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Summary	  A.	  

Autophagy	  is	  a	  dynamic	  cellular	  process,	  which	  is	  indispensable	  to	  maintain	  protein	  homeostasis	  
by	  degradation	  of	  unfolded,	  misfolded	  or	  aggregated	  proteins.	  Hence,	  it	  was	  reported	  that	  onset	  
as	  well	  as	  progression	  of	  different	  diseases	  are	  regulated	  by	  autophagy.	  For	  instance	  autophagy	  
facilitates	   stress	   resistance	   in	   cancer	   cells	   and	   is	   found	   to	   be	   activated	   by	   oxidative	   stress	   in	  
neuronal	   cells.	   Recently,	   a	   new	   selective	   pathway	   of	   autophagy	   has	   been	   described:	   BAG3-‐
mediated	   selective	   macroautophagy,	   which	   was	   also	   found	   to	   be	   induced	   in	   the	   paradigm	   of	  
oxidative	  stress	  suggesting	  a	  role	  for	  cytoprotection.	  In	  this	  thesis	  autophagy	  was	  investigated	  in	  
two	  different	  models	  of	  stress	  resistance	  in	  vitro	  and	  in	  vivo	  in	  order	  to	  analyze	  a	  potential	  role	  
of	   autophagy	   in	   cytoprotection	   and	   the	   genesis	   of	   stress	   resistance,	   and	   subsequent	   to	   get	  
further	  insights	  about	  BAG3	  respectively.	  

The	   first	  part	  of	   the	   thesis	  was	  based	  on	  ERα-‐positive	  breast	  cancer	  cells,	   characterized	  by	   its	  
resistance	  to	  different	  stressors.	  It	  is	  well	  known,	  that	  breast	  cancer	  cells	  can	  develop	  endocrine	  
resistance	  and	  resistance	  to	  anti-‐hormone	  therapy	  and	  this	  can	  be	  facilitated	  via	  the	  autophagy	  
pathway,	  but	   so	   far	   the	  description	  of	  a	  detailed	  autophagy	  expression	  profile	  of	  ERα-‐positive	  
cancer	  cells	  is	  missing.	  In	  this	  work	  especially	  ERα	  expressing	  cells	  have	  been	  found	  to	  be	  highly	  
resistant	   to	   oxidative	   stress.	   Furthermore	   we	   could	   show	   that	   ERα-‐expressing	   cells	   have	   a	  
higher	   autophagic	   activity	   than	   cells	   expressing	   ERβ	   and	   cells	   lacking	   ER	   expression.	  
Additionally,	   for	   autophagy-‐related	   gene	   expression	   we	   describe	   an	   ERα-‐specific	   “autophagy-‐
footprint”	  that	  is	  fundamentally	  different	  to	  tumor	  cells	  expressing	  ERβ	  or	  lacking	  ER	  expression.	  
This	   newly	   described	   ERα-‐mediated	   and	   estrogen	   response	   element	   (ERE)-‐independent	   non-‐
canonical	   autophagy	   pathway,	   which	   involves	   the	   function	   of	   the	   co-‐chaperone	   BAG3,	   is	  
independent	   of	   classical	   mammalian	   target	   of	   rapamycin	   (mTOR)	   and	   Phosphatidylinositol	   3	  
Kinase	   (PI3K)	   signaling	   networks	   and	   provides	   stress	   resistance	   in	   the	   employed	   model	  
systems.	  Strikingly	  we	  detected	  higher	  autophagy	  markers	  LC3,	  p62/SQSTM	  and	  BAG3	  in	  ERα	  
positive	  breast	  cancer	  tissues	  supporting	  our	  in	  vitro	  findings.	  Altogether,	  our	  study	  uncovers	  a	  
novel	  non-‐canonical	   autophagy	  pathway	   that	  might	  be	   an	   interesting	   target	   for	   approaches	  of	  
personalized	  medicine	  and	  treatment	  of	  ERα-‐positive	  breast	  cancer	  cells	  that	  do	  not	  respond	  to	  
anti-‐hormone	  therapy	  and	  classical	  autophagy	  inhibitors.	  	  

The	  second	  study	  of	   this	  work	  concentrates	  on	  neuronal	  autophagy	   in	   the	  context	  of	  oxidative	  
stress	  resistance.	  Neurons	  are	  highly	  vulnerable	  to	  disturbed	  proteostasis	   in	  particular	  as	  they	  
are	   post-‐mitotic	   and	   develop	   neurodegenerative	   disease	   if	   become	   unbalanced.	   Therefore,	  
autophagy	  might	  come	  into	  play	  to	  keep	  protein	  quality	  control	  (PQC)	  in	  stress	  conditions.	  The	  
focus	  in	  this	  section	  was	  an	  in	  vitro	  model	  of	  hippocampal	  cells	  adapted	  to	  oxidative	  stress	  and	  
was	   transferred	   to	   an	   in	   vivo	   model	   for	   traumatic	   brain	   injury,	   where	   oxidative	   stress	   is	  
causatively	   linked	   to	   the	   pathophysiologic	   outcome.	   Hippocampal	   cells	   exposed	   to	   oxidative	  
stress	   revealed	   autophagy	   and	   BAG3	   strongly	   regulated	   whereas	   proteasomal	   degradation-‐
related	   BAG1	   was	   downregulated.	   Furthermore	   autophagy	   induction	   was	   again	   found	   to	   be	  
independent	   on	   mTOR,	   but	   includes	   BECN1	   regulation,	   underlining	   the	   function	   for	   BAG3-‐
mediated	  autophagy	  rather	  in	  PQC	  then	  for	  nutrient	  supply.	  Additionally	  we	  could	  also	  transfer	  
our	  results	  in	  an	  in	  vivo	  mouse	  model	  for	  traumatic	  brain	  injury,	  called	  controlled	  cortical	  impact	  
(CCI),	  where	  we	  detected	  high	  levels	  of	  BAG3	  and	  autophagy	  in	  ipsilateral	  brain	  areas	  after	  head	  
trauma,	  where	  it	  might	  diminish	  proteotoxic	  stress	  and	  facilitates	  survival.	  

These	   findings	   indicate	   that	   BAG3-‐mediated	   non-‐canonical	   autophagy	   may	   act	   as	   a	   general	  
adaptation	   and	   cytoprotective	   mechanism	   that	   point	   to	   a	   major	   role	   of	   the	   process	   in	  
pathophysiological	   conditions.	   Thinking	   of	   new	   treatment	   approaches	   BAG3	   is	   a	   promising	  
target	   to	   inhibit	   autophagy	   in	   cancer	   cells,	   but	   on	   the	   other	   hand	   to	   induce	   autophagy	   in	  
neuronal	  cells	  coping	  with	  neurodegenerative	  disorders.	  	  
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Introduction	  B.	  

Vertebrates	  are	  based	  on	  complex	  organs,	  defined	  by	  various	  cell	   types,	  which	  enable,	  

with	  their	  interaction	  and	  their	  complex	  organization,	  life.	  	  

Essential	  molecular	   components	   of	   cellular	   life	   are	   proteins,	  which	   direct	   various	   cell	  

functions.	  The	  protein	  entirety,	  termed	  the	  proteome,	  has	  to	  be	  kept	  tightly	  balanced	  by	  

protein	  homeostasis	  (proteostasis).	  Proteostasis	  maintains	  the	  integrity	  of	  the	  proteome	  

under	   physiological	   as	  well	   as	   stress	   conditions.	   Therefore,	   fine-‐tuned	   protein	   quality	  

control	   (PQC)	   pathways	   have	   evolved	   that	   regulate	   the	   balance	   between	   synthesis,	  

folding,	  refolding	  and	  degradation	  of	  the	  proteins	  (Balch,	  2008).	  

PQC	  is	  supported	  by	  a	  network	  of	  molecular	  chaperones,	  involved	  in	  protein	  folding	  and	  

protein	   degradation	   pathways:	   the	   ubiquitin-‐proteasom-‐system	   (UPS)	   and	   the	  

autophagosomal-‐lysosomal	  pathway	  (Hipp	  et	  al.,	  2014).	  

The	   evolutionary	   conserved	   eukaryotic	   lysosomal	   degradation	   pathways,	   called	  

autophagy,	   are	   one	   of	   the	   main	   mechanisms	   supporting	   cellular	   proteostasis	   by	  

clearance	  of	  aggregation-‐prone	  proteins	  and	  defective	  organelles.	  Recently,	  dysfunctions	  

in	   the	   autophagic	   pathways	   have	   been	   implicated	   in	   different	   pathophysiological	  

processes	   ranging	   from	   neurodegenerative	   disease	   to	   cancer	   (Jiang	   and	   Mizushima,	  

2014).	   Clarifying	   the	   role	   of	   autophagy	   in	   more	   detail	   is	   of	   great	   relevance	   in	  

understanding	  the	  mechanisms	  behind	  the	  appearance	  of	  pathophysiological	  states.	  

	  

Protein	  degradation	  pathways	  	  B.1.	  

Protein	  homeostasis	   is	  only	  guaranteed	  when	  there	   is	  a	  balance	  between	  building	  and	  

degradation	  of	  proteins.	  Two	  main	  protein	  degradation	  pathways	  have	  evolved	  within	  

the	  cell:	  the	  ubiquitin/proteasome	  system	  on	  the	  one	  hand	  and	  autophagy	  on	  the	  other.	  

These	   two	   pathways	   differ	   in	   their	   structure	   as	   well	   as	   in	   their	   substrates	   and	  

mechanism,	  both	  are	  essential	  for	  the	  cell.	  
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	  The	  ubiquitin/proteasome	  system	  B.1.1.	  

The	  proteasome	  is	  a	  2000	  kDA	  complex	  consisting	  of	  two	  19S	  (Svedberg)	  regulatory	  lid	  

complexes	  and	  a	  20S	  central	  proteolytic	  complex.	  The	  barrel-‐shaped	  center	  is	  composed	  

of	   four	   rings	   consisting	   of	   two	   outer	   α-‐domains	   and	   two	   inner	   β-‐subunits.	   The	   19S-‐

subunits	  unfold	   the	   tertiary	   structure	  of	   the	   substrate	  under	  ATP	  hydrolysis,	   enabling	  

the	   substrate	   to	   enter	   the	   central	   complex	   of	   the	   proteasome.	   The	   two	   inner	   β-‐rings	  

show	   proteolytic	   activity	   and	   cleave	   the	   substrate	   into	   short	   polypeptides,	   which	   are	  

released	  into	  the	  cytoplasm	  (Groll	  et	  al.,	  1997;	  Hendil	  et	  al.,	  2009;	  Murata	  et	  al.,	  2009).	  	  

Polyubiquitination	  of	  a	  given	  substrate	  acts	  as	  a	  signal	  for	  proteasomal	  degradation	  and	  

is	  recognized	  by	  the	  two	  outer	  lid	  complexes.	  Ubiquitin-‐receptor	  proteins	  are	  also	  able	  

to	  bind	  proteasomal	  substrates	  and	  get	  recognized	  by	  the	  lid	  complex	  of	  the	  proteasome	  

themselves	  via	  their	  ubiquitin-‐like	  domains	  (UBL).	  Their	  substrate	  is	  then	  transferred	  to	  

the	   proteasomal	   machinery	   and	   the	   receptor	   proteins	   get	   released	   after	   binding	  

(Elsasser	   and	   Finley,	   2005).	   Favored	   substrates	   of	   the	   proteasome	   are	   short	   half-‐life	  

proteins	  whereas	   long	  half-‐life	  proteins	  are	   thought	   to	  be	  predominantly	  degraded	  by	  

autophagy.	  Meanwhile	  under	  certain	  conditions	  reciprocal	  compensations	  between	  the	  

proteasome	   and	   autophagy	   have	   been	   demonstrated	   and	   imply	   that	   the	   substrate	  

principle	   is	   less	  rigid	  than	  once	  thought	  (Cuervo,	  1998;	  Fuertes,	  2003;	  Gamerdinger	  et	  

al.,	  2009a)	  

Ubiquitin	  is	  an	  8	  kilo-‐Dalton	  (kDa)	  highly	  conserved	  and	  ubiquitously	  expressed	  protein	  

(Kirkin	   and	   Dikic,	   2007).	   Ubiquitin	   can	   bind	   directly	   to	   proteins	   through	   a	   glycine	  

residue	  at	  its	  C-‐terminus.	  This	  reaction	  is	  catalyzed	  by	  a	  cascade	  of	  enzymes,	  activating	  

(E1),	  conjugating	  (E2)	  and	  ligating	  (E3)	  ubiquitin	  to	  its	  target	  protein	  (Sowa	  and	  Harper,	  

2006).	  Polyubiquitin	  chains	  can	  be	  formed	  by	  isopeptide	  linkages	  at	  the	  seven	  different	  

Lysine	  residues	  of	  Ubiquitin,	  whereby	  another	  ubiquitin	  is	  linked	  through	  its	  glycine	  at	  

the	  C-‐terminal	  end	  of	  the	  molecule.	  Polyubiquitin	  chains	  of	  at	  least	  four	  ubiquitin	  units	  

linked	   to	   a	   protein	   are	   sufficient	   to	   start	   sensing	   degradation	   (Thrower	   et	   al.,	   2000).	  

Polyubiquitination	  is	  triggering	  the	  degradation	  of	  proteins	  through	  different	  pathways	  

whereas	   K48-‐linked-‐polyubiquitination	   triggers	   proteasomal	   degradation	   and	   K63-‐

linked-‐polyubiquitinated	  proteins	  are	  preferred	  to	  be	  degraded	  via	  the	  autophagosomal	  

pathway	  (Tan	  et	  al.,	  2008;	  Thrower	  et	  al.,	  2000).	  
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Autophagy	  B.1.2.	  

The	  word	  autophagy	  has	  its	  roots	  in	  the	  ancient	  Greek	  language	  meaning	  self-‐eating.	  In	  

1963,	  Christian	  de	  Duve	  used	  it	  for	  the	  first	  time	  in	  a	  biological	  context	  describing	  single	  

or	   double	   membraned	   vesicles	   digesting	   cytoplasmic	   material	   (De	   Duve,	   1963;	  

Ravikumar	  et	  al.,	  2010a).	  Today,	  the	  term	  autophagy	  summarizes	  a	  set	  of	  evolutionary	  

conserved	  lysosomal	  degradation	  pathways	  in	  which	  cytoplasmic	  components,	  including	  

whole	   organelles	   (mitochondria,	   peroxisomes	   and	   endoplasmic	   reticulum)	   and	  

macromolecules	   (proteins,	   glycogens,	   lipids	   and	   nucleotides)	   are	   transported	   to	   the	  

lysosomes	   and	   get	   cleared	   by	   lysosomal	   hydrolases.	   Lysosomes	   are	   acidic	   organelles	  

with	  pH	  4.5-‐4.8	  that	  provide	  proteases,	  carbohydrases,	  lipases	  and	  nucleases,	  which	  are	  

all	  digestive	  enzymes	   that	  are	  distinguished	  by	   their	  acidic	  work	  optimum.	  Autophagy	  

occurs	   at	   basal	   level	   but	   can	   be	   stimulated	   by	   different	   stressors	   like	   starvation,	  

oxidative	   stress	   and	   pharmacological	   compounds	   (Mizushima	   et	   al.,	   2008).	   It	   was	  

believed	   that	   the	   autophagosomal	   process	   is	   mainly	   unselective	   for	   a	   long	   time,	   but	  

recent	   studies	   revealed	   that	   autophagy	   is	  not	   just	   constituted	  of	   bulk	  degradation	  but	  

also	  has	  very	  selective	  characteristics	  (Sica	  et	  al.,	  2015).	  How	  and	  which	  signals	  exactly	  

trigger	  selective	  or	  bulk	  degradation	  exactly,	  is	  still	  up	  for	  debate.	  Increasingly	  different	  

roles	   of	   autophagy	   have	   been	   encountered	   qualifying	   it	   as	   a	   main	   pathway	   for	  

maintaining	   cellular	   homeostasis.	   Under	   nutrient	   deprivation	   autophagy	   liberates	  

energy	   supply	   through	   the	   increased	  degradation	  of	  proteins	  and	   lipids	   (Klionsky	  and	  

Codogno,	   2013).	   Caloric	   restricted	   rats	   show	   increased	   autophagy	   and	   furthermore	  

extended	   life	   span	   (Donati	   et	   al.,	   2001).	   Immune	   reactions	   can	   also	   be	   supported	   by	  

autophagy	   through	   restricting	   the	   propagation	   of	   pathogens.	   For	   instance	   Salmonella	  

enterica	   gets	   enclosed	   by	   autophagosomes	   and	   degraded	   by	   lysosomes	   (Wild	   et	   al.,	  

2011)	   (Levine	   and	   Deretic,	   2007).	   Protein	   homeostasis	   is	   furthermore	   supported	   by	  

autophagy	   through	   its	   capacity	   to	   diminish	   misfolded	   proteins	   as	   well	   as	   damaged	  

organelles,	  which	  occur	  in	  cell	  stress	  situations	  in	  particular	  (Rubinsztein,	  2010).	  Hence,	  

these	   characteristics	   of	   autophagy	   are	   crucial	   adaptation	   processes	   for	   the	   cell	   to	  

guarantee	  survival.	  	  

Three	   distinct	   types	   of	   autophagy	   have	   been	   specified:	   macroautophagy,	  

microautophagy	  and	  chaperone-‐mediated	  autophagy.	  In	  the	  case	  of	  chaperone-‐mediated	  

autophagy	   substrates	   are	   tagged	   by	   a	   pentapeptide	   motif	   with	   a	   KFERQ	   consensus	  

sequence,	   which	   is	   recognized	   by	   the	   heat	   shock	   protein	   70	   (HSC70).	   HSC70-‐cargo	  
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complex	  binds	  to	  the	   lysosomal	  membrane-‐associated	  receptor	  (LAMP2A),	   that	  directs	  

unfolding	  and	  translocation	  across	  the	  lysosomal	  membrane	  (Cuervo	  and	  Wong,	  2014).	  

Microautophagy	  is	  the	  direct	  engulfment	  of	  cytoplasmic	  components	  by	  lysosomes.	  The	  

substrate	  can	  be	  trapped	  in	  a	  boundary	  membrane	  by	  autophagic	  tubes,	  followed	  by	  the	  

direct	   invagination	  through	  the	   lysosomal	  membrane	  (Benbrook	  and	  Long,	  2012;	  Li	  et	  

al.,	   2012).	   The	   most	   extensively	   studied	   of	   the	   three	   autophagy	   forms	   is	   called	  

macroautophagy,	  which	   is	   described	   in	  detail	   in	   the	  next	   sections	  because	  of	   its	   great	  

relevance	  in	  this	  thesis.	  

In	  the	  case	  of	  macroautophagy,	  hereafter	  referred	  to	  as	  autophagy,	  double-‐membraned	  

vesicles,	   called	   autophagosomes,	   are	   formed.	   Autophagosomes	   engulf	   cytoplasmatic	  

organelles	   and	   proteins	   and	   deliver	   them	   to	   lysosomes	   for	   degradation.	   For	   the	   two	  

characteristics	  of	  recycling	  to	  guarantee	  energy	  supply	  and	  degradation	  to	  support	  PQC,	  

autophagy	   plays	   an	   essential	   role	   in	   maintaining	   homeostasis	   (Tsukada	   and	   Ohsumi,	  

1993)	  (Mizushima	  and	  Komatsu,	  2011).	  Autophagy	  responds	  to	  environmental	  cues	  via	  

a	   variety	   of	   factors	   that	   mainly	   belong	   to	   homologues	   of	   autophagy-‐related	   genes	  

(ATG’s).	   ATG`s	  where	   originally	   identified	   in	   yeast	   (Ravikumar	   et	   al.,	   2010c)	   but	   ATG	  

orthologs	  were	   found	   also	   in	  mammals	   and	  display	   similar	   roles.	   ATGs	   and	  homologs	  

have	   been	   grouped	   according	   to	   their	   function	   in	   the	   autophagy	   pathway.	   The	  

autophagy	  pathway	  could	  be	  subdivided	  roughly	  into	  four	  steps:	  1.	  autophagy	  initiation	  

2.	   nucleation	   of	   a	   phagophore	   3.	   elongation	   of	   the	   autophagosome	   4.	  maturation	   and	  

fusion	  with	   the	   lysosome	   (autolysosome),	  which	   are	   tightly	   regulated	  and	   initiated	  by	  

the	  cross	  talk	  of	  several	  key	  players.	  



B	  	  Introduction	   	   6	  

	  

Figure	  1:	  Overview	  on	  macroautophagy:	  In	  macroautophagy	  out	  of	  a	  phagophore	  a	  double	  membraned	  
vesicle	   is	   formed	   (nucleation),	   called	   autophagosome,	   which	   engulfs	   defect	   organelles	   and	  
proteins(Expansion;	  Closure).	  Furthermore	  the	  autophagsomes	  fuse	  with	   lysosomes	  (Fusion)	  to	  form	  an	  
autophagolysosome	   where	   the	   cargo	   gets	   degraded	   by	   lysosomal	   hydrolases	   (Degradation)	   and	   the	  
resulting	  macromolecules	  are	  released	  back	  into	  the	  cytosol	  by	  permeases.	  (Galluzzi	  et	  al	  2015)	  

Autophagy	  Initiation	  by	  mTOR	  and	  AMPK	  B.1.2.1.	  

Two	  upstream	  major	  regulators	  in	  the	  control	  of	  autophagy	  are	  the	  mammalian	  target	  of	  

rapamycin	   complex	  1	   (mTORC1)	   that	   negatively	   regulates	   autophagic	   activity	   and	   the	  

AMP	   activated	   protein	   kinase	   (AMPK)	   which	   positively	   stimulates	   the	   autophagy	  

pathway.	  The	  Serin/Threonin	  kinase	  mTOR	  is	  acting	  in	  complex	  either	  with	  the	  proteins	  

Raptor	   or	   Rictor.	   The	   complex	   important	   for	   autophagy	   exists	   of	   Raptor	   and	   mTOR,	  

termed	  mTOR	  complex	  1	  (mTORC1)	  (Rosner	  et	  al.,	  2010).	  If	  nutrient	  supply	  is	  sufficient,	  

AMPK	   is	   inactive,	   whereas	  mTORC1	   is	   hyperactivated	   and	   inhibits	   in	   turn	   autophagy	  

(Figure2).	  mTORC1	  acts	  by	  inactivating	  the	  ULK-‐complex	  (UNC-‐51-‐like	  kinase	  1(ULK-‐1)	  

and	   ATG13)	   a	   downstream	   activator	   of	   autophagy	   (Hosokawa	   et	   al.,	   2009).	   Under	  

nutrient	  deprivation	  and	  other	  autophagy	  favoring	  conditions,	  AMPK	  gets	  activated	  and	  
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phosphorylates	  tuberous	  sclerosis	  2	  (TSC2)	  as	  well	  as	  Raptor,	  two	  inhibitors	  of	  mTORC1	  

(Inoki	   et	   al.,	   2002;	   Kim	   et	   al.,	   2011).	   Thereby,	   the	   interaction	   of	   mTORC1	  

(mTOR/Raptor)	   and	  ULK1	   is	  decreased	  and	   the	   interaction	  of	  ULK-‐1	  and	  AMPK	   takes	  

place,	   in	   which	   AMPK	   catalyzes	   the	   activating	   phosphorylation	   of	   ULK1	   (Egan	   et	   al.,	  

2011)	   and	   autophagy	   gets	   finally	   activated.	   Beside	   this,	   AMPK	   can	   further	   induce	  

autophagy	  by	  the	  phosphorylation	  of	  beclin1	  (BECN1)	  a	  main	  activating	  component	  of	  

the	  autophagy	  machinery	  (Chang	  and	  Neufeld,	  2009;	  Russell	  et	  al.,	  2013).	  

The	   ULK1	   complex	   consists	   of	   ULK-‐1	   and	   ATG13,	   ATG101	   and	   Fak	   family	   kinase-‐

interacting	  protein	  200kDa	  (FIP200).	  If	  activated,	  this	  complex	  mediates	  the	  induction	  of	  

autophagosome	  formation	  by	  interacting	  with	  the	  class	  III	  phosphatidylinositol	  3-‐kinase	  

(PI3K)/BECN1	  complex	  (PI3KC)	   that	   is	   required	   for	  nucleation	  of	   the	  autophagosomal	  

membrane	  (phagophore).	  

	  

Figure2:	  mTORC1	  (mTOR/Raptor-‐complex)	  and	  AMPK	  are	  main	  regulators	  of	  autophagy	  induction.	  
Left	  site:	  AMPK	  is	  inactive	  when	  glucose	  is	  sufficiently	  present	  wheras	  mTORC1	  is	  in	  its	  active	  form.	  In	  this	  
situation	  mTORC1	   phosphorylates	   ULK1	   on	   Ser	   757,	   which	   prevents	   the	   interaction	   of	   ULK1	  with	   the	  
AMPK.	  Right	  site:	  under	  nutrient	  restriction	  AMPK	  is	  active	  and	  phosphorylates	  TSC2	  and	  Raptor,	  which	  
leads	  to	  the	  inhibition	  of	  mTORC1.	  Accordingly	  phosphorylation	  of	  ULK1	  on	  Ser	  757	  decreases	  and	  Ulk1	  is	  
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activated	  for	  the	  interaction	  with	  AMPK	  that	  phosphorylates	  Ulk1	  on	  Ser	  317	  and	  Ser	  777.	  ULK1	  activation	  
is	  followed	  by	  the	  initiation	  of	  autophagic	  machinery.	  Furthermore	  autophagy	  induction	  is	  induced	  by	  the	  
activated	  AMPK	  through	  the	  activation	  of	  the	  BECN1/PI3K	  complex.	  (Adapted	  from	  Kim	  et	  al.	  2011)	  

	  

Regulation	  of	  autophagy	  nucleation	  by	  the	  PI3K/BECN1	  complex	  	  B.1.2.2.	  

Phophatitylinositol-‐3-‐phophat	  (PI3P)	  is	  required	  for	  the	  very	  first	  step	  of	  the	  initiation	  

and	   nucleation	   of	   the	   first	   recognizable	   autophagosomal	   structure,	   the	   isolation	  

membrane,	   called	   phagophore,	   in	   its	   early	   and	   open	   state	   (Devereaux	   et	   al.,	   2013;	  

Klionsky	   and	   Codogno,	   2013).	   In	   contrast	   to	   yeast	   (S.	   cerevisiae)	   where	   the	  

autophagosomes	   are	   generated	   at	   the	   phagophore	   assembly	   site	   (PAS)	   (Itakura	   and	  

Mizushima,	  2010)	   the	  origin	  of	  which	  mammalian	  autophagosomes	  arise	   is	   still	  under	  

controversial	   debate	   that	   may	   expect	   multiple	   sources	   of	   the	   membrane	   (Axe	   et	   al.,	  

2008;	   Carlsson	   and	   Simonsen,	   2015;	   Hailey	   et	   al.,	   2010;	   Hayashi-‐Nishino	   et	   al.,	   2009;	  

Karanasios	   and	   Ktistakis,	   2015;	   Ravikumar	   et	   al.,	   2010a).	   For	   example	   the	  

endoplasmatic	   reticulum,	   forming	   so	   called	   omegasome,	   which	   are	   positive	   for	   the	  

transmembrane	  protein	  ATG9	  are	  highly	  discussed.	  Building	  and	  transport	  of	  membrane	  

vesicles	   is	   controlled	   by	   a	   variety	   of	   proteins,	   including	   Ras-‐related	   in	   brain	   (Rab)-‐

Proteine,	   whereby	   our	   working	   group	   could	   	   show	   that	   Rab3GAP1/2	   regulates	  

autophagosome	  builiding	  (Spang	  et	  al.,	  2014).	  The	  recruitment	  of	  PI3P	  to	  the	  initiation	  

sites	   of	   autophagosomes	   depends	   on	   a	   macromolecular	   PI3K-‐complex.	   This	   complex	  

countains	  a	  class	   III	  PI3PK	  (also	  known	  as	  vacuolar	  protein	  sorting:	  Vps34)	  producing	  

PI3P	   (Kim	   et	   al.,	   2013).	   Furthermore,	   the	   complex	   consists	   of	   BECN1	   (ATG6),	   which	  

directly	  enhances	  the	  kinase	  activity,	  by	  acting	  as	  a	  scaffold	  protein	  for	  PI3PK	  and	  its	  co-‐

factors.	  Moreover,	   the	  autophagy/BECN1	  regulator	  1	  (AMBRA1)	  and	  ATG14/barkor	  as	  

well	  as	  Vps15/p150	  are	  building	  up	  the	  core	  complex	  (He	  and	  Levine,2010).	  If	  BECN1	  is	  

in	  its	  inactive	  form	  it	  is	  bound	  to	  two	  apoptosis	  regulators	  BCL2	  	  (B	  cell	  CLL/	  lymphoma	  

2)	   and	   BCL-‐XL	   (BCL2-‐like	   protein).	   In	   that	   state	   BECN1	   could	   not	   provide	   further	  

activation	   of	   the	   profound	   PI3K	   activity	   leading	   to	   the	   repression	   of	   autophagy	  

induction.	   If	   the	   situation	   in	   the	   cell	   change	   and	   autophagosomal	   structure	   is	   needed,	  

BECN1	   gets	   displaced	   from	   the	   inhibitory	   interaction	   partners	   and	   drives	  

autophagosome	   biosynthesis	   (Pattingre	   et	   al.,	   2005;	   Sica	   et	   al.,	   2015).	   Different	  

regulators	   starting	   this	  event	  are	  known,	   including	  MAPK8	   (mitogen-‐activated	  protein	  

kinase	  8),	   also	   called	   JNK1,	  DAPK1	   (death	  associated	  protein	  1)	   (Ravikumar,	  2010)	  as	  
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well	   as	   the	   “BH3-‐only”	   proteins	   (Maiuri	   et	   al.,	   2007).	   In	   addition,	   recent	   studies	  

discovered	   further	  posttranslational	  modifications	   regulating	  BECN1	   (Sun	  et	   al.,	   2015;	  

Wang	  et	  al.,	  2012).	  Commonly	  used	  autophagy	   inhibitors,	  3-‐methyladenine	   (3MA)	  and	  

wortmannin	   are	   targeting	   the	   BECN1	   complex,	   as	   they	   are	   direct	   inhibitors	   of	   PI3K	  

(Ravikumar	  et	  al.,	  2010b).	  	  

The	   detection	   of	   PI3P	   at	   the	   nascent	   phagophore	   is	   followed	   by	   its	   binding	   to	  DFCP1	  

(Double	   FYVE-‐containing	   protein	   1)	   and	   WIPI	   (WD	   repeat	   domain	   phosphoinositide	  

interacting	  1-‐3)	  (Axe	  et	  al.,	  2008).	  Not	  until	  the	  detection	  of	  these	  early	  autophagosomal	  

markers,	   the	  microtubule-‐associated	  protein	  1	   light	  chain	  3	   (MAP1-‐LC3),	  a	  marker	   for	  

matured	  autophagosomes	  is	  recruited	  at	  the	  omegasome,	  which	  is	  afterwards	  released	  

into	  the	  cytoplasm	  forming	  the	  autophagosome	  (Karanasios	  and	  Ktistakis,	  2015).	  

