
  kinase	
  (S6K)	
  is	
  a	
  downstream	
  target	
  of	
  mTORC1	
  (24).	
  	
  S6K	
  is	
  

represented	
   by	
   two	
   homologous	
   cellular	
   proteins,	
   S6K1	
   and	
   S6K2,	
   both	
   of	
   which	
   act	
  

downstream	
  of	
  mTOR	
  and	
  phosphorylate	
  S6	
  (25).	
   	
  Persistent	
  inhibition	
  of	
  S6K1	
  has	
  been	
  

shown	
   to	
   activate	
   Akt	
   via	
   feedback	
   inhibition	
   of	
   the	
   PI3K	
   pathway	
   where	
   S6K1	
  

phosphorylates	
  several	
  sites	
  on	
  insulin	
  receptor	
  substrate-­‐1	
  (IRS-­‐1)	
  and	
  inhibits	
  it	
  (26-­‐30).	
  

The	
   limited	
   therapeutic	
   efficacy	
   of	
   rapamycin	
   and	
   its	
   analogs	
   has	
   been	
   attributed	
   to	
   the	
  

activation	
  of	
  Akt	
  via	
  this	
  negative	
  feedback	
  loop	
  due	
  to	
  inhibition	
  of	
  S6K1	
  (26,	
  29)	
  and	
  the	
  

inability	
   of	
   rapamycin	
   to	
   completely	
   activate	
   4E-­‐BP,	
   another	
   downstream	
   target	
   of	
  

mTORC1	
  (31-­‐33).	
  	
  

Although	
  there	
  are	
  two	
  homologs	
  of	
  S6K	
  (25,	
  34),	
  most	
  of	
  the	
  studies	
  have	
  been	
  focused	
  on	
  

S6K1	
  and	
  little	
   is	
  known	
  about	
  the	
  function	
  of	
  S6K2.	
  S6K1-­‐deficient	
  mice	
  phosphorylated	
  

S6	
  but	
  had	
  a	
  small	
  body	
  phenotype	
  (35).	
  	
  S6K1/2	
  double	
  knockout	
  mice	
  also	
  exhibit	
  normal	
  

proliferation	
  and	
  growth	
  reduction	
  (36).	
  Similarly,	
  S6K1/2	
  double	
  knockout	
  mouse	
  embryo	
  

fibroblasts	
  and	
  myoblasts	
  show	
  defects	
  in	
  size	
  but	
  not	
  proliferation	
  (31,	
  36).	
  	
  These	
  results	
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suggest	
  that	
  these	
  two	
  homologs	
  have	
  redundant	
  as	
  well	
  as	
  non-­‐overlapping	
  functions.	
  	
  It	
  

has	
   been	
   reported	
   that	
   S6K2	
   but	
   not	
   S6K1	
   was	
   important	
   for	
   FGF2-­‐induced	
  

chemoresistance	
   of	
   small	
   cell	
   lung	
   cancer	
   cells	
   (37).	
   	
   A	
   recent	
   study	
   demonstrated	
   that	
  

S6K2	
   but	
   not	
   S6K1	
  was	
   important	
   for	
   cell	
   proliferation	
   in	
   response	
   to	
  mTOR	
   activation	
  

(38).	
  	
  

Since	
  the	
  Akt/mTOR/S6K	
  axis	
  plays	
  a	
  critical	
  role	
  in	
  cell	
  survival	
  yet	
  targeting	
  mTOR	
  has	
  

been	
   of	
   limited	
   success	
   due	
   to	
   feedback	
   activation	
   of	
   Akt,	
   we	
   have	
   examined	
   if	
   the	
   two	
  

homologs	
  of	
  S6	
  kinase	
  perform	
  distinct	
  functions	
  in	
  mediating	
  breast	
  cancer	
  cell	
  survival.	
  

We	
  report	
  for	
  the	
  first	
  time	
  that	
  S6K2	
  regulates	
  cell	
  survival	
  via	
  the	
  Akt	
  pathway.	
  	
  We	
  have	
  

shown	
  that	
  in	
  contrast	
  to	
  S6K1,	
  silencing	
  of	
  S6K2	
  inhibits	
  Akt	
  and	
  induces	
  cell	
  death	
  via	
  the	
  

proapoptotic	
  Bcl-­‐2	
  family	
  protein	
  Bid.	
  	
  Thus,	
  selective	
  targeting	
  of	
  S6K2	
  rather	
  than	
  mTOR	
  

or	
  S6K1	
  may	
  be	
  a	
  more	
  effective	
  therapeutic	
  strategy	
  to	
  treat	
  cancers.	
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Materials	
  and	
  Methods	
  

Materials.	
   	
   Human	
   recombinant	
   TNF	
   and	
   TRAIL	
   were	
   purchased	
   from	
   R&D	
   Systems	
  

(Minneapolis,	
  MN).	
   	
  Monoclonal	
   antibodies	
   to	
  PARP	
  and	
  p53,	
   and	
  polyclonal	
   antibody	
   to	
  

caspase-­‐9	
  were	
   obtained	
   from	
  Pharmingen	
   (San	
  Diego,	
   CA).	
   	
   Polyclonal	
   antibody	
   to	
   Akt,	
  	
  

phospho-­‐Akt	
   (Ser473),	
   S6K1	
   and	
   phospho-­‐FOXO3a	
   were	
   obtained	
   from	
   Cell	
   Signaling	
  

Technology	
   (Beverly,	
   MA).	
   	
   Polyclonal	
   antibody	
   to	
   S6K2	
   was	
   from	
   Santa	
   Cruz	
  

Biotechnology	
   (Santa	
   Cruz,	
   CA)	
   and	
   Bethyl	
   Laboratories	
   (Montgomery,	
   TX).	
   Polyclonal	
  

antibody	
   to	
   Bid	
   and	
  monoclonal	
   antibody	
   to	
   caspase-­‐8	
   were	
   purchased	
   from	
   BioSource	
  

(Camarillo,	
  CA).	
  	
  Actin	
  was	
  purchased	
  from	
  Sigma-­‐Aldrich	
  (St	
  Louis,	
  MO).	
  	
  Yo-­‐Pro,	
  annexin	
  

V	
   conjugated	
   to	
   Alexa	
   Fluor	
   488	
   and	
   propidium	
   iodide	
   (25)	
   were	
   purchased	
   from	
  

Molecular	
   Probes/Invitrogen	
   (Carlsbad,	
   CA).	
   	
   Caspase-­‐3	
   fluorometric	
   assay	
   kit	
   was	
  

obtained	
   from	
   BioVision	
   (Palo	
   Alto,	
   CA,	
   USA).	
   	
   Horseradish	
   peroxidase	
   conjugated	
   goat	
  

anti-­‐mouse	
   and	
   donkey	
   anti-­‐rabbit	
   antibodies	
   were	
   obtained	
   from	
   JacksonImmuno	
  

Research	
   Lab.	
   Inc.	
   (West	
  Grove,	
   PA).	
   Control	
   non-­‐targeting	
   siRNA	
   and	
   siRNA	
   specific	
   for	
  

S6K1,	
   S6K2,	
   Bid,	
   Bax	
   and	
   p53	
   were	
   obtained	
   from	
   Dharmacon	
   (Lafayette,	
   CO).	
  	
  

Polyvinylidene	
   difluoride	
   membrane	
   was	
   from	
   Millipore	
   (Bedford,	
   MA)	
   and	
   enhanced	
  

chemiluminescence	
  detection	
  kit	
  was	
  from	
  Amersham	
  (Arlington	
  Heights,	
  IL).	
  

Cell	
  Culture	
  and	
  Transfection.	
  MCF-­‐7	
  and	
  ZR-­‐75-­‐1	
  cells	
  were	
  maintained	
  in	
  RPMI	
  1640	
  

medium	
   supplemented	
   with	
   10%	
   fetal	
   bovine	
   serum	
   and	
   2	
   mM	
   glutamine.	
   MCF-­‐7	
   cells	
  

were	
   obtained	
   from	
   Dr.	
   Olivera	
   J.	
   Finn.	
   	
   ZR-­‐75-­‐1	
   and	
   cells	
   were	
   obtained	
   from	
   the	
   UT	
  

Southwestern	
  Medical	
  Center.	
  	
  Cells	
  were	
  kept	
  in	
  a	
  humidified	
  incubator	
  at	
  370C	
  with	
  95%	
  

air	
   and	
   5%	
   CO2.	
   All	
   these	
   cells	
   were	
   authenticated	
   by	
   DNA	
   fingerprinting	
   at	
   the	
   UT	
  

Southwestern	
   Medical	
   Center	
   and	
   the	
   Department	
   of	
   Forensic	
   Genetics	
   at	
   UNT	
   Health	
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Science	
   Center.	
   siRNA	
   was	
   transfected	
   using	
   Lipofectamine	
   2000	
   transfection	
   reagent	
  

according	
   to	
   the	
  manufacturer’s	
  protocol	
   (Invitrogen,	
  Carlsbad,	
  CA).	
   	
   	
  Cells	
  were	
   infected	
  

with	
   adenovirus	
   vector	
   containing	
  GFP	
   or	
   constitutively-­‐active	
   (myrisotylated)	
  Akt	
   (MOI	
  

10).	
  	
  

Immunoblot	
  Analysis.	
  	
  Equivalent	
  amounts	
  of	
  total	
  cellular	
  extracts	
  were	
  electrophoresed	
  

by	
  SDS-­‐PAGE	
  and	
   transferred	
  electrophoretically	
   to	
  polyvinylidene	
  difluoride	
  membrane.	
  	
  

Immunoblot	
  analyses	
  were	
  performed	
  as	
  described	
  before	
  (39).	
  	
  	
  

	
  Cell	
  Death	
  Analysis.	
  	
  Cells	
  were	
  labeled	
  with	
  0.5	
  μM	
  YO-­‐PRO-­‐1	
  and	
  2	
  μM	
  PI	
  by	
  incubating	
  

at	
  37°C	
  for	
  15	
  min	
  and	
  visualized	
  using	
  a	
  Zeiss	
  Axiovert	
  40	
  inverted	
  microscope	
  with	
  the	
  

AxioVision	
  Rel	
  4.6	
  software	
  (Zeiss,	
  Göttingen,	
  Germany).	
  	
  

Annexin	
  V/Propidium	
  Iodide	
  Binding	
  Assay.	
  	
  Cells	
  were	
  treated	
  with	
  or	
  without	
  TNF	
  as	
  

indicated	
   in	
  the	
  text.	
   	
  At	
   the	
  end	
  of	
   the	
   incubation,	
  both	
  detached	
  cells	
  and	
  attached	
  cells	
  

were	
  collected	
  and	
  washed	
  with	
  PBS.	
   	
  Cells	
  were	
   then	
  stained	
  with	
  Annexin	
  V-­‐Alexa	
  488	
  

conjugate	
   and	
   PI	
   according	
   to	
   the	
   manufacturer’s	
   protocol	
   and	
   analyzed	
   using	
   a	
   flow	
  

cytometer	
  (Coulter	
  Epics)	
  (40).	
  

Caspase	
   assay.	
   DEVDase	
   activity	
   was	
   determined	
   at	
   37C	
   using	
   Ac-­‐DEVD-­‐AFC	
   as	
   the	
  

substrate	
   and	
  manufacturer’s	
   protocol.	
   	
   The	
   fluorescence	
   liberated	
   from	
  DEVD-­‐AFC	
  was	
  

measured	
   using	
   a	
   SpectraMax	
   GeminiXS	
   fluorometer	
   and	
   SOFTmax	
   PRO	
   3.1.1	
   software	
  

(Molecular	
   Devices,	
   Sunnyvale,	
   CA,	
   USA)	
   with	
   an	
   excitation	
   wavelength	
   of	
   400-­‐nm	
   and	
  

emission	
  wavelength	
  of	
  505	
  nm.	
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Statistical	
   analysis.	
   	
   Data	
   are	
   presented	
   as	
   the	
   mean	
   ±	
   S.D.	
   and	
   n	
   =	
   4.	
   Statistical	
  

significance	
  was	
   determined	
   by	
   paired	
   Student’s	
   t-­‐test	
   using	
   PASW	
   Statistics	
   (SPSS,	
   Inc.,	
  

Chicago,	
  IL).	
  	
  P<	
  0.05	
  was	
  considered	
  statistically	
  significant.	
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Results	
  

S6K	
  Homologs	
  Exhibit	
  Distinct	
  Effects	
  on	
  TNF-­‐Induced	
  Apoptosis	
  in	
  Breast	
  Cancer	
  MCF-­‐

7	
  Cells.	
  	
  	
  

Since	
   S6K1	
   is	
   overexpressed	
   in	
  MCF-­‐7	
   breast	
   cancer	
   cells	
   (41)	
   and	
   has	
   been	
   associated	
  

with	
   chemoresistance	
   (42,	
  43),	
  we	
  examined	
   if	
   S6K1	
  confers	
   resistance	
   to	
  TNF	
   in	
  MCF-­‐7	
  

breast	
   cancer	
   cells.	
   	
   Figure	
   1A	
   shows	
   that	
   silencing	
   of	
   S6K1	
   by	
   siRNA	
   caused	
   a	
  modest	
  

decrease	
  rather	
  than	
  an	
  increase	
  in	
  the	
  cleavage	
  of	
  PARP	
  in	
  response	
  to	
  TNF.	
  	