	  

Two	   ubiquitin-‐like	   conjugation	   systems	   directing	   autophagosome	  B.1.2.3.	  
maturation	  

Membrane	  expansion	  is	  carried	  out	  by	  two	  ubiquitin-‐like	  conjugating	  systems.	  The	  first	  

one	   is	   the	   ATG12-‐ATG5-‐Atg16	   conjugation	   system,	   which	   is	   formed	   with	   the	   help	   of	  

ATG7	   (E1	   ubiquitin	   activating	   enzyme-‐like)	   and	   ATG10	   (E2	   ubiquitin	   conjugating	  

enzyme-‐like)	  and	   is	  essential	   for	  phagophore	  expansion	  The	  complex	  dissociates	  upon	  

full	   maturation	   of	   the	   autophagosome.	   The	   second	   conjugating	   system,	   assisting	   in	  

elongation	   and	  maturation	  of	   the	  phagophore,	   includes	  LC3	   (ATG8)	   a	   small	   ubiquitin-‐

like	   modifier	   (UBL).	   The	   autophagosomal	   membrane	   protein	   is	   a	   known	   Atg8	   family	  

member	   that	   binds	   to	   autophagy	   receptors	   (e.g.	   p62/SQSTM:	   sequestosome1)	   tagged	  

with	  substrates,	  and	  directly	  links	  cargo	  to	  autophagosomal	  degradation.	  Therefore	  LC3	  

has	   a	   main	   function	   in	   selective	   sequestration	   of	   proteins	   in	   autophagosomal	  

degradation.	  Precursor	  LC3	  is	  cleaved	  by	  ATG4B	  at	  its	  COOH	  terminus	  to	  form	  cytosolic	  

LC3-‐I.	   Next,	   ATG7	   and	   ATG3	   accelerate	   the	   conjugation	   of	   phosphatidylethanolamine	  

(PE)	  to	  LC3I	  to	  form	  the	  membrane	  associated	  LC3-‐II	  (Kabeya	  et	  al.,	  2000;	  Tanida	  et	  al.,	  

2004),	  a	  process	  also	   facilitated	  by	   the	  ATG12–ATG5	  and	  ATG16L1	  complex	  (Saitoh	  et	  

al.,	  2008).	  LC3-‐II	  on	  the	  outer	  membrane	  is	  most	  likely	  delipidated	  and	  recycled	  by	  ATG4	  

whereas	  LC3-‐II	  at	  the	  inner	  membrane	  gets	  degraded	  after	  fusion.	  Hence,	  LC3II	  serves	  as	  

a	   useful	   marker	   for	   autophagosomes,	   as	   they	   contain	   LC3II	   until	   they	   are	   finally	  

degraded	  upon	  fusion	  with	  lysosomes	  (Jiang	  and	  Mizushima,	  2015;	  Klionsky	  et	  al.,	  2012;	  



B	  	  Introduction	   	   10	  

Mizushima	  et	  al.,	  1998;	  Mizushima	  et	  al.,	  2003;	  Rubinsztein	  et	  al.,	  2015).	  All	  the	  before	  

mentioned	   hierarchical	   regulators	   of	   autophagy	   are	   needed	   to	   induce	   the	   so-‐called	  

“canonical	  autophagic	  pathway”	  and	  are	  is	  summarized	  below	  (Figure	  3).	  	  

	  

Figure	  3:	  Overview	  on	  canonical	  autophagy:	  Autophagosomal	  vesicle	  biogenesis	  is	  regulated	  tightly	  by	  
interconnected	   protein	   complexes.	   For	   the	   initiation	   step	   Atg9-‐vesicles,	   the	   ULK	   complex,	   the	  
BECN1/PI3K	  complex	  WIPIs	  as	  well	  as	  DFCP1	  are	  of	  particular	  importance.	  Elongation	  and	  maturation	  of	  
the	   autophagosomal	   membrane	   is	   furthermore	   regulated	   by	   two	   ubiquitin-‐like	   conjugation	   systems	  
Atg12-‐Atg5-‐Atg16L-‐complex	  and	  LC3-‐PE.	  (Adapted	  from	  Mizushima	  and	  Komatsu,2011)	  
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After	   the	   full	   maturation,	   autophagosomes	   can	   fuse	   subsequently	   with	   lysosomes	   to	  

form	   autolysosomes.	   The	   trafficking	   of	   autophagosomes	   is	   bidirectional	   along	  

microtubule-‐	  dynein-‐dynactin	  motor	  complexes	  with	  a	  tendency	  towards	  a	  perinuclear	  

region	  enriched	  with	  lysosomes,	  the	  microtubule-‐organizing	  center	  (MTOC)	  (Ravikumar	  

et	  al.,	  2005;	  Ravikumar	  et	  al.,	  2010b)	  (Kimura	  S,	  2008).	  At	   the	  MTOC	  autophagosomes	  

may	  fuse	  conclusively	  with	  lysosomes	  whereupon	  the	  degradation	  of	  the	  delivered	  cargo	  

by	   digestion	   enzymes	   starts.	   After	   the	   breakdown	   of	   the	   contents,	   the	   processed	  

products	  are	  released	  through	  permeases	  back	  to	  the	  cytosol	  (Feng	  et	  al.,	  2015).	  	  

Non-‐canonical	   autophagy	   pathways	   have	   recently	   been	   discovered	   that	   differ	   from	  

canonical	   signaling,	   as	   they	   do	   not	   necessarily	   require	   the	   hierarchical	   action	   of	   the	  

above-‐mentioned	   ATG	   proteins	   and	   protein	   complexes	   (Codogno	   et	   al.,	   2012a).	   For	  

example,	  BECN1-‐independent	  or	  mTORC1-‐	  and	  ULK1	  complex-‐bypassing	  non-‐canonical	  

autophagy	   routes	   have	   been	   described	   (Hiebel	   et	   al.,	   2014;	   Scarlatti	   et	   al.,	   2008a;	  

Scarlatti	   et	   al.,	   2008c).	   Although	   these	   discrete	   pathways	   differ	   in	   their	   upstream	  

signaling	  cascades	  they	  also	  finally	  lead	  to	  the	  fusion	  of	  autophagosomes	  with	  lysosomes	  

and	  to	  the	  degradation	  of	  material	  in	  this	  acidic	  compartments.	  

	  

Selective	  Autophagy	  	  B.1.2.4.	  

Many	  studies	  suggest	  that	  in	  situations	  of	  nutrient	  deprivation	  the	  autophagic	  response	  

occurs	   unselectively,	   providing	  metabolic	   substrates	   for	   survival	   from	   degradation	   of	  

variable	   cell	   components	   and	  proteins.	  On	   the	   other	  hand	   autophagy	   could	  occur	   in	   a	  

very	   selective	   manner	   targeting	   specific	   substrates,	   for	   example	   in	   response	   to	  

perturbations	   of	   homeostasis,	   such	   as	   oxidative	   stress,	   where	   specific	   intracellular	  

damaged	  components	  have	  to	  get	  cleared	  precisely	  via	  special	  autophagy	  adaptors	  and	  

receptors	  (Okamoto,	  2014;	  Sica	  et	  al.,	  2015)(Sika&Galluzzi	  2015.Okamoto	  2014).	  

At	   least	  more	  than	  20	  autophagy	  receptors	  have	  been	  described	  until	  now,	   linking	  the	  

cargo	   to	   the	   autophagosomal	  machinery	   (Figure	   4).	   Thereby,	   the	   receptors	   recognize	  

molecular	   determinants,	   unfolded	   regions	   of	   a	   protein	   as	   well	   as	   posttranslational	  

modifications	  like	  ubiquitination,	  arginylation	  and	  acetylation	  (Cha-‐Molstad	  et	  al.,	  2015;	  

Jeong	  et	  al.,	  2009).	  	  
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Figure	  4:	  Selective	  autophagy	  in	  mammals.	  Different	  forms	  of	  selective	  autophagy	  have	  been	  detected	  
in	  mammalian	  cells.	  Several	  types	  of	  cargo	  could	  be	  recognized,	  giving	  the	  name	  for	  the	  autophagy	  form	  
(E.g.	  mitophagy;	  aggrephagy)	  and	  degraded	  with	  the	  help	  of	  specialized	  autophagy	  receptors	  and	  adaptors	  
(established=black;	  putative=red).	  (Adapted	  from	  Rogov	  et	  al.,2014)	  

	  

Ubiquitination	  is	  the	  best-‐described	  signal	  tethering	  degradation	  material.	  Thereby	  K63-‐

linked-‐polyubiquitinated	   proteins	   are	   preferred	   to	   be	   degraded	   via	   autophagosomal	  

pathway	  and	  are	  preferentially	  found	  to	  be	  conductive	  in	  aggresome	  formation	  (Tan	  et	  

al.,	   2008;	   Thrower	   et	   al.,	   2000).	   Thus	   far	   ubiquitin	   dependent	   but	   also	   -‐independent	  

receptor-‐mediated	   degradation	   pathways	   have	   been	   described.	   Some	   selective	  

autophagy	  receptors,	   like	  p62/SQSTM1,	   recognize	  and	  bind	   to	  K63-‐linked	  Ubiquitin	  at	  

the	   surface	   of	   cargo.	   Furthermore,	   autophagy	   receptors	   selfoligomerize	   and	   initiate	  

autophagosomal	   building	   to	   promote	   the	   degradation	   process	   (Johansen	   and	   Lamark,	  

2011;	  Kirkin	  and	  Dikic,	  2007;	  Kirkin	  et	  al.,	  2009).	  Besides	  that,	  autophagy	  receptors	  are	  

able	  to	  bind	  to	  Atg8	  protein	  family	  members,	  MAPLC3	  and	  the	  GABARAPs/GATE16,	  on	  

the	  surface	  of	  the	  autophagosomes,	  linking	  the	  cargo	  to	  the	  autophagosomal	  machinery	  

(Slobodkin	  and	  Elazar,	  2013).	  The	  conjunction	  of	   the	  receptors	  to	  the	  autophagosomal	  
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structure	  is	  possible	  by	  defined	  protein	  structures,	  the	  LC3	  interaction	  region,	  called	  LIR	  

motif.	  	  

So	   far	  several	  autophagy-‐receptors	  besides	  p62/SQSTM	  have	  been	  described	   targeting	  

ubiquitin-‐dependent	   and	   independent	   degradation	   signals.	   Among	   these,	   NBR1	  

(neighbor	  of	  BRCA1	  gene	  1)	  was	   found	   to	  act	   as	  a	   cargo	   receptor	   in	   cooperation	  with	  

p62/SQSTM	   in	   autophagic	   clearance	   of	   ubiquitinated	   proteins.	   Besides	   autophagy	  

receptors,	   which	   themselves	   get	   degraded	   in	   the	   same	   process,	   autophagy	   adaptors,	  

including	   BAG3	   (BCL2-‐associated	   athanogene	   3),	   and	   auxiliary	   proteins	   are	   found	   as	  

accessory	  factors	  but	  are	  not	  degraded	  by	  autophagy	  (Khaminets	  et	  al.,	  2016).	  Molecular	  

chaperones	  and	  co-‐chaperones	  are	  critical	  actors	  in	  this	  process,	  which	  thereby	  promote	  

protein	  homeostasis	  and	  are	  therefore	  discussed	  in	  the	  next	  section	  in	  detail.	  	  

	  

HSC/HSP70	  chaperones	  and	  their	  co-‐chaperones	  of	  the	  BAG	  protein	  family	  B.1.3.	  

Initially	  chaperones	  were	  found	  to	  counteract	  aggregation	  of	  non-‐native	  proteins	  under	  

stress	  and	  denaturizing	  conditions	  such	  as	  nutrient	  deprivation,	  pathogenic	  infection	  as	  

well	   as	   heat	   stress	   and	   therefore	   they	   were	   termed	   “heat	   shock	   proteins”	   (HSP)	  

(Petersen	   and	   Lindquist,	   1988;	   Scheuner	   et	   al.,	   2001).	   Molecular	   chaperones	   assist	  

during	  de	  novo	  protein	  folding,	  drive	  protein	  transport	  across	  membranes	  and	  modulate	  

protein-‐protein	  interaction	  by	  controlling	  conformational	  changes.	  Besides	  this,	  they	  are	  

responsible	  for	  detecting	  unfolded	  or	  misfolded	  proteins,	  by	  recognizing,	  unstructured,	  

hydrophobic	   regions	  of	  non-‐native	  proteins	  and	   transfer	   them	  to	  degradation	  systems	  

(Hartl	  and	  Hayer-‐Hartl,	  2002;	  Morimoto,	  2008).	  	  

One	   of	   the	   best-‐studied	   chaperone	   families	   is	   called	   HSP70.	   One	   family	   member	   is	  

HSC70,	  which	  is	  constitutively	  expressed	  in	  the	  mammalian	  cytosol.	  Otherwise,	  HSP70	  is	  

inducible	  and	  is	  kept	  at	  low	  expression	  levels	  under	  physiological	  conditions	  (Sherman	  

and	  Gabai,	  2015)	  and	  are	  hereafter	  named	  HSC/HSP70	  complex.	  The	  cycle	  between	  an	  

ATP	   and	  ADP	  bound	   state	   of	  HSC/HSP70	   regulates	   substrate	   binding	   and	   release	   and	  

many	  co-‐regulators	  of	  the	  HSC/HSP70	  complex	  are	  known	  conducting	  the	  action	  of	  the	  

chaperone	   (Figure	  5).	  Mainly,	   these	  co-‐regulators	  are	   J-‐proteins	   (also	   termed	  HSPs40)	  

and	  NEFs	  (nucleotide	  exchange	  factors)	  (Hennessy	  et	  al.,	  2005;	  Sondermann	  et	  al.,	  2001;	  

Szabo	  et	  al.,	  1994).	  	  
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BAG	   proteins	   (BCL2-‐associated	   athanogenes)	   BAG1-‐BAG6,	   initially	   found	   as	   anti-‐

apoptotic	   proteins	   are	   found	   to	   act	   as	   NEFs	   and	   bind	   to	   the	   ATPase	   domain	   of	  

HSC/HSP70.	   Hence,	   BAG	   proteins	   act	   as	   co-‐chaperones,	   that	   induce	   conformational	  

changes	   and	   regulate	   nucleotide-‐,	   and	   subsequently,	   substrate-‐binding	   and	   release	  

(Hartl	  et	  al.,	  2011;	  Kampinga	  and	  Craig,	  2010;	  Lee,	  1999).	  In	  the	  next	  section	  the	  focus	  is	  

on	   the	   BAG	   protein	   family,	   since	   they	   build	   a	   link	   to	   different	   downstream	   cellular	  

processes	  including	  autophagy.	  

	  

	  

Figure	  5:	  The	  molecular	  chaperone	  HSP70	  and	  interaction	  partners.	  With	  the	  help	  of	  co-‐chaperones	  
and	   co-‐regulators	   HSP70	   chaperones	   are	   regulating	   protein	   folding,	   misfolding	   as	   well	   as	   protein	  
degradation.	   The	   cycle	   between	   an	   ATP	   and	   ADP	   bound	   state	   regulates	   HSP70	   substrate	   binding	   and	  
release.	  The	  ATP	  consuming	  cycle	  is	  regulated	  by	  co-‐chaperones,	  which	  thereby	  controls	  the	  delivering	  of	  
a	  given	  protein	  to	  different	  degradation	  pathways	  (Gamerdinger,	  Behl,	  Carra;	  2009).	  	  

	  

Genes	   of	   the	   BAG	   family	   are	   evolutionary	   conserved	   and	   present	   in	   yeasts	   (e.g.	  

Saccharromyces	   cerevisiae),	   invertebrates	   (Caenorhabditis	   elegans,	   Drosophila	  

melanogaster),	  plants	  (e.g.	  Arabidopsis	  thaliana)	  as	  well	  as	  in	  mammals	  (e.g.	  humans	  and	  

mice)	   suggesting	   a	   crucial	   biological	   role	   (Takayama	   and	  Reed,	   2001).	   Originally	   they	  

were	  found	  as	  pro-‐survival	  and	  anti-‐apoptotic	  factors	  by	  the	  interaction	  with	  BCL2,	  one	  

of	   the	   best	   known	   inhibitor	   of	   apoptosis	   under	   stress	   conditions.	   But	   BAG	   proteins	  

function	   also	   in	   a	   variety	   of	   cell	   processes	   (e.g.	   cell	   signaling,	   transcription	   factors	  
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regulation),	   which	   are	   important	   for	   cellular	   stress	   response	   as	   well	   as	   apoptosis,	  

proliferation,	  migration,	  hormone	  action	  and	  autophagy	  (Doong	  et	  al.,	  2003;	  Doong	  et	  al.,	  

2002;	  Rosati	  et	  al.,	  2011b).	  	  

BAG1-‐BAG6	   are	   characterized	   by	   their	   evolutionary	   conserved	   BAG	   domain,	   which	   is	  

located	  at	  the	  C-‐terminus.	  The	  BAG	  domain	  has	  approximately	  110-‐124	  amino	  acids	  and	  

includes	  three	  antiparallel	  helices	  that	  enable	  the	  proteins	  to	  interact	  with	  and	  to	  bind	  to	  

HSC/HSP70	   chaperones	   (Briknarova	   et	   al.,	   2001).	   The	   fate	   of	   the	   substrate,	   which	   is	  

bound	   to	   the	   HSC/HSP70	   complex,	   depends	   on	   the	   involved	   co-‐chaperone,	   as	   BAG	  

proteins	  are	  suggested	  to	  act	  competitively.	  	  

Through	   its	   BAG	   domain	   BAG1	   binds	   to	   the	   ATPase	   domain	   of	   HSC/HSP70.	  

Simultaneously	   it	   is	  also	  able	  to	  bind	  directly	  to	  the	  proteasome	  with	   its	  ubiquitin-‐like	  

domain	   (UBL)	   coupling	   HSC/HSP70	   substrate	   degradation	   to	   the	   proteasome	  

(Gamerdinger	   et	   al.,	   2009a;	   Luders	   et	   al.,	   2000).	   Thereby	   it	   is	   likely	   that	   BAG1	   as	   a	  

nucleotide	   exchange	   factor	   induces	   substrate	   transfer	   from	   HSC/HSP70	   to	   the	  

proteasome.	  Additionally	  BAG1	  is	  also	  found	  in	  chaperone-‐mediated	  autophagy	  and	  link	  

HSC/HSP70	  machinery	   to	   lysosomal	   degradation	   via	   the	   KFERQ	   sequence	   (Arias	   and	  

Cuervo,	   2011).	   On	   the	   other	   hand	   BAG3,	   also	   known	   as	   BIS/CAIR-‐1,	   stimulates	  

macroautophagy	   through	   the	   interaction	   with	   two	   HSP/HSC70.	   These	   findings	   have	  

been	   made	   when	   the	   reciprocal	   regulation	   from	   BAG1-‐dependent	   proteasomal	  

degradation	   to	  BAG3-‐mediated	  macroautophagy	  during	   conditions	   of	   aging	   and	   stress	  

was	   discovered	   and	   interpreteted	   as	   an	   adaptive	   physiological	   response	   of	   the	   cell	  

(Gamerdinger	   et	   al.,2009).	  Within	   these	   studies	   the	   autophagy-‐adaptor	   protein	   BAG3	  

was	  found	  acting	  as	  an	  initiator	  of	  selective	  autophagy,	  whereupon	  a	  new	  pathway	  the	  

“BAG3-‐mediated	   macroautophagy”	   was	   discovered	   (Figure	   6)	   (Gamerdinger	   et	   al.,	  

2009a;	  Gamerdinger	  et	  al.,	  2011a).	  	  
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Figure	  6:	  BAG1	  and	  BAG3	  regulating	  protein	  degradation	  pathways.	  The	  BAG	  proteins	  are	  involved	  in	  
protein	   degradation	   regulation.	   For	   instance,	   BAG1-‐HSP70	   complex	   delivers	   cargo	   to	   the	   proteasome,	  
whereas	  BAG3-‐HSP70	  complex	  favours	  auophagosomal	  degradation	  of	  a	  given	  HSP70	  substrat.	  (Morawe	  
et	  al.,	  2012)	  

In	   several	   studies	   it	   has	   been	   shown	   that	   this	   hypothecical	   BAG3-‐HSP70-‐	   small	   heat	  

shock	   protein	   8	   (HSBP8)	   complex	   is	   responsible	   for	   the	   selective	   degradation	   of	  

misfolded	  proteins	  via	  autophagy	  (Figure	  7).	  HSBP8	  was	  also	   found	  to	  clear	  misfolded	  

proteins	   via	   autophagy	   (Crippa	   et	   al.,	   2010).	   In	   detail,	   BAG3	  was	   described	   to	   recruit	  

HSC/HSP70	  to	  the	  autophagy	  receptor	  p62/SQSTM	  (Arndt	  et	  al.,	  2010;	  Gamerdinger	  et	  

al.,	   2009a).	   This	   action	   is	   propagated	   by	   the	   direct	   physical	   binding	   of	   BAG3	   to	  

p62/SQSTM	   assuming	   a	   role	   for	   BAG3	   in	   substrate	   delivery	   to	   the	   autophagosomal	  

machinery.	   The	   interaction	   of	   p62/SQSTM	   and	   BAG3	   furthermore	   enhances	  

autophagosomal	  activity.	  BAG3-‐positive	  sequestration	  structures	  have	  been	  found	  to	  be	  

p62/SQSTM	  positive,	  but	  as	  well	  positive	  for	  ubiquitinated	  substrates	  (Gamerdinger	  et	  

al.,	  2011a).	  The	  autophagy	  receptor	  p62/SQSTM	  is	  able	  to	  bind	  ubiquitinated	  substrates	  

as	  well	  as	  the	  autophagosomal	  membrane	  protein	  LC3	  (Pankiv	  et	  al.,	  2007).	  Through	  the	  

direct	   interaction	  of	   p62/SQSTM	  with	  LC3,	   as	  well	   as	   the	  binding	  of	  BAG3,	   the	  BAG3-‐

chaperone-‐substrate	  complex	  could	  directly	  be	  linked	  to	  the	  autophagosomal	  machinery	  

and	  furthermore	  gets	  acces	  to	  the	  lysosomal	  degradation	  system.	  
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Disease-‐related	  mutated	  proteins,	  like	  poly-‐Q-‐expanded	  huntingtin	  and	  the	  amyotrophic	  

lateral	   sclerose	   (ALS)	   associated	   mutant	   Superoxid	   dismutase	   1	   (SOD1),	   where	   also	  

found	   to	   get	   cleared	   by	   the	   BAG3-‐mediated	   autophagic	   pathway	   Interestingly,	   in	   the	  

case	   of	   mutant	   SOD	   the	   BAG3-‐mediated	   degradation	   of	   the	   aggregates	   was	   not	  

depending	   on	   ubiquitination	   (Gamerdinger	   et	   al.,	   2011a).	   Overexpressed	   mutant	  

huntingtin-‐derived	   aggregates	   get	   also	   cleared	   by	   BAG3,	   while	   this	   characteristic	   of	  

BAG3	  was	  independent	  of	  the	  BAG	  domain	  but	  dependent	  on	  the	  PxxP	  region	  (Carra	  et	  

al.,	  2009;	  Carra	  et	  al.,	  2008).	  	  

If	  misfolded	  proteins	  and	  protein	  aggregates	  are	  excessively	  formed,	  they	  will	  be	  able	  to	  

build	   inclusion	   bodies.	   A	   special	   form	   of	   inclusion	   body,	   the	   aggresome,	   is	   formed	  

through	   retrograde	   dynein-‐dependent	   transport	   of	   aggregates	   and	   degradation	  

substrates	   to	   a	   region	   near	   the	  MTOC	   (Kopito,	   2000).	   Aggresomes	   are	   places	   of	   high	  

autophagosomal	   activity,	   where	   degradation	   substrates	   are	   linked	   spatially	   to	  

lysosomes.	   Studies	   suggest	   that	   this	   reaction	   is	   triggered	  by	   the	  histone	  deacetylase	  6	  

(HDAC6)	   coupled	  with	   dynein	   and	  microtubules	   (Iwata	   et	   al.,	   2005;	   Kawaguchi	   et	   al.,	  

2003;	   Wang	   et	   al.,	   2015)	   and	   include	   the	   function	   of	   molecular	   chaperones	   and	   co-‐

chaperones	   including	   BAG3	   (Gamerdinger	   et	   al.,	   2009a;	   Gamerdinger	   et	   al.,	   2011a).	  

BAG3	   thereby	   binds	   directly	   to	   dynein	   via	   its	   PxxP	   domain	   and	   allows	   the	   active	  

transport	   of	   substrates	   along	   microtubules	   via	   the	   dynein	   motor	   complex,	   directing	  

them	   to	   the	   aggresome	   (Figure	   7).	   Additionally	   the	   formation	   of	   aggresomes	   leads	   to	  

significant	  reduction	  in	  toxicity	  as	  they	  are	  concentrated	  at	  one	  point	  and	  do	  not	  disturb	  

cellular	  function	  at	  multiple	  locations	  (Rodriguez-‐Gonzalez	  et	  al.,	  2008).	  	  

In	  addition,	  BAG3	  seems	  to	  promote	  muscle	  functions	  as	  its	  highest	  expression	  levels	  in	  

mouse	  tissue	  are	  found	  in	  striated	  muscles	  and	  heart	  (Homma	  et	  al.,2006),	  where	  it	  co-‐

localizes	  with	  z-‐discs.	  Mice	  with	  homozygous	  BAG3	  disruption	  are	  growth	  retarded	  and	  

die	  by	  week	  four	  after	  birth.	  They	  showed	  severe	  muscle	  defects	  resulting	  in	  a	  myopathy	  

and	   displayed	   non-‐inflammatory	   myofibrillar	   degeneration	   with	   apoptotic	   features	  

(Homma	  et	  al.,	  2006;	  Youn	  et	  al.,	  2008).	  	  
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Figure	   7:	   The	   putative	   BAG3-‐HSPB8-‐HSP70	   complex.	   Molecular	   chaperones	   and	   co-‐chaperones	   are	  
able	  to	  target	  misfolded	  and	  aggregated	  proteins	  and	  deliver	  them	  eather	  to	  the	  proteasome	  (not	  shown)	  
or	  to	  the	  macroautophagic	  machinery	  for	  degradation.	  (Gamerdinger,Carra,Behl,2011)	  

Initially	   BAG	   proteins	   have	   been	   as	   found	   to	   interact	   with	   the	   anti-‐apoptotic	   protein	  

BCL2,	   while	   bag1	   (BCL2-‐associated	   athanogene	   1)	  was	   the	   first	   gene	   identified	   as	   an	  

enhancer	  of	  the	  BCL2	  anti-‐apoptotic	  activity(Takayama	  et	  al.,	  1995).	  Later	  on	  B-‐CLLs	  (B-‐

cell	  chronic	  lymphatic	  leukemia)	  survival	  was	  found	  to	  be	  mediated	  via	  BAG3	  (Romano	  

et	   al.,	   2003).	   In	   various	   following	   studies	   focusing	  on	   tumor	   cells,	  BAG3	   silencing	  was	  

shown	   to	  be	   related	   to	  enhance	  drug	   induced	  apoptosis	   (Liu	  et	   al.,	   2009;	  Rosati	   et	   al.,	  

2007).	  It	  was	  also	  described,	  that	  caspases	  are	  able	  to	  cleave	  BAG3	  thereby	  supporting	  

the	   apoptotic	   procedure	   (Wang	   et	   al.,	   2010).	   Further	   studies	   suggests	   that	   the	  

interaction	  of	  BAG3	  and	  HSP/HSC70	  is	  also	  regulating	  cell	  survival	  by	  either	  modulating	  

the	   degradation	   of	   apoptosis	   regulating-‐proteins	   or	   by	   competing	   with	   BAG1	   and	  

depressing	   protein	   delivery	   to	   the	   proteasome	   (Du	   et	   al.,	   2008;	   Rosati	   et	   al.,	   2007).	  

Additionally,	  BAG3	  is,	  with	  its	  proline-‐rich	  region	  (PxxP)	  as	  well	  as	  its	  WW	  domain,	  able	  

to	  interact	  with	  several	  other	  proteins,	  which	  could	  facilitate	  the	  anti-‐apoptotic	  function	  

(McCollum	  et	  al.,	  2010).	  
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Autophagy	  function	  in	  pathophysiology	  B.1.4.	  

In	   line	   with	   the	   complexity	   of	   the	   so	   far	   described	   autophagy	   pathways	   are	   the	  

numerous	   implications	   of	   autophagy	   in	   pathophysiological	   processes	   ranging	   from	  

neurodegeneration	  to	  cancer	  (Figure	  8).	  In	  almost	  all	  of	  the	  phenomena’s,	  autophagy	  is	  

described	   as	   a	   double-‐edged	   sword.	   It	   could	   have	   repressive	   function	   in	   the	  

development	   and	   onset	   of	   different	   disease,	   which	   could	   switch	   into	   a	   supportive	  

function	   for	  disease	  progression	  after	  disease	  onset	   (Mizushima	  et	   al.,	   2008).	   Some	  of	  

these	  contrary	  functions	  in	  disease	  are	  summarized	  in	  the	  following	  illustration.	  In	  the	  

next	   section	   the	   focus	   is	   on	   two	   pathophysiology	   conditions,	   relevant	   for	   the	   present	  

work,	  where	  autophagy	   is	  ment	   to	  play	  a	   crucial	   role	  and	   is	  discussed	  also	   in	   therapy	  

treatment:	  1.	  breast	  cancer	  and	  2.	  neurodegeneration.	  	  

	  

Figure	   8:	   Autophagy	   is	   related	   to	   different	   human	   diseases.	   Autophagy	   can	   influence	   disease	  
progression	  by	  the	  ability	  to	  either	  act	  as	  a	  beneficial	  mechanism	  thereby	  inhibiting	  disease	  progression	  
(shown	  in	  blue)	  or	  by	  acting	  as	  a	  detrimental	  process	  and	  promoting	  disease	  progression	  (shown	  in	  red).	  
Mainly	   autophagy	   plays	   a	   role	   in	   the	   clearance	   of	   dysfunctional	   protein	   aggreagtes	   and	   disease	   could	  
evolve	  when	   this	  mechanism	   failed.	  Moreover	   in	   cardiac	   and	   lung	   disease,	   autophagy	   is	   related	   to	   cell	  
death	   and	   proliferation	   whereas	   in	   cancers	   autophagy	   is	   a	   tumorsuppressor,	   but	   could	   support	  
established	  tumors	  in	  cell	  survival	  and	  supports	  resistance	  to	  anticancer-‐therapy.	  Furthermore	  autophagy	  



B	  	  Introduction	   	   20	  

is	   regulating	   the	   immune	   response	   and	   the	   clearance	   of	   pathogens	   (xenophagy)	   as	   well	   as	   it	   might	  
contribute	  to	  metabolic	  disease	  as	  it	  was	  found	  to	  be	  involved	  in	  the	  lipid	  metabolism.	  (adapted	  from	  Choi	  
AMK	  et	  al.,	  2013)	  

	  

Autophagy	  in	  breast	  cancer	  	  B.1.4.1.	  