  Since	
  there	
  

are	
   two	
  S6K	
  homologs,	
  we	
   examined	
   the	
   effect	
   of	
   S6K2	
  knockdown	
  on	
  TNF-­‐induced	
   cell	
  

death.	
   	
   As	
   shown	
   in	
   Figure	
   1B,	
   depletion	
   of	
   S6K2	
   caused	
   a	
   substantial	
   increase	
   in	
   TNF-­‐

induced	
  cleavage	
  of	
  the	
  116-­‐kDa	
  full-­‐length	
  PARP	
  to	
  the	
  85-­‐kDa	
  form.	
  	
  We	
  also	
  monitored	
  

the	
  effect	
  of	
  S6K1	
  and	
  S6K2	
  knockdown	
  on	
  cell	
  death	
  by	
  staining	
  cells	
  with	
  YO-­‐PRO-­‐1	
  and	
  

PI	
  (Fig.	
  1C).	
  	
  Apoptotic	
  cells	
  are	
  permeable	
  to	
  the	
  green	
  fluorescent	
  dye	
  YO-­‐PRO-­‐1	
  whereas	
  

PI	
  (red)	
  is	
  taken	
  up	
  only	
  by	
  necrotic	
  and	
  late-­‐apoptotic	
  cells.	
  	
  S6K2	
  depletion	
  increased	
  the	
  

number	
  of	
  YO-­‐PRO-­‐1/PI-­‐stained	
  cells	
  in	
  response	
  to	
  TNF	
  and	
  TRAIL	
  while	
  S6K1	
  depletion	
  

appears	
  to	
  decrease	
  it.	
  Thus,	
  the	
  two	
  S6K	
  homologs	
  had	
  distinct	
  effects	
  on	
  TNF-­‐	
  and	
  TRAIL-­‐	
  

induced	
  cell	
  death.	
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Figure	
  1	
  

S6K1	
  and	
  S6K2	
  have	
  distinct	
   effects	
   on	
  breast	
   cancer	
   cell	
   survival.	
   	
  MCF-­‐7	
   cells	
  were	
  

transfected	
  with	
  control	
  non-­‐targeting	
  siRNA	
  and	
  either	
  S6K1	
  (A)	
  or	
  S6K2	
  (B)	
  siRNA	
  and	
  

then	
  treated	
  with	
  indicated	
  concentrations	
  of	
  TNF.	
   	
  Western	
  blot	
  analysis	
  was	
  performed	
  

with	
   indicated	
  antibodies.	
   	
  Actin	
  was	
  used	
   to	
   control	
   for	
   loading	
  differences.	
   	
   The	
   arrow	
  

indicates	
   85-­‐kDa	
   cleaved	
   PARP.	
   	
   C,	
   MCF-­‐7	
   cells	
   transfected	
   with	
   control,	
   S6K1	
   or	
   S6K2	
  

siRNA	
  were	
  treated	
  without	
  or	
  with	
  TNF	
  or	
  TRAIL.	
  	
  Cells	
  were	
  then	
  stained	
  with	
  YO-­‐PRO-­‐1	
  

(Green)	
  to	
  detect	
  apoptotic	
  cells	
  and	
  propidium	
  iodide	
  (red)	
  to	
  detect	
  necrotic	
  cells	
  using	
  a	
  

fluorescence	
   microscope.	
   	
   Merged	
   figures	
   are	
   shown.	
   Results	
   are	
   representative	
   of	
   3	
  

independent	
  experiments.	
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Figure	
  1	
  

	
  

	
  

	
  

	
  

	
   	
  

S6K1%

PARP%

Loading%

siRNA%%%%%%%%%%%%%Con%%%%%%%%%%%%%%S6K1%%%%%%%%%%

TNF%(nM)%%%%%%8%%%%0.1%%0.3%%%%8%%%0.1%%0.3%%

A.#

S6K2%

PARP%

Loading%

siRNA%%%%%%%%%%Con%%%%%%%%%%%%%%S6K2%%%%%%%%%%

TNF%(nM)%%%%%%8%%%0.1%%0.3%%%%8%%%%0.1%%0.3%%

B.#

siRNA%%%%%%%%%%%%%%%Con######################S6K1#######################S6K2###############

1#

TNF#############

TRAIL#

C.#



	
   55	
  

S6K	
  Homologs	
  Exert	
  Opposite	
  Effects	
  on	
  TNF-­‐Induced	
  Akt	
  Phosphorylation.	
  	
  

Since	
  silencing	
  of	
  S6K1	
  caused	
  a	
  modest	
   inhibition	
  of	
  TNF-­‐	
  and	
  TRAIL-­‐induced	
  apoptosis	
  

(Figs.	
  1A	
  and	
  1C),	
  and	
  S6K1	
  was	
  shown	
  to	
  negatively	
  regulate	
  Akt	
  via	
  a	
  feedback	
  loop	
  (26,	
  

28-­‐30),	
   we	
   examined	
   if	
   knockdown	
   of	
   S6K1	
   enhances	
   TNF-­‐induced	
   activation	
   of	
   Akt	
   in	
  

MCF-­‐7	
  cells.	
  	
  Figure	
  2	
  shows	
  that	
  depletion	
  of	
  S6K1	
  in	
  MCF-­‐7	
  breast	
  cancer	
  cells	
  enhanced	
  

phosphorylation	
  of	
  Akt.	
  	
  In	
  contrast	
  to	
  S6K1,	
  knockdown	
  of	
  S6K2	
  decreased	
  both	
  basal	
  and	
  

TNF-­‐induced	
   Akt	
   phosphorylation	
   (Fig.	
   3A).	
   	
   Based	
   on	
   densitometric	
   scanning	
   of	
   four	
  

independent	
   experiments,	
   knockdown	
   of	
   S6K2	
   decreased	
   basal	
   and	
   TNF-­‐induced	
   Akt	
  

phosphorylation	
  at	
  Ser473	
  by	
  40%	
  and	
  60%,	
  respectively	
  (Fig.	
  3B).	
  	
  

We	
  also	
  examined	
  the	
  consequence	
  of	
  S6K2	
  knockdown	
  on	
  Akt	
  phosphorylation	
  in	
  ZR-­‐75-­‐1	
  

breast	
   cancer	
   cells	
   (Fig.	
   3C).	
   	
   Knockdown	
   of	
   S6K2	
   decreased	
   Akt	
   phosphorylation,	
   and	
  

enhanced	
  PARP	
  cleavage	
  and	
  caspase	
  activation	
  in	
  ZR-­‐75-­‐1	
  cells	
  (Fig.	
  3C).	
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Figure	
  2	
  

Knockdown	
  of	
  S6K1	
  increased	
  Akt	
  phosphorylation.	
  	
  MCF-­‐7	
  cells	
  transfected	
  with	
  control	
  

non-­‐targeting	
  or	
  S6K1	
  siRNA	
  were	
  treated	
  with	
  indicated	
  concentrations	
  of	
  TNF.	
  	
  Western	
  

blot	
  analysis	
  was	
  performed	
  with	
  indicated	
  antibodies.	
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Figure	
  2	
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Figure	
  3	
  

Knockdown	
  of	
  S6K2	
  decreased	
  Akt	
  phosphorylation.	
  MCF-­‐7	
  (A)	
  or	
  ZR-­‐75-­‐1	
  (C)	
  cells	
  were	
  

transfected	
  with	
  control	
  non-­‐targeting	
  or	
  S6K2	
  siRNA.	
  Cells	
  were	
  treated	
  with	
  or	
  without	
  

indicated	
  concentrations	
  of	
  TNF	
  and	
  Western	
  blot	
  analysis	
  was	
  performed	
  with	
  indicated	
  

antibodies.	
  B,	
  Intensity	
  of	
  phospho-­‐Akt	
  was	
  determined	
  by	
  densitometry	
  and	
  standardized	
  

by	
  loading.	
  The	
  data	
  represent	
  the	
  -­‐fold	
  decrease	
  in	
  Akt	
  phosphorylation	
  in	
  S6K2-­‐depleted	
  

cells	
  compared	
  to	
  control	
  siRNA-­‐transfected	
  cells.	
  Each	
  bar	
  represents	
  the	
  mean	
  ±	
  S.D.	
  of	
  

four	
   independent	
  experiments.	
  The	
  solid	
  bar	
  represents	
  untreated	
  cells	
  and	
  the	
  open	
  bar	
  

represents	
  TNF	
  treatment.	
  	
  	
  *,	
  p	
  value	
  <	
  0.05;	
  **,	
  p	
  value	
  <	
  0.01	
  using	
  paired	
  Student’s	
  t	
  test.	
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Figure	
  3	
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S6K2	
  Promotes	
  MCF-­‐7	
  Cell	
  Survival	
  via	
  Akt	
  

Since	
  knockdown	
  of	
  S6K2	
  inhibits	
  Akt	
  phosphorylation,	
  we	
  examined	
  if	
  S6K2	
  promotes	
  cell	
  

survival	
  via	
  Akt.	
   	
  We	
  examined	
  the	
  ability	
  of	
  constitutively-­‐active	
  (CA)	
  Akt	
   to	
  reverse	
  the	
  

potentiation	
  of	
  cell	
  death	
  caused	
  by	
  S6K2	
  depletion.	
   	
  Figure	
  4A	
  shows	
  that	
  the	
  adenoviral	
  

vector-­‐mediated	
  delivery	
  of	
  CA-­‐Akt	
  in	
  MCF-­‐7	
  cells	
  decreased	
  TNF-­‐induced	
  PARP	
  cleavage	
  

compared	
   to	
   cells	
   transfected	
   with	
   adeno-­‐GFP.	
   	
   While	
   knockdown	
   of	
   S6K2	
   caused	
   a	
  

substantial	
   increase	
   in	
   TNF-­‐induced	
   PARP	
   cleavage,	
   overexpression	
   of	
   CA-­‐Akt	
   inhibited	
  

TNF-­‐induced	
  PARP	
   cleavage	
   in	
   S6K2-­‐depleted	
   cells.	
   	
   Similar	
   results	
  were	
  obtained	
  when	
  

we	
  monitored	
  cell	
  death	
  by	
  staining	
  cells	
  with	
  Annexin	
  V	
  and	
  PI	
   (Fig.	
  4B).	
   	
  These	
  results	
  

suggest	
  that	
  S6K2	
  mediates	
  its	
  prosurvival	
  effect	
  via	
  Akt.	
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Figure	
  4	
  

Overexpression	
   of	
   Akt	
   reverses	
   the	
   effects	
   of	
   S6K2	
   knockdown	
   on	
   TNF-­‐induced	
  

apoptosis.	
   MCF-­‐7	
   cells	
   transfected	
   with	
   control	
   or	
   S6K2	
   siRNA	
   were	
   infected	
   with	
  

adenovirus	
   vector	
   containing	
   GFP	
   or	
   CA-­‐Akt	
   construct.	
   Cells	
   were	
   then	
   treated	
   with	
   or	
  

without	
   indicated	
   concentrations	
   of	
   TNF.	
   	
   A,	
  Western	
   blot	
   analysis	
   was	
   performed	
  with	
  

indicated	
  antibodies.	
  	
  B,	
  Cells	
  were	
  stained	
  with	
  Annexin	
  V-­‐Alexa	
  488	
  conjugate	
  and	
  PI,	
  and	
  

analyzed	
  using	
  a	
  flow	
  cytometer.	
  	
  Results	
  are	
  representative	
  of	
  3	
  independent	
  experiments.	
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Figure	
  4	
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Knockdown	
  of	
  S6K2	
  Enhanced	
  Cell	
  Death	
  via	
  Bid	
  	
  	
  

Although	
  TNF	
  and	
  TRAIL	
  trigger	
  cell	
  death	
  via	
  the	
  receptor-­‐initiated	
  pathway,	
  they	
  can	
  also	
  

amplify	
  cell	
  death	
  via	
  the	
  mitochondrial	
  pathway	
  (10-­‐12).	
  To	
  determine	
  the	
  mechanism(s)	
  

by	
   which	
   depletion	
   of	
   S6K2	
   potentiates	
   TNF-­‐induced	
   cell	
   death,	
   we	
   monitored	
   TNF-­‐

induced	
   caspase	
   activation	
   and	
   processing	
   of	
   Bid.	
   	
   Figure	
   5A	
   shows	
   that	
   TNF	
   caused	
   an	
  

increase	
   in	
   phospho-­‐Akt	
  which	
  was	
   attenuated	
   by	
   S6K2	
   knockdown.	
   	
   Depletion	
   of	
   S6K2	
  

was	
  associated	
  with	
  enhanced	
  processing	
  of	
  PARP	
  and	
  procaspase-­‐8	
   in	
   response	
   to	
  TNF.	
  	
  

This	
  was	
  accompanied	
  by	
  an	
  increase	
  in	
  the	
  cleavage	
  of	
  Bid,	
  a	
  substrate	
  for	
  caspase-­‐8	
  (10)	
  

and	
   increased	
   processing	
   of	
   procaspase-­‐9,	
   the	
   apical	
   caspase	
   of	
   the	
   mitochondrial	
   cell	
  

death	
   pathway.	
  We	
   also	
   compared	
   the	
   effects	
   of	
   S6K1	
   and	
   S6K2	
   knockdown	
   on	
   cellular	
  

responses	
  to	
  TRAIL	
  (Fig.	
  5B).	
  Knockdown	
  of	
  S6K2	
  had	
  little	
  effect	
  on	
  caspase-­‐8	
  inhibitor	
  c-­‐

FLIP	
  but	
  it	
  enhanced	
  processing	
  of	
  procaspase-­‐8,	
  -­‐9	
  and	
  Bid	
  (Fig.	
  5B).	
  	