Early	  tumorigenesis	  and	  tumor	  maintenance	  as	  well	  as	  the	  effectiveness	  of	  therapeutic	  

intervention	  were	  shown	  to	  be	  affected	  by	  autophagy	  (Apel	  et	  al.,	  2008;	  Berardi	  et	  al.,	  

2011;	  Cheong	  et	  al.,	  2012;	  Degenhardt	  et	  al.,	  2006).	  Altered	  ATG	  protein	  expression	  and	  

altered	  autophagic	  activity	  has	  been	  shown	  in	  a	  variety	  of	  cancer	  tissues	  ranging	   from	  

glioblastoma	  stem	  cells	   to	  breast	  cancer	  cells.	  Breast	  cancer	   is	  one	  of	   the	  most	   leading	  

causes	   of	   cancer-‐related	   death	   among	   women	   and	   a	   lot	   of	   effort	   has	   been	   made	   to	  

develop	  new	  strategies	  of	  treating	  various	  forms	  of	  this	  cancer	  type	  and	  is	  in	  the	  focus	  of	  

the	  present	  study.	  	  

Breast	   cancer	   is	   traditionally	   subdivided	   into	   three	   classes:	   (I)	   hormone	   receptor	  

(estrogen	   and/or	   progesterone	   receptors)	   positive	   breast	   cancers	   that	   represent	  

approximately	   70-‐80%	   of	   all	   cases,	   (II)	   human	   epidermal	   growth	   factor	   receptor	   2	  

(HER2)	   overexpressing	   cancers	   in	   approximately	   10-‐15%	   of	   all	   cases	   and	   (III)	   the	  

remaining	  10-‐15%	  of	   breast	   cancers	   that	   are	  defined	  by	  hormone	   receptor	   and	  HER2	  

negativity	  (triple	  negative	  cancers)	  (Brendel	  et	  al.,	  2013;	  Cleator	  et	  al.,	  2007;	  Konecny	  et	  

al.,	  2003).	  	  

Estrogen	   receptor	   (ER)-‐positive	   breast	   cancers	   could	   express	   the	   two	   structurally	  

related	   receptors	   ERα	   and	   ERβ.	   Of	   these,	   ERα	   is	   the	   only	   ER	   that	   is	   detected	   by	  

immunohistochemistry	   in	   breast	   cancer	   biopsies	   and	   is	   the	   predominant	   subtype	  

expressed	   in	   breast	   tumor	   tissue	   as	   it	   primarily	   stimulates	   the	   growth	   of	   cancer	   cells	  

(Dawson	  et	  al.,	  2009).	  Both	  receptors	  bind	  estrogen	  (17β-‐estradiol,	  E2)	  as	  a	  ligand	  and	  

patients	  with	   ER-‐positive	   tumors	   are	   currently	   treated	  with	   anti-‐hormone	   therapy	   to	  

inhibit	  ER	  signaling.	  In	  the	  first	  line,	  therapeutic	  intervention	  either	  uses	  anti-‐estrogens	  

(AE,	  e.g.	  tamoxifen)	  interfering	  with	  ER	  signaling	  directly	  or	  blocking	  E2	  synthesis	  with	  

aromatase	  inhibitors.	  However,	  almost	  40%	  of	  ER-‐positive	  breast	  cancers	  fail	  to	  respond	  

to	  tamoxifen	  and	  tumor	  cells	  often	  develop	  resistance	  to	  anti-‐hormone	  therapy	  (Bieche	  

et	  al.,	  2001).	  Although,	  there	  is	  much	  progress	  in	  understanding	  this	  disease	  the	  number	  

of	  patients	  dying	  from	  breast	  cancer	  is	  not	  decreasing	  substantially.	  This	  emphasizes	  the	  

need	   for	   alternative	   strategies	   or	   add-‐on	   concepts	   in	   treating	   breast	   cancer.	   Recently,	  
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BAG3	   was	   shown	   to	   diminish	   proteotoxicity	   via	   selective	   autophagy	   (Galavotti	   et	   al.,	  

2013;	  Jo	  et	  al.,	  2012;	  Lorin	  et	  al.,	  2013;	  Rapino	  et	  al.,	  2014)	  and	  has	  been	  been	  shown	  to	  

direct	   a	   selective	   form	   of	   autophagy.	   Furthermore,	   autophagy	   inhibitors	   (e.g.	   histone	  

deacetylase	   6	   inhibitor	   ST80	   or	   the	   lysosomal	   inhibitors	   chloroquine	   or	  

hydroxychloroquine)	   sensitize	   cancer	   cells	   to	   anti-‐cancer	   therapy	   and	   therefore	  

currently	  represent	  attractive	  therapeutic	  tools	  (Ma	  et	  al.,	  2004).	  Nevertheless,	  as	  breast	  

cancer	  is	  a	  heterogeneous	  disease	  and	  the	  acquired	  resistance	  to	  anti-‐hormone	  therapy	  

and	   the	  efficacy	  of	   autophagy	   inhibitors	   can	  vary	   from	  patient	   to	  patient	  personalized	  

medicine	  and	  individual	  treatment	  concepts	  with	  a	  focus	  on	  detailed	  description	  of	  the	  

autophagy	  pathway	  is	  needed.	  

	  

Autophagy	  in	  neurons	  and	  neurodegenerative	  disease	  B.1.4.2.	  

The	   induction	   of	   autophagy	   is	   described	   to	   be	   organ	   and	   cell	   specific.	   Recent	   studies	  

showed	  that	  autophagy	  could	  be	  induced	  by	  fasting	  not	  in	  every	  brain	  region,	  but	  at	  least	  

in	   cortical	   neurons,	   Purkinje	   cells	   and	   hypothalamic	   neurons	   (Alirezaei	   et	   al.,	   2010;	  

Kaushik	   et	   al.,	   2011).	   So	   there	  might	   be	   a	   very	   complicated	   role	   of	   autophagy	   for	   its	  

metabolic	  need	  in	  the	  brain,	  whereas	  the	  role	  in	  PQC	  is	  rather	  obvious,	  because	  neurons	  

are	  not	  dividing	  anymore	  as	  they	  are	  postmitotic	  and	  differentiated	  cells	  and	  therefore	  

not	  able	  to	  clear	  accumulating	  components	  by	  cell	  division.	  Severe	  neurological	  deficits	  

have	  been	  detected	  in	  mice	   lacking	  autophagy	  in	  the	  central	  nervous	  system	  as	   lack	  of	  

coordination	  as	  well	  as	   loss	  of	   large	  pyramidal	  neurons	  in	  the	  cerebral	  cortex	  (Hara	  et	  

al.,	   2006;	   Komatsu	   et	   al.,	   2006).	   All	   regions	   of	   autophagy	   deficient	   brains	   showed	  

accumulation	  of	  p62/SQSTM	  positive	  inclusion	  bodies	  enriched	  with	  polyubiquitinated	  

proteins.	  Purkinje	  cells	  with	  disrupted	  autophagy	  exhibit	  progressive	  axonal	  dystrophy	  

and	  degeneration	  of	  axon	  terminals	  that	  is	  followed	  by	  cell	  death	  and	  behavioral	  deficits.	  

These	  findings	  indicate	  a	  special	  role	  of	  autophagy	  for	  axonal	  homeostasis	  (Nishiyama	  et	  

al.,	  2007).	  

In	   stress	   conditions,	  misfolding	  of	  proteins	  occurs	  more	   frequently	  and	   the	   successive	  

overload	  of	  the	  compensatory	  mechanism	  of	  protein	  homeostasis	  could	  lead	  to	  protein	  

aggregation.	   Accordingly,	   the	   appearance	   of	   protein	   aggregates	   is	   a	   pathological	  

hallmark	  of	  neurodegenerative	  disease	  like	  ALS,	  Parkinson’s	  disease	  (PD),	  Huntington’s	  

disease	  (HD)	  and	  Alzheimer’s	  disease	  (AD)	  (Gundersen,	  2010;	  Kopito,	  2000;	  Morimoto,	  
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2008;	   Selkoe,	   2001;	   Shaw	   and	   Valentine,	   2007).	   A	   central	   factor	   for	   the	   risk	   of	  

developing	  neurodegenerative	  disease	   is	   thought	   to	  be	  oxidative	   stress.	   Especially	   the	  

central	  nervous	  system	  is	  shown	  to	  be	  highly	  sensitive	  to	  oxidative	  stress	  that	  might	  be	  

due	   to	   its	   high	   oxygen	   turnover	   and	  possibly	   due	   to	   the	   quantity	   of	   unsaturated	   fatty	  

acids	  (Behl	  et	  al.,	  1997;	  Coyle	  and	  Puttfarcken,	  1993;	  Moosmann	  and	  Behl,	  2002;	  Uttara	  

et	  al.,	  2009).	  Some	  of	  the	  ROS	  species	  are	  causing	  modifications	  of	  proteins	  by	  oxidation	  

of	   amino	   acid	   residues	   side	   chains,	   resulting	   in	   protein-‐protein	   cross	   linking	   and	  

oxidation	   of	   the	   protein	   backbone	  which	   leading	   to	   protein	   fragmentation,	  misfolding	  

and	  aggregation.	  	  

Under	   physiological	   conditions	   oxidative	   stress	   is	   held	   in	   balance	   but	   chronic	  

pathophysiological	  conditions	  as	  well	  as	  acute	  insults	  as	  stroke	  or	  traumatic	  brain	  injury	  

cause	   oxidative	   damage.	   Indeed	   oxidative	   stress	   has	   also	   been	   causally	   linked	   to	   the	  

appearance	   of	   neurodegeneration	   in	   chronic	   disease	   as	  AD,	   PD	   as	  well	   as	   it	   is	   a	  main	  

trigger	  of	   cell	   death	   also	   following	   acute	   insults	   as	   traumatic	  brain	   injury	   (TBI)	   (Behl,	  

1997;	   Behl	   et	   al.,	   1994;	   Butterfield	   and	   Kanski,	   2001;	   Kontos	   and	   Povlishock,	   1986;	  

Moosmann	  and	  Behl,	  2002;	  Tyurin	  et	  al.,	  2000).	  Accordingly,	  TBI	   is	  discussed	  as	  a	  risk	  

factor	   for	  developing	  chronic	  CNS	  (central	  nervous	  sytem)	  disease	  and	   is	  discussed	  as	  

associated	   with	   increased	   risk	   of	   late-‐onset	   Alzheimer	   disease	   (Gandy	   and	   Dekosky,	  

2012;	  Moretti	  et	  al.,	  2012).	  After	  single	  severe	  TBI	  an	  amyloid	  pathology	  similar	  to	  that	  

detected	  in	  AD	  was	  described	  (Ciallella	  et	  al.,	  2002;	  Moretti	  et	  al.,	  2012).	  An	  explanation	  

causing	  this	  correlation	  might	  be	  due	  to	  the	  high	  oxidative	  stress	  levels	  after	  the	  insult	  in	  

combination	   with	   the	   aging	   process	   where	   PQC	   is	   overwhelmed,	   that	   leads	   to	   a	  

secondary	   chronic	   disease	   (Djordjevic	   et	   al.,	   2016).	   The	   secondary	   brain	   damage,	  

occurring	  after	   the	  mechanical	   impact,	   is	  mediated	  by	  a	   variety	  of	  mechanisms	  where	  

hypo-‐	   and	   hyperperfusion	   and	   the	   oxygenation	   status	   in	   the	   damaged	   brain	   and	   the	  

surrounding	  brain	  areas	  are	   changing	   that	   result	   in	   crucial	   rearrangements	   in	   cellular	  

processes	   and	   the	  oxidative	   stress	   response	   that	   ends	  up	   in	   cell	   death,	  whereas	   some	  

cells	  occur	  to	  be	  stress	  resistant.	  These	  alteratons	  in	  many	  physiological	  processes	  come	  

along	   with	   the	   accumulation	   of	   protein	   aggregates	   detected	   in	   cells	   and	   brain	  

parenchyma	   (DeKosky	   et	   al.,	   2010;	   Moretti	   et	   al.,	   2012).	   The	   advantage	   of	   the	  

autophagosomal	   pathway	   compared	   to	   the	   UPS,	   in	   which	   just	   soluble	   and	   unfolded	  

proteins	   could	   be	   degraded,	   is	   the	   ability	   to	   abolish	   insoluble	   components	   like	  

aggregates	  (Ding	  and	  Yin,	  2008).	  Substrates	  need	  to	  be	  unfolded	  for	  degradation	  by	  the	  
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proteasome	  but	  aggregated	  proteins	  are	  shown	  to	  be	  resistant	  to	  the	  unfolding	  process.	  

Some	   aggregate	   species	   as	   polyQ	   Huntingtin,	   responsible	   for	   HD,	   could	   furthermore	  

cause	  malfunction	   to	   the	   proteasome	   (Bence	   et	   al.,	   2001).	   The	   clearance	   of	  misfolded	  

proteins	  in	  these	  conditions	  is	  highly	  depending	  on	  autophagy.	  Therefore	  autophagy	  is	  

an	  important	  mechanism	  for	  the	  quality	  control	  system	  under	  protein	  stress	  and	  might	  

be	   challenged	   in	   disease	   status.	   Indeed,	   an	   accumulation	   of	   autophagosomes	   was	  

described	  in	  AD	  in	  humans	  which	  likely	  arise	  from	  an	  impaired	  clearance	  by	  lysosomes	  

(Nixon	  et	  al.,	  2008).	  	  

Different	   toxins	   including	   H2O2	   or	   glutamate	   are	   found	   to	   induce	   oxidative	   stress	  

triggered	   neuronal	   death.	   Oxidative	   glutamate	   toxicity	   is	   glutamate-‐receptor	  

independent	   and	   causes	   intracellular	   cysteine	   depletion	   and	   subsequent	   glutathione	  

depletion,	   which	   results	   in	   increasing	   oxidative	   stress	   in	   the	   cell	   (Schubert,	   2001).	  

Functioning	  against	  hypoxia,	  heat	  shock	  and	  oxidative	  stress,	  HSC/HSP70	  could	  provide	  

stress	  resistance.	  Furthermore,	   the	   interaction	  with	   the	  ubiquitin	   ligase	  CHIP	  connects	  

the	  HSC/HSP70	   complex	   to	   different	   degradation	   pathways,	   including	   the	   turnover	   of	  

tau,	   which	   is	   related	   to	   Alzheimer’s	   disease	   (Petrucelli	   et	   al.,	   2004).	   BAG3	   as	   a	   co-‐

chaperone	   of	   HSC/HSP70	   is	   also	   found	   to	   be	   upregulated	   under	   oxidative	   stress	  

conditions	  in	  vitro	  and	  was	  found	  to	  stimulate	  macroautophagy,	  hypothesizing	  a	  role	  for	  

autophagy	  as	  an	  adaptive	  response	  mechanism	  against	  oxidative	  damage	  (Gamerdinger	  

et	   al.,	   2009a).	   Indeed	   increased	   ROS	   levels	   could	   be	   measured	   in	   the	   paradigm	   of	  

starvation-‐induced	  autophagy,	  which	  induces	  autophagy,	  and	  which	  could	  be	  enhanced	  

via	  antioxidants.	  ROS	  may	  regulate	  autophagy	  by	   inactivating	  ATG4	  through	  oxidation,	  

resulting	  in	  the	  blockage	  of	  the	  delipidation	  of	  LC3-‐II	  from	  cytosolic	  membranes	  (Scherz-‐

Shouval	  et	  al.,	  2007).	  ROS	  in	  form	  of	  H2O2	  are	  also	  found	  to	  induce	  autophagy	  at	  least	  in	  

part	  by	  BECN1	  expression	  in	  cancer	  cell	  lines	  (Chen	  et	  al.,	  2008).	  However	  the	  interplay	  

between	  ROS,	  autophagy	  and	  neurodegeneration	  is	  not	  exactly	  understood	  and	  requires	  

further	  investigations	  and	  is	  therefore	  a	  main	  content	  of	  this	  work.	  
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Aim	  of	  the	  project:	  B.2.	  

Autophagy	  is	  a	  key	  mechanism	  to	  control	  PQC	  and	  to	  keep	  protein	  homeostasis.	  Hence,	  it	  

was	   reported	   that	   onset	   as	  well	   as	   progression	   of	   different	   diseases	   are	   regulated	   by	  

autophagy.	  For	   instance	  autophagy	   facilitates	  stress	  resistance	   in	  cancer	  cells	  and	  was	  

found	  to	  be	  activated	  after	  oxidative	  stress.	  Recently,	  a	  new	  pathway	  of	  autophagy	  has	  

been	  described:	  BAG3-‐mediated	   selective	  macroautophagy,	  which	  was	  also	   found	   to	  be	  

induced	  in	  paradigms	  of	  oxidative	  stress.	  	  

In	  order	  to	  analyze	  a	  potential	  role	  of	  autophagy	  on	  cytoprotection,	  and	  subsequenty,	  to	  

get	  further	  insights	  about	  BAG3	  in	  these	  conditions,	  autophagy	  was	  investigated	  in	  two	  

different	  models	  for	  stress	  resistance:	  breast	  cancer	  cells	  and	  tissue	  and	  neuronal	  cells	  

and	  tissue.	  

It	   is	   well	   known,	   that	   breast	   cancer	   cells	   can	   develop	   endocrine	   resistance	   to	   anti-‐

hormone	  therapy	  and	  this	  can	  be	   facilitated	  via	   the	  autophagy	  pathway,	  but	  so	   far	   the	  

description	   of	   a	   detailed	   autophagy	   expression	   profile	   of	   ER-‐positive	   cancer	   cells	   is	  

missing.	  Therefore,	  the	  main	  work	  of	  this	  thesis	  was	  to	  investigate	  the	  BAG3-‐mediated	  

autophagy	   in	   breast	   cancer	   and	   neuroblastoma	   cells	   characterized	   by	   their	   oxidative	  

stress	  resistance.	  	  

The	   second	   part	   of	   this	   work	   concentrates	   on	   neuronal	   autophagy	   in	   the	   context	   of	  

oxidative	   stress	   resistance.	  Neurons	  are	  highly	  vulnerable	   to	  disturbed	  proteostasis	   in	  

particular	  as	   they	  are	  post-‐mitotic	  cells.	  Therefore,	  autophagy	  might	  come	   into	  play	   to	  

keep	   PQC	   in	   stress	   conditions.	   The	   focus	   in	   this	   section	   was	   an	   in	   vitro	   model	   of	  

hippocampal	  cells	  adapted	   to	  oxidative	  stress	  and	  was	   transferred	   to	  an	   in	  vivo	  model	  

for	   traumatic	   brain	   injury,	   where	   oxidative	   stress	   is	   causatively	   linked	   to	   the	  

pathophysiologic	  consequences.	  

The	  relevance	  of	  autophagy	  in	  the	  resistance	  to	  oxidative	  stress	  was	  analyzed	  in	  detail	  

for	  both	  of	  the	  mentioned	  systems,	  and	  the	  results	  are	  presented	  the	  following	  sections.	  	  
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Results	  C.	  

	  

Impact	   of	   autophagy	   in	   estrogen	   receptor-‐dependent	   stress	   resistance	  C.1.	  
and	  breast	  cancer	  

	  

Regulation	  of	  caspase	  3	  and	  BAG	  proteins	  in	  stress-‐resistant	  cancer	  cells	  C.1.1.	  

	  

The	  co-‐chaperone	  BAG3	  plays	  a	  crucial	  role	  in	  two	  main	  processes	  in	  the	  cell:	  autophagy	  

and	  apoptosis.	  Both	  processes	  are	  known	  to	  interact	  with	  each	  other	  and	  are	  thought	  to	  

have	  an	  impact	  on	  cytoprotection	  and	  the	  genesis	  of	  stress	  resistance.	  	  

ERs,	   the	   physiological	   target	   of	   the	   steroid	  molecule	   E2,	   are	   transcription	   factors	   that	  

can	   regulate	  gene	   transcription	  by	   interaction	  with	  estrogen	  response	  elements	   (ERE)	  

or	  via	  interaction	  and	  activation	  of	  other	  transcription	  factors	  and	  activation	  of	  signaling	  

cascades	  in	  the	  cytoplasm.	  As	  ERα	  and	  ERβ	  are	  usually	  co-‐expressed	  and	  both	  receptors	  

can	   be	   activated	   by	   the	   same	   ligand	   a	   differential	   analysis	   of	   the	   function	   of	   each	  

receptor	   is	   experimentally	   challenging.	   The	   ERα,	   but	   not	   ERβ,	   was	   proposed	   to	   be	  

involved	   in	  cytoprotection	  against	  different	   toxins	   including	   Ionomycin,	  which	   induces	  

Ca2+	   toxicity	   (Gamerdinger	   et	   al.,	   2006;	  Manthey	   and	  Behl,	   2006).	   Similar	   effects	  have	  

been	  also	  described	  in	  our	  lab	  after	  induction	  of	  apoptosis	  by	  Staurosporine,	  which	  was	  

17β-‐estradiol-‐independent	  (Brendel	  et	  al.,	  2013).	  

In	  order	  to	  analyze	  a	  potential	  role	  of	  autophagy	  on	  cytoprotection,	  and	  subsequent	  to	  

get	   further	   insights	   about	   a	   role	   for	   BAG3	   and	   the	   ERs	   in	   this	   process,	   a	   well	  

characterized	   neuroblastoma	   cell	   line	   (SK-‐N-‐MC)	   lacking	   expression	   of	   ERs	   was	  

employed,	   which	   was	   stably	   transfected	   with	   mock-‐plasmid	   (empty	   vector)	   (SK-‐01),	  

ERα	  (SK-‐ERα)	  or	  ERβ	  (SK-‐ERβ)	  (Zschocke	  et	  al.,	  2002b).	  These	  cell	  lines	  are	  used	  in	  our	  

laboratory	  for	  characterization	  of	  ER-‐action	  for	  more	  than	  a	  decade	  now	  and	  enable	  us	  

to	   study	   the	   differential	   function	   of	   ERs	   in	   tumor	   cells	   under	   controlled	   and	   well	  

described	   conditions.	   In	   addition,	   throughout	   the	   whole	   analysis,	   the	   patient	   derived	  

MCF-‐7	   breast	   cancer	   cell	   line	  was	   employed	   as	   an	  ERα-‐positive	   cellular	   breast	   cancer	  

model	   and	   as	   a	   positive	   control	   for	   pathophysiological	   ERα	   function	   as	   these	   cells	  

endogenously	  express	  ERα	  and	  are	  ERβ-‐negative.	  	  
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All	  cell	  lines	  were	  characterized	  for	  ER	  expression	  by	  PCR	  analysis	  (Figure	  9,	  A).	  Further,	  

the	  cell	  lines	  were	  tested	  for	  the	  inducibility	  of	  their	  transcription	  factor	  activity	  on	  ERE	  

binding	   sites	   by	   the	   ligand	   E2.	   By	   using	   an	   ERE-‐luciferase	   reporter	   plasmid	   the	  

monitoring	  of	  transcription	  factor	  activity	  from	  the	  receptors	  was	  possible.	  The	  cell	  lines	  

expressing	  one	  of	  the	  receptors	  showed	  classical	  ER	  signaling	  as	  we	  could	  induce	  ERE-‐

mediated	  transcription	  factor	  activity	  via	  E2	  and	  also	  reduce	  the	  ERE-‐Luciferase	  signal	  

after	  ICI	  treatment	  inhibiting	  both	  of	  the	  receptor	  types	  (Figure	  9,	  B).	  

	  

	  

Figure	  9	  Estrogen	  receptor	  reporter	  assay.	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐7	  cells	  were	  treated	  with	  
vehicle	  control,	  E2	  (10	  nM),	   ICI	   (1	  µM)	  or	  a	  co-‐treatment	  with	  E2	  and	   ICI	   for	  24	  h.	  Activation	  of	   the	  ER	  
response	   element	   (ERE)	   was	   plotted	   as	   Luciferase	   units	   in	   %	   of	   control	   cells	   (SK-‐01).	   Values	   of	   3	  
independent	  experiments	  are	  expressed	  as	  mean	  ±	  s.e.m..	  

	  

Increased	  survival	  of	  ERα	  expressing	  cells	  C.1.1.1.	  

The	   resistance	  of	  ER	  expressing	   cells	   against	  hydrogen	  peroxide	   (H2O2)-‐induced	  acute	  

oxidative	   stress	   was	   analyzed	   by	   Propidium	   Iodid	   (PI)	   exclusion	   assay	   to	   investigate	  
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possible	   beneficial	   effects	   of	   ER	   signaling	   on	   cell	   survival.	   Indeed,	   also	   an	   enhanced	  

survival	  of	  ERα	  expressing	  SK-‐N-‐MC	  cells	  could	  be	  detected	  after	  18	  h	  of	  H2O2	  treatment	  

compared	   to	   cells	   that	   do	   not	   express	   ERs	   (SK-‐01)	   (Figure	   10).	   Equal	   findings	   were	  

observed	  in	  MCF-‐7	  cells	  employed	  as	  control	  cell	  line	  endogenously	  expressing	  ERα.	  	  

	  

Figure	   10:	   Increased	   survival	   of	   ERα	   expressing	   clonal	   cells.	   Survival	   after	   exposure	   to	   oxidative	  
stress	   induced	  by	  hydrogen	  peroxide	   for	  18	  h	   is	  strongly	  enhanced	   in	  ERα	  expressing	  cells,	  SK-‐ERα	  and	  
MCF7,	  as	  shown	  by	  Propidium	  iodid	  exclusion	  assay.SK-‐ERβ	  cells	  showed	  also	  a	  slightly	  higher	  increased	  
survival	  as	  compared	   to	  SK-‐0	  cells	  but	  are	  not	  as	  resistant	  as	  ERα	  expressing	  cells.(Brendel	  &	  Felzen	  et	  
al.,2013)	  

In	   paradigms	   of	   apoptosis,	   caspases	   (cysteine-‐aspartic	   acid	   proteases)	   are	   crucial	  

mediators	   of	   programmed	   cell	   death.	   Interestingly,	   SK-‐ERα	   cells	   also	   showed	   an	  

increased	  survival	  in	  the	  presence	  of	  the	  kinase	  inhibitor	  staurosporine	  (Brendel	  et	  al.,	  

2013)	  which	  is	  known	  to	   induce	  apoptosis	  via	  the	  downstream	  activation	  of	  caspase	  3	  

(Chae	  et	  al.,	  2000)	  or	  caspase-‐independent	  cell	  death	  via	  decrease	  of	  the	  mitochondrial	  

membrane	  potential	  (Deas	  et	  al.,	  1998).	  	  

Since	   caspase	   3	   is	   the	   key	   downstream	   executioner	   caspase	   of	   apoptotic	   cell	   death,	  

caspase	   3	   at	   the	   protein	   and	   activity	   level	   was	   investigated.	   In	   fact,	   in	   Western	   blot	  

analysis,	   Procaspase	   3,	   the	   procapase	   form	  which	   gets	   activated	   by	   cleavage,	  was	   not	  

detectable	   in	   ERα	   expressing	   cells	   in	   contrast	   to	   SK-‐01	   control	   cells	   (Figure	   11,	   A;B).	  

These	  results	  could	  be	  strengthened	  by	  immunocytochemistry:	  compared	  to	  SK-‐01	  cells	  

and	   SKERβ,	   ERα	   expressing	   cells,	   showed	   just	  weak	   signals	   in	   the	   caspase	   3	   staining,	  

consistent	  with	  the	  Western	  blotting	  data	  (Figure	  11,	  C).	  
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Figure	  11:	  Decreased	  caspase	  3	  levels	  in	  ERα	  expressing	  cells.	  (A)	  Western	  blot	  analysis	  of	  caspase	  3	  
levels	  indicates	  that	  caspase	  3	  is	  almost	  not	  detectable	  in	  SK-‐ERα	  and	  MCF-‐7	  cells,	  whereas	  SK-‐01	  cells,	  or	  
SK-‐cells	   expressing	   exclusively	   ERβ	   clearly	   show	   caspase	   3	   expression.	   (B)	   Densitometric	   analysis	   of	  
Western	  blots	  represented	  in	  (A);	  for	  densitometric	  quantification,	  results	  were	  normalised	  to	  tubulin.	  (*	  
p	   <	   0,05;	   **	   p	   <	   0,01,	   n	   =	   3).	   Furthermore,	   cells	  were	   analysed	   by	   immunocytochemistry	   for	   caspase	   3	  
(green	  channel)	  and	  nuclei	  were	  counterstained	  with	  DAPI	  (blue	  channel)	  (C).	  Compared	  to	  SK-‐01	  cells,	  
ERα	   expressing	   cells,	   SK-‐ERα	   and	   MCF-‐7,	   showed	   only	   very	   weak	   caspase	   3	   staining,	   supporting	   the	  
Western	  blotting	  data.	  Scale	  bars:	  10	  µm.	  (Brendel	  and	  Felzen	  et	  al.,	  2013)	  
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Increased	   expression	   of	   BAG1	   and	   BAG3	   and	   reduction	   of	   Caspase	   3-‐C.1.1.2.	  
specific	  BAG3-‐cleavage	  products	  in	  the	  presence	  of	  ERα	  

Besides	  the	  down	  regulation	  of	  caspase	  3,	   in	  ERα	  expressing	  cells,	  previous	  gene	  array	  

analysis	   in	   our	   lab	   showed	   that	   also	   other	   apoptosis	   genes	   are	   regulated	   in	   ERα	  

expressing	   cells	   compared	   to	   control	   cells	   (Brendel	   et	   al.	   2012).	   Interestingly,	   the	  

expression	  of	  Bcl2	  and	  Bcl2l11,	  another	  member	  of	  the	  Bcl2	  gene	  family,	  is	  increased	  in	  

the	   presence	   of	   ERα.	  While	   BCL2l11	   functions	   as	   a	   pro-‐apoptotic	  molecule,	   BCL2	   is	   a	  

known	   inhibitor	  of	   apoptosis.	  BCL2	   is	   also	  described	   to	   interact	  with	  BCL2-‐associated	  

athanogenes	   (Kabbage	   and	   Dickman,	   2008).	   BAG3,	   one	   member	   of	   the	   BAG	   protein	  

family,	  is	  known	  to	  protect	  non-‐small	  cell	  lung	  cancer	  cells	  from	  apoptosis,	  by	  regulating	  

BCL2	  and	  BCL-‐XL	  expression	  (Wang	  et	  al.,	  2010).	  	  

The	   expression	   profile	   of	   the	   BCL2	   regulators	   BAG1	   and	   BAG3	   were	   analyzed,	   and	  

indeed,	   the	   immunoblot	   analysis	   of	   BAG1	   revealed	   a	   strong	  up-‐regulation	   of	   all	   BAG1	  

isoforms	  in	  ERα	  expressing	  cells	  (Figure	  12,	  A).	  BAG1	  isoforms	  where	  formed	  as	  a	  result	  

of	  an	  alternative	  translation	  initiation	  from	  one	  mRNA.	  Further	  the	  expression	  of	  BAG3	  

was	  detected	  as	  highly	  up	  regulated	  just	  in	  ERα	  expressing	  cells,	  SK-‐ERα	  and	  MCF-‐7.	  On	  

the	   other	   hand	   ERβ	   expressing	   cells	   showed	   no	   difference	   in	   the	   expression	   pattern	  

compared	   to	   control	   cells,	   revealing	   the	   significance	   of	   the	   finding	   is	   restricted	   to	   the	  

stress	  resistant	  ERα	  expressing	  cells.	  

The	   functional	   relevance	   of	   the	   results	   of	   the	   expression	   studies	   in	   the	   context	   of	  

apoptosis	   were	   investigated	   by,	   performing	   immunoblot	   analysis	   of	   BAG3	   cleavage	  

products.	   BAG3	   is	   known	   to	   be	   cleaved	   by	   caspase	   3	   and,	   therefore,	   BAG3	   cleavage	  

products	  are	  useful	  indicators	  for	  caspase	  3	  activity	  (Wang	  et	  al.,	  2010).	  	  
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Figure	   12:	   (A)	   Increased	   BAG1	   and	   BAG3	   protein	   levels	   in	   ERα	   expressing	   cells.	   (A)	   Immunoblot	  
analysis,	  performed	  on	  the	  same	  blot	  as	  caspase	  detection,	  revealed	  a	  strong	  up-‐regulation	  of	  BAG1	  and	  
BAG3	  in	  SK-‐ERα	  cells	  compared	  to	  mock	  transfected	  SK-‐01	  cells.	  MCF-‐7	  cells,	  which	  endogenously	  express	  
ERα	   also	   showed	   stronger	   BAG1	   and	   BAG3	   immunoreactivity.	   Densitometric	   analysis	   of	  Western	   blots	  
represented	   in.	   For	   densitometric	   quantification,	   results	  were	  normalised	   to	   tubulin	   (*	   p	   <	   0,05;	   **	   p	   <	  
0,01;	   ***	   p	   <	   0,001	   n	   =	   3).	   (B)	   Decreased	   caspase	   3-‐specific	   BAG3-‐cleavage	   products	   in	   ERα	  
expressing	  cells.	  Western	  blot	  analysis	  of	  caspase	  3-‐specific	  BAG3-‐cleavage	  products	  revealed	  decreased	  
BAG3-‐cleavage	  products	   in	  ERα	  expressing	   cells	   compared	   to	  SK-‐01	   (and	  SK-‐cells	   expressing	  ERβ).	  Full	  
length	  BAG3	  is	  clearly	  increased	  in	  ERα	  expressing	  cells	  despite	  the	  treatment	  with	  the	  apoptosis	  inducer	  
staurosporine.	   In	   contrast,	   cells	   lacking	   ERα	   expression	   showed	   cleaved	   caspase	   3	   bands	   indicating	   a	  
staurosporine	   induced	   acvtivation	   of	   caspase	   3	   and	   consequently	   also	   an	   enhanced	  BAG3	   cleavage.	   (B)	  
Densitometric	   analysis	   of	   full	   length	   BAG3	   and	   caspase-‐specific	   BAG3-‐cleavage	   products	   within	   the	  
staurosporine	  treatment	  group	  (right	  panel	  of	  Western	  blot	  in	  A).	  The	  graph	  shows	  the	  ratio	  of	  caspase-‐
specific	  BAG3-‐cleavage	  products	  to	  the	  corresponding	  full	  length	  BAG3	  band.	  As	  control	  for	  equal	  protein	  
loading,	  blots	  were	  re-‐probed	  with	  an	  antibody	  directed	  against	  tubulin	  (*	  p	  <	  0,05;	  n	  =	  3).	  (Brendel	  and	  
Felzen	  et	  al.,	  2013)	  

Hence,	  cells	  were	  incubated	  with	  staurosporine	  to	  induce	  caspase	  3	  activity.	  Indeed,	  the	  

amount	   of	   BAG3	   cleavage	   products	   (relative	   to	   full	   length	   BAG3)	   following	  

staurosporine	   treatment	  was	   reduced	   in	   SK-‐ERα	   cells,	   while	   as	   the	   amount	   of	   BAG3-‐

cleavage	   products	   in	   SK-‐01	   cells	   was	   highly	   increased	   upon	   staurosporine	   treatment	  
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(Figure	  12,	  B).	  Again,	  MCF-‐7	  cells	  showed	  a	  result	  similar	  to	  the	  SK-‐ERα	  expressing	  cells,	  

while	   ERβ	   expressing	   cells	   displayed	   a	   BAG3-‐cleavage	   pattern	   comparable	   to	   control-‐

transfected	   SK-‐01	   cells.	   As	   revealed	   by	   densitometric	   analysis	   the	   BAG3-‐cleavage	  

products	  were	   reduced	   by	   approx.	   80	   -‐	   90%	   in	   both	   cell	   lines	   expressing	   either	   ERα	  

ectopically	  or	  endogenously	  (Figure	  12,B).	  	  

	  

Taken	   together,	   these	   results	   suggest	   that	   the	   observed	   enhanced	   survival	   of	   ERα	  

expressing	  cells	  under	  oxidative	   stress	  and	  apoptosis	   inducing	  conditions	  may	  be	  due	   (at	  

least	   in	   part)	   to	   a	   significant	   downregulation	   of	   the	   main	   executioner	   caspase	   3	   and	  

through	  the	  upregulation	  of	  BCL2	  regulating	  co-‐chaperones	  BAG1	  and	  BAG3.	  

	  

In	   addition	   to	   the	   role	   of	   BAG1	   as	   enhancer	   of	   BCL2	   activity,	   BAG1	   is	   known	   to	   be	  

involved	   in	   protein	   degradation	   via	   the	   ubiquitin-‐proteasome	   system.	   In	   addition,	  

besides	  the	  role	  of	  BAG3	  in	  apoptosis,	  the	  molecule	  was	  linked	  to	  protein	  clearance	  via	  

macroautophagy	   in	   aged	   and	   acutely	   stressed	   cells	   (Gamerdinger	   et	   al.,	   2009a).	   The	  

function	   of	   BAG	   proteins	   in	   PQC	   is	   enabled	   by	   their	   binding	   affinity	   to	   the	  molecular	  

chaperone	   HSC/HSP70.	   The	   complex	   around	   HSC/HSP70	   is	   involved	   in	   protein	  

homeostasis	  by	  conducting	  protein	   folding	  as	  well	  as	  degradation.	   In	  cooperation	  with	  

the	  BAG	  co-‐chaperones	  the	  HSC/HSP70	  complex	  directs	  a	  degradation-‐prone	  substrate	  

either	  to	  the	  proteasomal-‐	  or	  the	  macroautophagic	  degradation	  pathway.	  HSP70	  protein	  

expression	   level	   were	   found	   highly	   up	   regulated	   in	   ERα	   expressing	   cells	   (Figure	   13),	  

suggesting	  a	  role	  for	  degradation	  pathways	  in	  the	  maintenance	  of	  protein	  homeostasis	  

in	  resistant	  ERα	  expressing	  cells.	  

Figure	   13:	   ERα	   expressing	   cells	   display	   increased	  
HSP70	  protein	  level.	  Protein	  expression	  levels	  of	  HSP70,	  
one	   of	   the	   main	   chaperones	   in	   the	   eukaryotic	   cell,	   have	  
been	  detected	  by	  Western	  blotting	   in	   all	   of	   the	   cell	   lines.	  
ERα	  expressing	  cell	  lines,	  SK-‐ERα	  and	  MCF-‐7,	  show	  highly	  
increased	  HSP70	  protein	  expression	  in	  comparisons	  to	  the	  
non	  ER-‐expressing	  cells	  SK-‐01	  as	  well	  as	  SK-‐ERβ.	  (Brendel	  
and	  Felzen	  et	  al.,	  2013)	  
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Despite	  the	  role	  in	  apoptosis,	  BAG	  proteins	  are	  involved	  in	  PQC	  acting	  as	  co-‐chaperones	  

of	  HSP70,	  which	  itself	  was	  found	  to	  be	  highly	  expressed	  in	  the	  resistant	  cells.	  Regarding	  

these	   findings,	   the	   role	   of	   protein	   homeostasis	   in	   ERα	   dependent	   signaling	   and	   the	  

developing	   of	   resistance	   was	   the	   fundament	   of	   the	   further	   studies	   within	   this	   work.	  

Therefore	  in	  the	  next	  section	  a	  detailed	  analysis	  of	  the	  autophagic	  degradation	  pathway	  

in	  the	  ER	  cells	  was	  analyzed.	  

	  

	  The	  regulation	  of	  autophagy	  in	  stress-‐resistant	  cancer	  cell	  C.1.2.	  

In	  the	  last	  years	  autophagy	  was	  critically	  investigated	  in	  different	  diseases	  and	  disease	  

models,	  including	  neurodegeneration	  as	  well	  as	  cancer	  and	  recent	  studies	  suggest,	  that	  

autophagy	  and	  BAG3,	  may	  play	  a	  critical	  role	  in	  stress	  resistance.	  Therefore	  the	  role	  of	  

autophagy	   in	   the	   context	   of	   estrogen-‐dependend	   cytoprotection	   was	   investigated	   in	  

detail	  within	  the	  next	  sections	  of	  this	  thesis.	  

	  

Estrogen	   receptor	   expression	   differentially	   regulates	   transcription	   of	  C.1.2.1.	  
autophagy-‐related	  genes.	  	  

As	   described	   previously,	   ER	   expression	   as	   well	   as	   enhanced	   autophagic	   activity	  

contributes	   to	  metastatic	   potential	   and	   resistance	   to	   therapy	  of	   different	   cancer	   types	  

(Galavotti	   et	   al.,	   2013;	   Gattelli	   et	   al.,	   2013).	   First	   a	   gene	   expression	   profiling	   of	   the	  

different	   cell	   types	   employing	   a	   human	   autophagy	   PCR	   array	   containing	   88	   genes	  

involved	   in	   autophagy	   was	   performed.	   These	   genes	   included	   ATGs,	   genes	   out	   of	   the	  

BCL2/PI3KC3	   complex,	   the	  mTOR	   complex	   as	  well	   as	   autophagy	   adaptors,	   lysosomes	  

associated	   and	   additionally	   some	   other	   known	   upstream	   autophagy	   inducers	   and	  

regulators.	  Utilizing	  SK-‐01	  cells	  as	  control	  cells	  that	  do	  not	  express	  ERs,	  gene	  expression	  

of	  cells	  ectopically	  or	  endogenously	  expressing	  ERα	  or	  ERβ	  were	  calculated.	  Subsequent	  

groups	   of	   genes	   that	   display	   the	   different	   regulatory	   complexes	   (ULK1-‐,	   PI3K-‐	   and	  

mTOR-‐complex),	   various	   other	   ATGs	   that	   are	   associated	  with	   lysosomal	   function	   and	  

candidates	  that	  are	  not	  part	  of	  the	  core	  autophagy	  machinery	  were	  analyzed.	  The	  results	  

of	   the	   PCR	   analysis	   showed	   reduced	   expression	   of	  multiple	   genes	   and	   key	   autophagy	  

components	   in	  ERα	  expressing	  cells	   (29	  genes	   in	  SK-‐ERα	  cells	  and	  32	  genes	   in	  MCF-‐7	  

cells)	  although	  a	  higher	  autophagic	  activity	  could	  be	  detected	  (Figure	  16).	  	  
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Figure	   14:	   Estrogen	   receptors	   differentially	   regulate	   autophagy	   pathway-‐	   associated	   gene	  
expression.	  (A)	  Total	  RNA	  from	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐7	  cells	  was	  characterized	  by	  using	  the	  
Human	   Autophagy	   Primer	   Library	   1	   (HATPL-‐1)	   and	   com-‐paring	   ER	   expressing	   cells	   to	   mock-‐plasmid	  
transfected	  controls	  (SK-‐01).	  Red	  numbers	  indicate	  an	  up-‐regulation	  greater	  than	  1.5	  fold,	  blue	  numbers	  
indicate	   an	   down-‐regulation	   greater	   than	   1.5	   fold,	   dark	   red	   numbers	   denote	   a	   p-‐value<0.05,	   black	  
numbers	  depict	  no	  significant	  change	  and	  n.s.	  no	  significant	  change	  in	  gene	  expression	  within	  the	  whole	  
group.	  Results	  represent	  the	  mean	  values	  of	  five	  independent	  experiments.(Felzen	  et	  al.,2015)	   	  
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A	  significant	  upregulation	  was	  shown	  for	  9	  genes	  in	  SK-‐ERα	  and	  MCF-‐7	  cells.	  In	  contrast,	  

SK-‐ERβ	  cells	  showed	  a	  negative	  regulation	  for	  4	  genes	  and	  an	  upregulation	  for	  10	  genes	  

that	  was	  not	   accompanied	  by	  higher	   autophagic	   activity	   and	   these	  genes	  were	  mainly	  

different	  to	  those	  regulated	  in	  ERα	  expressing	  cells.	  

An	   “autophagy-‐footprint”	   of	   cells	   expressing	   ERα	   or	   ERβ	  was	   established	   from	   this	   data	  

and	   showed	   fundamental	   differences	   in	   autophagy-‐related	   gene	   expression	   in	   cells	  

expressing	   ERα	   (SK-‐ERα)	   compared	   to	   SK-‐ERβ	   and	   cells	   lacking	   ER	   (Figure	   15).	  

Additionally,	   it	   was	   clearly	   shown	   that	   the	   SK-‐ERα	   cell	   line	   has	   almost	   an	   identical	  

“autophagy-‐footprint”	  as	  MCF-‐7	  breast	  cancer	  cells	  derived	  from	  a	  breast	  cancer	  patient.	  

Taken	   together,	   these	   data	   demonstrate	   that	   ER	   expression	   differentially	   regulates	  

autophagy-‐related	  gene	  transcription	  in	  tumor	  cells.	  
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Figure	  15:	  Key	  autophagic	  genes	  regulated	  in	  ERα	  or	  ERβ	  expressing	  cells	  show	  crucial	  differences.	  
Cartoons	  display	  a	  selection	  of	  key	  autophagic	  genes	  of	  the	  corresponding	  PCR	  array	  analysis	  in	  and	  show	  
the	  “autophagy-‐footprint”	  of	  ERα	  (SK-‐ERα	  and	  MCF-‐7)	  and	  ERβ	  expressing	  cells.	  Genes	  highlighted	  in	  blue	  
were	   downregulated,	   in	   grey	   not	   altered	   in	   expression	   whereas	   genes	   highlighted	   in	   red	   were	  
upregulated.	   First	   numbers	   in	   (A)	   show	   the	   regulation	   in	   SK-‐ERα	   cells	   and	   following	   numbers	   the	  
regulation	  in	  MCF-‐7	  cells.	  In	  (B)	  numbers	  display	  the	  regulation	  of	  genes	  in	  SK-‐ERβ	  cells	  compares	  to	  SK-‐
01.	   n.s.	   indicates	   that	   there	   is	   no	   significant	   change	   in	   gene	   expression	   comparing	   SK-‐ERα,	   SK-‐ERβ	  and	  
MCF-‐7	  cells	  to	  mock	  transfected	  controls.	  (Felzen	  et	  al.,	  2015)	  
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Estrogen	  receptor	  α	  induces	  non-‐canonical	  autophagic	  activity	  	  C.1.2.2.	  

Observing	  differential	  regulation	  of	  autophagy-‐related	  genes	  in	  ERα	  expressing	  cells	  vs.	  

SK-‐ERβ	   or	   SK-‐01	   cells	   further	   were	   investigated.	   Therefore,	   several	   experiments	   to	  

determine	  whether	   SK-‐ERα	  and	  MCF-‐7	   cells	   show	  an	  altered	  autophagic	   activity	  were	  

performed.	  We	   first	   detected	   LC3B	   (hereafter	   referred	   to	   as	   LC3),	   a	   widely	   accepted	  

marker	  for	  autophagosomes,	  by	  Western	  blotting.	  The	  autophagic	  flux	  can	  be	  measured	  

by	  monitoring	  LC3-‐II	  accumulation	  after	  inhibiting	  lysosomal	  activity	  via	  Bafilomycin	  A1	  

(BafA1)	  -‐treatment.	  In	  ERα	  expressing	  cells	  the	  accumulation	  of	  LC3-‐II	  was	  significantly	  

higher	  than	   in	  mock-‐transfected	  SK-‐01	  or	  ERβ	  expressing	  cells	  (Fig.	  2a).	  There	  was	  no	  

statistical	   difference	   between	   SK-‐01	   and	   SK-‐ERβ	   cells.	   In	   line	   with	   LC3-‐II	  

immunoblotting,	  NBR1	  a	  LC3	  binding	  protein	  and	  additional	  well	  established	  marker	  for	  

autophagic	   degradation	   (Johansen	   and	   Lamark,	   2011)	   also	   shows	   an	   enhanced	  

accumulation	  in	  ERα	  cells	  (Figure	  16).	  	  

	  

Figure	  16:	  ERα	  expression	  enhances	  autophagic	  flux.	  (A	  and	  B)	  Protein	  extracts	  from	  vehicle	  or	  BafA1	  
treated	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐7	  cells	  were	  subjected	  to	  Western	  blot	  analysis	  and	  calculation	  of	  
autophagic	   flux	   using	   anti-‐LC3	   and	   NBR1	   antibodies.	   Tubulin	   was	   used	   as	   loading	   control.	   (A)	   ERα	  
expression	   of	   the	   different	   cell	   lines	   was	   shown	   via	   Western	   blot	   analysis	   and	   autophagic	   flux	   was	  
determined	   by	   the	   accumulation	   of	   LC3-‐II	   in	   a	   6	   h	   treatment	   period	   with	   500	   nM	   BafA1.	   Therefore,	  
normalized	  LC3-‐II	   levels	   in	   the	  absence	  of	   the	   lysosomal	   inhibitor	  were	   subtracted	   from	  corresponding	  
levels	   obtained	   in	   the	   presence	   of	   BafA1.	   (B)	   Cells	   were	   treated	   as	   in	   (a)	   and	   autophagic	   flux	   was	  
calculated	  by	  NBR1	  expression	  determined	  by	  western	  blot.	  Values	  of	  3	  independent	  experiments	  in	  each	  
panel	   are	   expressed	   as	  mean	   ±	   s.e.m.	   and	   control	   SK-‐01	   cells	  were	   set	   to	   100%.	   (*)	   on	   bars	   represent	  
statistical	  significance	  of	  p<0.05	  comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  
(Felzen	  et	  al.,	  2015)	  
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Additionally,	  transient	  overexpression	  of	  ERα	  in	  the	  ER-‐lacking	  native	  SK-‐N-‐MC	  cell	  line	  

that	   was	   the	   basis	   for	   the	   generation	   of	   SK-‐01,	   SK-‐ERα	   and	   SK-‐ERβ	   cells	   leads	   to	   an	  

enhanced	  autophagic	  flux	  and	  elevated	  BAG3	  protein	  level	  (Figure	  17).	  

	  

Figure	  17:	  ERα	  overexpression	   leads	   to	  an	  enhanced	  autophagic	   flux	  and	  elevated	  BAG3	  protein	  
level	  in	  SK-‐N-‐MC	  cells.	  Overexpression	  of	  ERα	  in	  SK-‐N-‐MC	  cells	  was	  performed	  by	  transient	  transfection	  
of	  pIRES-‐ERα	  plasmid.	  Transfection	  efficiency	  and	  calculation	  of	  autophagic	  flux	  was	  determined	  by	  using	  
anti-‐ERα	  and	  anti-‐LC3	  antibody,	   respectively.	  Tubulin	  was	  used	  as	   loading	  control.	  Autophagic	   flux	  was	  
determined	   by	   the	   accumulation	   of	   LC3-‐II	   in	   a	   6	   h	   treatment	   period	   with	   500	   nM	   BafA1.	   Therefore,	  
normalized	  LC3-‐II	   levels	   in	   the	  absence	  of	   the	   lysosomal	   inhibitor	  were	   subtracted	   from	  corresponding	  
levels	  obtained	  in	  the	  presence	  of	  BafA1.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  
as	   mean	   ±	   s.e.m.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	   comparing	   2	   groups	   and	   n.s.	  
displays	  no	  statistical	  significant	  difference.	  (Felzen	  et	  al.,	  2015)	  

	  

	  

Next,	   the	   effect	   of	   ERs	   on	   the	   expression	   of	   the	   major	   protein	   complexes	   that	   are	  

involved	  in	  the	  initiation	  of	  autophagy,	  the	  nucleation	  of	  the	  phagophore,	  elongation	  and	  

closure	  of	  the	  autophagosomal	  membrane	  were	  determined.	  In	  most	  eukaryotic	  cellular	  

systems	   mTORC1	   has	   been	   demonstrated	   to	   negatively	   regulate	   the	   induction	   of	  

autophagy	  and	  activated	  mTOR	  is	  phosphorylated	  at	  serine	  2448	  (Chiang	  and	  Abraham,	  

2005;	  Meijer	  and	  Codogno,	  2004).	  Although	  showing	  that	  ERα-‐positive	  cells	  display	  an	  

enhanced	   autophagic	   flux	   no	   significant	   changes	   in	   the	   ratio	   of	   mTOR	   to	   phosphor-‐

mTOR	  at	   serine	  2448	   in	   any	  of	   the	   tested	   cell	   lines	  were	   observed	  Figure	  18,	  A).	   The	  

phosphorylation	   state	   of	   p70S6K	   a	   downstream	   target	   of	   mTOR	   kinase	   was	   also	  

examined.	   In	   line	  with	   the	  mTOR	  data	   an	  altered	   ratio	  of	  p70S6K	   to	  phospho	  p70S6K	  
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was	  not	  detected,	  although	  it	  did	  not	  escape	  our	  notice	  that	  total	  p70S6K	  protein	  level	  

differ	  between	  cell	  lines	  (Felzen	  et	  al.,	  2015).	  

The	  PI3KCIII,	  which	   generates	  PI3P,	   in	   complex	  with	  Beclin1	   and	  BCL2	   represents	   an	  

evolutionarily	   conserved	   positive	   regulatory	   circuit	   which	   controls	   autophagosome	  

formation.	   Surprisingly,	   we	   could	   not	   detect	   an	   upregulation	   of	   PI3KCIII	   in	   ERα	  

expressing	   cells.	   Instead,	   we	   identified	   a	   significant	   upregulation	   in	   SK-‐ERβ	   cells	  

compared	  to	  SK-‐01	  and	  SK-‐ERα	  cells	  (Figure	  18,	  B).	  	  

PI3KCIII	  activity	  is	  regulated	  by	  Beclin1	  which	  itself	  is	  bound	  to,	  and	  inhibited	  by	  BCL2.	  

As	   autophagic	   activity	   is	   indirectly	   negatively	   regulated	   via	   BCL2	   (Kang	   et	   al.,	   2011)	  

whether	   BCL2	   levels	   change	   upon	   ER	   expression	   was	   tested.	   Western	   Blot	   analysis	  

showed	   that	   SK-‐ERα	   and	   MCF-‐7	   cells	   expressed	   BCL2	   at	   a	   higher	   level	   than	   SK-‐01	  

control	  cells	  or	  the	  SK-‐ERβ	  clone,	  according	  to	  PCR	  array	  data	  (Figure	  18,	  C).	  	  

Additionally,	   the	   activity	   of	   the	   PI3K	   complex	   was	   inhibited	   with	   the	   specific	   PI3K	  

inhibitor	  Wortmannin	  (WN)	  known	  to	  reduce	  canonical	  autophagic	  flux.	  Again,	  we	  could	  

not	  detect	  a	  decreased	  autophagic	   flux	   in	  SK-‐ERα	  and	  MCF-‐7	  compared	   to	  SK-‐01	  cells,	  

determined	   by	   LC3-‐II	   and	   SQSTM1	   immunoblotting	   after	   WN-‐	   and	   BafA1-‐treatment	  

(Figure	  18,	  D).	  
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Figure	  18:	  ERα	  expression	  differentially	  modulates	  key	  autophagy	  pathway	  proteins	  independent	  
of	   mTOR	   phosphorylation	   and	   PI3KCIII	   protein	   expression	   and	   activity.	   Western	   blot	   analysis	   of	  
protein	  extracts	  from	  untreated	  cells	  were	  performed	  for	  detection	  of	  indicated	  proteins.	  In	  the	  diagrams	  
(lower	  panel	  each)	  levels	  of	  proteins	  are	  depicted	  after	  normalization	  to	  corresponding	  Tubulin	  levels.(D)	  
SK-‐01,	   SK-‐ERα	  and	  MCF-‐7	   cells	  were	   treated	  with	   vehicle	   control,	  Wortmannin	   (1	  µM)	   and	  BafA1	   (100	  
nM)	   for	   20	   h	   and	   were	   subjected	   to	   Western	   blot	   analysis.	   Autophagic	   flux	   was	   determined	   by	   the	  
accumulation	  of	  LC3-‐II	  and	  p62/SQSTM1.	  Tubulin	  was	  used	  as	   loading	  control.	  Values	  of	  3	   independent	  
experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  and	  control	  SK-‐01	  cells	  were	  set	  to	  100%.	  (*)	  on	  
bars	   represent	   statistical	   significance	   of	   p<0.05	   comparing	   2	   groups	   and	   n.s.	   displays	   no	   statistical	  
significant	  difference.	  (Felzen	  et	  al.,	  2015)	  

	  

The	   influence	   of	   siRNA-‐mediated	   knockdown	   of	   Beclin1,	   a	   key	   factor	   for	   canonical	  

autophagy	  (Galluzzi	  et	  al.,	  2015),	  on	   the	  autophagic	  activity	   in	   the	  respective	  cell	   lines	  

was	   investigated.	   The	   autophagic	   flux	   in	   the	   ERα	   expressing	   cells	   was	   not	   reversible	  

with	   knockdown	   of	   Beclin1,	   suggesting	   that	   a	   non-‐canonical	   Beclin1-‐independent	  

autophagic	  pathway	  exists	  in	  the	  analyzed	  cell	  model	  (Figure	  19).	  Interestingly,	  a	  higher	  

autophagic	  activity	  after	  Beclin1	  knockdown	  was	  detected,	  even	  though	  this	  effect	  was	  



C	  	  Results	  	   	   40	  

present	  in	  all	  cell	  lines	  investigated	  (SK-‐ERα,	  MCF-‐7	  and	  SK-‐01	  control	  cells)	  pointing	  to	  

an	  estrogen	  receptor-‐independent	  effect.	  

	  

Figure	  19:	  Beclin1	  knockdown	  enhances	  the	  autophagic	  flux	  independent	  of	  ERα	  expression.	  SK-‐01,	  
SK-‐ERα	  and	  MCF-‐7	  cells	  were	  transfected	  with	  nonsense	  siRNA	  (siNS)	  and	  Beclin1	  siRNA	  (siBeclin1)	  for	  
48	   h,	   as	   indicated.	   Protein	   extracts	   from	   vehicle	   or	   BafA1	   treated	   cells	  were	   subjected	   to	  Western	   blot	  
analysis	   and	   calculation	   of	   autophagic	   flux	   using	   anti-‐LC3	   antibody	   and	   knockdown	   efficiency	   was	  
determined	   by	   using	   anti-‐Beclin1	   antibody.	   Tubulin	   was	   used	   as	   loading	   control.	   Autophagic	   flux	   was	  
determined	   by	   the	   accumulation	   of	   LC3-‐II	   in	   a	   6	   h	   treatment	   period	   with	   500	   nM	   BafA1.	   Therefore,	  
normalized	  LC3-‐II	   levels	   in	   the	  absence	  of	   the	   lysosomal	   inhibitor	  were	   subtracted	   from	  corresponding	  
levels	  obtained	  in	  the	  presence	  of	  BafA1.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  
as	   mean	   ±	   s.e.m.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	   comparing	   2	   groups	   and	   n.s.	  
displays	  no	  statistical	  significant	  difference.(Felzen	  et	  al.,	  2015)	  

Consecutively,	   investigating	   the	   protein	   level	   of	   effectors	   downstream	   of	   the	   major	  

autophagy	   regulating	   protein	   complexes	   a	   strong	   upregulation	   of	   WIPI1	   in	   ERα	   cells	  

compared	   to	   SK-‐01	   and	   SK-‐ERβ	   cells	   was	   detected	   (Figure	   20,	   A),	   which	   has	   been	  

identified	  earlier	  to	  function	  downstream	  of	  PI3P	  mediating	  events	  during	  the	  initiation	  

of	  autophagosome	  formation	  (Gaugel	  et	  al.,	  2012).	  ATG7	  another	  crucial	  component	  of	  

the	   ATG8/LC3	   system	   is	   also	   significantly	   upregulated	   in	   SK-‐ERα	   and	   MCF-‐7	   cells	  

(Figure	  20,	  B).	  	  
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Figure	  20:	  ERα	  expression	  enhances	  the	  expression	  of	  WIPI1	  and	  ATG7	  protein	  expression.	  Protein	  
extracts	   from	   untreated	   cells,	   SK-‐01,	   SK-‐ERα,	   SKERβ	   and	   MCF-‐7,	   were	   used	   to	   perform	   Western	   blot	  
analysis	  for	  detection	  of	  indicated	  proteins.	  The	  diagrams	  display	  the	  protein	  levels	  after	  normalization	  to	  
corresponding	  Tubulin.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  
and	   control	   SK-‐01	   cells	   were	   set	   to	   100%.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	  
comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  (Felzen	  et	  al.,	  2015)	  

	  

It	   has	   been	   shown	   that	   components	   of	   the	   mitogen-‐activated	   protein	   kinase	   (MAPK)	  

pathway	   together	   with	   the	   autophagy-‐related	   proteins	   DRAM1	   and	   SQSTM1	   lead	   to	  

enhanced	  autophagic	  activity	  and	  this	  revealed	  a	  novel	  function	  of	  DRAM1	  and	  SQSTM1	  

in	   control	   of	  migration/invasion	   in	   cancer	   stem	   cells	   (Galavotti	   et	   al.,	   2013).	   Showing	  

that	  DRAM1	  and	  SQSTM1	  mRNA	  are	  increased	  we	  asked	  if	  blocking	  the	  MAPK	  pathway	  

activity	   in	  ERα-‐positive	  cells	  with	  the	  specific	  ERK1/2	  inhibitor	  U0126	  would	  result	   in	  

lowered	  autophagic	   flux.	  The	  data	   shows	  no	   reduced	  autophagic	   flux	  after	  U0126	  and	  

subsequent	  BafA1-‐treatment	  (Figure	  21).	  