  

To	
   further	
   validate	
   our	
   observation	
   that	
   S6K2	
   depletion	
   decreases	
   Akt	
   phosphorylation	
  

and	
   increases	
   cell	
   death	
   via	
   the	
   mitochondrial	
   pathway,	
   we	
   used	
   four	
   different	
   siRNA	
  

constructs	
  against	
  S6K2.	
  	
  	
  Figure	
  5C	
  shows	
  that	
  siRNAs	
  1,	
  2	
  and	
  4	
  against	
  S6K2	
  decreased	
  

Akt	
  phosphorylation,	
   enhanced	
  PARP	
   cleavage	
   and	
   increased	
  processing	
  of	
   procaspase-­‐8	
  

and	
   -­‐9	
   similar	
   to	
   S6K2	
   SMARTpool	
   siRNA.	
   	
   In	
   contrast,	
   siRNA	
   2	
   was	
   less	
   effective	
   in	
  

attenuating	
  Akt	
  phosphorylation	
  and	
  cleavage	
  of	
  PARP,	
  caspase-­‐8	
  and	
  -­‐9.	
  	
  Thus,	
  a	
  decrease	
  

in	
   Akt	
   phosphorylation	
   by	
   S6K2	
   depletion	
   was	
   associated	
   with	
   an	
   increase	
   in	
   PARP	
  

cleavage.	
  	
  

Since	
  PDCD4	
  has	
  been	
  implicated	
  in	
  TNF-­‐induced	
  apoptosis	
  and	
  acts	
  as	
  a	
  tumor	
  suppressor	
  

(44,	
   45),	
   we	
   have	
   also	
   examined	
   the	
   effects	
   of	
   S6K1	
   and	
   -­‐2	
   knockdown	
   on	
   the	
   level	
   of	
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PDCD4.	
   	
   Silencing	
   of	
   S6K1	
   or	
   S6K2	
   effectively	
   depleted	
   the	
   homolog	
   and	
   attenuated	
  

phosphorylation	
   of	
   the	
   substrate	
   S6.	
   	
   However,	
   while	
   knockdown	
   of	
   S6K1	
   consistently	
  

increased	
   PDCD4	
   level,	
   depletion	
   of	
   S6K2	
   had	
   either	
   no	
   effect	
   or	
   decreased	
   the	
   level	
   of	
  

PDCD4	
   modestly	
   (Fig.	
   5D	
   and	
   data	
   not	
   shown).	
   	
   Thus,	
   it	
   is	
   unlikely	
   that	
   a	
   decrease	
   in	
  

PDCD4	
  was	
  responsible	
  for	
  the	
  potentiation	
  of	
  cell	
  death	
  caused	
  by	
  S6K2	
  knockdown.	
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Figure	
  5	
  	
  

Knockdown	
  of	
  S6K2	
  induced	
  apoptosis	
  via	
  the	
  mitochondrial	
  pathway.	
  MCF-­‐7	
  cells	
  were	
  

transfected	
  with	
  control	
  or	
  S6K2	
  siRNA.	
  	
  A,	
  Cells	
  were	
  treated	
  with	
  1	
  nM	
  TNF	
  for	
  indicated	
  

periods	
  of	
  time.	
  	
  B,	
  Cells	
  were	
  treated	
  with	
  or	
  without	
  TRAIL.	
  C,	
  Cells	
  were	
  transfected	
  with	
  

control,	
  siRNA	
  SMARTpool	
  or	
  four	
  different	
  S6K2	
  siRNAs	
  and	
  then	
  treated	
  with	
  0.3	
  nM	
  TNF.	
  	
  

D,	
   Cells	
  were	
   transfected	
  with	
   control,	
   S6K1	
   or	
   S6K2	
   siRNA.	
   	
  Western	
   blot	
   analysis	
  was	
  

performed	
   with	
   indicated	
   antibodies.	
   Western	
   blot	
   analyses	
   were	
   performed	
   with	
  

indicated	
   antibodies.	
   	
   The	
   upper	
   band	
   in	
   the	
   S6K2	
   blot	
   is	
   likely	
   to	
   be	
   S6K1.	
   Results	
   are	
  

representative	
  of	
  3	
  independent	
  experiments.	
  	
  The	
  arrows	
  indicate	
  the	
  processed	
  forms	
  of	
  

PARP,	
  caspase-­‐8,	
  caspase-­‐9	
  and	
  Bid.	
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Figure	
  5	
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We	
  have	
  previously	
  shown	
  that	
  activation	
  of	
  Akt	
  promotes	
  cell	
  survival	
  by	
  downregulating	
  

Bid	
  via	
  p53	
  (17).	
   	
  We	
  therefore	
  examined	
   if	
  S6K2	
  knockdown	
  affects	
  p53	
   level.	
   	
  Figure	
  6	
  

shows	
  that	
  knockdown	
  of	
  S6K2	
  enhanced	
  basal	
  and	
  TNF-­‐induced	
  p53	
  level	
  and	
  silencing	
  of	
  

p53	
   decreased	
   Bid	
   level,	
   suggesting	
   that	
   S6K2	
   may	
   regulate	
   Bid	
   via	
   p53.	
   	
   Finally,	
   to	
  

determine	
   if	
   Bid	
   is	
   indeed	
   involved	
   in	
   the	
   potentiation	
   of	
   cell	
   death	
   caused	
   by	
   S6K2	
  

knockdown,	
  we	
  examined	
  if	
  S6K2	
  depletion	
  affected	
  Bid	
  levels	
  and	
  sensitizes	
  cells	
  to	
  TNF	
  

when	
   Bid	
   is	
   depleted.	
   We	
   compared	
   the	
   effect	
   of	
   Bid	
   with	
   another	
   proapoptotic	
   Bcl-­‐2	
  

family	
  member	
  Bax.	
  	
  Figure	
  7	
  shows	
  that	
  knockdown	
  of	
  Bid	
  abolished	
  TNF-­‐induced	
  PARP	
  

cleavage.	
   	
   Additionally,	
   knockdown	
   of	
   Bid	
   but	
   not	
   Bax	
   attenuated	
   the	
   ability	
   of	
   S6K2	
   to	
  

enhance	
  TNF-­‐induced	
  PARP	
  cleavage.	
  These	
  results	
  suggest	
  that	
  the	
  mechanism	
  by	
  which	
  

S6K2	
  potentiates	
  receptor-­‐mediated	
  apoptosis	
  involves	
  the	
  proapoptotic	
  protein	
  Bid.	
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Figure	
  6	
  

S6K2	
  depletion	
  increases	
  p53	
  levels	
  and	
  knockdown	
  of	
  p53	
  attenuates	
  Bid	
  level.	
  	
  MCF-­‐7	
  

cells	
  were	
   transfected	
  with	
   indicated	
  siRNAs	
  and	
   then	
   treated	
  with	
  or	
  without	
  TNF.	
   	
  Cell	
  

lysates	
  were	
  analyzed	
  by	
  Western	
  blotting	
  using	
  the	
  indicated	
  antibodies.	
  Actin	
  was	
  used	
  

to	
   control	
   for	
   loading	
   differences.	
   Results	
   are	
   representative	
   of	
   two	
   independent	
  

experiments.	
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Figure	
  6	
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Figure	
  7	
  	
  	
  

S6K2	
   depletion	
   enhances	
   TNF-­‐induced	
   apoptosis	
   via	
  Bid.	
  MCF-­‐7	
   cells	
   transfected	
  with	
  

indicated	
   siRNAs	
   were	
   treated	
   with	
   or	
   without	
   TNF	
   and	
   Western	
   blot	
   analysis	
   was	
  

performed	
   with	
   indicated	
   antibodies.	
   	
   Results	
   are	
   representative	
   of	
   two	
   independent	
  

experiments.	
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Figure	
  7	
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Discussion	
  

The	
  results	
  of	
  our	
  present	
  study	
  demonstrate	
  that	
  the	
  two	
  S6K	
  homologs,	
  S6K1	
  and	
  S6K2	
  

exhibit	
   distinct	
   functions	
  on	
  breast	
   cancer	
   cell	
   survival.	
   	
  While	
   it	
   has	
  been	
   reported	
   that	
  

S6K1	
  can	
  negatively	
  regulate	
  Akt	
  via	
  a	
  negative	
  feedback	
  loop,	
  we	
  report	
  for	
  the	
  first	
  time	
  

that	
  depletion	
  of	
  S6K2	
  inhibits	
  Akt	
  activity	
  and	
  promotes	
  breast	
  cancer	
  cell	
  death	
  via	
  the	
  

mitochondrial	
  cell	
  death	
  pathway	
  that	
  involves	
  the	
  Bcl-­‐2	
  family	
  protein	
  Bid.	
  

It	
   is	
   generally	
   believed	
   that	
   activation	
   of	
   PI3K/Akt	
   stimulates	
   the	
   mTOR	
   pathway	
   by	
  

phosphorylating	
  and	
  inactivating	
  the	
  tumor	
  suppressor	
  protein	
  tuberous	
  sclerosis	
  complex	
  

2	
   (TSC2),	
   which	
   negatively	
   regulates	
   mTOR	
   activity.	
   	
   mTOR	
   is	
   required	
   for	
   estrogen-­‐

induced	
  breast	
  tumor	
  cell	
  proliferation	
  (46)	
  and	
  constitutive	
  signaling	
  through	
  the	
  mTOR	
  

pathway	
  is	
  a	
  cause	
  of	
  treatment	
  failure	
  in	
  breast	
  cancer	
  patients	
  (47).	
  	
  S6K1,	
  a	
  downstream	
  

target	
  of	
  mTOR,	
  is	
  an	
  important	
  mediator	
  of	
  mTOR	
  function	
  (48).	
  An	
  elevation/activation	
  

of	
  S6K	
  has	
  been	
  associated	
  with	
  several	
  cancers	
  and	
  resistance	
  to	
  chemotherapeutic	
  drugs	
  

(41,	
  43,	
  49,	
  50).	
  The	
  S6K1	
  gene	
  is	
  amplified	
  in	
  approximately	
  9%	
  of	
  primary	
  breast	
  cancers	
  

(51),	
   and	
   S6K1	
  mRNA	
   is	
   elevated	
   in	
   almost	
   40%	
   of	
   the	
   tumors	
   (41).	
   	
   The	
   status	
   of	
   the	
  

activated	
  S6K1	
  was	
  shown	
  to	
  be	
  a	
  predictor	
  of	
  patient’s	
  survival	
  and	
  treatment	
  response	
  

(41,	
   49,	
   52).	
   	
   Recently,	
   it	
   has	
   been	
   reported	
   that	
   S6K1	
   promotes	
   breast	
   cancer	
   cell	
  

proliferation	
  by	
  phosphorylating	
  ERa,	
   leading	
  to	
   its	
   transcriptional	
  activation	
  (53).	
   	
  Thus,	
  

we	
  anticipated	
  that	
  knockdown	
  of	
  S6K1	
  would	
  enhance	
  cell	
  death	
  in	
  breast	
  cancer	
  cells.	
  	
  To	
  

our	
  surprise,	
  depletion	
  of	
  S6K1	
  caused	
  a	
  modest	
  decrease	
  in	
  cell	
  death	
  in	
  response	
  to	
  TNF.	
  	
  

Our	
  results	
  are,	
  however,	
  consistent	
  with	
  the	
  recent	
  reports	
  that	
  S6K1	
  deficiency	
  protects	
  

against	
  death	
  receptor-­‐mediated	
  apoptosis	
   in	
  hepatocytes	
  (54)	
  and	
  mTOR-­‐S6K1	
  activates	
  

p53-­‐dependent	
  cell	
  death	
  in	
  response	
  to	
  DNA	
  damage	
  (55).	
   	
  As	
  has	
  been	
  reported	
  earlier	
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that	
  persistent	
  inhibition	
  of	
  mTOR/S6K1	
  can	
  activate	
  Akt	
  via	
  a	
  negative	
  feedback	
  loop	
  (26,	
  

28-­‐30),	
  we	
  also	
   found	
   that	
  depletion	
  of	
  S6K1	
  resulted	
   in	
  an	
   increase	
   in	
  TNF-­‐induced	
  Akt	
  

phosphorylation	
   and	
   this	
   may	
   explain	
   why	
   S6K1	
   knockdown	
   inhibits	
   rather	
   than	
  

potentiates	
  TNF-­‐induced	
  cell	
  death.	
  	
  

Although	
  most	
  of	
  the	
  published	
  reports	
  have	
  focused	
  on	
  S6K1,	
  there	
  are	
  two	
  homologs	
  of	
  

S6K,	
  S6K1	
  and	
  S6K2	
  that	
  act	
  downstream	
  of	
  mTOR	
  (25,	
  34).	
  	
  While	
  the	
  two	
  homologs	
  share	
  

overall	
   similarity	
   in	
   structure	
   and	
   exhibit	
   redundant	
   functions,	
   there	
   are	
   also	
   important	
  

differences.	
  	
  S6K2	
  has	
  been	
  shown	
  to	
  potentiate	
  IL3-­‐mediated	
  mitogenic	
  response	
  (56).	
  	
  	
  A	
  

recent	
   study	
   demonstrated	
   that	
   S6K2	
   but	
   not	
   S6K1	
   interacts	
   with	
   heterogeneous	
  

ribonucleoproteins	
   (hnRNPs)	
   F/H	
   to	
   drive	
   cell	
   proliferation	
   (57).	
   	