In	   this	   context	   it	   was	   investigated	   if	   reducing	   the	   level	   of	   DRAM1,	   one	   the	   most	   up-‐

regulated	  genes	  in	  ERα	  expressing	  cells	  shown	  in	  the	  PCR	  array	  (Figure	  9),	  results	  in	  a	  

modulation	   of	   the	   autophagic	   flux.	   Interestingly,	   DRAM1	   as	   part	   of	   the	   autophagic	  

machinery	   partially	   contributes	   to	   this	   specific	   ERα-‐driven	   autophagic	   pathway,	   a	  

reduced	   autophagic	   flux	   in	   ERα-‐expressing	   cells	   (significant	   reduction	   in	   MCF-‐7	   cells	  

and	  a	  clear	  but	  not	  significant	  tendency	  in	  SK-‐ERα	  cells)	  after	  knockdown	  of	  DRAM1	  was	  

detected	  (Figure	  22).	  
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Figure	  21:	  Inhibition	  of	  MAPK	  pathway	  by	  U0126	  is	  not	  inhibiting	  ERα	  induced	  autophagy.	  Western	  
blot	  analysis	  of	  protein	  extracts	   from	  untreated	  cells	  was	  performed	   for	  detection	  of	   indicated	  proteins.	  
SK-‐01,	  SK-‐ERα	  and	  MCF-‐7	  cells	  were	  treated	  with	  vehicle	  control,	  U0126	  (50	  µM)	  for	  48h	  and	  BafA1	  (100	  
nM)	   for	   6	   h	   and	   were	   subjected	   to	   Western	   blot	   analysis.	   Autophagic	   flux	   was	   determined	   by	   the	  
accumulation	  of	  LC3-‐II.	  Tubulin	  was	  used	  as	  loading	  control.	  Inhibiting	  pERK	  levels	  displayd	  no	  difference	  
in	  autophagic	  flux	  compared	  to	  controls.	  (Felzen	  et	  al.,	  2015)	  

	  

Figure	  22:	  DRAM1	  knockdown	  reduces	  autophagic	  activity	   in	  ERα-‐expressing	  cells.	   (a)	   SK-‐01,	   SK-‐
ERα	  and	  MCF-‐7	  cells	  were	  transfected	  with	  nonsense	  siRNA	  (siNS)	  and	  DRAM1	  siRNA	  (siDRAM1)	  for	  48	  h,	  
as	  indicated.	  Protein	  extracts	  from	  vehicle	  or	  BafA1	  treated	  cells	  were	  subjected	  to	  Western	  blot	  analysis	  
and	  calculation	  of	  autophagic	  flux	  using	  anti-‐LC3	  antibody	  and	  knockdown	  efficiency	  was	  determined	  by	  
qPCR	   analysis.	   For	   Western	   blot	   analysis	   Tubulin	   was	   used	   as	   loading	   control.	   Autophagic	   flux	   was	  
determined	   by	   the	   accumulation	   of	   LC3-‐II	   in	   a	   6	   h	   treatment	   period	   with	   500	   nM	   BafA1.	   Therefore,	  
normalized	  LC3-‐II	   levels	   in	   the	  absence	  of	   the	   lysosomal	   inhibitor	  were	   subtracted	   from	  corresponding	  
levels	  obtained	  in	  the	  presence	  of	  BafA1.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  
as	   mean	   ±	   s.e.m.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	   comparing	   2	   groups	   and	   n.s.	  
displays	  no	  statistical	  significant	  difference.	  (Felzen	  et	  al.,	  2015)	  
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Immunofluorescence	   stainings	   of	   endogenous	   LC3	   and	   SQSTM1	   clearly	   emphasize	   an	  

enhanced	  accumulation	  after	  BafA1-‐treatment	  in	  SK-‐ERα	  and	  MCF-‐7	  cells	  (Figure	  23,	  A).	  	  

	  

Figure	  23:	  ERα	  expression	  promotes	  an	  increase	  
of	   autophagosomes	   and	   autophagic	   flux.	   (A)	  
Representative	   pictures	   of	   indirect	  
immunofluorescence	   staining	   of	   endogenous	   LC3	  
(red)	  and	  SQSTM1	  (green)	  in	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  
and	   MCF-‐7	   cells,	   treated	   with	   vehicle	   control	   and	  
500	  nM	  of	  BafA1	  for	  6	  h,	  are	  shown.	  DAPI	  (blue)	  was	  
used	  to	  stain	  DNA.	  Scale	  bars:	  10	  µm.	  	  (B)	  SK-‐01,	  SK-‐
ERα,	   SK-‐ERβ	   and	   MCF-‐7	   cells	   were	   transiently	  
transfected	  with	   a	   GFP-‐RFP-‐LC3	   fusion	   protein	   and	  
treated	  with	  vehicle	  control	  and	  500	  nM	  of	  BafA1	  for	  
6	   h.	   In	   autophagosomes,	   both	   RFP	   and	   GFP	   signals	  

are	   apparent	  whereas	  under	   acidic	   conditions	  when	  autophagosomes	   fuse	  with	   lysosomes	   just	   the	  RFP	  
signal	  persists.	  In	  contrast,	  GFP	  signal	  diminishes	  due	  to	  a	  labile	  enhanced	  GFP	  protein	  under	  acidification.	  
Representative	   images	  acquired	  by	  confocal	  microscopy	  are	  shown.	  Scale	  bars:	  10	  µm.	  (C)	  GFP-‐RFPLC3-‐
punctae	  were	  counted	  in	  all	  cell	  lines	  transfected	  with	  the	  ptfLC3	  expression	  plasmid	  and	  treated	  with	  500	  
nM	  of	  BafA1	   for	  6	  h	  prior	   to	   fixation.	  At	   least	   six	  different	  positions	  of	   the	   corresponding	   stainings	  per	  
experiment	  were	  documented	  utilizing	  confocal	  laser	  scanning	  microscopy	  and	  counted	  numbers	  of	  GFP-‐
RFP-‐LC3-‐punctae	  were	  averaged.	  59	  SK-‐0	  cells,	  56	  SK-‐ERα	  cells,	  59	  SK-‐ERβ	  cells	  and	  58	  MCF-‐7	  cells	  were	  
analyzed.	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  (*)	  on	  bars	  represent	  
statistical	  significance	  of	  p<0.05	  comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  
(Felzen	  et	  al.,	  2015)	  
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Using	  an	  expression	  vector	  (ptfLC3)	   that	  encodes	  LC3	   fused	  to	  red	   fluorescent	  protein	  
(RFP)	   and	   green	   fluorescent	   protein	   (GFP)	   in	   tandem	   (GFP-‐RFP-‐LC3)	   (Kimura	   et	   al.,	  
2007)	   was	   used	   to	   corroborate	   that	   these	   findings	   of	   an	   increased	   expression	   of	  
autophagic	  markers	  in	  ERα	  cells	  reflect	  an	  enhanced	  autophagosome	  biogenesis	  rather	  
than	  a	  decreased	  autophagosome	  clearance.	  All	   cell	   types	  were	   transiently	   transfected	  
with	  the	  ptfLC3	  vector	  and	  treated	  with	  vehicle	  control	  and	  BafA1.	  All	  cell	   lines	  display	  
exclusively	  red	   fluorescent	  punctae	  with	  no	  corresponding	  signal	   in	   the	  green	  channel	  
under	   control	   conditions	   indicating	   a	   functional	   fusion	   of	   autophagosomes	   with	  
lysosomes	   resulting	   in	   the	   quenching	   of	   the	   pH	   sensitive	   GFP	   in	   these	   acidic	  
compartments.	   Consistent	   with	   the	   Western	   blot	   data,	   an	   enhanced	   accumulation	   of	  
autophagosomes	   after	  BafA1-‐treatment	   in	  ERα-‐positive	   cells	  was	   observed	   (Figure	  23,	  
B).	  The	  quantification	  of	  GFP-‐RFP-‐LC3	  punctae	  in	  every	  cell	  line	  further	  underlines	  our	  
findings	   and	   demonstrates	   a	   significantly	   higher	   amount	   of	   autophagolysosome	  
formation	  in	  ERα-‐expressing	  cells	  (Figure	  23,	  C).	  

Identifying	  the	  presence	  of	  autophagic	  vesicles	  by	  transmission	  electron	  microscopy	   is	  
considered	   a	   gold	   standard	   of	   verifying	   autophagosome	   formation	   (Klionsky	   et	   al.,	  
2012).	  Indeed,	  an	  abundance	  of	  autophagosomes	  and	  autophagolysosomes	  was	  detected	  
in	   ERα	   expressing	   cells	   compared	   to	   SK-‐01	   and	   SK-‐ERβ	   cells	   by	   electron	  microscopy	  
(Figure	  24).	  

	  

These	  results	  suggest	  that	  ERα	  expression	  leads	  to	  an	  enhanced	  autophagic	  flux,	  which	  is	  

not	   controlled	   by	   the	  mTOR-‐,	   PI3KCIII-‐	   and	  MAPK-‐pathway	   but	   key	   autophagy	   proteins	  

such	   as	   BAG3,	   ATG7	   and	   WIPI1	   are	   strongly	   upregulated.	   Taken	   together,	   this	   newly	  

described	  non-‐canonical	  autophagy	  pathway	  is	  driven	  by	  ERα.	  	  
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Figure	  24:	  Transmission	  electron	  microscopy	  revealed	  the	  accumulation	  of	  autophagic	  vesicles	  in	  
ERα	   expressing	   cells.	   Typical	   ultrastructure	   of	   SK-‐01,	   SK-‐ERα,	   SK-‐ERβ	   and	   MCF-‐7	   cells	   visualized	   by	  
using	   transmission	   electron	  microscopy.	  Magnifications	   of	  marked	   areas	   are	   shown	   in	   the	   lower	   panel.	  
ERα	   expressing	   cells	   showed	   increased	   autophagic	   vesicles	   of	   different	   stages	   of	   maturation.	  
Autophagosomes	  are	  indicated	  by	  A,	  autolysosomes	  by	  AL,	  nucleus	  by	  N	  and	  mitochondria	  by	  M.	  (Felzen	  
et	  al.,	  2015)	  
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Increased	  autophagic	  flux	  is	  independent	  of	  ERE-‐mediated	  transcriptional	  C.1.2.3.	  
activity	  of	  estrogen	  receptor	  α	  

ER-‐mediated	   transcription	   factor	  activity	   can	  be	   induced	  via	   its	   ligand	  E2	  or	   inhibited	  

via	   the	   synthetic	   antagonist	   ICI	   182780	   (ICI).	   SK-‐01,	   SK-‐ERβ,	   SK-‐ERα	   and	  MCF-‐7	   cells	  

were	   treated	   with	   E2	   and	   ICI	   and	   measured	   expression	   of	   autophagy-‐related	   genes	  

according	   to	   (Figure	   18).	   The	   cell	   lines	   tested	   showed	   classical	   ER	   signaling	   as	   ERE-‐

mediated	   transcription	   factor	   activity	   via	   E2	  was	   inducible	   and	   also	   reduce	   the	   ERE-‐

Luciferase	   signal	   after	   ICI	   treatment	   (Figure	   9).	   Interestingly,	   no	   major	   changes	   in	  

autophagy-‐related	  gene	  expression	  were	  observed	  after	  compound	  treatment	  in	  any	  cell	  

line	  (see	  Appendix	  (Figure	  41)).	  	  

Next,	  whether	  autophagic	  activity	  in	  our	  cellular	  systems	  is	  altered	  after	  respective	  drug	  

application	   was	   investigated.	   Again,	   no	   changes	   in	   autophagic	   activity	   in	   any	   of	   the	  

analyzed	   cells	   following	   E2	   or	   ICI	   administration	   determined	   by	   LC3	   immunoblotting	  

was	  observed.	  Vehicle	  or	  drug	  treatment	  resulted	  in	  a	  comparable	  autophagic	  activity	  as	  

shown	  for	  untreated	  cells	  (	  

Figure	  25).	  The	  key	  autophagy	  proteins	   studied	  also	   showed	  no	   significant	   changes	   in	  

total	  protein	  expression	  and	  the	  ratio	  between	  phosphorylated	  and	  total	  mTOR	  was	  not	  

altered.	  

	  

The	   data	   provided	   here	   indicate	   that	   ERα-‐mediated	   enhanced	   autophagic	   activity	   is	  
independent	  of	  its	  ERE-‐mediated	  transcription	  factor	  activity	  and	  the	  observed	  ER-‐driven	  
non-‐canonical	   autophagy	   pathway	   is	   fundamentally	   different	   to	   classical	   canonical	  
autophagy.	  	  
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Figure	   25:	   E2	   or	   ICI	   treatment	   does	   not	   alter	   autophagic	   flux	   or	   expression	   of	   key	   autophagy	  
pathway-‐related	  proteins.	   (A)	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐7	  cells	  were	   incubated	  with	  10	  nM	  E2	  
and	  1	  µM	  ICI	  or	  vehicle	  control	  for	  24	  h.	  6	  h	  prior	  to	  cell	  lysis	  indicated	  cells	  were	  additionally	  treated	  with	  
500	   nM	   BafA1	   and	   subjected	   to	   Western	   blot	   analysis.	   Autophagic	   flux	   was	   determined	   by	   the	  
accumulation	  of	  LC3-‐II.	  Therefore,	  normalized	  LC3-‐II	  levels	  in	  the	  absence	  of	  the	  lysosomal	  inhibitor	  were	  
subtracted	   from	   corresponding	   levels	   obtained	   in	   the	   presence	   of	   BafA1.	   Tubulin	   was	   used	   as	   loading	  
control.	   E2	  or	   ICI	   treatment	  does	  not	   affect	   autophagic	   flux	   in	   each	  of	   the	   analyzed	   cell	   types.	   (B)	  Cells	  
were	   treated	   with	   E2	   or	   ICI	   for	   24	   h	   and	  Western	   blot	   analysis	   of	   indicated	   proteins	   was	   performed.	  
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Tubulin	  served	  as	   loading	  control.	  Except	  of	   the	  pmTOR/mTOR	  ratio	  of	  E2	  and	  ICI	   treatment	  of	  SK-‐ERβ	  
there	  was	  no	  effect	  on	  protein	  expression	  of	  pmTOR/mTOR,	  WIPI1,	  PI3KCIII,	  ATG7	  and	  BAG3	  after	  drug	  
treatment.	  (A	  and	  B)	  Values	  of	  3	   independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  
and	   control	   SK-‐01	   cells	   were	   set	   to	   100%.	   (§)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	  
comparing	   SK-‐ERα	   or	   SK-‐ERβ	   cells	   to	   SK-‐01	   cells	   with	   the	   same	   treatment.	   (#)	   on	   bars	   represent	  
statistical	   significance	   of	   p<0.05	   comparing	   E2	   or	   ICI	   treated	   SK-‐ERα	   cells	   to	   E2	   or	   ICI	   treated	   SK-‐ERβ	  
cells.	   (‡)	   on	  bars	   display	   a	   statistical	   significance	   of	   p<0.05	  of	   E2	   treated	   SK-‐ERβ	   cells	   compared	   to	   ICI	  
treated	  SK-‐ERβ	  cells.	  All	  other	  combinations	  show	  no	  statistical	  significant	  difference.	  (Felzen	  et	  al.,	  2015)	  

	  

Inhibition	   of	   autophagy	   reduces	   resistance	   of	   estrogen	   receptor	   α	  C.1.2.4.	  
expressing	  cells	  to	  oxidative	  stress.	  	  

Oxidative	   stress	   can	   lead	   to	   the	   preferential	   killing	   of	   cancer	   cells	   and	   various	  

pharmacological	  compounds,	  such	  as	  cytostatic	  drugs,	  with	  direct	  or	  indirect	  effects	  act	  

via	   induction	   of	   reactive	   oxygen	   species	   and	   are	   in	   use	   for	   effective	   cancer	   therapies	  

(Gorrini	  et	  al.,	  2013).	  Cells	   react	  on	   increased	  oxidative	   stress	  via	   the	   induction	  of	   the	  

autophagy	  pathway,	  which	  in	  turn	  reduces	  oxidatively	  modified	  proteins,	  and	  organelles	  

that	  would	  negatively	  modify	  the	  protein	  homeostasis	  of	  the	  cell.	  Additionally,	  it	  is	  also	  

discussed	   that	   autophagy	   is	   a	   key	   mechanism	   of	   cell	   survival	   during	   anti-‐estrogen	  

treatment	   and	   progression	   of	   drug	   resistance	   in	   breast	   cancer	   cells	   (Gonzalez	   et	   al.,	  

2014;	   Schoenlein	   et	   al.,	   2009).	   ERα	   expression	   mediates	   increased	   resistance	   of	  

neuroblastoma	  cells	   to	  oxidative	  stress,	  as	  shown	  in	  the	   first	  part	  of	   the	  results	   in	  this	  

thesis.	  Whether	  this	  enhanced	  survival	  is	  mediated	  via	  the	  increased	  autophagic	  activity	  

in	  these	  cell	  lines	  was	  tested.	  Consistent	  with	  our	  previously	  published	  results	  the	  data	  

shows	  SK-‐01	  and	  SK-‐ERβ	  cells	  are	  more	  susceptible	  to	  oxidative	  stress	  induced	  by	  H2O2-‐

treatment	   in	   comparison	   to	   SK-‐ERα	   and	   MCF-‐7	   cells	   measured	   by	   cell	   survival	  

determination	   via	   FACS	   analysis	   after	   propidium	   iodid	   staining	   (Figure	   26).	   	   Co-‐

treatment	   of	   the	   cell	   lines	   with	   BafA1	   was	   performed	   to	   inhibit	   the	   late	   phase	   of	  

autophagy	  to	  further	  investigate	  if	  ERα-‐induced	  autophagy	  contributes	  to	  the	  increased	  

cell	  viability	  after	  stress	   induction.	  The	  results	  showed	  that	   inhibition	  of	  autophagy	  by	  

BafA1-‐treatment	   in	   ERα	   expressing	   cells	   significantly	   reduced	   cell	   survival	   after	  H2O2-‐

treatment	  (Figure	  26,	  B,	  D)	  that	  was	  not	  observed	  in	  ERα	  negative	  cells	  (Figure	  26,	  A,	  C).	  

These	  results	  suggest	  that	  enhanced	  autophagic	  activity	  mediated	  by	  ERα	  contributes	  to	  

the	  resistance	  of	  cells	  to	  oxidative	  stress	  and	  drug	  treatment.	  
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Figure	  26:	   Inhibiting	  the	   late	  phase	  of	  autophagy	  via	  BafA1	  results	   in	  enhanced	  cell	  death	   in	  ERα	  
expressing	  cells	  upon	  exposure	  to	  oxidative	  stress	  induced	  by	  H2O2.	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐
7	  cells	  were	  treated	  with	  vehicle	  control	  or	  400	  µM	  and	  600	  µM	  H2O2	  with	  or	  without	  BafA1	  (500	  nM)	  for	  
24	   h	   and	   cell	   death	   was	   quantified	   by	   flow	   cytometry	   after	   propidium	   iodid	   staining.	   Values	   of	   3	  
independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  and	  representative	  data	  from	  the	  
experiments	   is	   shown	   in	   FACS	   dot	   plot	   profiles.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	  
comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  (Felzen	  et	  al.,	  2015)	  
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Knockdown	  of	  BAG3	  reduces	  autophagic	   flux	  and	  contributes	  to	  a	  partial	  C.1.2.5.	  
reversal	  of	  stress	  resistance	  in	  ERα-‐expressing	  cells.	  	  

BAG3	   has	   previously	   been	   shown	   to	   modulate	   selective	   autophagy,	   proteotoxicity,	  

resistance	   to	   stress	   and	   cancer-‐related	   signaling	   networks	   and	   data	   show	   that	   BAG3	  

expression	   is	   upregulated	   in	   SK-‐ERα	   cells	   (Brendel	   et	   al.,	   2013;	   Colvin	   et	   al.,	   2014b;	  

Gamerdinger	  et	  al.,	  2009b;	  Rapino	  et	  al.,	  2013).	  Therefore,	  downregulation	  of	  BAG3	  may	  

result	   in	   reduced	   autophagic	   activity	   in	   concert	  with	   a	   higher	   vulnerability	   of	   cells	   to	  

oxidative	  stress.	  To	  answer	  this	  question,	  knockdown	  of	  BAG3	  via	  siRNA	  in	  SK-‐01,	  SK-‐

ERα	   and	  MCF-‐7	   cells	  was	   induced	   and	   additionally	   the	   cells	  were	   treated	   for	   the	   flux	  

experiments	   with	   BafA1,	   as	   indicated.	   Knock	   down	   of	   BAG3	   was	   accompanied	   by	  

reduced	   levels	   of	   LC3-‐II	   after	   lysosomal	   inhibition,	   demonstrating	   that	   BAG3	  

downregulation	   significantly	   impairs	   autophagic	   flux	   in	   SK-‐ERα	   cells	   as	  well	   as	   in	   the	  

endogenous	  ERα	  expressing	  MCF-‐7	  cell	  line	  and	  to	  a	  lesser	  extend	  in	  SK-‐01	  cells	  (Figure	  

27,	   A-‐C).	   Next,	   SK-‐01,	   SK-‐ERα	   and	   MCF-‐7	   cells	   were	   transfected	   with	   non-‐sense	   and	  

BAG3	   siRNA	   followed	   by	   treatment	   with	   vehicle	   control	   or	   H2O2	   according	   to	  

experiments	  performed;	  cell	  viability	  was	  measured	  via	  FACS	  analysis	  after	  propidium	  

iodid	  staining.	  The	  data	  showed	  that	  knockdown	  of	  BAG3	  does	  not	  modulate	  cell	  death	  

induced	   by	   H2O2	   compared	   to	   non-‐sense	   treated	   controls	   in	   SK-‐01	   cells	   and	   that	   cell	  

death	   was	   in	   the	   same	   range	   as	   with	   or	   without	   BafA1-‐	   and	   H2O2-‐treatment.	  

Interestingly,	  upon	  siRNA-‐mediated	  BAG3	  knockdown	  and	  H2O2-‐treatment	  a	  significant	  

increase	   in	  sensitivity	   in	  SK-‐ERα	  and	  MCF-‐7	  cells	  was	  detected	  (Figure	  27	  D-‐F),	  which	  

was	  in	  total	  even	  higher	  than	  after	  inhibiting	  just	  the	  late	  phase	  of	  autophagy	  via	  BafA1-‐

treatment.	  Note,	   that	  higher,	   although	  not	   significant,	   cell	   death	   in	   SK-‐ERα	  and	  MCF-‐7	  

cells	   already	   after	   BAG3	   knockdown	   and	   vehicle	   control	   treatment	  was	   detected	   that	  

might	  argue	  for	  a	  more	  general	  role	  of	  BAG3	  and	  basal	  autophagy	  in	  maintaining	  cancer	  

cell	  viability	  in	  ERα-‐positive	  cells.	  	  
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Figure	  27:	  BAG3	  is	  required	  for	  enhanced	  autophagic	  flux	  and	  resistance	  to	  oxidative	  stress	  in	  SK-‐
ERα	   and	  MCF-‐7	   cells.	   (A,B,C)	   SK-‐01,	   SK-‐ERα	   and	  MCF-‐7	   cells	   were	   transfected	  with	   non-‐sense	   siRNA	  
(siNS)	  and	  BAG3	  siRNA	  (siBAG3)	  for	  48	  h,	  as	  indicated.	  Protein	  extracts	  from	  vehicle	  or	  BafA1	  treated	  cells	  
were	   subjected	   to	   Western	   blot	   analysis	   and	   calculation	   of	   autophagic	   flux	   using	   anti-‐LC3	   antibodies.	  
Tubulin	  was	  used	  as	  loading	  control.	  Autophagic	  flux	  was	  determined	  by	  the	  accumulation	  of	  LC3-‐II	  in	  a	  6	  
h	  treatment	  period	  with	  500	  nM	  BafA1.	  Therefore,	  normalized	  LC3-‐II	  levels	  in	  the	  absence	  of	  the	  lysosomal	  
inhibitor	  were	  subtracted	  from	  corresponding	  levels	  obtained	  in	  the	  presence	  of	  BafA1.	  (D,E,F)	  SK-‐01,	  SK-‐
ERα	  and	  MCF-‐7	  cells	  were	   transfected	  with	  non-‐sense	  siRNA	  (siNS)	  and	  BAG3	  siRNA	  (siBAG3)	   for	  48	  h	  
and	   treated	   with	   vehicle	   control	   or	   400	   µM	   and	   600	   µM	   H2O2	   for	   24	   h,	   as	   indicated.	   Cell	   death	   was	  
quantified	  by	  flow	  cytometry	  after	  propidium	  iodid	  staining.	  Values	  of	  3	  (SK-‐01),	  4	  (SK-‐ERα)	  and	  3	  (MCF-‐
7),	   independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  and	  representative	  data	  from	  
the	  experiments	  is	  shown	  in	  FACS	  dot	  plot	  profiles.	  (*)	  on	  bars	  represent	  statistical	  significance	  of	  p<0.05	  
comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  (Felzen	  et	  al.,	  2015)	  
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Tissue	  from	  breast	  cancer	  patients	  that	  were	  characterized	  to	  be	  ERα-‐positive	  or	  ERα-‐

negative	  was	  analyzed	  to	  translate	  our	  results	  obtained	  in	  our	  cellular	  model	  system	  to	  

clinically	   relevant	   conditions.	   Samples	   of	   seven	   ERα-‐positive	   and	   seven	   ERα-‐negative	  

patients	  were	  randomly	  picked	  and	  immunohistochemistry	  with	  antibodies	  against	  ERα,	  

BAG3,	  LC3	  and	  p62/SQSTM1	  was	  performed.	  

The	   data	   showed	   overall	   the	   staining	   intensity	   of	   autophagy	   markers	   LC3	   and	  

p62/SQSMT1	   is	   higher	   in	   ER-‐positive	   compared	   to	   ER-‐negative	   breast	   cancer	   tissue	  

(Figure	  28).	  BAG3	  expression	  generally	  was	  increased	  in	  some	  ER-‐positive	  patients	  but	  

interestingly	  in	  one	  case	  investigated	  (patient	  17889)	  BAG3	  protein	  levels	  were	  reduced	  

in	  regions	  with	  high	  ERα	  expression.	  	  

	  

Together,	   this	   set	   of	   experiments	   shows	   that	   interfering	   with	   the	   autophagy	   pathway	  

reduces	   the	   resistance	  of	  ERα	  expressing	   cells	  and	   sensitizes	   them	   to	   cell	   death	   inducing	  

stress.	  Additionally,	  in	  ER-‐positive	  breast	  cancer	  patients	  autophagy	  markers	  are	  strongly	  

increased	  although	  individual	  changes	  in	  BAG3	  expression	  occur.	  
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Figure	   28:	   Enhanced	   expression	   of	   autophagy	   makers	   in	   ERα-‐positive	   breast	   cancer	   patients.	  
Formalin-‐fixed	   paraffin-‐embedded	   samples	   from	   ER-‐positive	   and	   ER-‐negative	   breast	   cancer	   patients	  
stained	  for	  ERα,	  BAG3,	  LC3,	  SQSTM1	  and	  DAPI,	  were	  used	  for	  immunocytochemistry,	  as	  indicated.	  Images	  
acquired	  by	  confocal	  microscopy	  are	  shown.	  Insets	  (white	  dotted	  line)	  show	  regions	  of	  interest	  with	  high	  
ERα	  expression.	  Scale	  bars:	  50	  µm.	  (Felzen	  et	  al.,	  2015)	  
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The	   role	   of	   the	   autophagic	   protein	   degradation	   system	   in	   neuronal	  C.2.	  
stress	  adaptation	  

	  

Autophagic	  flux	  and	  autophagy	  is	  increased	  in	  hippocampal	  cells	  adapted	  to	  C.2.1.	  
oxidative	  stress	  	  

Autophagy	   in	   situations	   of	   oxidative	   stress	   was	   analyzed	   in	   the	   HT22	   murine	  

hippocampal	  cell	  line.	  Out	  of	  the	  HT22	  mother	  cell	  line	  2	  cell	  clones,	  adapted	  to	  chronic	  

oxidative	  stress,	  were	  generated.	  On	  the	  one	  hand	  H2O2	  (cell	  clone	  HT22H202)	  and	  on	  the	  

other	  hand	  glutamate	  (cell	  clone	  HT22Glu)	  have	  been	  used	  to	  cause	  sub	  lethal	  oxidative	  

stress	   levels	   in	   the	   cell	   and	   to	   induce	   adaptation	   processes.	   Importantly	   in	   our	   cell	  

model,	   glutamate	   is	   not	   inducing	   cell	   death	   by	   excitotoxicity	   and	   in	   a	   glutamate-‐

receptor-‐independent	   way,	   since	   HT22	   cells	   don’t	   express	   functional	   glutamate	  

receptors.	  Glutamate	  is	  rather	  inducing	  oxidative	  cell	  death	  by	  inhibition	  of	  a	  cysteine-‐

glutamate	  antiporter	  resulting	  in	  the	  depletion	  of	  intracellular	  cysteine	  and	  furthermore	  

of	   GSH	   (glutathione:	   γ-‐L-‐Glutamyl-‐L-‐cysteinylglycin)	   one	   of	   the	   main	   antioxidant	  

molecule	  within	   the	   cell	   (Bannai	   and	  Kitamura,	   1980;	  Murphy	   et	   al.,	   1989;	   Sato	   et	   al.,	  

1999)(Bannai	   and	  Kitamura	  1980;	  Murphyet	   al.	   1989;	   Sato	   et	   al.	   1999).	  The	  used	   cell	  

model	   is	   a	   well-‐established	   tool	   for	   the	   research	   of	   resistance	   and	   cytoprotection	   in	  

neurons	  (Schäfer	  et	  al	  2004,	  Clement&Gamerdinger	  2009).	  	  

As	  it	  was	  shown	  by	  Clement	  et	  al.	  2009	  that	  HT22	  cells	  resistant	  to	  oxidative	  stress	  show	  

differences	  in	  the	  lysosomal	  compartment	  compared	  to	  the	  sensitive	  mother	  cell	  line	  we	  

asked	   whether	   there	   are	   also	   changes	   upstream	   of	   the	   degradation	   pathways	   which	  

ends	   up	   in	   the	   lysosomes.	  When	   stopping	   the	   lysosomal/autophagosomal	   fusion	  with	  

the	  v-‐ATPase	   inhibitor	  bafilomycin	  (BafA1)	  the	  accumulation	  of	  LC3II	  and	  p62/SQSTM	  

was	  measured,	   in	  all	  of	   the	  cell	   lines	  by	  Western	  blot.	   Indeed,	   the	   resistant	   cells	   show	  

higher	  autophagic	  flux	  in	  comparison	  with	  HT22	  cells	  when	  measuring	  the	  accumulation	  

of	  LC3II	  as	  well	  as	  p62/SQSTM	  (Figure	  29).	  
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Figure	   29	   Autophagic	  markers	   are	   increased	   in	   hippocampal	   cells	   adapted	   to	   chronic	   oxidative	  
stress.	   (A)	   Protein	   extracts	   from	   HT22,	   HT22Glu	   and	   HT22H2O2	   have	   been	   taken	   after	   6h	   of	   BafA1	  
treatment	   to	   stop	   the	   autophagosome/lysosomes	   fusion	   and	   expression	   of	   the	   indicated	   proteins	   was	  
detected	   by	   western	   blotting.	   (B,C)	   The	   autophagic	   flux	   was	   measured	   after	   densitomeric	   analysis.	  
Therefore,	   normalized	   LC3-‐II	   levels	   in	   the	   absence	   of	   the	   lysosomal	   inhibitor	   were	   subtracted	   from	  
corresponding	  levels	  obtained	  in	  the	  presence	  of	  BafA1.	  	  (D)	  Densitometric	  analysis	  of	  the	  BAG3	  signal	  of	  
untreated	   cells	   after	   normalization	   to	   tubulin	   is	   shown.	   (E)	   HT22	   and	   HT22H2O2	   cells	   were	  
immunhistochemically	   stained	   against	   the	   indicated	   proteins.	   Scale	   bars:10µM.	   Pictures	  were	   taken	   by	  
confocal	  microscopy.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  
and	   control	   HT22	   cells	   were	   set	   to	   100%.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	  
comparing	  2	  groups.	  
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BAG3	   expression	   is	   increased	   in	   hippocampal	   cells	   exposed	   to	   chronic	  C.2.1.1.	  
oxidative	  stress	  	  

The	  increased	  autophagic	  flux	  in	  the	  cells	  adapted	  to	  oxidative	  stress	  directed	  to	  further	  

investigations	  to	  analyze	  the	  degradation	  pathway	  in	  more	  detail.	  It	  is	  known	  that	  under	  

oxidative	  stress	  conditions,	   the	  BAG3-‐mediated	  selective	  autophagy	  could	  be	  activated	  

(Gamerdinger,	   2009).	   When	   detecting	   BAG3	   by	   immunoblotting,	   it	   was	   found	   to	   be	  

highly	   upregulated	   in	   the	   adapted	   cells	   compared	   to	   the	   control	   cell	   line	   (Figure	   29).	  