  We	
   have	
   consistently	
  

found	
  that	
  in	
  contrast	
  to	
  S6K1,	
  depletion	
  of	
  S6K2	
  caused	
  a	
  dramatic	
  increase	
  in	
  TNF-­‐	
  and	
  

TRAIL-­‐induced	
   apoptosis,	
   suggesting	
   that	
   S6K2	
   functions	
   as	
   a	
  prosurvival	
   protein.	
   	
   	
   TNF	
  

has	
  been	
  shown	
  to	
  activate	
  mTOR	
  signaling	
  (58)	
  and	
  we	
  have	
  found	
  that	
  TNF	
  preferentially	
  

activates	
   S6K1	
   (data	
   not	
   shown),	
   presumably	
   because	
   the	
   abundance	
   of	
   S6K1	
   is	
   much	
  

greater	
  compared	
  to	
  S6K2	
  in	
  MCF-­‐7	
  cells.	
  	
  We	
  made	
  a	
  novel	
  observation	
  that	
  in	
  contrast	
  to	
  

S6K1,	
  S6K2	
  positively	
  regulates	
  Akt.	
  	
  Knockdown	
  of	
  S6K2	
  caused	
  a	
  decrease	
  in	
  both	
  basal	
  

and	
   TNF-­‐induced	
   Akt	
   phosphorylation,	
   which	
   is	
   indicative	
   of	
   its	
   activation	
   status,	
  

suggesting	
  that	
  S6K2	
  promotes	
  cell	
  survival	
  via	
  activation	
  of	
  Akt.	
  	
  In	
  fact,	
  overexpression	
  of	
  

CA-­‐Akt	
  blocked	
  increase	
  in	
  cell	
  death	
  caused	
  by	
  S6K2	
  depletion,	
  suggesting	
  that	
  S6K2	
  acts	
  

upstream	
   of	
   Akt	
   although	
   we	
   cannot	
   rule	
   out	
   the	
   possibility	
   that	
   Akt	
   and	
   S6K2	
   act	
   in	
  

parallel	
  pathways	
  where	
  Akt	
  has	
  a	
  dominant	
  role	
  over	
  S6K2.	
  	
  	
  	
  

There	
  are	
  several	
  potential	
  mechanisms	
  by	
  which	
  S6K2	
  affects	
  phosphorylation/activity	
  of	
  

Akt.	
   	
   Since	
   mTORC2	
   activates	
   Akt	
   by	
   phosphorylating	
   at	
   the	
   hydrophobic	
   site,	
   it	
   is	
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conceivable	
  that	
  knockdown	
  of	
  S6K2	
  decreases	
  Akt	
  phosphorylation	
  by	
  inhibiting	
  mTORC2.	
  	
  

Others	
   and	
  we	
  have	
   also	
   shown	
   that	
   Ser473	
  phosphorylation	
  of	
  Akt	
   is	
   also	
   regulated	
  by	
  

DNA-­‐dependent	
  protein	
  kinase	
  (40).	
   	
  Since	
  PTEN	
  inhibits	
  PI3K/Akt,	
  another	
  possibility	
   is	
  

that	
   S6K2	
   knockdown	
   increases	
   PTEN	
   level	
   resulting	
   in	
   inhibition	
   of	
   Akt.	
   	
   	
   It	
   has	
   been	
  

reported	
   that	
   a	
   major	
   kinase	
   downstream	
   of	
   mTORC2	
   is	
   SGK1	
   (59).	
   	
   Thus,	
   it	
   is	
   also	
  

important	
   to	
   determine	
   if	
   S6K2	
   regulates	
   cell	
   survival	
   via	
   SGK1.	
   	
   	
   Moreover,	
   since	
  

activation	
  of	
  Akt	
  would	
  lead	
  to	
  the	
  activation	
  of	
  mTORC1,	
  there	
  may	
  be	
  a	
  positive	
  feedback	
  

loop	
  between	
  S6K2	
  and	
  Akt.	
  	
  Thus,	
  mTORC1	
  and	
  its	
  downstream	
  targets	
  may	
  mediate	
  some	
  

of	
  the	
  effects	
  of	
  the	
  potential	
  functional	
  interaction	
  between	
  S6K2	
  and	
  Akt.	
  	
  Future	
  studies	
  

should	
  discern	
  the	
  mechanisms	
  by	
  which	
  S6K2	
  regulate	
  Akt	
  and	
  the	
  functional	
  interaction	
  

between	
  S6K2	
  and	
  Akt.	
  

Our	
   results	
   suggest	
   that	
   the	
   mechanism	
   by	
   which	
   S6K2	
   promotes	
   cell	
   survival	
   via	
   Akt	
  

involves	
   the	
   proapoptotic	
   Bcl-­‐2	
   family	
   protein	
   Bid.	
   	
   We	
   have	
   previously	
   shown	
   that	
  

activation	
  of	
  Akt	
  can	
  cause	
  a	
  decrease	
  in	
  p53	
  levels	
  in	
  MCF-­‐7	
  cells	
  by	
  phosphorylating	
  and	
  

stabilizing	
   Hdm2,	
   which	
   degrades	
   p53	
   via	
   the	
   ubiquitin	
   proteasome-­‐mediated	
   pathway	
  

(17).	
  	
  We	
  have	
  also	
  shown	
  that	
  Bid	
  is	
  a	
  transcriptional	
  target	
  of	
  p53	
  and	
  Akt	
  can	
  decrease	
  

Bid	
  expression	
  by	
  inducing	
  downregulation	
  of	
  p53	
  (17).	
   	
  The	
  results	
  of	
  our	
  present	
  study	
  

demonstrate	
   that	
  knockdown	
  of	
  S6K2	
   increased	
  p53	
  and	
  silencing	
  of	
  p53	
  was	
  associated	
  

with	
  a	
  decrease	
  in	
  Bid.	
  	
  However,	
  depletion	
  of	
  Bid	
  was	
  not	
  associated	
  with	
  upregulation	
  of	
  

Bid.	
  	
  We	
  have	
  previously	
  shown	
  that	
  overexpression	
  of	
  Bid	
  is	
  sufficient	
  to	
  cause	
  cell	
  death	
  

(19).	
   	
  Since	
  Bid	
  is	
  a	
  proapoptotic	
  protein,	
  an	
  increase	
  in	
  Bid	
  may	
  also	
  lead	
  to	
  its	
  cleavage.	
  	
  

Therefore,	
   it	
   may	
   be	
   difficult	
   to	
   demonstrate	
   an	
   increase	
   in	
   Bid	
   level.	
   Nevertheless,	
  

knockdown	
  of	
   S6K2	
  had	
   little	
   effect	
   on	
   enhancing	
  TNF-­‐induced	
   cell	
   death	
  when	
  Bid	
  was	
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depleted	
   by	
   siRNA	
   silencing.	
   Thus,	
   one	
   of	
   the	
  mechanism	
   by	
   which	
   S6K2	
   promotes	
   cell	
  

survival	
  via	
  Akt	
  may	
  involve	
  downregulation	
  of	
  Bid.	
  	
  	
  

S6K2	
   has	
   also	
   been	
   implicated	
   in	
   fibroblast	
   growth	
   factor-­‐mediated	
   chemoresistance	
   of	
  

small	
  cell	
   lung	
  cancer	
  H69	
  cells	
  (37).	
   	
  It	
  has	
  been	
  reported	
  that	
  PKCe	
  interacts	
  with	
  S6K2	
  

and	
   mediates	
   the	
   prosurvival	
   effects	
   of	
   S6K2	
   via	
   Raf/MAPK	
   signaling	
   pathway	
   by	
  

increasing	
   the	
   levels	
  of	
   antiapoptotic	
  proteins	
  XIAP	
  and	
  Bcl-­‐xL	
   (37).	
   	
  We	
  were	
  unable	
   to	
  

detect	
   a	
   decrease	
   in	
   XIAP	
   and	
   Bcl-­‐xL	
   in	
   S6K-­‐2-­‐depleted	
   MCF-­‐7	
   cells	
   (data	
   not	
   shown)	
  

although	
  we	
   cannot	
   rule	
  out	
   the	
  possibility	
  of	
  other	
  Bcl-­‐2	
   family	
  members.	
   Interestingly,	
  

we	
   have	
   previously	
   shown	
   that	
   PKCe	
   also	
   acts	
   upstream	
   of	
   Akt	
   during	
   TNF-­‐induced	
  

apoptosis	
   in	
   MCF-­‐7	
   breast	
   cancer	
   cells	
   (40),	
   and	
   inhibits	
   TNF-­‐	
   and	
   TRAIL-­‐mediated	
  

apoptosis	
   by	
   increasing	
   antiapoptotic	
   Bcl-­‐2	
   and	
   decreasing	
   proapoptotic	
   Bid	
   levels	
   (19).	
  	
  

Moreover	
   PKCe	
   caused	
   a	
   decrease	
   in	
   Bid	
   via	
   Akt	
   (17).	
   	
   Thus,	
   depending	
   on	
   the	
   cellular	
  

context	
   and	
   apoptotic	
   stimulus,	
   PKCe	
   may	
   promote	
   cell	
   survival	
   either	
   via	
   the	
  

Raf/MEK/ERK	
  pathway	
  or	
  via	
  the	
  Akt	
  signaling	
  pathway.	
  	
  

Aberrations	
   in	
   Akt/mTOR/S6K	
   pathway	
   have	
   been	
   associated	
   with	
   many	
   cancers.	
  	
  

Consequently,	
  this	
  pathway	
  is	
  an	
  important	
  target	
  for	
  cancer	
  therapy.	
   	
  Rapamycin	
  and	
  its	
  

analogues	
   that	
   inhibit	
  mTOR,	
  however,	
  were	
  of	
   limited	
   success	
   (26-­‐30).	
   	
   Since	
  S6K1	
  and	
  

S6K2	
  appear	
  to	
  have	
  opposite	
  effects	
  on	
  cell	
  death,	
  targeting	
  mTOR	
  which	
  acts	
  upstream	
  of	
  

both	
  S6K1	
  and	
  S6K2	
  may	
  not	
  be	
  effective.	
  	
  Our	
  observation	
  that	
  S6K2	
  rather	
  than	
  S6K1	
  is	
  

needed	
  for	
  the	
  survival	
  of	
  breast	
  cancer	
  cells	
  has	
  significant	
  implications	
  in	
  the	
  treatment	
  

of	
   the	
   disease.	
   	
   Inhibition	
   of	
   S6K2	
   rather	
   than	
   of	
   S6K1	
   should	
   sensitize	
   cancer	
   cells	
   to	
  

chemotherapeutic	
  agents,	
  providing	
  a	
  basis	
  for	
  rational	
  combination	
  chemotherapy.	
  	
  Since	
  

Akt	
   signaling	
  pathway	
   is	
  often	
  deregulated	
   in	
  cancer,	
   the	
  observation	
   that	
  knockdown	
  of	
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S6K2	
  results	
  in	
  inhibition	
  of	
  Akt	
  demonstrates	
  positive	
  feedback	
  regulation	
  of	
  Akt	
  by	
  S6K2,	
  

and	
  has	
  significant	
  impact	
  in	
  cancer	
  therapy.	
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Abstract	
  

Estrogen	
  receptor	
  (ER)-­‐positive	
  breast	
  cancer	
  accounts	
  for	
  approximately	
  70%	
  of	
  all	
  breast	
  

cancers.	
   The	
   treatment	
   of	
   ER-­‐positive	
   breast	
   cancers	
   is	
   often	
   complicated	
   by	
  

unresponsiveness	
   and	
   the	
   development	
   of	
   resistance	
   to	
   anti-­‐estrogen	
   therapies.	
   Hence,	
  

there	
  is	
  a	
  need	
  to	
  identify	
  suitable	
  molecular	
  targets	
  that	
  mediate	
  ER-­‐induced	
  effects.	
  The	
  

40S	
  ribosomal	
  S6	
  kinases	
  (S6K),	
  S6K1	
  and	
  S6K2,	
  are	
  often	
  overexpressed	
  in	
  breast	
  cancer	
  

cells	
  and	
  tissues.	
  While	
  the	
  role	
  and	
  regulation	
  of	
  S6K1	
  in	
  breast	
  cancer	
  is	
  understood,	
  little	
  

is	
   known	
   about	
   those	
   of	
   S6K2.	
   Here	
   we	
   report	
   that	
   S6K2	
   is	
   regulated	
   by	
   the	
   estrogen	
  

signaling	
   pathway	
   post-­‐transcriptionally.	
   We	
   further	
   demonstrate	
   that	
   it	
   functions	
  

downstream	
   of	
   estrogen	
   to	
   mediate	
   survival	
   of	
   breast	
   cancer	
   cells	
   and	
   determine	
   the	
  

prognostic	
   value	
   of	
   the	
   relationship	
   between	
  ER-­‐positive	
   status	
   and	
   S6K2	
   expression	
   on	
  

patient	
   survival	
   using	
   the	
   Gene	
   expression	
   based	
   Outcome	
   for	
   Breast	
   cancer	
   Online	
  

database.	
  Our	
   results	
   suggest	
   that	
  S6K2	
  may	
  serve	
  as	
  a	
  novel	
   target	
   for	
   the	
   treatment	
  of	
  

ER-­‐positive	
  breast	
  cancers.	
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Introduction	
  

Breast	
   cancer	
   is	
   a	
   highly	
   heterogeneous	
   disease	
   characterized	
   by	
   molecular	
   differences	
  

that	
   dictate	
   treatment	
   and	
   outcome.	
   While	
   triple-­‐negative	
   breast	
   cancers	
   which	
   lack	
  

estrogen	
   receptor	
   (ER),	
   progesterone	
   receptor	
   (PR)	
   and	
  HER2/neu	
   pose	
   a	
   challenge	
   for	
  

therapy,	
  ER-­‐positive	
  tumors	
  account	
  for	
  approximately	
  70%	
  of	
  all	
  breast	
  cancers	
  [1].	
  The	
  

availability	
  of	
  anti-­‐estrogen	
  therapies	
  suggests	
  that	
  ER-­‐positive	
  breast	
  cancers	
  are	
  clinically	
  

manageable.	
  However,	
   the	
   lack	
  of	
   response	
   [2]	
   and	
  development	
  of	
   endocrine	
   resistance	
  

has	
  been	
  a	
  major	
  obstacle	
  in	
  the	
  treatment	
  of	
  this	
  breast	
  cancer	
  subtype	
  [3].	
  	