These	  findings	  suggest	  that	  the	  BAG3-‐mediated	  selective	  autophagy	  may	  be	  involved	  in	  

the	  adaptation	  process	  of	  the	  cell,	  since	  BAG3	  is	  known	  to	  clear	  aggregated	  prone	  cargo	  

via	   autophagy	   by	   the	   interaction	   with	   HSP70	   and	   p62/SQSTM	   (Gamerdinger	  

2009,2011).	   In	   the	   first	   part	   of	   this	   study	   BAG3	   was	   already	   shown	   to	   be	   highly	  

expressed	  in	  cells	  adapted	  to	  stress	  and	  HSP70	  was	  also	  found	  to	  be	  highly	  upregulated	  

in	   HT22Glu	   and	   HT22H2O2	   cells	   in	   fomer	   studies	   (Clement	   et	   al.2009).	   The	   chaperone	  

HSP70	   is	   cooperating	   with	   different	   co-‐chaperones	   including	   the	   BAG	   proteins	   to	  

transfer	   substrates	   to	   suitable	   degradation	   machineries.	   In	   cellular	   models	   of	   aging,	  

where	   oxidative	   stress	   levels	   rise,	   a	   switch	   from	   the	   BAG1-‐mediated	   proteasomal	  

degradation	   to	   a	   BAG3-‐mediated	   selective	   macroautophagy	   was	   found	   (BAG1/BAG3	  

switch).	  That’s	  why	  in	  a	  next	  step	  the	  BAG1	  levels	  in	  the	  cell	  lines	  were	  investigated.	  

	  The	  co-‐chaperone	  BAG1L	  is	  downregulated	  in	  resistant	  cells	  C.2.1.2.	  

The	   co-‐chaperone	   BAG1	   is	   binding	   to	   HSP70	   but	   is	   rather	   directing	   substrates	   to	   the	  

proteasomal	   degradation	   system/UPS	   than	   to	   the	   autophagosomes.	   Since	   a	   BAG1	   to	  

BAG3	  switch	  was	  found	  in	  aged	  cells	  as	  well	  as	  in	  HEK	  cells	  exposed	  to	  acute	  oxidative	  

stress,	  it	  was	  also	  of	  interest	  to	  know	  if	  this	  phenomenom	  is	  also	  true	  for	  neuronal	  cells	  

and	  is	  a	  more	  general	  mechanism	  also	  in	  adaptation	  processes.	  Therefore	  the	  expression	  

pattern	   of	   BAG1	   in	   the	   oxidative	   stress	   adapted	   cells	   was	   investigated.	   BAG1	   is	  

expressed	  in	  4	  isoforms	  (BAG1,	  BAG1L,	  BAG1M	  and	  BAG1S),	  with	  the	  highest	  expression	  

levels	   of	   BAG1L	   and	   S	   in	   mouse	   cells.	   	   All	   of	   the	   BAG1	   isoforms	   were	   detected	   by	  

immunoblotting	  against	   the	  BAG	  domain.	  One	  of	   the	  BAG	   isoforms,	  BAG1L,	  was	   found	  

significantly	   downregulated	   in	  HT22H2O2	   and	  HT22Glu	   cells	   compared	   to	   the	  HT22	   cell	  

line	  (Figure	  30),	  which	  is	  exactly	  the	  same	  isoform	  besides	  BAG1	  that	  was	  also	  found	  to	  

be	   downregulated	   in	   aged	   cells.	   Taken	   together	   BAG3	   and	   BAG1L	   are	   reciprocally	  

regulated	  in	  cells	  exposed	  to	  chronic	  oxidative	  stress	  and	  display	  an	  expression	  pattern	  

equivalent	  to	  aged	  cells	  (Gamerdinger,	  2009).	  
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Figure	   30:	   Adaptation	   to	   oxidative	   stress	   reduces	   BAG1L	   expression.	   (A)Protein	   extracts	   from	  
untreated	  HT22,	  HT22Glu	  and	  HT22H2O2	  cells	  were	  subjected	  to	  Western	  blot	  analysis	  for	  the	  indicated	  
proteins.	   Tubulin	   was	   used	   as	   loading	   control.	   (B)	   Densitometric	   analysis	   of	   the	   expression	   profile	   of	  
BAG1L	  are	  shown.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  and	  
control	  HT22	  cells	  were	  set	  to	  100%.	  (*)	  on	  bars	  represent	  statistical	  significance	  of	  p<0.05	  comparing	  2	  
groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  

	  

Autopagy	   induction	   is	   independent	   of	   canonical	   mTOR	   regulation,	   Atg7	  C.2.1.3.	  
and	  Atg4	  protein	  expression	  but	  displays	  a	  BECN1	  protein	  upregulation	  

BAG3	   was	   identified	   as	   autophagy	   adapter	   and	   inducer	   of	   selective	   autophagy	  

(Gamerdinger	   et	   al.,2009/2011),	   and	   as	   in	   this	   study	   BAG3	   was	   found	   highly	  

upregulated	   in	   cells	   exposed	   to	   chronic	   oxidative	   stress,	   it	   was	   of	   interest	   to	   further	  

focus	   on	   the	   macroautophagic	   pathway.	   A	   main	   regulator	   of	   autophagy	   is	   the	  

mammalian	   target	   of	   rapamycin	   (mTOR).	   mTORC1,	   existing	   of	   mTOR	   and	   Raptor,	  

represents	  a	  repressor	  of	  autophagy,	  as	  if	  it	  is	  hyperactivated	  inhibits	  the	  ULK-‐complex	  

and	   represses	   downstream	   induction	   of	   autophagosome	   generation.	   In	   nutrient	  

depletion	  mTOR	   is	   inactivated	   by	  Raptor	   and	   furthermore	   autophagy	   is	   initiated.	  One	  

possibility	  to	  check	  for	  mTOR	  activity	  is	  the	  detection	  of	  the	  phosphorylation	  site	  S2448.	  

Downregulated	  phosphorylation	  correlates	  with	  decreased	  mTORC1	  activity	  (M.Rosner	  

et	  al,2010)	  and	  hence	  autophagy	  activation	  takes	  place.	  When	  detecting	  mTOR	  and	  the	  

phosphorylated	   protein	   there	   were	   no	   changes	   in	   phosphorylation	   status	   and	   ratio	  
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detectable	   in	   the	  resistant	  cells	  HT22Glu	  and	  HT22H2O2	  compared	  to	  HT22	  cells	   (Figure	  

31	  A,D).	  	  

Atg7	  accelerates	  the	  conjugation	  of	  phosphatidylethanolamine	  (PE)	  to	  LC3I	  to	  form	  the	  

membrane	   associated	   LC3-‐II	   (Kabeya,2000)	   and	   is	   of	   main	   relevance	   for	   autophagy	  

function.	  But	   again,	   there	  was	  no	  detection	  of	   a	   regulation	  of	  Atg7	   in	   the	   adapted	   cell	  

HT22Glu	  and	  HT22H2O2	  compared	  to	  HT22	  (Figure	  31	  B,E).	  	  

A	   known	   autophagy-‐related	   protein,	  which	   is	   regulated	   directly	   by	   oxidative	   stress	   is	  

ATG4.	   ATG4	   cleaves	   the	   COOH-‐terminal	   of	   LC3	   and	   also	   delipidates	   LC3II	   on	   the	  

cytosolic	  membrane	  (Ravikumar	  20010).	  The	  delipidation	  process	  is	  dependent	  on	  the	  

oxidative	   state	   of	   Atg4.	   Under	   oxidative	   conditions	   Atg4	   itself	   gets	   oxidized	   and	   is	  

inactivated	  (Scherz-‐Shouval	  R.	  2007).	  When	   investigating	  Atg4	  via	   immunoblotting	  we	  

could	  not	  detect	  any	  differences	  in	  the	  adapted	  cells	  in	  comparison	  to	  HT22	  cells	  (Figure	  

31	  B,E).	  It	  has	  to	  be	  mentioned	  that	  in	  this	  study	  the	  expression	  levels	  of	  the	  protein,	  but	  

not	  the	  oxidation	  status	  has	  been	  controlled,	  which	  would	  give	  further	  hinds	  about	  the	  

regulation	  status	  of	  Atg4	  in	  more	  detail.	  

Taken	  together	  autophagy	  induction	  in	  the	  case	  of	  adaptation	  processes	  to	  oxidative	  cell	  

stress	   is	   independent	   of	   mTOR	   phosphorylation	   as	   well	   as	   Atg7	   and	   Atg4	   protein	  

expression.	  

Another	   main	   regulator	   of	   autophagy	   displays	   the	   PI3K/BECN1	   complex,	   which	   is	  

required	   for	   the	   recruitment	   of	   PI3P	   to	   the	   phagophore.	   Therefore,	   it	   was	   of	   interest	  

whether	   BECN1	   is	   responsible	   for	   the	   activation	   of	   the	   atutophagic	   pathway	   in	   the	  

adapted	   cell	   lines	   while	   mTOR	   was	   shown	   to	   be	   unregulated.	   Indeed,	   higher	   BECN1	  

protein	  expression	  levels	  in	  HT22Glu	  and	  HT22H2O2	  cells	  were	  detected	  when	  compared	  

to	  the	  HT22	  mother	  cell	  line	  (Figure	  31	  C,G).	  	  
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Figure	   31	  Adaptation	   to	   oxidative	   stress	   enhances	   the	   expression	   of	   Beclin1	   protein	   expression	  
but	   excludes	   regulation	   of	   main	   canonical	   autophagy	   regulators	   mTOR,	   Atg7	   and	   Atg4.	   Protein	  
extracts	  from	  untreated	  cells,	  HT22,	  HT22Glu	  and	  HT22H2O2	  were	  used	  to	  perform	  Western	  blot	  analysis	  
for	   detection	   of	   indicated	   proteins.	   The	   diagrams	   display	   the	   protein	   levels	   after	   normalization	   to	  
corresponding	  Tubulin.	  Values	  of	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  ±	  s.e.m.	  
and	   control	   SK-‐01	   cells	   were	   set	   to	   100%.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	  
comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  	  

Taken	   together	   a	   mTOR	   independent	   autophagic	   pathway	   without	   changes	   in	   the	  

expression	  pattern	  of	  main	  autophagy	  regulators	  Atg7	  and	  Atg4	  has	  been	  detected	  in	  cells	  

which	   are	   resistant	   to	   chronic	   oxidative	   stress.	   Instead	   BECN1,	   a	   main	   inducer	   of	  

autophagy	  is	  highly	  upregulated	  within	  the	  adaptation	  process.	  	  

The	   lysosomal	  compartment	   is	  an	   important	  component	  of	   the	  autophagy	  degradation	  

pathway.	  In	  former	  studies	  the	  adaptation	  process	  of	  the	  HT22	  cells	  have	  been	  shown	  to	  

be	   associated	   with	   changes	   in	   the	   lysosomal	   compartment	   (Clement	   et	   al	   2009)	   and	  

have	  therefore	  been	  analyzed	  further	  in	  the	  next	  section	  of	  the	  current	  studies.	  
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Lysosomal	   rearrangement	   in	   hippocampal	   cells	   adapted	   to	   oxidative	  C.2.1.4.	  
stress	  is	  induced	  by	  BAG3	  overexpression	  	  

Autophagosomes	   engulf	   cargo	   in	   double	   membranes	   and	   end	   up	   in	   fusion	   with	  

lysosomes	  to	  form	  so	  called	  autolysosomes.	  It	  has	  already	  been	  shown	  in	  former	  studies	  

of	  our	   lab	   that	   in	  oxidative	   stress-‐resistant	   cells	   the	   lysosomes,	  detected	  by	   lysosomal	  

associated	   membrane	   protein	   2	   (LAMP2)	   stainings,	   are	   differentially	   distributed	  

compared	  to	  the	  HT22	  wild	  type	  cells.	  Furthermore	  lysotracker	  staining,	  visualizing	  the	  

acidic	   compartments	   in	   the	   cell,	   indicated	   different	   amount	   and	   localization	   of	  

lysosomes	  in	  oxidative	  stress-‐resistant	  cells.	  Western	  blot	  analysis	  revealed	  statistically	  

significant	  higher	  LAMP1	  protein	  expression	   levels	   in	   the	  resistant	  cells	  HT22Glu	  and	  a	  

tendency	   of	   a	   higher	   expression	   in	   HT22H2O2	   cells	   in	   comparison	   to	   the	   non-‐resistant	  

cells	  HT22	  (Figure	  32	  A,B).	  	  

	  

Figure	   32:	   BAG3	   expression	   promotes	   the	   rearrangement	   of	   the	   lysosomal	   compartment	  
comparible	  as	  in	  cells	  exposed	  to	  chronic	  oxidative	  stress.	  (A,B)	  Protein	  extracts	  from	  untreated	  cells	  
were	   analyzed	   via	   western	   blotting	   and	   quantification	   of	   LAMP1	   expression	   was	   calculated	   by	  
densitometric	   analysis	   after	   normalization	   to	   tubulin.	   (C)	   Representative	   pictures	   of	   lysotracker	   red	  
staining	   (LT)	   in	  untreated	  HT22,	  HT22	  empty	  vector	   transfected	   (HT22eV),	  HT22	  overexpressing	  BAG3	  
and	  HT22	  adapted	  to	  H2O2	  (HT22H2O2)	  cells,	  are	  shown.	  DAPI	  (blue)	  was	  used	  to	  stain	  DNA.	  Scale	  bars:	  
10	  µm.	  Representative	  images	  acquired	  by	  confocal	  microscopy	  are	  shown.	  3	  independent	  experiments	  in	  
each	   panel	   are	   expressed	   as	   mean	   ±	   s.e.m.	   (*)	   on	   bars	   represent	   statistical	   significance	   of	   p<0.05	  
comparing	  2	  groups	  and	  n.s.	  displays	  no	  statistical	  significant	  difference.	  
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Lysotracker	   stainings	   have	   been	   prepared	   in	   conditions	   of	   overexpressing	   of	   BAG3	   to	  

analyze	   the	   lysosomal	   compartment	   with	   respect	   to	   the	   BAG3-‐mediated	   selective	  

autophagic	   pathway.	   Comparing	   untreated	   cells	   (HT22),	   cells	   transfected	   with	   empty	  

vector	   (HT22eV),	   cells	   overexpressing	   BAG3	   (HT22BAG3oe)	   and	   the	   resistant	   cells	  

(HT22H2O2)	   small	   dotted	   perinuclear	   accumulated	   lysosomes	   in	   HT22	   and	   HTeV	   cells	  

were	   found.	   Oxidative	   stress	   resistant	   cells	   (HT22H2O2	   )	   showed	   elevated	   number	   of	  

lysosomes	  with	  increased	  size	  in	  comparison	  to	  non-‐resistant	  cells,	  and	  the	  same	  results	  

could	  also	  be	  detected	  in	  HT22BAG3oe	   .	  After	  overexpression	  of	  BAG3	  the	  distribution	  of	  

lysosomes	  is	  similar	  to	  the	  resistant	  cell	  line	  (Figure	  33	  C).	  	  

The	   results	   indicate	   that	   the	   distribution	   of	   lysosomes	   as	   well	   as	   the	   size	   of	   the	   acidic	  

compartments	   is	   changed	   in	   cells	   resistant	   to	   oxidative	   stress	   and	   that	   it	   is	   very	   likely	  

influenced	  by	  BAG3	  protein	  level.	  

	  

In	   the	   previous	   work	   of	   this	   thesis	   protein	   homeostasis	   under	   oxidative	   stress	  

conditions	  in	  vitro	  in	  hippocampal	  cells	  was	  studied.	  For	  this	  reason,	  it	  was	  of	  interest	  if	  

the	  results	  are	  translatable	  into	  in	  vivo	  situations	  in	  the	  brain.	  

Proteinhomeostasis	  is	  altered	  after	  traumatic	  brain	  injury	  (TBI)	  in	  vivo	  C.2.1.5.	  

In	   traumatic	   brain	   injuries	   (TBI)	   oxidative	   stress	   is	   thought	   to	   play	   a	   crucial	   role	   in	  

inducing	   cell	   death	   and	   served	   as	   a	   particularly	   suitable	   pathophysiological	   model	  

(Kontos	   and	   Povlishock,	   1986;	   Tyurin	   et	   al.,	   2000).	   A	   well-‐established	   model	   for	  

traumatic	   brain	   injury	   in	   mice	   is	   the	   “controlled	   cortical	   impact”	   (CCI)	   (Xiong	   et	   al.,	  

2013).	  CCI	  is	  a	  method	  to	  perform	  traumatic	  brain	  injuries	  in	  mice	  through	  the	  setting	  of	  

a	   rigid	   impactor.	   Following	   a	   craniotomy	  mechanical	   energy	   is	   delivered	   to	   an	   intact	  

dura	  whereby	  the	  impact	  is	  made	  under	  precise	  parameters	  to	  achieve	  a	  pre-‐determined	  

deformation	  depth	  an	  reproducibility.	  	  

Characterizing	  changes	  in	  the	  BAG3-‐mediated	  selective	  macroautophagic	  pathway	  after	  

TBI	  the	  BAG3	  protein	  expression	  pattern	  in	  mice	  brain	  12h,	  24h	  and	  48h	  after	  CCI	  was	  

analyzed	   and	   compared	   to	   control	   animals.	   Western	   blot	   analysis	   of	   BAG3	   protein	  

expression	  revealed	  higher	  expression	  of	  BAG3	  12	  h	  and	  24	  h	  after	  CCI	  as	  compared	  to	  

control	   animals.	   Strikingly	   after	   48	   h	   after	   CCI	   the	   BAG3	   protein	   expression	   was	  

significantly	  upregulated	   (Figure	  34	  A).	  Furthermore	   the	  CCI	  exposed	   site	   (ipsilateral)	  



C	  	  Results	  	   	   63	  

was	  compared	  with	  the	  non-‐CCI	  exposed	  site	  of	  the	  brain	  (contralateral)	  for	  autophagy	  

markers	  by	  immunohistochemistry.	  The	  Data	  revealed	  higher	  LC3,	  p62/SQSTM	  as	  well	  

as	   BAG3	   levels	   in	   the	   ipsilateral	   site	   of	   the	   lesion	   6h	   after	   CCI	   compared	   to	   the	  

contralateral	   site	   (Figure	   34	   B).	   Furthermore	   LC3_GFP	   mice	   showed	   the	   same	  

distribution	  pattern	  as	  we	  found	  LC3	  enriched	  in	  ipsilateral	  areas	  after	  CCI	  compared	  to	  

contralateral	  sites	  (Figure	  34	  C).	  	  
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Figure	  34:	  Autophagic	  markers	   increase	   in	   ipsilateral	  brain	  areas	  after	  CCI.	   (Studies	  were	   carried	  
out	   in	  Cooperation	  with	  Christina	  Gölz;	  Univ.-‐Prof.	  Dr.	  med.	  Kristin	  Engelhard;	  clinics	   for	  anesthesiology	  
University	  medical	  center	  of	  the	  Johannes	  Gutenberg-‐University;	  and	  LC3_GFP	  mice	  were	  kindly	  provided	  
from	  Prof.	  Dr.	  Irmgard	  Tegeder,	  Frankfurt).	  (A)	  Protein	  extracts	  from	  brain	  lysates	  of	  untreated	  mice	  (Ctr)	  
as	   well	   as	   ipsilateral	   brain	   sites	   12	   h,	   24	   h	   and	   48	   h	   post	   CCI	   were	   analysis	   by	   Western	   blotting	   for	  
indicated	   proteins	   followed	   by	   densitometric	   analysis.	   (B)	   Brain	   slices	   6h	   post	   CCI	   were	   used	   for	  
immunocytochemistry	   to	   detect	   the	   contribution	   of	   indicated	   autophagosomal	   markers.	   Ipsi-‐	   and	  
contralateral	   brain	   regions	   of	   equal	   hemisphere	   areas	   are	   shown.	   (C)	   LC3_GFP	  mice	   have	   been	  used	   to	  
improve	   the	   quantification	   of	   LC3	   signal	   after	   CCI.	   Again	   pericontusional	   ipsilateral	   sites	   have	   been	  
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compared	   to	  equal	  areas	   in	   the	  contralateral	  hemisphere.	  Green	  dots	   show	  accumulation	  of	  LC3	  signals	  
that	  indicate	  autophagosomal	  structures.	  3	  independent	  experiments	  in	  each	  panel	  are	  expressed	  as	  mean	  
±	   s.e.m.	   (*)	  on	  bars	   represent	   statistical	   significance	  of	  p<0.05	   comparing	  2	  groups	  and	  n.s.	   displays	  no	  
statistical	  significant	  difference.	  

Answering	  the	  question	  whether	  the	  accumulation	  of	  LC3	  and	  p62/SQSTM	  after	  CCI	   is	  

due	  to	  an	  induction	  rather	  than	  to	  a	  disturbance	  of	  autophagy,	  the	  autophagic	  flux	  after	  

CCI	   in	   acute	   brain	   slices	   was	   quantified.	  Western	   blot	   analysis	   of	   LC3II	   accumulation	  

with	   and	   without	   chloroquine	   treatment	   of	   sham	   and	   CCI	   animals	   detected	   a	  

significantly	  higher	  autophagic	  flux	  in	  the	  ipsilateral	  site	  of	  CCI	  exposed	  animals.	  (Figure	  

35).	  

	  

Figure	   35:	   Ipsilateral	   brain	   areas	   are	  
characterized	   by	   a	   higher	   autophagic	   flux	  
compared	   to	   sham	   animals.	   (Studies	   were	  
carried	   out	   in	   Cooperation	   with	   Florie	   Le	  
Prieult;	  Prof	  Dr	  Thomas	  Mittmann;	  Institute	  of	  
physiology;	   Universitymedicine	   of	   the	  
Johannes	   Gutenberg-‐University).	   Acute	   brain	  
slices	  have	  been	  prepared	  48h	  post	  CCI	  as	  well	  
as	  sham	  operated	  mice	  and	   incubated	  2h	  with	  
Chloroquine	   (200µM)	   in	   oxygenated	  
incubation	   chambers	   (All	   done	   by	   Florie	   Le	  
Prieult).	  Protein	  lysates	  have	  been	  analyzed	  by	  
western	  blotting	  against	  indicated	  proteins	  and	  
quantified	   by	   densitometric	   analysis	   (carried	  
out	   by	   Vanessa	   Felzen).	   3	   independent	  
experiments	   in	   each	   panel	   are	   expressed	   as	  
mean	   ±	   s.e.m.	   (*)	   on	   bars	   represent	   statistical	  
significance	  of	  p<0.05	  comparing	  2	  groups	  and	  
n.s.	  displays	  no	  statistical	  significant	  difference.	  

	  

	  

Taken	  together	  increased	  levels	  of	  BAG3	  protein	  levels	  have	  been	  detected	  after	  CCI	  in	  mice	  
in	   vivo,	   that	   might	   be	   due	   to	   the	   induction	   of	   BAG3-‐mediated	   selective	   autophagy.	  
Strikingly,	   we	   detected	   higher	   autophagic	   flux	   in	   ipsilateral	   brain	   areas	   in	   acute	   brain	  
slices	  of	  mice	  after	  CCI.	  The	  data	  found	  in	  vivo	  furthermore	  correlate	  with	  the	  findings	  of	  
the	  in	  vitro	  studies	  and	  highlight	  a	  role	  for	  autophagy,	  with	  a	  special	  focus	  on	  BAG3,	  and	  
stress	  adaptation	  processes.	  	  
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Discussion	  D.	  

Recently	   BAG3-‐mediated	   selective	   macroautophagy,	   a	   new	   pathway	   of	   autophagy,	   has	  

been	   discovered	   by	   one	   group	   of	   the	   Behl	   lab,	   but	   still	   the	   exact	   role	   of	   BAG3	   in	  

autophagy	   and	   pathophysiology	   has	   to	   be	   clarified	   in	   detail.	   In	   this	   work,	  

macroautophagy	  with	  a	  focus	  on	  BAG3,	  was	  therefore	  the	  main	  field	  of	  interest.	  Detailed	  

analysis	   has	   been	   performed	   to	   describe	   ER-‐dependent	   autophagy	   in	   cell	   lines	  

ectopically	  and	  endogenously	  expressing	  ER	  as	  well	  as	  in	  breast	  cancer	  tissue.	  The	  study	  

identified	   a	   non-‐canonical	   autophagic	   pathway	   induced	   by	   ERα,	   which	   is	   partially	  

regulated	  by	  BAG3	  and	  induced	  cell	  resistance	  to	  oxidative	  stress.	  In	  the	  second	  part	  of	  

this	   work,	   research	   on	   autophagy	   and	   cytoprotection	   in	   neuronal	   cell	   systems	   was	  

translated	   into	   an	   in	   vivo	   insult	  model.	   Hippocampal	   cells	   exposed	   to	   oxidative	   stress	  

revealed,	  that	  a	  non-‐canonical	  autophagy	  pathway	  independent	  of	  mTOR,	  but	  including	  

BECN1	  and	  BAG3	  expression,	   is	  strongly	   induced,	   that	   leads	  to	  a	  rearrangement	  of	   the	  

lysosomal	   compartment	   and	   may	   act	   as	   an	   adaptation	   process	   to	   chronic	   and	   acute	  

oxidative	  stress,	  which	  might	  maintain	  survival	  in	  neuronal	  cells.	  

In	   both	   mentioned	   in	   vivo	   and	   in	   vitro	   systems	   the	   relevance	   of	   autophagy	   in	   stress	  

resistance	   was	   analyzed	   in	   detail	   and	   its	   implications	   in	   breast	   cancer	   and	  

neurodegeneration	  are	  discussed	  in	  the	  following	  sections.	  

ERα	  regulates	  apoptosis	  and	  autophagy	  providing	  cytoprotection	  D.1.	  

This	  study	  employed	  a	  well-‐characterized	  model	  of	  transformed	  cells,	  which	  ectopically	  

express	  ERα	  or	  ERβ.	  Moreover	  a	  patient-‐derived	  ERα-‐positive	  breast	  cancer	  cell	  line	  was	  

used	  and	  revealed	  a	  down	  regulation	  of	  the	  expression	  of	  mediators	  of	  apoptosis,	  as	  well	  

as	   a	   strong	   resistance	   of	   ERα	   expressing	   cells	   to	   oxidative	   stress.	   Furthermore,	  BAG3,	  

was	   found	   to	   be	   highly	   up-‐regulated	   in	   ERα	   expressing	   cells.	   This	   suggests	   that	  

autophagy	  may	   be	   involved	   in	   the	   induction	   of	   resistance	   against	   oxidative	   stress	   via	  

ERα.	  Hence,	  a	  detailed	  analysis	  of	  the	  autophagic	  pathway	  was	  performed.	  

ERα	  expression	  leads	  to	  the	  repression	  of	  caspase	  3	  and	  high	  levels	  of	  BAG1	  D.1.1.	  
and	  BAG3	  on	  protein	  level	  

The	  results	   link	  the	  expression	  of	  ERα	  in	  neuroblastoma	  and	  breast	  cancer	  cells	  to	  the	  

down-‐regulation	   of	   main	   players	  modulating	   apoptosis	   including	   the	   key	   executioner	  

caspase,	   caspase	   3,	   as	   well	   as	   BAG	   proteins	   which	   correlates	   with	   the	   increased	  
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resistance	   against	   oxidative	   stress.	   In	   addition	   to	   the	   observed	   down-‐regulation	   of	  

caspase	  3,	  an	   increased	  bcl2/bax-‐ratio	   in	  ERα	  expressing	  cells	  described	  by	  Brendel	  &	  

Felzen	   et	   al.2013	   might	   furthermore	   support	   the	   ERα-‐dependent	   suppression	   of	  

apoptosis.	   Interestingly,	   the	  ERα-‐mediated	  protection	  against	  apoptosis	  occurs	  already	  

in	   the	   absence	   of	   17β-‐estradiol.	   In	   fact,	   we	   have	   previously	   observed	   effects	   of	   ERα	  

without	   further	   addition	   of	   17β-‐estradiol	   in	   the	   context	   of	   silencing	   caveolin	   1	   and	  

caveolin	  2	   gene	  expression	   in	  SK-‐ERα	  cells	   (Zschocke	  et	  al.,	  2002).	  Down-‐regulation	  of	  

caspase	   3	   expression	   may	   be	   induced	   via	   non-‐classical,	   cytosolic	   effects	   of	   ER	   or	  

upstream	  cross-‐talk	  of	  ER	  signaling.	  ERs	  present	  in	  the	  cytoplasm	  have	  been	  reported	  to	  

interact	   with	   various	   signaling	   pathways,	   including	   the	   PI3K	   pathway	   (Behl,	   2002a;	  

Simoncini	  et	  al.,	  2000).	  	  

Interestingly	   the	   expression	   of	   the	   anti-‐apoptotic	   BAG	   proteins	   BAG3	   and	  BAG1	  were	  

highly	   regulated	   in	   ERα	   cells.	   BAG1	   and	   its	   family	   member	   BAG3	   maintain	   the	  

expression	   of	   the	   anti-‐apoptotic	   proteins	   BCL2,	   BCL-‐XL	   and	  MCL1	   (Aveic	   et	   al.,	   2011;	  

Zhang	  et	  al.,	  2011).	  Furthermore	  BAG3	  is	  cleaved	  by	  caspase	  3	  (Wang	  et	  al.,	  2010)	  and	  

our	  results	  show	  strong	  stabilization	  of	  the	  full-‐length	  BAG3	  protein,	  which	  supports	  the	  

finding	   of	   an	   almost	   complete	   silencing	   of	   caspase3	   activity.	   Residual	   BAG3	   cleavage	  

products	  might	  be	   caused	  via	  processing	  by	   caspase	  1	  or	  8,	  which	  are	   also	   capable	  of	  

shedding	   BAG3	   into	   fragments	   (but	   to	   a	   lower	   extent)	   (Wang	   et	   al.,	   2010).	   The	  

multifunctional	   protein	   BAG1	   has	   also	   been	   shown	   to	   be	   involved	   in	   various	   cell	  

processes	  involved	  in	  cell	  survival	  (Townsend	  et	  al.,	  2005)	  and	  was	  up-‐regulated	  in	  cells	  

expressing	  ERα.	  Co-‐silencing	  of	  BAG1	  and	  BAG3	  caused	  an	  enhanced	  predisposition	  to	  

cell	   death	   in	   cell	   lines	   and	   primary	   neurons	   (Aveic	   et	   al.,	   2011)	   that	   underlines	   our	  

findings	   that	   ERα	   expressing	   cells	   with	   increased	   levels	   of	   BAG1	   and	   BAG3	   display	  

enhanced	  survival	  capacity	  under	  oxidative	  stress	  conditions.	  	  

	  

	  Impact	  of	  autophagy	  in	  estrogen	  receptor-‐dependent	  stress	  resistance	  and	  D.1.2.	  
breast	  cancer	  

	  

Beside	  the	  apoptosis-‐related	  impact	  of	  BAG1	  and	  BAG3,	  they	  also	  represent	  key	  players	  

to	   control	   cellular	   protein	   homeostasis.	   BAG1	   controls	   proteasome	  dependent	   protein	  
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degradation,	   whereas	   BAG3	   is	   involved	   in	   the	   clearance	   of	   aggregated	   proteins	   in	  

fibroblasts	  as	  well	  as	  in	  post-‐mitotic	  aged	  neurons	  (Gamerdinger	  et	  al.,	  2009a).	  	  

BAG3	   regulates	   the	   degradation	   of	   target	   proteins	   via	   direct	   interaction	   with	   the	  

chaperone	   complex	   HSP70/HSC70	   controlling	   PQC,	   which	   is	   called	   BAG3-‐mediated	  

selective	   macroautophagy.	   We	   found	   highly	   elevated	   HSP70	   protein	   levels	   in	   ERα	  

expressing	   cells,	   suggesting	   that	   this	   interaction	  might	   contribute	   to	   stabilize	   protein	  

homeostasis,	  thereby	  leading	  to	  cytoprotection.	  A	  secured	  PQC	  is	  known	  to	  stabilize	  cell	  

survival	   and	   in	   particular	   autophagy	   has	   been	   implicated	   in	   cytoprotection,	   ranging	  

from	   cancer	   cell	   resistance	   to	   neuroprotection	   (Apel	   et	   al.,	   2008;	   Berardi	   et	   al.,	   2011;	  

Mizushima	  et	  al.,	  2008).	  

Hence,	   the	   focus	   of	   our	   further	   studies	  was	   especially	   on	   the	   detailed	   analysis	   of	   the	  

autophagic	  pathway.	  	  

Breast	   cancer	   is	   a	   heterogeneous	   disease,	   which	   is	   clinically	   classified	   as	   steroid	  

hormone	   receptor-‐positive,	   HER2-‐positive	   and	   triple	   negative	   tumors.	   Approximately	  

70%	  of	   newly	  diagnosed	  breast	   cancers	   are	  ER-‐positive.	  Out	   of	   the	   two	   forms	  of	   ERs,	  

ERα	   and	   ERβ,	   ERα	   levels	   are	   specifically	   analyzed	   in	   clinical	   specimens	   as	   binding	   of	  

estrogen	  to	  ERα	  has	  been	  found	  to	  stimulate	  proliferation	  of	  breast	  cancer	  cells.	  It	  is	  well	  

known	  that	  breast	  cancer	  cells	  may	  develop	  endocrine	  resistance	  and	  resistance	  to	  anti-‐

hormone	   therapy	   which	   might	   be	   facilitated	   by	   up-‐regulation	   of	   the	   autophagic	  

machinery	   (Cook	   et	   al.,	   2011).	   However	   up	   to	   now	   the	   description	   of	   a	   detailed	  

autophagy	  expression	  profile	  of	  ER-‐positive	  cancer	  cells	  has	  not	  been	  done.	  

We	  could	  show	  that	  the	  expression	  of	  ERα,	  but	  not	  ERβ,	  is	  followed	  by	  a	  strong	  induction	  

of	   the	  autophagic	  machinery.	  While	   the	  elevated	  autophagic	  activity	   triggered	  via	  ERα	  

signaling	  was	  clearly	  demonstrated,	  analysis	  of	  autophagy	  arrays	  revealed	  a	  not	  clear-‐

cut	  pattern.	  The	  expression	  of	  ERα,	   leads	  to	  a	  defined	  “Autophagy	  footprint”	  of	  related	  

genes.	  One	  has	  to	  emphasize	  that	  both	  mentioned	  cell	   lines	  expressing	  ERα	  showed	   in	  

most	   cases	   the	   same	   expression	   pattern	   of	   autophagy	   related	   genes.	   These	   results	  

strongly	  suggest	  that	  ERα	  expression	  has	  an	  outstanding	  function	  in	  regulating	  specific	  

genes	  related	  to	  autophagy,	  which	  in	  consequence	  may	  potentially	  stimulate	  autophagy.	  

Furthermore,	  our	  analysis	  showed	  that	  treatment	  of	  ERα-‐	  or	  ERβ-‐positive	  cells	  with	  E2	  

or	  ICI,	  inducing	  and	  inhibiting	  transcription	  factor	  activity	  of	  the	  receptors	  respectively,	  
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did	  not	  alter	  the	  identified	  genetic	  “autophagy-‐footprint”	  of	  these	  cells	  suggesting	  an	  ER-‐

modulated	  mechanism	  distinct	  to	  their	  function	  acting	  as	  bona	  fide	  transcription	  factors	  

(Figure	   41).	   It	   has	   been	   reported	   that	   ERs	   also	   function	   in	   a	   non-‐classical	   mode	   by	  

interacting	  with	  various	  intracellular	  signaling	  pathways,	  thereby	  affecting	  indirectly	  the	  

transcription	   of	   target	   genes	   independent	   of	   the	   classical	   genomic	   action	   (Figure	  

37)(Behl,	  2002b;	  Heldring	  et	  al.,	  2007;	  Nilsson	  et	  al.,	  2011;	  Simoncini	  et	  al.,	  2000).	  This	  

may	  explain	  the	  observed	  ERE-‐independent	  effects	  of	  ERα	  on	  the	  autophagic	  pathway.	  

	  

Figure	  36:	  Classical	  and	  non-‐classical	  mode	  of	  ER	  signaling.	  Classical	  ER	  signaling	  (A):	  ERs	  in	  
the	   cytoplasm	   bind	   their	   cognate	   ligand,	   followed	   by	   conformational	   changes	   inducing	  
dimerization	   and	   translocation	   to	   the	   nucleus.	   The	   central	   DNA	   binding	   domain	   (DBD)	  
recognizes	   and	   interacts	   with	   specific	   ERE	   binding	   sites	   thereby	   regulating	   transcription	   of	  
target	  genes	   (canonical	  activity).	  Furthermore	  ERs	  are	  able	   to	  bind	  other	   transcription	   factors	  
AP1	   or	   SP1,	   resulting	   in	   indirect	   regulation	   of	   transcription.	   Further	   studies	   revealed	   new	  ER	  
signaling	  pathways	  (B):	  non-‐genomic	  effects	  of	  ERs	  are	  known.	  In	  this	  case	  signaling	  cascades	  in	  
the	  cytoplasm	  are	  activated	  (PI3K,	  MAPK)	  by	  second	  messangers	  by	  events,	  which	  remain	  to	  be	  
elucidated.	  Furthermore	  ligand	  independent	  (for	  example	  growth	  factor	  dependent)	  activities	  of	  
ERs	   have	   already	   been	   described.	   However	   they	   are	   not	   as	   well	   understood	   compared	   to	  
classical	  modes	  of	  action.	  The	  findings	  of	  our	  studies	  support	  the	  hypothesis	  that	  ERα-‐induced	  
autophagy	   is	  ERE	   independent	  and	  signals	  are	   transduced	   independently	  of	   ligand	  binding.	   (C.	  
Behl	  et	  al.,	  2002)	  
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ERα	   and	   ERβ	   genes	   are	   localized	   on	   different	   chromosomes,	   but	   share	   some	  

characteristics	   in	  activity	  and	  in	  structure.	  They	  differ	  in	  three	  functional	  domains:	  the	  

DNA	  binding	  domain	   (DBD),	   the	  COOH-‐terminal	   ligand-‐binding	  domain	   (LBD)	  and	   the	  

NH2-‐terminal	   domain	   (NTD).	  Whereas	   the	   DBD	   is	   highly	   conserved	   between	   the	   two	  

receptors	  and	  guarantees	   the	   transcription	   factor	  activity	  by	  binding	   to	  EREs,	   the	  AF1	  

located	  at	  the	  NTD	  show	  just	  16%	  homology	  between	  the	  two	  ERs	  and	  is	  characterized	  

by	   its	   ligand-‐independent	   function	   (Nilsson	   et	   al.,	   2011).	   Therefore,	   the	   E2	  

independency	  of	  the	  described	  autophagic	  activity	  that	  is	  just	  found	  for	  ERα	  but	  not	  ERβ	  

might	  be	  due	  to	  its	  AF1	  function.	  Furthermore,	  the	  AF1	  domain	  triggers	  the	  interaction	  

with	  different	  co-‐regulators	  of	  ERs,	  which	  might	  lead	  to	  the	  cytoplasmic	  activity	  of	  ERα	  

rather	  than	  to	  the	  classical	  transcription	  factor	  activity.	  In	  contrast	  to	  the	  DNA	  binding	  

domains	   of	   the	   two	   receptors,	   which	   are	   highly	   homologue,	   the	   interaction	   with	   co-‐

regulators	  differs	  by	  50%	  between	  the	  two	  ERs	  (Nassa	  et	  al.,	  2011).	  The	  characterized	  

ERα	  regulated	  autophagy	  is	  likely	  due	  to	  its	  interaction	  with	  ERα	  specific	  co-‐regulators.	  

For	   example,	   since	   1995	   it	   is	   known	   that	   the	  Ras-‐MAPK	   cascade	   of	   the	   growth	   factor	  

signaling	  pathway	  modulates	  the	  phosphorylation	  of	  the	  AF1	  domain	  thereby	  regulating	  

ERα	  activity	   (Kato	  et	  al.,	  1995).	  This	  could	  be	  addressed	   in	   future	  studies	  by	  ERα-‐AF1	  

mutant	   experiments,	   which	   may	   lead	   to	   the	   interruption	   of	   the	   induced	   autophagic	  

pathway.	   Another	   explanation	   for	   transcriptional	   changes	   of	   autophagy	   genes	   by	   ERα	  

expression	  is	  the	  targeting	  of	  genes	  lacking	  the	  ERE	  structure.	  

Both	   forms	  of	   the	  estrogen	  receptors	  have	  already	  been	  described	   to	  display	  different	  

characteristics	  that	  may	  also	  counteract	  each	  other.	  For	   instance,	  studies	  revealed	  that	  

ERβ	  may	  inhibit	  ERα-‐mediated	  regulation	  of	  gene	  expression	  (Williams	  et	  al.,	  2008).	  For	  

this	   reason,	   further	   studies	   should	   also	   investigate	   the	   impact	   on	   autophagy	  upon	   co-‐

expression	  of	  both	  receptors.	  

	  

	  ERα	  induces	  a	  non-‐canonical	  autophagy	  pathway…	  D.1.2.1.	  

When	   dissecting	   the	   autophagy-‐signaling	   pathway,	   canonical	   key	   protein	   complexes	  

such	  as	  the	  mTOR-‐	  and	  PI3KCIII-‐complex	  were	  not	  specifically	  activated	  or	  elevated	  in	  

ERα-‐mediated	   autophagy.	   ULK1	   and	   FIP200,	  members	   of	   the	   upstream	  ULK	   complex,	  

were	  rather	   found	   to	  be	  down-‐regulated	   in	  ERα	  positive	  cells.	  Furthermore,	  other	  key	  
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autophagy-‐related	   genes	   out	   of	   the	   two	   ubiquitin-‐like	   conjugating	   systems	   (ATG12-‐

ATG5	   and	   the	  ATG8/LC3	   system)	  were	   even	  markedly	   reduced	   in	   their	   expression	   in	  

these	  cells.	  Canonical	  autophagy	   involves	  hierarchical	  activity	  of	  previously	  mentioned	  

signaling	  complexes	  and	  ATG	  proteins.	  However,	  there	  is	  evidence	  that	  the	  formation	  of	  

functional	   autophagosomes	   may	   bypass	   some	   of	   these	   steps	   (Codogno	   et	   al.,	   2012b;	  

Mauthe	  et	  al.,	  2011;	  Scarlatti	  et	  al.,	  2008b)	  (Figure	  37).	  	  

	  

Figure	  37:	  Canonical	  and	  non-‐canonical	  autophagy:	  Non-‐canonical	  autophagy	  routes	  emerged	   in	   the	  
last	   years	   that	   could	   bypass	   some	   of	   the	   canonical	   steps	   (highlighted	   in	   red)	   as	  well	   as	   skipping	   some	  
membrane	   sources	   (question	  mark).	  Key	  proteins	   in	  mammalian	  autophagy	  are	   shown.	  The	  building	  of	  
PI3P	  as	  well	  as	  the	  proteins	  WIPI	  1	  and	  2	  are	  central	  of	  canonical	  autophagy.	  In	  ATG7–ATG5-‐independent	  
autophagy	  LC3	   lipidation	   is	  absent	  (indicated	  by	  Asterisk).	  Both	  canonical	  and	  non-‐canonical	  autophagy	  
routes	   are	   described	   to	   end	   up	   in	   the	   production	   of	   canonical	   autophagosomal	   structures,	   namely	  
autophagosomes	  and	  autolysosomes,	  as	  end	  result	  (Adapted	  from	  Codogno	  et	  al,2011).	  

	  

…independent	  of	  AMPK	  signaling	  and	  mTOR	  D.1.2.2.	  

A	  main	   regulator	   of	   autophagy	   the	  mTORC1	   complex	  did	  not	   show	  any	   changes	   in	   its	  

phosphorylation	   status	   in	   the	   highly	   autophagic	   active	   ERα	   positive	   cells.	   It	   has	   been	  

shown	   that	   components	   of	   the	   MAPK	   pathway	   together	   with	   the	   autophagy-‐related	  

proteins	   DRAM1	   and	   p62/SQSTM1,	   also	   highly	   expressed	   in	   ERα,	   lead	   to	   enhanced	  
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autophagic	   activity	   (Galavotti	   et	   al.,	   2013).	  During	   canonical	   autophagy,	  AMPK	  acts	   as	  

mTOR	  inhibitor,	  thus	  triggering	  autophagy.	  Autophagy	  induced	  via	  ERα	  was	  not	  altered	  

after	   inhibition	   of	   the	   AMPK	   pathway,	   supporting	   the	   hypothesis	   that	   mTOR	   is	   not	  

involved	   in	   ERα-‐controlled	   autophagy.	   It	   was	   demonstrated	   that	   mTOR-‐dependent	  

autophagy	  is	  mainly	  induced	  by	  starvation.	  The	  AMPK/PI3KCI/mTOR	  signaling	  pathway	  

acts	   as	   a	  metabolic	   sensor,	  which	  might	   not	   be	   altered	   and	   is	   therefore	   not	   activated	  

through	  ERα.	  Considering	   that	  ERα	  directly	   interacts	  with	   the	  PI3KCI	   this	   finding	  was	  

quiet	   surprising	   as	   it	   showed	   that	   ERα-‐induced	   autophagy	   is	   not	   driven	   by	   direct	  

interaction.	  Interestingly,	  recent	  studies	  have	  focused	  on	  the	  treatment	  of	  ERα-‐positive	  

breast	  cancers	  by	  inhibition	  of	  PI3K	  (Yang	  et	  al,2016;	  Bosch	  et	  al,	  2015).	  However,	  our	  

results	   clearly	   show	   that	   this	   target	  would	   have	   no	   effect	   on	   ERα-‐induced	   autophagy,	  

which	   is	  one	  mechanism	  of	  cancer	  cell	   resistance.	   In	  addition,	  various	  ongoing	  studies	  

focus	  on	  overcoming	  endocrine	  resistance	  of	  breast	  cancer	  cells	  by	  the	  treatment	  with	  

rapamycin	  thereby	  targeting	  mTOR-‐induced	  autophagy	  (Janku	  et	  al.,	  2014).	  It	  has	  to	  be	  

carefully	   decided	   which	   type	   of	   breast	   cancer	   should	   be	   treated	   with	   rapamycin	   as	  

inducing	  overwhelming	  autophagy	  might	  result	  in	  exacerbated	  cancer	  resistance.	  

	  

1.2.1.3	  ...	  independent	  of	  BECN1/PI3K	  complex	  

In	   the	   present	   study	   we	   identified	   the	   ERα-‐mediated	   autophagic	   pathway	   as	  

independent	  from	  BECN1,	  one	  of	  the	  main	  canonical	  regulators	  of	  autophagy.	  

We	   found	   BECN1	  mRNA	   levels	   even	   down-‐regulated	   in	   ERα	   positive	   cells	   although	   a	  

higher	   autophagic	   activity	  was	  measured.	   But	   BCL2,	   a	   direct	   inhibitor	   of	   BECN1,	  was	  

significantly	   up-‐regulated	   in	   these	   cells.	   BCL2	   was	   already	   described	   as	   being	   up-‐

regulated	  in	  ERα	  expressing	  cells	  in	  studies	  analyzing	  the	  regulation	  of	  apoptosis	  by	  ERα	  

(Brendel,	   2013).	   BCL2	   is	   an	   anti-‐apoptotic	   molecule	   but	   also	   inhibits	   autophagy	   by	  

forming	  a	  complex	  with	  BECN1.	  This	  process	  prevents	  the	  formation	  of	  the	  BECN1/PI3K	  

complex,	  suppressing	  recruitment	  of	  ATGs	  to	  the	  phagophore.	  By	  over-‐expressing	  BCL2	  

through	  ERα	   signaling	   these	   interactions	  between	  BECN1	  and	  BCL2	  may	  be	   stabilized	  

and	   inhibit	   BECN1-‐induced	   autophagy.	   BECN1	   is	   also	   a	   haploinsufficient	   tumor	  

suppressor	  (Liang	  et	  al.,	  1999;	  Qu	  et	  al.,	  2003;	  Yue	  et	  al.,	  2003),	  that	  is	  localized	  on	  the	  

breast	  cancer	  susceptibility	  chromosomal	  locus	  17q21	  (Aita	  et	  al.,	  1999).	  In	  about	  40%	  

of	  breast	  cancers	  this	  monoallelic	  loss	  of	  BECN1	  has	  been	  detected	  (Li	  et	  al.,	  2010)	  and	  
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indeed	   mice	   with	   heterogeneous	   deletion	   of	   BECN1	   show	   increased	   spontaneous	  

carcinomas	   including	   breast	   carcinomas	   (Cicchini	   et	   al.,	   2014).	   Hence,	   BECN1/BCL2	  

binding	  inhibitors	  for	  therapy	  approaches	  of	  breast	  cancers	  are	  under	  debate	  at	  least	  for	  

ER	   negative	   breast	   cancers	   to	   provoke	   BECN1	   restorage	   and	   induction	   of	   autophagy	  

(Tang	  et	  al.,	  2015).	  However,	   in	   these	  studies	  they	  did	  not	  verify	   if	  autophagy	   is	  really	  

depressed	   in	   cancers	   with	   low	   BECN1	   mRNA	   expression,	   or	   if	   its	   induced	   via	   non-‐

canonical	   autophagy	   as	  we	  monitored	   at	   least	   in	   ERα	   expressing	   breast	   cancers	   cells.	  

Under	   these	   circumstances	   provoking	   BECN1	   activity	   would	   furthermore	   push	   the	  

already	  highly	  active	  autophagy	  supporting	  therapy	  resistance	  and	  aggressiveness	  and	  

would	  counteract	  a	  positive	  therapy	  outcome.	  Carefully	  decided	  therapy	  forms	  have	  to	  

be	  of	  great	  interest	  when	  targeting	  BECN1	  and	  autophagy	  in	  breast	  cancers.	  

There	   are	   already	   different	   other	   regulators	   of	   BECN1	   identified,	   which	   could	  

furthermore	   regulate	   expression	   levels	   and	   activity	   of	   BECN1	   in	   tumors.	   For	   example	  

Elgendy	  et	  al.	  (2014)	  detected	  MCL1,	  a	  bcl2	  family	  member	  inhibiting	  apoptosis,	  which	  

co-‐regulates	  and	  co-‐destabilizes	  BECN1	  contributing	  to	  the	  degradation	  of	  both	  proteins	  

by	   the	   proteasome	   during	   melanoma	   cancer	   progression	   independent	   of	   autophagy	  

(Elgendy	  et	  al.,	  2014).	  Indeed	  we	  also	  found	  MCL1	  mRNA	  levels	  slightly	  down	  regulated	  

in	  ERα	  expressing	  cells	  that	  might	  be	  an	  explanation	  for	  the	  destabilization	  of	  BECN1	  in	  

the	  same	  way	  in	  our	  cell	  model	  leading	  to	  an	  by	  an	  autophagy	  induction	  independent	  of	  

BECN1.	  	  

While	  BECN1	  was	  thought	  to	  be	  an	  indispensable	  regulator	  of	  the	  autophagic	  machinery,	  

recent	  studies	  have	  already	  pointed	  to	  BECN1-‐independent	  autophagy	  pathways	  (Figure	  

37).	  The	  neurotoxin	  1-‐methyl-‐4-‐phenylpyridinium	   (MPP+)	  was	   found	   to	  be	   associated	  

with	  neuronal	  cell	  death	  and	  induced	  BECN1	  independent	  noncanonical	  autophagy	  (Zhu	  

et	   al.,	   2007).	   Furthermore	   pro-‐apoptotic	   compounds	   such	   as	   staurosporine,	   induced	  

BECN1-‐independent	   autophagy	   (Grishchuk,Y;2011)	   in	   primary	   neuronal	   cells.	   A	   study	  

from	  Hiebel	  et	  al.	  described	  induction	  of	  BECN1-‐independent	  autophagy	  upon	  inhibition	  

of	   the	   Cannabinoireceptor1	   (CB1)	   in	   HEK	   cells	   and	   primary	   astrocytes	   (Hiebel	   et	   al.,	  

2014).	  Also	  Resveratrol	  was	   found	   to	   induce	  BECN1-‐independent	  autophagy	   in	  MCF-‐7	  

breast	  cancer	  cells,	  which	  are	  identical	  to	  the	  cells	  used	  in	  our	  studies.	  While	  in	  most	  of	  

the	  reports	  BECN1-‐independent	  autophagy	  was	  described	  to	  occur	  during	  cell	  death,	  we	  

found	   BECN1-‐indepent	   autophagy	   pathways	   to	   be	   induced	   in	   cells	   highly	   resistant	   to	  
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apoptosis.	   That	   highlights	   a	   new	   pathway	   of	   non-‐canonical	   autophagy	   crucial	   for	   cell	  

survival	  rather	  than	  cell	  death.	  

	  Non	  canonical	  autophagy	  depends	  on	  BAG3,	   is	   regulated	  by	  DRAM1	  and	  D.1.2.3.	  
occurs	  with	  high	  levels	  of	  WIPI1,	  a	  known	  interactor	  of	  ERs	  

This	   study	   found	   DRAM1	   and	   WIPI1	   genes	   to	   show	   strongest	   up-‐regulation	   in	   ERα	  

expressing	  cells.	  Strikingly	  the	  proteins	  have	  already	  been	  described	  to	  be	  connected	  to	  

non-‐canonical	  autophagy	  (Galavotti	  et	  al.,	  2013).	  DRAM1	  is	  a	  target	  gene	  of	  p53	  and	  is	  

supposed	   to	   be	   a	   lysosomal	   protein	   inducing	   autophagy	   (Crighton	   et	   al.,	   2007),	   but	  

detailed	  studies	  about	  its	  exact	  function	  and	  localization	  are	  missing.	  One	  of	  the	  studies	  

including	  500	  primary,	  high-‐grade	  glioblastoma	  samples	  revealed	  high	  mRNA	  levels	  of	  

DRAM1,	  p62/SQSTM	  and	  WIPI1	  and	  high	  DRAM1	   levels	   correlate	  with	  shorter	  overall	  

survival	   (Galavotti	   et	   al.,	   2013).	   Consistent	   with	   our	   findings,	   autophagy	   induced	   by	  

DRAM1	   was	   shown	   to	   be	   independent	   of	   the	   mTOR	   pathway,	   illustrating	   a	   non-‐

canonical	   mode	   of	   action	   in	   autophagy.	   Functionally	   p62/SQSTM	   and	   DRAM1	   were	  

found	   to	   regulate	   invasion	   and	   cell	   motility	   of	   glioblastoma	   cells.	   In	   summary	   our	  

findings	   persists	   with	   prior	   observations	   that	   directly	   link	   autophagy	   to	   the	  

aggressiveness	  of	  cancer	  cells.	  	  

	  

Despite	  the	  down-‐regulation	  of	  other	  key	  autophagy	  genes	  in	  our	  cellular	  system,	  BAG3	  

showed	   high	   abundance	   and	   diminishes	   the	   autophagic	   flux	   when	   downregulated	   by	  

siRNA.	  The	  protein	   is	  a	  key	   factor	   in	  regulating	  and	  executing	  selective	  autophagy	  and	  

has	  been	  implicated	  in	  non-‐canonical	  pathways	  of	  autophagy	  before	  (Gamerdinger	  et	  al.,	  

2009b;	  Gamerdinger	  et	  al.,	  2011b;	  Liu	  et	  al.,	  2013;	  Mauthe	  et	  al.,	  2011).	  Supporting	  our	  

data	   Liu	   et	   al	   (2013)	   described	   a	   non-‐canonical	   autophagic	   pathway,	   which	   was	  

dependent	   on	   BAG3	   but	   independent	   of	   BECN1.	   A	   recent	   study	   from	   Merabova	   and	  

collegues	  showed	  an	  overexpression	  of	  the	  BAG3	  protein	  in	  glioma	  cell	  lines	  is	  related	  to	  

an	   enhanced	  BCL2/BECN1	  binding,	   thereby	   inducing	   autophagy	  which	   is	   independent	  

on	  the	  BECN1	  complex	  (Merabova	  et	  al.,	  2015).	  

ERα-‐induced	   autophagy	   is	   independent	   on	  mTOR	   as	  well	   as	   BECN1	   and	  may	   directly	  

modulate	  downstream	  proteins	  of	  autophagy.	  Our	  data	  suggests	  that	  WIPI1	  might	  be	  the	  

first	  target	  of	  ERα	  as	  it	  was	  found	  to	  interact	  directly	  with	  ERα	  (Proikas-‐Cezanne	  et	  al.,	  

2004).	  This	   interaction	  was,	  as	   in	  our	  case,	   found	  to	  be	   independent	  of	  E2.	  To	  confirm	  
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this	   hypothesis,	   knock-‐down	   experiments	   should	   be	   considered	   which	   may	   confirm	  

reciprocal	  regulation	  of	  ERα	  and	  WIPI1.	  WIPI1	  is	  crucial	  for	  the	  binding	  of	  PI3P,	  which	  is	  

localized	   in	   proximity	   to	   early	   phagophores	   and	   co-‐localizes	   with	   LC3	   positive	  

autophagosomes.	   Furthermore,	   BAG3	   depletion	   was	   shown	   to	   reduce	   the	   amount	   of	  

WIPI1	   positive	   autophagosomes	   (Gamerdinger	   et	   al.,	   2009a),	   suggesting	   interplay	  

between	   the	   two	   proteins.	   Pull-‐down	   experiments	   of	   BAG3	   may	   further	   clarify	   the	  

physical	   interaction	   of	   the	   three	   proteins	   and	   together	  with	   knock-‐down	   experiments	  

may	   reveal	   the	   hierarchical	   action	   and	   would	   therefore	   help	   to	   gain	   a	   better	  

understanding.	   An	   ERα-‐WIPI1-‐BAG3	   interaction	   /	   pathway	   may	   induce	   and	   recruit	  

autophagosomes	   and	   furthermore	   induce	   DRAM1	   at	   the	   late	   stage	   of	   lysosomal	  

degradation	  (Figure	  38).	  	  

	  

BAG3	  is	  a	  novel	  mediator	  of	  ERα-‐induced	  autophagy	  and	  triggers	  oxidative	  D.1.2.4.	  
stress	  resistance	  	  

We	   could	   show	   that	   the	   presence	   of	   ERα,	   but	   not	   ERβ,	   leads	   to	   increased	   autophagic	  

activity.	  This	  process	  facilitates	  stress	  resistance	  and	  survival	  after	  oxidative	  stress.	  

We	  provide	   evidence	   that	   this	   novel	   ERα-‐mediated	   non-‐canonical	   autophagy	   pathway	  

described	   in	   this	   study	   is,	   at	   least	   partially,	   mediated	   by	   the	   function	   of	   BAG3.	   The	  

reversal	   of	   stress	   resistance	   of	   ERα-‐expressing	   cells	   is	   seen	   after	   inhibiting	   the	   late	  

phase	  of	  autophagy	  via	  BafA1-‐treatment	  as	  well	  as	  after	  knockdown	  of	  BAG3.	  

The	  monitored	  effect	  of	  BAG3	  on	  cell	  survival	  could	  be	  explained	  by	  its	  role	  in	  autophagy	  

but	   might	   also	   be	   due	   to	   its	   anti-‐apoptotic	   functions.	   The	   latter	   are	   thought	   to	   be	  

regulated	  by	   interactions	  of	  BAG3	  with	   the	  anti-‐apoptotic	  protein	  BCL2,	   resulting	   in	   a	  

protection	  of	  cells	  from	  apoptotic	  cell	  death	  (Knezevic	  et	  al.,	  2015).	  
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Figure	  38:	  Hypothetical	  Model	  of	  BAG3-‐involved	  non-‐canonical	  autophagy	   induced	  by	  ERα.	  BAG3	  
stimulates	  autophagy	  upstream	  of	  LC3,	  independent	  of	  mTOR	  and	  downstream	  of	  the	  ULK-‐	  and	  the	  PI3KC,	  
that	  contributes	  to	  autophagy	  and	  cancer	  cell	  resistance.	  ERα	  induced	  autophagy	  underlies	  a	  mechanism	  
distinct	  to	  its	  function	  acting	  as	  bona	  fide	  transcription	  factors	  on	  EREs	  in	  the	  nucleus.	  Rather	  the	  indirect	  
regulation	   of	   genes	   leading	   to	   the	   ERα	   induced	   “autophagy	   footprint”	   might	   expect	   the	   interplay	   with	  
cytoplasmic	  Co-‐factors.	  Moreover,	  ERα	  could	  directly	  bind	  to	  WIPI1,	  a	  protein	  found	  on	  early	  PI3P	  positive	  
autophagosomal	   membranes.	   Subsequently,	   BAG3	   could	   be	   integrated,	   acting	   together	   with	   HSP70	   in	  
recruiting	  cargo	  to	   the	  autophagosomes,	  bind	  to	  p62	  a	  well-‐known	  LC3	  binding	  protein,	  and	  deliver	   the	  
cargo	   for	   degradation.	   The	   autophagosome	   matures	   and	   fuses	   with	   DRAM1	   enriched	   lysosomes.	   In	  
addition,	   BAG3	   is	   interacting	   with	   BCL2	   inhibiting	   apoptosis	   and	   could	   thereby	   indirectly	   repress	   the	  
BECN1/PI3K	   complex.	   Red	   arrows/	   font	   :	   bypassed	   canonical	   steps	   of	   autophagy;	   L=lysosome;	   AL=	  
autophagolysosome	  

BAG3	  was	   furthermore	   found	   in	  mitigating	  proteotoxicity	  with	   the	   consequence	   of	   an	  

inducible	  resistance	  of	  tumor	  cells	  (Rapino	  et	  al.,	  2015;	  Rapino	  et	  al.,	  2014).	  Additionally,	  

tumor	   cell	   apoptosis	  was	   reported	   to	   be	   induced	   by	   silencing	   of	   BAG3	   and	   improved	  

drug	   induced	   apoptosis	   of	   neoplastic	   cells	   (Cotugno	   et	   al.,	   2014;	   Rosati	   et	   al.,	   2011a).	  