  

Several	
   studies	
   have	
   reported	
   a	
   relationship	
   between	
   11q13	
   amplification	
   and	
   estrogen	
  

receptor	
   (ER)	
   positivity	
   in	
   breast	
   cancer	
   [4-­‐7].	
   Furthermore,	
   among	
   ER-­‐positive	
   tumors,	
  

those	
   that	
   harbor	
   11q13	
   amplifications	
   have	
   been	
   reported	
   to	
   constitute	
   a	
   high-­‐risk	
  

subgroup	
  [4].	
  This	
  region	
  harbors	
  several	
  important	
  genes	
  such	
  as	
  CCND1,	
  FGF4	
  and	
  FGF3	
  

and	
  other	
  less	
  studied	
  ones	
  such	
  as	
  RPS6KB2,	
  which	
  codes	
  for	
  the	
  40S	
  ribosomal	
  protein	
  S6	
  

kinase	
   2	
   (S6K2).	
   However,	
   most	
   studies	
   addressing	
   this	
   relationship	
   have	
   investigated	
  

CCND1	
  as	
  the	
  major	
  candidate	
  gene	
  in	
  this	
  region.	
  Other	
  genes,	
  such	
  as	
  RPS6KB2,	
  have	
  been	
  

overlooked	
  possibly	
   due	
   to	
   the	
  higher	
   propensity	
   of	
   breast	
   cancer	
   tissue	
   to	
   exhibit	
   copy	
  

number	
  gains	
  in	
  such	
  genes	
  rather	
  than	
  amplifications	
  [8].	
  	
  

S6	
   kinase	
   (S6K)	
   is	
   activated	
   downstream	
   of	
   the	
   phosphoinositide	
   3-­‐kinase	
  

(PI3K)/Akt/mammalian	
  target	
  of	
  rapamycin	
  (mTOR)	
  pathway	
  [9].	
  It	
  mediates	
  the	
  mitogen-­‐

induced	
  phosphorylation	
  of	
  the	
  40S	
  ribosomal	
  protein	
  S6	
  (rpS6),	
  hence	
  is	
  believed	
  to	
  play	
  

an	
   important	
   role	
   in	
   protein	
   translation	
   [10,11].	
   Growth	
   factor-­‐induced	
   activation	
   of	
   the	
  

PI3K/Akt	
   pathway	
   results	
   in	
   mTOR	
   activation	
   and	
   subsequent	
   phosphorylation	
   and	
  

activation	
   of	
   S6K	
   [12].	
   It	
   is	
   represented	
   by	
   two	
   highly	
   homologous	
   proteins,	
   S6K1	
   or	
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p70S6K	
   and	
   S6K2	
   or	
   p54S6K	
   encoded	
   by	
   two	
   distinct	
   genes,	
   RPS6KB1	
   and	
   RPS6KB2,	
  

located	
   on	
   chromosomes	
   17q23	
   and	
   11q13,	
   respectively.	
   Gene	
   amplification	
   or	
   copy	
  

number	
   gain	
   and	
   overexpression	
   of	
   both	
   genes	
   have	
   been	
   reported	
   in	
   breast	
   cancer	
  

[13,8,14-­‐16].	
   In	
   breast	
   cancer	
   tissues,	
   S6K1	
   is	
   localized	
   primarily	
   to	
   the	
   cytoplasm	
   and	
  

S6K2	
  is	
  predominantly	
  localized	
  in	
  the	
  nucleus	
  [15,16].	
  The	
  earliest	
  report	
  addressing	
  the	
  

overexpression	
  of	
   S6K2	
   in	
  breast	
   cancer	
   showed	
   that	
  RPS6KB2	
   amplification	
  occurred	
   in	
  

4.3%	
  and	
  gain	
  in	
  21.3%	
  breast	
  cancers	
  providing	
  valuable	
  information	
  regarding	
  the	
  role	
  

of	
   S6K2	
   as	
   a	
   prognostic	
   indicator	
   in	
   ER-­‐positive	
   tumors	
   [8].	
  While	
   elegant	
   studies	
   have	
  

addressed	
   the	
   regulation	
   of	
   S6K1	
   in	
   breast	
   cancer	
   cells	
   [17],	
   little	
   is	
   known	
   about	
   the	
  

causes	
  and	
  consequences	
  for	
  elevated	
  S6K2	
  expression	
  in	
  breast	
  cancer.	
  	
  

In	
   the	
   present	
   study,	
   we	
   investigated	
   the	
   relationship	
   between	
   ER	
   positivity	
   and	
   S6K2	
  

overexpression	
  in	
  breast	
  cancer	
  cells	
  and	
  report	
  for	
  the	
  first	
  time	
  that	
  S6K2	
  is	
  regulated	
  by	
  

the	
  estrogen	
  signaling	
  pathway	
  to	
  mediate	
  breast	
  cancer	
  cell	
  survival,	
  and	
  propose	
  S6K2	
  as	
  

a	
  potential	
  novel	
  target	
  for	
  the	
  treatment	
  of	
  ER-­‐positive	
  breast	
  cancers.	
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Materials	
  and	
  methods	
  

Materials.	
   	
   Human	
   recombinant	
   TRAIL	
   and	
   goat	
   polyclonal	
   antibody	
   against	
   S6K2	
   was	
  

purchased	
   from	
  R&D	
  Systems	
   (Minneapolis,	
  MN).	
  Monoclonal	
   antibody	
  against	
   cyclin	
  D1	
  

and	
  GAPDH	
  were	
  obtained	
  from	
  Santa	
  Cruz	
  Biotechnology	
  (Dallas,	
  TX).	
  17-­‐β-­‐estradiol	
  (E2),	
  

4-­‐hydroxytamoxifen	
   (tamoxifen)	
   and	
   mouse	
   monoclonal	
   antibody	
   against	
   actin	
   were	
  

purchased	
  from	
  Sigma-­‐Aldrich	
  (St	
  Louis,	
  MO).	
  Mouse	
  monoclonal	
  antibody	
  against	
  ERα	
  was	
  

purchased	
   from	
   Cell	
   Signaling	
   Technology	
   (Danvers,	
   MA).	
   YO-­‐PRO-­‐1,	
   Alexa-­‐conjugated	
  

secondary	
   antibodies	
   and	
   4’,	
   6-­‐diamidino-­‐2-­‐phenylindole,	
   dihydrochloride	
   (DAPI)	
   were	
  

purchased	
   from	
   Molecular	
   Probes/Life	
   Technologies	
   (Carlsbad,	
   CA).	
   Horseradish	
  

peroxidase-­‐conjugated	
   goat	
   anti-­‐mouse,	
   and	
   mouse	
   anti-­‐goat	
   antibodies	
   were	
   obtained	
  

from	
   Jackson	
   Immuno	
  Research	
   Lab.	
   Inc.	
   (West	
   Grove,	
   PA).	
   Control	
   non-­‐targeting	
   siRNA	
  

and	
  siRNA	
  specific	
  for	
  S6K2	
  were	
  obtained	
  from	
  Dharmacon	
  (Lafayette,	
  CO).	
  siRNA	
  against	
  

ERα	
  and	
  compatible	
  non-­‐targeting	
   control	
   siRNA	
  were	
  purchased	
   from	
  Qiagen	
   (Valencia,	
  

CA).	
  	
  Polyvinylidene	
  difluoride	
  membrane	
  was	
  from	
  Millipore	
  (Bedford,	
  MA)	
  and	
  enhanced	
  

chemiluminescence	
  detection	
  kit	
  was	
  from	
  Amersham	
  (Arlington	
  Heights,	
  IL).	
  	
  

Cell	
   Culture	
   and	
   Transfection.	
   MCF-­‐7	
   and	
   T47D	
   cells	
   were	
   maintained	
   in	
   RPMI	
   1640	
  

medium	
  supplemented	
  with	
  10%	
  fetal	
  bovine	
  serum	
  and	
  2	
  mM	
  glutamine.	
  Cells	
  were	
  kept	
  

in	
  a	
  humidified	
  incubator	
  at	
  370C	
  with	
  95%	
  air	
  and	
  5%	
  CO2.	
  For	
  treatment	
  with	
  estradiol,	
  

cells	
   were	
   grown	
   in	
   phenol	
   red-­‐free	
  medium	
   supplemented	
  with	
   charcoal-­‐stripped	
   fetal	
  

bovine	
  serum	
  prior	
  to	
  the	
  addition	
  of	
  estradiol.	
  siRNA	
  was	
  transfected	
  using	
  Lipofectamine	
  

RNAi	
  max	
  transfection	
  reagent	
  according	
  to	
  the	
  manufacturer’s	
  protocol	
  (Life	
  Technologies,	
  

Carlsbad,	
  CA).	
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Immunoblot	
  Analysis.	
   	
  Equivalent	
  amounts	
  of	
  total	
  cellular	
  extracts	
  were	
  electrophoresed	
  

by	
  SDS-­‐PAGE	
  and	
   transferred	
  electrophoretically	
   to	
  polyvinylidene	
  difluoride	
  membrane.	
  	
  

Immunoblot	
  analyses	
  were	
  performed	
  as	
  described	
  before	
  [18].	
  	
  	
  

YO-­‐PRO-­‐1	
   staining	
   of	
   apoptotic	
   cells.	
   	
   Cells	
   were	
   labeled	
   with	
   0.5	
   μM	
   YO-­‐PRO-­‐1	
   by	
  

incubating	
  at	
  37°C	
  for	
  15	
  min	
  and	
  visualized	
  using	
  a	
  Zeiss	
  Axiovert	
  40	
  inverted	
  microscope	
  

with	
  the	
  AxioVision	
  Rel	
  4.6	
  software	
  (Zeiss,	
  Göttingen,	
  Germany).	
  	
  

Immunofluorescence.	
   	
   Cells	
   were	
   fixed	
   with	
   3%	
   paraformaldehyde,	
   permeabilized	
   with	
  

Triton	
  X-­‐100	
  and	
  incubated	
  overnight	
  with	
  primary	
  antibodies	
  against	
  S6K2	
  and	
  ERα.	
  The	
  

unbound	
   antibody	
  was	
  washed	
   and	
   the	
   cells	
  were	
   incubated	
  with	
   Alexa	
   488-­‐conjugated	
  

donkey	
  anti-­‐goat	
  and	
  Alexa	
  594-­‐conjugated	
  donkey	
  anti-­‐mouse	
  secondary	
  antibodies.	
  DAPI	
  

was	
   used	
   to	
   visualize	
   nucleus	
   and	
   fluorescence	
   images	
   were	
   obtained	
   using	
   a	
   Zeiss	
  

Axiovert	
   40	
   inverted	
  microscope	
  with	
   the	
   AxioVision	
   Rel	
   4.6	
   software	
   (Zeiss,	
   Göttingen,	
  

Germany).	
  	
  

Clonogenic	
  cell	
  survival	
  assay.	
   	
  Cells	
   transfected	
  with	
  or	
  without	
  control	
  non-­‐targeting	
  or	
  

S6K2	
  siRNA	
  were	
  treated	
  with	
  or	
  without	
  estradiol	
  and	
  cultured	
  until	
  there	
  were	
  at	
   least	
  

50	
   cells	
   per	
   colony.	
   At	
   the	
   end	
   of	
   the	
   incubation,	
   the	
   cells	
   were	
   washed	
   with	
   PBS	
   and	
  

incubated	
   with	
   0.025%	
   crystal	
   violet	
   solution	
   for	
   15	
   min.	
   Colonies	
   were	
   counted	
   using	
  

ImageJ	
   software	
   (NIH)	
   and	
   the	
   plate	
   was	
   photographed	
   using	
   the	
   BioChemi	
   System	
  

(BioImaging	
  System,	
  UVP,	
  Upland,	
  CA).	
  

Reverse-­‐transcriptase	
   (RT)	
   PCR	
   analysis.	
   Total	
   RNA	
   was	
   isolated	
   using	
   TRI	
   reagent	
   RT	
  

from	
  Molecular	
  Research	
  Center	
   (Cincinnati,	
  OH)	
  as	
  per	
   the	
  manufacturer’s	
  protocol	
   and	
  

subjected	
  to	
  RT	
  reaction	
  using	
  reverse	
  transcriptase	
  enzyme	
  from	
  Promega	
  (Madison,	
  WI).	
  

PCR	
   amplifications	
  were	
   performed	
  using	
   the	
   following	
   primers:	
   S6K2:	
   forward,	
   5’-­‐	
   GTG	
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GAA	
   CTG	
   GCC	
   TAT	
   GCC	
   TT-­‐3’;	
   reverse,	
   5’-­‐	
   GCA	
   GAG	
   TCC	
   AAA	
   GTC	
   GGT	
   CA-­‐3’;	
   GAPDH:	
  

forward,	
  5’-­‐ACT	
  GTG	
  GTC	
  ATG	
  AGT	
  CCT	
  TC-­‐3’;	
  reverse,	
  5’-­‐GAG	
  CGA	
  GAT	
  CCC	
  TCC	
  AA	
  -­‐3’	
  and	
  

ACTIN,	
  forward,	
  5'-­‐TAC	
  AAT	
  GAG	
  CTG	
  CGT	
  GTG	
  GCT-­‐3';	
  reverse,	
  5'-­‐ATC	
  CAC	
  ATC	
  TGC	
  TGG	
  

AAG	
  GTG	
  GA-­‐3'	
  For	
  traditional	
  PCR,	
  cycle	
  conditions	
  were	
  set	
  up	
  for	
  25	
  cycles	
  as	
  follows:	
  

denaturation	
  at	
  94°C	
  for	
  1	
  minute,	
  annealing	
  at	
  55°C	
  for	
  1	
  minute,	
  extension	
  at	
  72°C	
  for	
  1	
  

minute,	
   and	
   final	
   extension	
   at	
   72°C	
   for	
   10	
  minutes.	
   PCR	
   products	
  were	
   resolved	
   on	
   2%	
  

agarose	
   gel	
   containing	
   ethidium	
   bromide.	
   Quantitative	
   real-­‐time	
   PCR	
   analysis	
   was	
  

performed	
   using	
   the	
   SYBR	
   green	
   method	
   in	
   a	
   Mastercycler	
   Realplex	
   2	
   from	
   Eppendorf	
  

(Hauppauge,	
  NY).	
  

Statistical	
  analysis.	
  	
  Data	
  are	
  presented	
  as	
  mean	
  ±	
  S.D.	
  and	
  n	
  =	
  3.	
  Statistical	
  significance	
  was	
  

determined	
   by	
   paired	
   Student’s	
   t-­‐test	
   using	
   Microsoft	
   Excel.	
   A	
   p-­‐value	
   <	
   0.05	
   was	
  

considered	
  statistically	
  significant.	
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Results	
  

Estradiol	
  upregulates	
  S6K2	
  protein	
  levels	
  

Studies	
  reporting	
  the	
  correlation	
  between	
  RPS6KB2	
  amplification	
  and	
  ER	
  positivity	
  suggest	
  

that	
   there	
  exists	
  a	
  relationship	
  between	
  estrogen	
  signaling	
  and	
  S6K2	
  at	
   the	
  cellular	
   level.	
  

Therefore,	
  we	
  examined	
  if	
  the	
  estrogen	
  signaling	
  pathway	
  played	
  a	
  role	
  in	
  regulating	
  S6K2	
  

levels	
  in	
  breast	
  cancer	
  cells.	
  Figure	
  1	
  shows	
  that	
  the	
  treatment	
  of	
  ER-­‐positive	
  MCF-­‐7	
  (Fig.	
  

1a	
  and	
  1b)	
  and	
  T47D	
  (Fig.	
  1d	
  and	
  1e)	
  breast	
  cancer	
  cells	
  with	
  17-­‐β-­‐estradiol	
  (E2)	
  increased	
  

cyclin	
  D1,	
  a	
  protein	
  previously	
  reported	
  to	
  be	
  regulated	
  by	
  estrogen	
  [19].	
  E2	
  also	
  led	
  to	
  a	
  

concentration-­‐dependent	
  increase	
  in	
  S6K2	
  levels	
  with	
  a	
  maximum	
  induction	
  at	
  100	
  nM,	
  the	
  

highest	
  concentration	
  tested	
  in	
  MCF-­‐7	
  (Fig.	
  1a	
  and	
  1b)	
  and	
  50	
  nM	
  in	
  T47D	
  (Fig.	
  1d	
  and	
  1e)	
  

cells.	
  The	
  treatment	
  of	
  MCF-­‐7	
  (Fig.	
  1c)	
  and	
  T47D	
  (Fig.	
  1f)	
  cells	
  with	
  4-­‐hydroxytamoxifen,	
  

the	
  estrogen	
  receptor	
  antagonist,	
  failed	
  to	
  increase	
  S6K2	
  levels.	
  These	
  results	
  suggest	
  that	
  

S6K2	
  is	
  positively	
  regulated	
  by	
  the	
  estrogen	
  signaling	
  pathway.	
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Figure	
  1	
  

Estradiol	
   upregulated	
   S6K2	
   protein	
   levels.	
  MCF-­‐7	
   (a,	
   b,	
   c)	
   or	
   T47D	
   cells	
   (d,	
   e,	
   f)	
  were	
  

grown	
   in	
   either	
   complete	
  media	
   (untreated)	
   or	
   in	
   phenol	
   red	
   free	
  media	
   supplemented	
  

with	
  charcoal-­‐stripped	
  FBS	
  and	
  treated	
  with	
  indicated	
  concentrations	
  of	
  estradiol	
  (E2)	
  (a,	
  

d)	
   or	
   4-­‐hydroxytamoxifen	
   (tamoxifen)	
   (c,	
   f).	
   Western	
   blot	
   analysis	
   was	
   performed	
   with	
  

indicated	
   antibodies.	
   b,	
   e,	
   densitometric	
   quantification	
   of	
   results	
   from	
   3	
   independent	
  

experiments.	
  *,	
  p-­‐value	
  <	
  0.05,	
  **,	
  p-­‐value	
  <	
  0.01.	
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Figure	
  1	
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ERα	
  depletion	
  decreases	
  S6K2	
  protein	
  levels	
  

Since	
  S6K2	
  levels	
  were	
  increased	
  by	
  estradiol	
  treatment,	
  we	
  next	
  examined	
  if	
  the	
  depletion	
  

of	
   ERα	
   would	
   decrease	
   S6K2	
   protein	
   levels.	
   Consistent	
   with	
   previous	
   reports,	
   the	
  

knockdown	
  of	
  ERα	
  decreased	
  cyclin	
  D1	
  protein	
  levels	
  in	
  MCF-­‐7	
  (Fig.	
  2a)	
  and	
  T47D	
  (Fig.	
  2d)	
  

cells.	
  Furthermore,	
  ERα	
  depletion	
  significantly	
  decreased	
  S6K2	
  protein	
  levels	
  in	
  both	
  MCF-­‐

7	
   (Fig.	
   2a,	
   and	
   2b)	
   and	
   T47D	
   (Fig.	
   2d	
   and	
   2e)	
   cells.	
   Similar	
   results	
   were	
   obtained	
   by	
  

immunofluorescence	
  studies	
  of	
  MCF-­‐7	
  cells	
  following	
  ERα	
  depletion	
  (Fig	
  2c).	
  ERα	
  and	
  S6K2	
  

were	
   detected	
   using	
   secondary	
   antibodies	
   conjugated	
   to	
   Alexa-­‐594	
   (red)	
   and	
   Alexa-­‐488	
  

(green),	
  respectively.	
  	
  Figure	
  2c	
  shows	
  that	
  knockdown	
  of	
  ERα	
  (decrease	
  in	
  red	
  staining)	
  in	
  

cells	
  was	
  accompanied	
  by	
  a	
  decrease	
  in	
  S6K2	
  (green	
  staining).	
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Figure	
  2	
  

ERα	
  depletion	
  decreased	
  S6K2	
  protein	
   levels.	
  MCF-­‐7	
   (a,	
   b,	
   c)	
  or	
  T47D	
   (d,	
   e)	
   cells	
  were	
  

transfected	
  with	
  indicated	
  siRNAs	
  and	
  Western	
  blot	
  analysis	
  (a,	
  d)	
  or	
  immunofluorescence	
  

staining	
  (c)	
  with	
  indicated	
  antibodies	
  was	
  performed.	
  DAPI	
  (blue)	
  was	
  used	
  to	
  visualize	
  the	
  

nucleus.	
  b,	
  e,	
  densitometric	
  quantification	
  of	
  results	
  from	
  3	
  independent	
  experiments.	
  **,	
  p-­‐

value	
  <	
  0.01.	
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Figure	
  2	
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Regulation	
  of	
  S6K2	
  by	
  estrogen	
  is	
  at	
  the	
  post-­‐transcriptional	
  level	
  

ERα	
  is	
  a	
  transcription	
  factor	
  known	
  to	
  regulate	
  several	
  proteins	
  that	
  promote	
  cell	
  cycle,	
  cell	
  

growth	
   and	
   survival	
   by	
   binding	
   to	
   estrogen	
   response	
   elements	
   on	
   their	
   promoters	
   and	
  

inducing	
   or	
   inhibiting	
   their	
   expression	
   [20].	
  Hence,	
  we	
   sought	
   to	
   determine	
   if	
   S6K2	
  was	
  

regulated	
   by	
   ERα	
   at	
   the	
   transcriptional	
   level.	
   Figure	
   3	
   shows	
   that	
   the	
   depletion	
   of	
   ERα	
  

failed	
  to	
  decrease	
  S6K2	
  mRNA	
  levels	
  in	
  MCF-­‐7	
  (Fig.	
  3a	
  and	
  3b)	
  and	
  T47D	
  cells	
  (Fig.	
  3d	
  and	
  

3e)	
  as	
  determined	
  by	
  RT-­‐PCR	
  (Fig.	
  3a	
  and	
  3d)	
  and	
  quantitative	
  real-­‐time	
  PCR	
  (Fig.	
  3b	
  and	
  

3e).	
  Similarly,	
  the	
  treatment	
  with	
  estradiol	
  did	
  not	
  affect	
  S6K2	
  mRNA	
  levels	
  in	
  MCF-­‐7	
  (Fig.	
  

3c)	
  and	
  T47D	
  (Fig.	
  3f)	
  cells.	
  	
  Thus,	
  S6K2	
  is	
  regulated	
  post-­‐transcriptionally	
  by	
  the	
  estrogen	
  

signaling	
  pathway.	
  	
  

It	
   has	
   been	
   reported	
   that	
   S6	
   kinases	
   can	
   be	
   ubiquitinated	
   and	
   degraded	
   via	
   the	
  

proteasomal	
   pathway	
   [21].	
   Therefore,	
   we	
   examined	
   if	
   post-­‐transcriptional	
   regulation	
   of	
  

S6K2	
   by	
   ERα	
   involves	
   prevention	
   of	
   S6K2	
   degradation	
   by	
   the	
   ubiquitin	
   proteasome-­‐

mediated	
  pathway.	
  However,	
   as	
   seen	
   in	
   Figure	
   4,	
   proteasomal	
   inhibitor	
  MG132	
   failed	
   to	
  

rescue	
  S6K2	
  levels	
  in	
  MCF-­‐7	
  (Fig.	
  4a)	
  and	
  T47D	
  (Fig.	
  4b)	
  cells.	
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Figure	
  3	
  

Regulation	
  of	
  S6K2	
  by	
  estrogen	
  is	
  at	
  the	
  post-­‐transcriptional	
  level.	
  MCF-­‐7	
  (a)	
  or	
  T47D	
  

(d)	
   cells	
  were	
   transfected	
  with	
   either	
   control	
   non-­‐targeting	
   siRNA	
  or	
   siRNA	
   against	
   ERα	
  

followed	
  by	
  reverse	
  transcriptase	
  PCR	
  (RT-­‐PCR)	
  and	
  quantitative	
  real-­‐time	
  PCR	
  analysis	
  by	
  

the	
   SYBR	
   green	
   method	
   (b,	
   MCF-­‐7	
   and	
   e,	
   T47D).	
   Results	
   are	
   representative	
   of	
   3	
  

independent	
   experiments.	
   MCF-­‐7	
   (c)	
   or	
   T47D	
   (f)	
   cells	
   were	
   cultured	
   in	
   phenol-­‐red	
   free	
  

media	
  supplemented	
  with	
  charcoal-­‐stripped	
  FBS	
  and	
  treated	
  with	
  estradiol	
  (E2)	
  followed	
  

by	
  RT-­‐PCR	
  analysis.	
  N.S,	
  not	
  significant.	
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Figure	
  3	
  

	
  

	
  

	
  

	
   	
  



	
   103	
  

Figure	
  4	
  

Regulation	
   of	
   S6K2	
   by	
   ERα	
   is	
   independent	
   of	
   the	
   proteasome	
   pathway.	
  MCF-­‐7	
   (a)	
   or	
  

T47D	
   (b)	
   cells	
   transfected	
  with	
   either	
   control	
   non-­‐targeting	
   or	
   ERα	
   siRNA	
  were	
   treated	
  

with	
   or	
  without	
   10	
   μM	
  MG132	
   and	
  Western	
   blot	
   analysis	
  was	
   performed	
  with	
   indicated	
  

antibodies.	
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Figure	
  4	
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S6K2	
  depletion	
  decreased	
  estradiol-­‐induced	
  cell	
  survival	
  

We	
   have	
   previously	
   reported	
   that	
   S6K2	
   promoted	
   survival	
   of	
   breast	
   cancer	
   cells	
   in	
  

response	
   to	
   apoptotic	
   stimuli	
   [22].	
   Therefore	
   we	
   sought	
   to	
   determine	
   if	
   estrogen	
   could	
  

promote	
  cell	
  survival	
  via	
  S6K2.	
  	
  We	
  treated	
  T47D	
  cells	
  with	
  TRAIL	
  and	
  stained	
  with	
  the	
  dye	
  

YO-­‐PRO-­‐1,	
   to	
  which	
  apoptotic	
   cells	
   are	
  permeable.	
  Figure	
  5a	
   shows	
   that	
   the	
  depletion	
  of	
  

S6K2	
  enhanced	
  apoptotic	
  cell	
  death	
  in	
  response	
  to	
  TNF-­‐related	
  apoptosis	
   inducing	
  ligand	
  

(TRAIL),	
  and	
  treatment	
  of	
  T47D	
  cells	
  with	
  estradiol	
  decreased	
  apoptosis	
  as	
  determined	
  by	
  

YO-­‐PRO-­‐1	
   staining.	
   However,	
   the	
   depletion	
   of	
   S6K2	
   blunted	
   the	
   ability	
   of	
   estradiol	
   to	
  

decrease	
  cell	
  death,	
  suggesting	
  that	
  estradiol	
  promoted	
  cell	
  survival	
  via	
  S6K2	
  (Fig.	
  5b).	
  We	
  

also	
  performed	
   a	
   clonogenic	
   cell	
   survival	
   assay	
   in	
  MCF-­‐7	
   cells	
   to	
   determine	
   the	
   effect	
   of	
  

S6K2	
  depletion	
  on	
  estradiol-­‐induced	
  increase	
  in	
  clonogenicity.	
  Figure	
  5c	
  and	
  5d	
  show	
  that	
  

while	
  E2	
  treatment	
  substantially	
  increased	
  the	
  number	
  of	
  colonies	
  compared	
  to	
  untreated	
  

control,	
   S6K2	
   knockdown	
   significantly	
   decreased	
   it.	
   These	
   results	
   suggest	
   that	
   estrogen	
  

mediates	
  its	
  prosurvival	
  effects	
  at	
  least	
  partly	
  via	
  S6K2.	
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Figure	
  5	
  

S6K2	
  depletion	
  decreased	
  estradiol-­‐induced	
  cell	
  survival.	
  a,	
  T47D	
  cells	
  were	
  transfected	
  

with	
  either	
  control	
  non-­‐targeting	
  siRNA	
  or	
  siRNA	
  against	
  S6K2	
  and	
  treated	
  with	
  estradiol	
  

(E2)	
  followed	
  by	
  TRAIL.	
  Cells	
  were	
  then	
  subjected	
  to	
  YO-­‐PRO	
  analysis	
  to	
  detect	
  apoptotic	
  

cell	
  death.	
  b,	
  quantification	
  of	
  results	
  from	
  a.	
  Results	
  are	
  representative	
  of	
  2	
   independent	
  

experiments.	
   c,	
  MCF-­‐7	
   cells	
  were	
   transfected	
  with	
   either	
   control	
   non-­‐targeting	
   siRNA	
   or	
  

siRNA	
  against	
  S6K2	
  and	
   treated	
  with	
  estradiol	
   (E2)	
   followed	
  by	
  crystal	
  violet	
   staining	
   to	
  

visualize	
  colonies.	
  d,	
  quantification	
  of	
  results	
  form	
  c.	
  *,	
  p-­‐value	
  <	
  0.05,	
  N.S,	
  not	
  significant.	
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Figure	
  5	
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Higher	
   RPS6KB2	
   expression	
   in	
   ER-­‐positive	
   breast	
   cancer	
   patients	
   indicates	
   poor	
  

prognosis	
  

Since	
   we	
   observed	
   that	
   S6K2	
   is	
   regulated	
   via	
   the	
   estrogen	
   signaling	
   pathway	
   in	
   breast	
  

cancer	
  cell	
   lines,	
  we	
  examined	
   if	
   there	
  existed	
  a	
   relationship	
  between	
  S6K2	
  mRNA	
   levels	
  

and	
   the	
   outcome	
   in	
   patients	
   presenting	
  with	
   ER-­‐positive	
   breast	
   cancers.	
   Using	
   the	
   Gene	
  

expression	
   based	
   Outcome	
   for	
   Breast	
   cancer	
   Online	
   (GOBO)	
   [23]	
   database	
  we	
   observed	
  

that	
   in	
   ER-­‐positive	
   tumors,	
   high	
   S6K2	
   expression	
  was	
   associated	
  with	
   decreased	
   overall	
  

survival	
  (OS)	
  (Fig.	
  6a)	
  and	
  distant	
  metastasis-­‐free	
  and	
  relapse-­‐free	
  survival	
  (DMFS_mixed)	
  

(Fig.	
  6b).	
  These	
  observations	
  suggest	
  that	
  S6K2	
  may	
  play	
  a	
  role	
  in	
  anti-­‐estrogen	
  resistance,	
  

recurrence	
  and	
  metastasis	
  downstream	
  of	
  ERα	
  in	
  breast	
  cancer.	
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Figure	
  6	
  

Higher	
   RPS6KB2	
   expression	
   in	
   ER-­‐positive	
   breast	
   cancer	
   patients	
   indicates	
   poor	
  

prognosis.	
  GOBO	
  analysis	
  showing	
  Kaplan-­‐Meier	
  plots,	
  using	
  either	
  overall	
  survival	
  (OS;	
  a)	
  

or	
  distant	
  metastasis-­‐	
  and	
  recurrence-­‐free	
  survival	
   (DMFS_mixed;	
  b)	
  as	
  endpoint,	
   for	
  ER-­‐

positive	
  tumors	
  stratified	
  into	
  the	
  three	
  levels	
  based	
  on	
  RPS6KB2	
  gene	
  expression.	
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Figure	
  6	
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Discussion	
  

The	
   results	
   of	
   our	
   present	
   study	
   demonstrate	
   for	
   the	
   first	
   time	
   that	
   S6K2	
   levels	
   are	
  

regulated	
   via	
   the	
   estrogen	
   signaling	
   pathway	
   and	
   that	
   it	
   promotes	
   cell	
   survival	
  

downstream	
   of	
   estrogen.	
   While	
   several	
   studies	
   have	
   addressed	
   the	
   regulation	
   of	
   S6K2	
  

activity,	
   little	
   is	
   known	
   about	
   the	
   causes	
   for	
   its	
   elevated	
   levels	
   often	
   observed	
   in	
   breast	
  

cancer	
   cells	
   and	
   tissue	
   specimens.	
   Given	
   the	
   role	
   of	
   S6K2	
   as	
   a	
   prognostic	
  marker	
   in	
   ER-­‐

positive	
   tumors,	
   we	
   hypothesized	
   that	
   its	
   levels	
   were	
   regulated	
   via	
   the	
   ER	
   signaling	
  

pathway	
   in	
   breast	
   cancer	
   and	
   show	
   that	
   there	
   exists	
   a	
   functional	
   relationship	
   between	
  

estrogen	
  signaling	
  and	
  S6K2	
  in	
  breast	
  cancer	
  cells.	
  	
  

While	
  ERα	
  depletion	
  decreased	
  S6K2	
  protein,	
  we	
  failed	
  to	
  see	
  a	
  change	
  in	
  its	
  mRNA	
  levels.	
  

This	
   is	
   consistent	
   with	
   a	
   previous	
   study,	
   which	
   reports	
   that	
   S6K2	
   mRNA	
   levels	
   do	
   not	
  

correlate	
  with	
  ER-­‐positive	
  status	
  [14].	
  Since	
  S6Ks	
  have	
  been	
  reported	
  to	
  be	
  regulated	
  via	
  

ubiquitination	
  and	
  proteasomal	
  degradation	
   [21],	
  we	
  also	
   considered	
   the	
  possibility	
   that	
  

estrogen	
  promotes	
  the	
  stabilization	
  rather	
  than	
  expression	
  of	
  S6K2.	
  However,	
  we	
  failed	
  to	
  

observe	
  any	
  effect	
  of	
  the	
  proteasome	
  inhibitor	
  MG132	
  on	
  S6K2	
  levels.	
  This	
  discrepancy	
  is	
  

possibly	
   due	
   to	
   the	
   differences	
   in	
   the	
   cell	
   lines	
   used	
   and	
   the	
   status	
   of	
   mediators	
   of	
  

ubiquitination	
  and	
  proteasomal	
  degradation	
  in	
  cancer	
  cells.	
  	
  

ERα	
  is	
  primarily	
  a	
   transcription	
  factor,	
  which	
  regulates	
   its	
   targets	
  by	
  binding	
  to	
  estrogen	
  

response	
  elements	
  on	
  their	
  promoters	
  [20].	
  However,	
  there	
  are	
  reports	
  that	
  indicate	
  that	
  it	
  

interacts	
  with	
  translation	
  factors	
  implying	
  its	
   involvement	
  in	
  translational	
  regulation.	
  For	
  

example,	
  ERα	
  has	
  been	
  shown	
  to	
  interact	
  with	
  translation	
  factors	
  such	
  as	
  the	
  members	
  of	
  

the	
   eukaryotic	
   translation	
   initiation	
   complex	
   [24,25].	
   Hence,	
   it	
   is	
   conceivable	
   that	
   ERα	
  

regulates	
  S6K2	
  at	
  the	
  translational	
  level.	
  Therefore,	
  the	
  non-­‐genomic	
  functions	
  of	
  estrogen	
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and	
  ERα	
  need	
   to	
   be	
   considered	
   in	
   order	
   to	
   fully	
   understand	
   its	
   role	
   in	
  mediating	
   breast	
  

cancer	
  pathogenesis.	
  

Regardless	
   of	
   how	
   estrogen	
   signaling	
   upregulates	
   S6K2	
   level,	
   our	
   results	
   suggest	
   that	
  

targeting	
  S6K2	
  may	
  be	
  a	
  viable	
  option	
  for	
  the	
  treatment	
  of	
  ER-­‐positive	
  breast	
  cancers.	
  	
  We	
  

have	
   previously	
   reported	
   that	
   S6K2	
  promotes	
   cell	
   survival	
   in	
   breast	
   cancer	
   cells	
   via	
  Akt	
  

[22],	
  which	
  has	
  been	
  associated	
  with	
  endocrine	
  resistance	
  [26,27],	
  and	
  knockdown	
  of	
  S6K2	
  

enhanced	
   breast	
   cancer	
   cell	
   death	
   in	
   response	
   to	
   several	
   chemotherapeutic	
   agents	
   ([22]	
  

and	
   data	
   not	
   shown).	
   Here,	
   we	
   show	
   that	
   the	
   depletion	
   of	
   S6K2	
   decreased	
   estradiol-­‐

induced	
   increase	
   in	
   colony	
   numbers	
   and	
   enhanced	
   cell	
   death	
   in	
   response	
   to	
   TRAIL,	
  

suggesting	
   that	
   S6K2	
   promotes	
   breast	
   cancer	
   cell	
   survival	
   in	
   response	
   to	
   estrogen.	
  

Nonetheless,	
   in	
   tumors	
   that	
   do	
   not	
   express	
   ERα,	
   it	
   is	
   possible	
   that	
   S6K2	
   levels	
   are	
  

maintained	
   by	
   the	
   activation	
   of	
   alternative	
   pathways.	
   Such	
   redundancy	
   has	
   been	
   well	
  

documented	
   in	
  different	
   scenarios	
   in	
  breast	
   cancer	
   [28].	
  Thus,	
  while	
   S6K2	
   regulated	
   cell	
  

survival	
   downstream	
   of	
   estradiol	
   in	
   ER-­‐positive	
   breast	
   cancer	
   cells,	
   it	
  may	
   also	
   function	
  

independent	
  of	
  estrogen	
  signaling	
  to	
  mediate	
  its	
  effects	
  in	
  breast	
  cancer.	
  

Although	
   the	
   availability	
   of	
   anti-­‐estrogen	
   therapy	
   implies	
   a	
   favorable	
   prognosis	
   for	
   ER-­‐

positive	
   breast	
   cancer	
   patients,	
   the	
   development	
   of	
   resistance	
   to	
   such	
   therapy	
   poses	
   a	
  

challenge	
   in	
   treating	
   this	
   subtype,	
  which	
   accounts	
   for	
   the	
  majority	
   of	
   all	
   breast	
   cancers.	
  

While	
  the	
  lack	
  of	
  ER	
  is	
  the	
  most	
  common	
  mechanism	
  of	
  de	
  novo	
  anti-­‐estrogen	
  resistance,	
  a	
  

complete	
   loss	
   of	
   ER	
   is	
   not	
   common	
   in	
   acquired	
   resistance,	
   suggesting	
   that	
   signaling	
  

downstream	
  of	
  ER	
  may	
  contribute	
   to	
  endocrine	
   resistance	
   [29].	
   	
  Also,	
   a	
   large	
  number	
  of	
  

ER-­‐positive	
  breast	
  tumors	
  exhibit	
  resistance	
  even	
  prior	
  to	
  the	
  time	
  of	
  initial	
  diagnosis	
  [29].	
  

Based	
  on	
  GOBO	
  database	
  analysis,	
  higher	
  S6K2	
  expression	
  was	
  observed	
  more	
  frequently	
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after	
  5	
  years	
  of	
   initial	
  diagnosis,	
  which	
  is	
  typically	
  the	
  time	
  associated	
  with	
  recurrence	
  of	
  

ER-­‐positive	
  breast	
  cancers.	
  Recurrence,	
  which	
  is	
  almost	
  always	
  associated	
  with	
  metastasis,	
  

remains	
   the	
   major	
   cause	
   of	
   death	
   [30].	
   Given	
   the	
   observation	
   that	
   among	
   ER-­‐positive	
  

breast	
  cancers,	
  those	
  that	
  exhibit	
  11q13	
  amplifications	
  constitute	
  a	
  high-­‐risk	
  subtype	
  [4,5]	
  

and	
   the	
   significant	
   correlation	
   between	
   CCND1	
   amplifications	
   and	
   RPS6KB2	
   gains	
   and	
  

amplifications	
   [8],	
   it	
   is	
   possible	
   that	
   S6K2	
   is	
   one	
   of	
   the	
   mediators	
   of	
   anti-­‐estrogen	
  

resistance,	
  relapse	
  and	
  metastasis.	
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CHAPTER	
  IV	
  

	
  

	
  

Summary	
  and	
  conclusions	
  

	
  

	
  

The	
  results	
  outlined	
  in	
  the	
  present	
  study	
  address	
  the	
  role	
  and	
  regulation	
  of	
  S6K2	
  in	
  breast	
  

cancer.	
  While	
   the	
  overexpression	
  of	
  S6K2	
   in	
  breast	
  cancer	
   tissues	
  was	
  reported	
  (1-­‐4),	
   its	
  

causes	
  and	
  consequences	
   remained	
  unknown.	
  The	
  objective	
  of	
   this	
   study	
  was	
   to	
  address	
  

these	
  gaps	
  in	
  the	
  knowledge	
  about	
  S6K2	
  and	
  to	
  aid	
  in	
  characterizing	
  it	
  as	
  a	
  suitable	
  target	
  

for	
  breast	
  cancer	
  treatment.	
  

Our	
   results	
   indicate	
   that	
   S6K2	
   plays	
   an	
   important	
   role	
   in	
   mediating	
   breast	
   cancer	
   cell	
  

survival.	
  We	
  observed	
  that	
  the	
  depletion	
  of	
  S6K2	
  sensitized	
  breast	
  cancer	
  cells	
  to	
  apoptotic	
  

agents	
  such	
  as	
  TNF	
  and	
  TRAIL	
  as	
  shown	
  here	
  as	
  well	
  as	
  several	
  chemotherapeutic	
  agents	
  

routinely	
  used	
  in	
  the	
  clinic	
  such	
  as	
  paclitaxel,	
  cisplatin	
  and	
  doxorubicin.	
  	
  

On	
  exploring	
  the	
  mechanism	
  by	
  which	
  S6K2	
  mediates	
  its	
  prosurvival	
  effects,	
  we	
  observed	
  

that	
   unlike	
   S6K1	
   (5-­‐8),	
   S6K2	
   depletion	
   decreased	
   the	
   activation	
   of	
   the	
   prosurvival	
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protein	
  Akt.	
  This	
  is	
  in	
  contrast	
  to	
  the	
  widely	
  accepted	
  belief	
  that	
  S6K2	
  like	
  S6K1	
  negatively	
  

regulates	
   the	
   PI3K/Akt	
   signaling	
   pathway.	
   This	
   is	
   an	
   important	
   observation	
   since	
   the	
  

suppression	
  of	
  Akt	
   activity	
   is	
   key	
   to	
   achieving	
   cancer	
   cell	
   death	
  and	
  activation	
  of	
  Akt	
  by	
  

inhibition	
   of	
   S6K1	
   limits	
   the	
   therapeutic	
   efficacy	
   of	
   mTORC1	
   inhibitors.	
   We	
   further	
  

observed	
  that	
  S6K2	
  depletion	
  enhanced	
  receptor-­‐mediated	
  apoptotic	
  cell	
  death	
  by	
  TNF	
  via	
  

the	
   mitochondrial	
   pathway	
   by	
   upregulating	
   p53	
   and	
   the	
   pro-­‐apoptotic	
   Bcl-­‐2	
   family	
  

member	
   Bid.	
   The	
   engagement	
   of	
   the	
   mitochondrial	
   or	
   intrinsic	
   cell	
   death	
   pathway	
   is	
  

critical	
  in	
  cancer	
  cells	
  since	
  they	
  require	
  the	
  activation	
  of	
  both	
  pathways	
  for	
  effective	
  killing	
  

by	
  an	
  extrinsic	
  agent	
  (9).	
  	
  

Following	
   the	
   observation	
   that	
   S6K2	
   is	
   critical	
   for	
   the	
   survival	
   of	
   breast	
   cancer	
   cells	
   in	
  

response	
  to	
  apoptotic	
  agents,	
  we	
  looked	
  into	
  the	
  pathways	
  that	
  mediate	
  its	
  overexpression.	
  

Due	
  to	
  the	
  correlation	
  between	
  positive	
  ERα	
  status	
  and	
  the	
  amplification	
  of	
  chromosomal	
  

region	
  that	
  codes	
  for	
  S6K2	
  (10),	
  and	
  the	
  observation	
  that	
  S6K2	
  gains	
  in	
  ER-­‐positive	
  breast	
  

cancers	
   are	
   associated	
   with	
   poor	
   outcome	
   (1),	
   we	
   studied	
   the	
   relationship	
   between	
   ER	
  

signaling	
   and	
   S6K2	
   levels.	
  Our	
   results	
   demonstrate	
   that	
   S6K2	
   is	
   indeed	
   regulated	
  by	
   the	
  

estrogen	
  signaling	
  pathway	
  via	
  a	
  post-­‐transcriptional	
  mechanism.	
  We	
  then	
  determined	
  the	
  

role	
  of	
  S6K2	
  in	
  mediating	
  survival	
  downstream	
  of	
  estrogen	
  signaling	
  and	
  observed	
  that	
  the	
  

depletion	
  of	
  S6K2	
  blunted	
  estrogen-­‐induced	
  cell	
  survival	
  and	
  clonogenicity.	
  Furthermore,	
  

analysis	
   of	
   breast	
   cancer	
   tissue	
   data	
   revealed	
   that	
   the	
   overexpression	
   of	
   S6K2	
   in	
   ER-­‐

positive	
   tumors	
   indicated	
   poor	
   prognosis	
   in	
   patients.	
   These	
   findings	
   suggest	
   that	
   S6K2	
  

could	
  serve	
  as	
  a	
  potential	
  target	
  in	
  the	
  treatment	
  of	
  ER-­‐positive	
  breast	
  cancers.	
  

In	
   summary,	
   this	
   study	
   has	
   demonstrated	
   that	
   S6K2	
   (i)	
   is	
   regulated	
   via	
   the	
   estrogen	
  

signaling	
  pathway	
  in	
  ER-­‐positive	
  breast	
  cancers;	
  (ii)	
  plays	
  an	
  important	
  role	
  in	
  mediating	
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breast	
   cancer	
   cell	
   survival;	
   (iii)	
   is	
   functionally	
  divergent	
   from	
  S6K1	
  and	
   (iv)	
  mediates	
   its	
  

effects	
  on	
  breast	
  cancer	
  cell	
  survival	
  via	
  the	
  regulation	
  of	
  the	
  prosurvival	
  protein	
  Akt	
  and	
  

proapoptotic	
  proteins	
  p53	
  and	
  Bid	
  as	
  indicated	
  in	
  figure	
  1.	
  

While	
  inhibitors	
  have	
  been	
  developed	
  against	
  mTOR	
  and	
  S6K1,	
  there	
  are	
  no	
  molecules	
  that	
  

can	
  selectively	
  target	
  S6K2	
  till	
  date.	
  This	
  is	
  possibly	
  due	
  to	
  a	
  dearth	
  in	
  studies	
  that	
  address	
  

its	
  importance	
  in	
  cancer,	
  the	
  high	
  degree	
  of	
  homology	
  between	
  S6K1	
  or	
  S6K2	
  and	
  the	
  lack	
  

of	
  structural	
   information	
   that	
   is	
  key	
   for	
   the	
  development	
  of	
  novel	
  and	
  specific	
   inhibitors.	
  

However,	
   homology	
  modeling	
   of	
   S6K2	
   based	
   on	
   the	
   crystal	
   structure	
   of	
   S6K1	
   bound	
   to	
  

staurosporine	
  identified	
  a	
  divergence	
  in	
  the	
  region	
  that	
  comes	
  in	
  contact	
  with	
  the	
  inhibitor	
  

(11).	
   This	
   region	
  was	
   narrowed	
   down	
   to	
   cysteine	
   150	
  within	
   the	
   hinge	
   region	
   of	
   S6K2,	
  

suggesting	
  that	
  it	
   is	
   indeed	
  possible	
  to	
  develop	
  S6K2-­‐specific	
  inhibitors.	
  Furthermore,	
  the	
  

differences	
  between	
  S6K1	
  and	
  S6K2	
  in	
  their	
  N-­‐	
  and	
  C-­‐terminal	
  domains	
  could	
  be	
  exploited	
  

to	
  develop	
  S6K2-­‐specific	
  inhibitors.	
  	
  

Given	
  the	
  lack	
  of	
  obvious	
  phenotypes	
  in	
  S6K2-­‐/-­‐	
  mice	
  (12),	
  targeting	
  S6K2	
  for	
  breast	
  cancer	
  

therapy	
   will	
   aid	
   in	
   enhancing	
   chemotherapy-­‐induced	
   breast	
   cancer	
   cell	
   death	
   and	
   is	
  

expected	
  to	
  be	
  associated	
  with	
  minimal	
  normal	
  tissue	
  effects.	
  Moreover,	
  this	
  study	
  has	
  the	
  

potential	
  of	
  being	
  extended	
  to	
  other	
  cancers	
  such	
  as	
  endometrial	
  (13)	
  and	
  gastric	
  cancers	
  

(14)	
  which	
  also	
  show	
  elevated	
  S6K2	
  expression	
  and	
  gene	
  amplification.	
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Figure	
  1	
  

	
  

	
  

	
  

Fig.	
  1.	
  Schematic	
  summarizing	
  the	
  conclusions	
  from	
  the	
  study.	
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CHAPTER	
  V	
  

	
  

	
  

Future	
  directions	
  

	
  

We	
   have	
   reported	
   here	
   that	
   S6K2	
   levels	
   are	
   regulated	
   post-­‐transcriptionally	
   via	
   the	
  

estrogen	
  signaling	
  pathway.	
  It	
  remains	
  to	
  be	
  determined	
  if	
  it	
  is	
  upregulated	
  by	
  estrogen	
  via	
  

a	
   translational	
   mechanism	
   or	
   a	
   process	
   involving	
   micro	
   RNAs,	
   non-­‐coding	
   RNAs	
   that	
  

regulate	
  gene	
  expression	
  by	
  translational	
  repression	
  or	
  degradation	
  of	
  their	
  target	
  mRNAs.	
  

Although	
  highly	
  homologous,	
   S6K1	
  and	
  S6K2	
  have	
  opposing	
  effects	
  on	
  breast	
   cancer	
   cell	
  

survival.	
  The	
  differences	
  in	
  their	
  N-­‐	
  and	
  C-­‐terminal	
  regions	
  may	
  result	
  in	
  interaction	
  with	
  

distinct	
   proteins	
   ultimately	
   leading	
   to	
   differential	
   functions.	
   Hence	
   identifying	
   unique	
  

binding	
  partners	
  of	
  S6K2	
  may	
  reveal	
  the	
  mechanisms	
  by	
  which	
  it	
  promotes	
  cell	
  survival.	
  	
  

While	
  we	
  have	
   investigated	
   the	
   role	
  of	
   S6K2	
   in	
   cell	
   survival,	
   it	
   could	
  potentially	
  mediate	
  

other	
   tumorigenic	
   processes	
   in	
   breast	
   cancer.	
   For	
   example,	
   the	
   interaction	
   of	
   S6K2	
  with	
  

heterogenous	
   nuclear	
   ribonucleoproteins	
   (hnRNPs)	
   is	
   believed	
   to	
   play	
   a	
   role	
   in	
   cell	
  

proliferation.	
  hnRNPs	
  are	
  important	
  regulators	
  of	
  RNA	
  processing,	
  maturation	
  and	
  nuclear	
  

export	
  which	
  are	
  global	
  phenomena	
  governing	
  gene	
  expression.	
  However	
  the	
  role	
  of	
  S6K2	
  

in	
  this	
  process	
  is	
  yet	
  to	
  be	
  explored.	
  Similarly,	
  analysis	
  of	
  breast	
  cancer	
  tissue	
  data	
  suggests	
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that	
   elevated	
   S6K2	
   expression	
   is	
   associated	
   with	
   a	
   decrease	
   in	
   distant	
   metastasis-­‐	
   and	
  

relapse-­‐free	
   survival	
   in	
   patients.	
   This	
   indicates	
   that	
   S6K2	
   may	
   play	
   a	
   role	
   in	
   mediating	
  

metastatic	
   spread	
   of	
   breast	
   cancer	
   cells	
   or	
   maintenance	
   of	
   the	
   metastases.	
   It	
   would	
   be	
  

interesting	
  to	
  determine	
  if	
  S6K2	
  is	
  involved	
  in	
  processes	
  such	
  as	
  epithelial-­‐to-­‐mesenchymal	
  

transition	
  (EMT),	
  migration	
  and	
  invasion	
  of	
  breast	
  cancer	
  cells.	
  These	
  studies	
  will	
  advance	
  

our	
  knowledge	
  on	
  the	
  role	
  and	
  regulation	
  of	
  S6K2	
  and	
  aid	
  in	
  unequivocally	
  establishing	
  it	
  

as	
  a	
  target	
  for	
  the	
  treatment	
  of	
  breast	
  cancer.	
  

	
  