BAG3	  was	  also	  described	  to	  affect	  the	  HSP70-‐regulated	  pathways	  intensively	  which	  are	  

related	  to	  cancer	  cell	  survival	  and	  also	  apoptosis	  (Colvin	  et	  al.,	  2014a).	  Knock-‐down	  of	  

HSC/HSP	   family	   members	   is	   known	   to	   overcome	   therapeutic	   resistance.	   However,	  
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whether	   BAG3	   induces	   autophagy	   and	   cytoprotection	   due	   to	   its	   interaction	   with	  

HSP/HSC70	  remains	  to	  be	  clarified	  in	  more	  detail.	  This	  could	  be	  done	  by	  e.g.	  blockade	  of	  

BAG3-‐HSP70	   binding	   by	   designing	   a	   mutant	   form	   of	   BAG3	   lacking	   the	   BAG-‐domain.	  

Changes	  in	  autophagy	  induction	  and	  survival	  after	  oxidative	  stress	  should	  be	  monitored.	  

Studies	   by	   Li	   et	   al	   2015	   showed	   that	   blocking	   BAG3-‐HSP70	   interactions	   using	   the	  

allosteric	   inhibitor	   JG98	   led	   to	   anti-‐proliferative	   effects	   in	   cell	   lines	   and	   xenografts	   of	  

MCF7	  cells,	  which	  were	  also	  used	   in	  our	  studies	  (Li	  et	  al.,	  2015).	   If	   these	  observations	  

are	   due	   to	   changes	   in	   autophagy	   was	   not	   analyzed.	   However	   the	   blockage	   of	   this	  

interaction	  represents	  a	  novel	  therapeutic	  target	  for	  cancer	  therapy.	  

Lately	  huge	  efforts	  have	  been	  made	  to	  understand	  the	  role	  of	  BAG3	  in	  different	  cancer	  

types.	  Among	  many	  studies,	  Rosati	  et	  al.	  could	  show	  that	  pancreatic	  cancer	  cells	  secrete	  

BAG3,	   through	   exosomes,	   which	   bind	   and	   activate	   macrophages,	   which	   then	   itself	  

secrete	   cancer-‐supporting	   factors.	   Interestingly	   anti-‐BAG3	   antibody	   treatment	   of	   a	  

pancreatic	   cancer	   mouse	   model	   reduced	   tumor	   growth	   and	  metastasis,	   whereby	   this	  

special	  BAG3	  activity	  does	  not	  dependent	  on	  HSP70	  interaction	  (Rosati	  et	  al.,	  2015).	  In	  

line	  with	  our	  recent	  findings	  the	  results	  obtained	  by	  proteome	  analysis,	  revealed	  a	  role	  

for	   BAG3	   and	   Major	   Vault	   Protein	   as	   potent	   pro-‐survival	   factors	   that	   contribute	   to	  

chemotherapy	   resistance	   in	   breast	   cancer	   cells	   (Pasillas,2014).	   For	   instance	   recent	  

studies	  revealed	  crucial	  changes	  in	  microRNA	  expression	  after	  BAG3	  knock-‐down	  which	  

was	  related	  to	  anticancer	  drug	  resistance	  in	  ovarian	  cancer	  (Sugio	  et	  al	  2014).	  Another	  

study	   reports	   that	   down-‐regulation	   of	   BAG3	   enhanced	   DDP-‐(Cisplatin)	   induced	  

apoptosis	   in	   esophageal	   cancer	   through	   regulation	   of	   microRNA	   let-‐7g	   and	   let-‐7	  

expression	  (Wu	  et	  al.,	  2016)	  assuming	  a	  role	  for	  BAG3	  in	  translational	  activity.	  	  

However	   BAG3	   related	   resistance	   through	   elevated	   protein	   levels	   is	   obviously	   not	   a	  

general	  phenomenon,	  as	  Bartsch	  et	  al.2015	  described	  that	  autophagy	  markers	  BAG3	  and	  

p62/SQSTM	  were	  not	  found	  to	  be	  regulated	  in	  testicular	  cancers	  (Bartsch	  et	  al.,	  2016).	  

Induction	  of	   oxidative	   stress	   is	   also	   a	   substantial	   strategy	   in	   cancer	   therapy	   including	  

radiation.	   This	   means	   that	   ERα-‐positive	   breast	   cancers	   characterized	   by	   enhanced	  

autophagy	  and	  high	  BAG3	  expression	  are	  likely	  to	  be	  resistant	  to	  oxidative	  stress.	  This	  

cancer	  type	  would	  display	  resistance	  against	  therapy	  interventions	  relying	  on	  oxidative	  

stress.	   In	   this	   case,	   BAG3-‐mediated	   selective	   autophagy	   is	   directly	   related	   to	   breast	  

cancer	  cell	  survival.	  	  
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	  Non-‐canonical	   autophagy	  markers,	   including	  BAG3	  are	  novel	   targets	   for	  D.1.2.5.	  
therapy	  of	  ER-‐postive	  breast	  cancer	  

As	   suggested	   by	   our	   study,	   immunofluorescence	   analysis	   of	   tissue	   from	  breast	   cancer	  

patients	  also	  showed	  that	  markers	  for	  autophagy	  were	  highly	  expressed	  in	  ERα-‐positive	  

samples.	  Clinical	  trials	  with	  substances	  inhibiting	  autophagy	  in	  cancer	  cells	  are	  already	  

ongoing.	   Especially	   for	   treatment	   of	   breast	   cancers,	   hydroxychloroquine	   as	   well	   as	  

Ixabepilone	   are	   already	   in	   clinical	   trial	   phases	   I/II.	   However,	   these	   substances	   inhibit	  

the	  whole	  lysosomal	  process	  and	  are	  not	  very	  selective,	  assuming	  several	  side	  effects	  to	  

be	   expected.	   Therefore,	   identification	   of	   specific	   biomarkers	   would	   be	   beneficial	   to	  

target	  autophagy	  in	  cancer	  therapy.	  

BAG3	   was	   recently	   shown	   to	   be	   involved	   in	   cancer-‐signaling	   networks	   mediating	   a	  

selective	   macroautophagy	   pathway	   upon	   protein	   aggregation	   and	   to	   attenuate	  

proteotoxicity	  in	  cancer	  cells	  (Colvin	  et	  al.,	  2014b;	  Gamerdinger	  et	  al.,	  2009b;	  Rapino	  et	  

al.,	  2013).	  Colvin	  et	  al.	  reported,	  that	  BAG3	  interacts	  with	  cellular	  sarcoma	  tyrosinkinase	  

(Src),	   a	   well-‐known	   product	   of	   the	   protooncogene	   c-‐src.	   Thereby	   BAG3	  mediates	   the	  

effects	  of	  HSP70	  on	  Src	  signaling	  by	  modulating	  the	  activity	  of	  the	  transcription	  factors	  

NF-‐kB,	   FoxM1,	   Hif1a,	   the	   translation	   regulator	   HuR,	   and	   the	   cell-‐cycle	   regulators	   p21	  

and	  survivin.	  They	  identified	  a	  small-‐molecule	  inhibitor,	  YM-‐1,	  that	  disrupts	  the	  Hsp70–

Bag3	  interaction	  whereby	  in	  vivo	  administration	  of	  this	  drug	  was	  sufficient	  to	  suppress	  

tumor	  growth	  in	  mice.	  Therefore,	  BAG3	  also	  represents	  an	  interesting	  target	  for	  therapy	  

of	  breast	  cancers	  that	  might	  have	  already	  acquired	  resistance	  to	  anti-‐hormone	  therapy.	  

Interestingly,	  we	  found	  in	  our	  immunofluorescence	  analysis	  that	  one	  sample	  (out	  of	  ten)	  

of	  ERα-‐positive	  tissue	  showed	  a	  reduced	  signal	  of	  BAG3.	  However	  as	  mentioned	  above	  

there	   is	   great	   variability	   in	   breast	   cancer	   and	   its	   subtypes.	   Therefore,	   the	   different	  

biological	   behavior	   of	   these	   variable	   cancer	   types	   calls	   for	   an	   individual	   and	  

personalized	  medication	  and	  treatment	  concepts	  for	  breast	  cancer	  patients	  in	  respect	  to	  

their	  individual	  disease	  status.	  For	  example	  some	  clinical	  approaches	  aiming	  to	  decrease	  

autophagic	  activity	  in	  cancer	  cells	  target	  the	  mTOR-‐	  and	  PI3K-‐complexes.	  Several	  mTOR-‐	  

and	  PI3K-‐inhibitors	   or	  mTOR/PI3K	  dual	   inhibitors	   are	   in	   early	  phase	   clinical	   trials	   or	  

have	   been	   approved	   for	   therapy	   (Davis	   et	   al.,	   2014;	   Vicier	   et	   al.,	   2014).	   However	   in	  

several	   breast	   cancer	   patients,	   who	   show	   an	   ERα-‐mediated	   “autophagy-‐footprint”,	  

comparable	  to	  our	  results,	  drugs	  targeting	  the	  canonical	  autophagy	  pathway	  would	  not	  
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fulfill	   their	   autophagy	   reducing	   action.	   This	   novel	   ERα-‐mediated	   non-‐canonical	  

autophagy	   pathway,	   which	   we	   describe	   here,	   was	   found	   to	   be	   mTOR-‐	   and	   PI3K-‐

independent	   as	   the	   PI3K	   inhibitor	  Wortmannin	   did	   not	   reduce	   the	   autophagic	   flux	   in	  

ERα-‐expressing	   cells	   and	   phosphorylation	   of	   mTOR	   was	   not	   altered.	   An	   unmet	   need	  

exists	   for	   effective	   treatment	   strategies	   for	   anti-‐hormone	   resistant	   ERα	   breast	   cancer	  

and	  BAG3	  might	  represent	  an	  interesting	  alternative	  therapeutic	  target.	  	  

	  

There	  is	  only	  limited	  data	  on	  biomarkers	  and	  target	  proteins	  that	  predict	  the	  efficacy	  of	  

autophagy	   inhibitors	   in	   breast	   cancer	   in	   general	   (Gonzalez-‐Angulo	   and	  Blumenschein,	  

2013).	  Therefore,	  a	  detailed	  dissection	  of	   the	  autophagy	  pathway	   is	  needed.	  Analyzing	  

autophagy	  networks	  and	  individual	  “autophagy-‐footprints”	  for	  patients	  could	  potentially	  

improve	  effectiveness	  of	  treatment	  that	  targets	  the	  autophagy	  pathway	  and	  specialized	  

medication	  for	  mTOR/PI3K-‐dependent	  canonical	  vs.	  non-‐canonical	  autophagy	  could	  be	  

applied.	   This	   presents	   a	   major	   challenge	   for	   personalized	   medicine	   and	   biomarker	  

development	  but	  also	  a	  novel	  therapeutic	  chance	  for	  cancer	  patients.	  
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Neuronal	  autophagy	  in	  oxidative	  stress	  conditions	  D.2.	  

Keeping	   homeostasis	   is	   a	   major	   challenge	   for	   every	   neuronal	   cell,	   as	   they	   are	  

differentiated	  and	  not	  able	  to	  divide	  anymore,	  wherefore	  PQC	  has	  to	  be	  very	  precise	  to	  

keep	   homeostasis	   also	   during	   oxidative	   stress	   conditions.	   Autophagy,	   as	   a	   lysosomal	  

degradation	  pathway,	  is	  therefore	  an	  important	  component	  of	  PQC	  to	  clear	  and	  recycle	  

cellular	  components,	  damaged	  organelles	  and	  protein	  aggregates	  and	  was	  in	  focus	  of	  the	  

second	  part	  of	  this	  thesis.	  

	  

Oxdative	  stress	   induced	  autophagy	  with	  high	   levels	  of	  BAG3	   is	   continually	  D.2.1.	  
mTOR	  independent:	  a	  general	  mechanism	  in	  BAG3-‐mediated	  autophagy?!	  

In	  the	  present	  study,	  high	  levels	  of	  autophagic	  activity	  in	  oxidative	  stress	  resistant	  cells	  

is	  independent	  of	  mTOR	  but	  is	  characterized	  by	  high	  BAG3	  protein	  levels.	  In	  conditions	  

of	   normal	   nutrient	   supply	   the	   essential	   aminoacid	   L-‐leucin,	   which	   is	   bidirectional	  

transported	  through	  the	  efflux	  of	  L-‐glutamine	  (Nicklin	  et	  al,2009),	  is	  keeping	  the	  mTOR	  

kinase	  in	  an	  active	  state,	  thereby	  facilitating	  protein	  translation,	  cell	  division	  as	  well	  as	  

inhibiting	   autophagy.	   In	   amino-‐acid	   deprivation	   mTOR	   gets	   inactive	   (Pattingre,2008)	  

resulting	  in	  induction	  of	  the	  autophagic	  machinery.	  One	  might	  explain	  our	  results	  that	  in	  

oxidative	  stress	  conditions	  misfolded	  and	  aggregated	  proteins	  have	  to	  get	  cleared,	  which	  

is	   independent	  of	   the	  starvation	   induced	  autophagy	  pathway	  that	   is	  regulated	  through	  

mTOR.	   In	   the	   adaptation	   process	  mTOR-‐independent	   autophagy	  might	   be	   induced	   by	  

stimulation	  of	  oxidized	  and	  misfolded	  proteins	  that	  result	  in	  the	  activation	  of	  the	  BAG3-‐

mediated	   selective	   pathway.	   Supporting	   the	   above	   mentioned	   thesis,	   mTOR-‐

independent	   autophagy	   has	   already	   been	   described	  when	   clearing	   aggregation	   prone	  

autophagy	   substrates	   as	   α-‐synuclein	   or	   mutant	   Huntingtin	   (Sarkar,2006),	   whereby	  

mutated	   Huntingtin	   (HTT43Q)	   is	   accumulating	   after	   knock	   down	   of	   BAG3	   (Carra	   et	  

al,2009),	  hypothesizing	  a	  role	  for	  BAG3-‐mediated	  clearance	  of	  the	  given	  protein.	  mTOR	  

independent	  autophagy	  might	  be	  a	  general	  mechanism	  for	  BAG3	  induced	  autophagy,	  as	  

shown	   in	   the	   first	   part	   of	   the	   present	   thesis,	   the	   BAG3-‐mediated	   selective	   autophagy	  

driven	  by	  ERα	  was	  also	  mTOR-‐independent.	  Studies	  published	  by	  Carra	  et	  al.	  2009	  could	  

show	  that	  the	  BAG3-‐HspB8	  protein	  transcription	  blockage	  through	  the	  phosphorylation	  

of	  translation	  initiation	  factor	  eif2	  resulting	  in	  autophagy	  induction	  is	  also	  not	  a	  down-‐

stream	  effector	  of	  mTOR	  (Carra	  et	  al.,	  2009).	  In	  these	  studies	  the	  main	  action	  of	  HspB8	  
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and	  BAG3	  are	  described	  as	  PQC	  sensors	  inducing	  autophagy	  for	  diminishing	  denatured	  

proteins	   rather	   than	   for	   nutrient	   supply.	   Besides	   these	   findings	   Gamerdinger	   et	   al.	  

(2009)	   could	   show	  a	  decrease	   in	  BAG3	   to	  BAG1	   ratio	   upon	   amino-‐acid	  depletion	   that	  

might	  occur	   through	  proteasomal	  degradation	  of	  BAG3,	  which	  underlines	   the	   function	  

for	   BAG3-‐depended	   autophagy	   in	   PQC	   and	   might	   exclude	   its	   function	   for	   nutrient	  

supply.	  

One	   might	   ask	   if	   the	   observed	   autophagy	   upregulation	   in	   the	   hippocampal	   oxidative	  

stress-‐resistant	  cells	  is	  also	  triggered	  by	  the	  ERα,	  but	  until	  now	  there	  are	  contradictory	  

publications	   showing	  ER	  expression	   in	  HT22	   cell	   line.	   In	  our	   lab	   the	  expression	  of	  ER	  

mRNA	  was	  detected	  but	  never	  the	  active	  ER	  protein.	  	  

Beclin1	   is	  strongly	  regulated	   in	  hippocampal	  cells	  and	  might	  contribute	  to	  D.2.2.	  
cytoprotective	  autophagy	  

We	   found	   high	   expression	   levels	   of	   BECN1	   in	   the	   resistant	   cell	   lines,	   pointing	   to	   an	  

autophagy	   route	   that	   depends	   on	   BECN1/PI3K	   complex.	   If	   this	   is	   the	   case	   should	   be	  

evaluated	  with	  knock	  down	  BECN1	  experiments	  and	  could	  be	  furthermore	  examined	  by	  

inhibiting	  PI3K	  with	  Wortmannin	  thereby	  detecting	  the	  impact	  on	  the	  autophagic	  flux.	  In	  

the	  first	  part	  of	  our	  studies	  we	  found	  out	  that	  ERα-‐induced	  autophagy	  was	  independent	  

of	  BECN1	  but	  also	  inducing	  autophagy	  via	  the	  BAG3-‐mediated	  selective	  pathway.	  In	  the	  

ER	  expressing	  cells	  the	  BCL2	  expressing	  level	  was	  markedly	  increased,	  which	  blocks	  the	  

BECN1/PI3K	   complex.	   In	   contrast	   the	   HT22	   oxidative	   stress	   resistant	   cell	   lines	   show	  

decreased	  BCL2	  protein	  levels	  as	  previously	  shown	  by	  Schäfer	  et	  al	  (2002).	  Hence,	  the	  

BECN1/PI3K	  complex	  could	  be	  formed	  leading	  to	  autophagy	  induction.	  Furthermore	  it	  is	  

already	   shown	   that	   the	   stress	   resistance	   in	   HT22	   cells	   correlates	   with	   a	   higher	  

phosphorylation	  status	  of	  the	  MAPK	  (Schäfer;	  2003).	  The	  MAPK	  is	  a	  well-‐known	  positive	  

regulator	  of	  autophagy.	  AMPK	  could	  induce	  autophagy	  via	  inactivating	  mTOR,	  which	  is	  

not	   detected	   in	   our	   cell	  model.	   But	   furthermore	  MAPK	   is	   found	   to	   activate	   autophagy	  

more	   downstream	   by	   the	   phosphorylation	   of	   BECN1.	   We	   detected	   mTOR	   not	   to	  

regulated,	   but	   high	   expression	   levels	   of	   BECN1,	   which	   might	   be	   due	   to	   the	   MAPK	  

pathway.	  	  

Furthermore	  we	  argument	  that	  especially	  in	  breast	  cancer	  cells	  BECN1	  is	  often	  found	  to	  

be	  haploinsufficient	  that	  results	  in	  low	  mRNA	  levels,	  which	  we	  also	  detected	  in	  the	  ERα	  
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positive	   cells.	   This	   does	   not	   have	   to	   be	   true	   for	   hippocampal	   cells	   as	   the	   investigated	  

HT22	  cells	  show	  high	  levels	  of	  BECN1.	  

It	   is	   likely	   that	   under	   oxidative	   stress	   when	   misfolding	   of	   proteins	   occurs	   in	  

exceptionally	   high	   rates	   the	   induction	   of	   autophagy	   takes	   place	   via	   BECN1	   to	   induce	  

directly	   autophagosome	   building	   rather	   than	   to	   the	   starvation	   dependent	   mTOR	  

signaling.	  	  

BAG3	  induces	  a	  rearrangement	  of	  the	  lysosomal	  compartment	  D.2.3.	  

Having	  a	  look	  to	  the	  lysosomal	  compartment	  we	  detected	  changes	  in	  the	  distribution	  as	  

well	  as	   in	   the	  size	  of	   lysosomal	  acidic	  compartments	   in	   the	  resistant	  cells	  and	  we	  also	  

detected	   this	   phenotype	   when	   overexpressing	   BAG3	   in	   the	   sensitive	   cells.	   Previous	  

studies	   in	  our	   lab	  demonstrate	  altered	  cholesterol	  and	  sphingolipid	  metabolism	  which	  

was	   associated	   with	   changes	   in	   the	   lysosomal	   function	   of	   the	   resistant	   cells	  

(Clement,2009).	  BAG3	  might	  have	  influence	  on	  the	  lysosomal	  compartment	  by	  inducing	  

autophagy,	  which	   is	   related	   to	   the	  activation	  and	  recruitment	  of	   lysosomes.	  BAG3	  was	  

already	   found	   to	   target	   ubiquitinated	   and	   nonubiquitinated	   aggregates	   for	   the	  

retrograde	  transport	  via	  dynein	  motor	  to	  the	  aggresomes.	  Aggresomes	  are	  intracellular	  

hot	  spots	  of	  high	  autophagic	  activity	  that	  involves	  autophagosomes	  as	  well	  as	  lysosomes.	  

After	  induction	  of	  autophagy	  lysosomes	  have	  to	  be	  activated	  and	  recruited	  for	  the	  fusion	  

with	  autophagosomes	  and	  for	  the	  active	  degradation	  of	  the	  substrates.	  To	  answer	  if	  and	  

where	   the	  BAG3	   activated	   lysosomes	   are	   fusing	  with	   the	   autophagosomes,	   one	  has	   to	  

make	   double	   staining	   of	   markers	   of	   both	   the	   systems,	   including	   Vimentin	   detecting	  

aggresomes	  and	  LAMP1	  for	  lysosomal	  structures.	  Furthermore	  cathepsin	  B	  activity,	  one	  

of	   the	   main	   proteases	   in	   the	   lysosomes,	   should	   be	  measured	   to	   see	   if	   these	   strongly	  

accumulating	  lysosomes	  are	  effective.	  

A	   switch	   from	  BAG1-‐proteasomal	   degradation	   to	  BAG3-‐mediated	   selective	  D.2.4.	  
autophagy:	   the	  way	   to	  oxidative	   stress	   resistance	   in	  neurons	   in	  vitro…and	   in	  
vivo?	  

BAG1L	  downregulation	  correlates	  with	  a	  higher	  autophagic	   flux	   in	  the	  oxidative	  stress	  

resistant	   cells.	  BAG1L	  acts	  as	  a	   co-‐chaperone	  of	  HSP70/HSC70	  and	   links	   substrates	   to	  

the	  UPS.	  Indeed,	  Schäfer	  (2003)	  reported	  the	  downregulation	  of	  the	  26s	  subunit	  of	  the	  

proteasome	  on	  mRNA	  level	  in	  the	  oxidative	  stress-‐resistant	  cells,	  suggesting	  a	  decreased	  

proteasomal	   activity	   in	   these	   cells.	   Employing	   a	   proteasomal	   reporter	   assay	   would	  
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clarify	  if	  the	  proteasomal	  activity	  slows	  down	  under	  oxidative	  conditions	  in	  the	  resistant	  

cells	  and	  would	  underline	  our	  data.	  Studies	  of	  our	  lab	  showed	  already	  such	  a	  switch	  in	  

aged	   fibroblasts,	   oxidative	   stressed	   cells	   and	   aged	  mouse	   neurons	   (Gamerdinger	   et	   al	  

2009)	   supporting	   our	   findings.	   The	   switch	   from	   BAG1	   to	   BAG3	   could	   be	   due	   to	   the	  

overload	   of	   protein	   stress	   under	   oxidative	   conditions.	   This	   assumption	  might	   be	   true	  

also	  for	  our	  studies	  of	  prolonged	  oxidative	  stress	  conditions	  in	  hippocampal	  cells,	  where	  

the	  proteasome	  might	  be	  blocked	  or	  unprofitable	   for	  aggregate	  clearing	  but	  rather	  the	  

autophagic	  pathway	  is	  needed	  to	  compete	  the	  oxidative	  stress	  and	  balance	  PQC,	  thereby	  

facilitating	   oxidative	   stress	   resistance.	   The	   proteasome	   itself	   could	   be	   blocked	   by	   the	  

enrichment	  of	  aggregates	  by	  blocking	  substrate-‐entry	  sites	  (Bence	  et	  al.,	  2001).	  Hence,	  

the	  autophagic	  pathway	  is	  needed	  to	  clear	  those	  aggregate	  prone	  and	  defect	  organelles	  

via	   the	   lysosomal	   pathway	   because	   protein	   aggregates	   get	   degraded	   by	   autophagy	  

(Rubinsztein,2006),	  rather	  than	  by	  the	  proteasome.	  Reflecting	  our	  findings,	  knock	  down	  

experiments	   in	   former	   studies	   of	   our	   lab	   showed	   that	   siRNA	   knock	   down	   of	   BAG1	  

increased	  autophagic	  flux	  (Gamerdinger,	  2009).	  Lately	  HDAC6	  (Histone	  deacetylase6),	  a	  

sensor	  for	  proteasomal	  stress	  was	  found	  to	  be	  responsible	  for	  the	  retrograde	  transport	  

of	   polyubiquitinated	   proteins	   to	   the	   aggresome	   and	   the	   clearance	   by	   autophagy.	   A	  

switch	   from	   UPS	   to	   HDAC6	   induced	   autophagy	   is	   also	   detected	   when	   blocking	   the	  

proteasome	   in	   oligodendrocytes	   (Leyk	   et	   al,2013),	   illustrating	   the	   interconnection	  

between	  the	  two	  pathways.	  	  

BAG3-‐mediated	   selective	   autophagy	   is	   already	   known	   to	   degrade	   misfolded	   or	  

accumulating	  /aggregating	  prone	  proteins,	  which	  definitely	  will	   occur	  under	  oxidative	  

conditions.	  Recently	  Ulbricht	  et	  al.	  (2015)	  reports	  highly	  upregulated	  autophagy	  related	  

proteins	   p62/SQSTM,	  HSBP8	   and	   as	  well	   BAG3	   after	   4	  weeks	   of	   strenuous	   resistance	  

exercise	  strength	  training	  in	  the	  skeleton	  muscle	  in	  humans	  (Ulbricht	  et	  al,2015).	  Muscle	  

gaining	   high	   intensive	   action	   are	   exposed	   to	   mechanical,	   heat	   and	   as	   well	   as	   a	   huge	  

amounts	  of	   oxidative	   stress,	  which	   all	   induce	   autophagy	   and	   the	   effect	   is	   furthermore	  

interpreted	  as	  a	  resistance	  mechanism	  over	  time.	  Continuously	  the	  upregulation	  of	  the	  

BAG3-‐mediated	   autophagy	   machinery	   could	   act	   as	   an	   adaptation	   mechanism	   that	  

responds	  to	  high	  oxidative	  stress	  levels	  confirming	  our	  observations.	  

Besides	   that,	   BAG3	   was	   found	   to	   inhibit	   proteasomal	   degradation	   by	   binding	   HSP70	  

abrogating	  proteasomal	  degradation	  of	  polyubiquitinted	  proteins	   (Doong	  et	   al.,	   2003),	  

that	  might	  show	  the	  feedbackloop	  of	  BAG3-‐mediated	  autophagy	  which	  is	  needed	  when	  
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aggregates	   have	   to	   be	   cleared	   and	   maybe	   sensors	   to	   the	   proteasome	   as	   BAG3	   is	  

degraded	  in	  some	  cases	  by	  the	  proteasome.	  For	  instance	  in	  nutrient	  starvation,	  when	  a	  

quick	   proteasomal	   response	   is	   needed	   for	   catabolite	   supply,	   excluding	   a	   slow	  

autophagosomal	  way,	  BAG3	  is	  degraded	  by	  the	  proteasom.	  The	  link	  between	  BAG3	  and	  

induction	  of	  autophagy	  is	  an	  often-‐described	  phenomenon,	  but	  detailed	  analysis	  of	   the	  

mechanism	  is	  missing.	  Lately	  one	  study	  could	  show	  the	  direct	  interaction	  of	  BAG3	  with	  

LC3B.	  LC3B	  a	  main	  protein	  of	  autophagosomal	  membranes	  is	  thereby	  regulated	  by	  BAG3	  

on	   the	   translational	   level	   (Rodriguez	  et	   al,	   2015).	   In	   the	   first	  part	  of	   this	   thesis,	  BAG3	  

was	   also	   found	   to	   be	   highly	   upregulated	   in	   oxidative	   stress	   resistant	   breast	   and	  

neuroblastoma	   cancer	   cells,	   giving	   the	   hind	   that	   BAG3	  may	   play	   a	   more	   general	   and	  

fundamental	  role	  in	  cytoprotective	  autophagy.	  	  

BAG1-‐proteasomal	  degradation	  is	  more	  likely	  slowing	  assuming	  by	  the	  downregulation	  

of	  BAG1L,	  rather	  the	  BAG3-‐mediated	  selective	  macroautophagy	  may	  be	  responsible	  to	  

keep	  homeostasis	  in	  conditions	  of	  chronic	  oxidative	  stress	  and	  a	  hypothetical	  mode	  of	  

action	  is	  summarized	  in	  the	  next	  figure	  (Figure	  39).	  

When	   analyzing	   brain	   areas	   after	   CCI	   we	   found	   BAG3	   and	   other	   autophagy	   markers	  

upregulated	   in	   the	   ipsilateral	   site	   of	   the	   lesion	   and	   higher	   autophagic	   flux	   could	   be	  

measured	   pointing	   to	   the	   induction	   of	   autophagy,	   especially	   the	   BAG3-‐mediated	  

selective	   autophagy.	   In	   contrast	   proteasomal	   activity	   slows	   down	   in	   brains	   after	   CCI	  

compared	  to	  sham	  treated	  animals,	  which	  was	  determined	  in	  cooperation	  studies	  with	  

T.	  Mittmann	  and	  F.	  Le	  Prieult	  (data	  not	  shown).	  The	  in	  vivo	  data	  thereby	  supports	  our	  in	  

vitro	   findings	  where	  we	   already	   detected	   a	   switch	   in	  BAG3	   and	  BAG1	   expression	   and	  

highly	  induced	  autophagy	  after	  long-‐term	  treatment	  of	  hippocampal	  cells	  with	  oxidative	  

stress.	  Therefore	  BAG3	  mediated	  autophagy	  might	  be	  a	  general	  mechanism	  due	   to	   the	  

response	  to	  high	  oxidative	  levels	  and	  accumulating	  protein	  stress.	  Supporting	  this	  thesis,	  

recent	  studies	  from	  Ulbricht	  et	  al.	  (2015)	  observed	  high	  levels	  of	  BAG3	  after	  strenuous	  

resistance	   exercise	   strength	   training	   in	   the	   skeleton	   muscle	   in	   human,	   which	   is	   also	  

interpreted	  as	  an	  adaptation	  process	  to	  long	  term	  exposure	  to	  oxidative	  stress	  (Ulbricht	  

et	  al,	  2015).	  

Accumulation	   of	   reactive	   oxygen	   species	   causing	   oxidative	   stress,	   as	   well	   as	   chronic	  

oxidative	   stress,	   is	   causally	   linked	   to	   neurodegenerative	   disease(Hensley	   et	   al.,	   1995).	  

Oxidative	  modified	  molecules	  were	  found	  to	  accumulate	  within	  aging,	  and	  are	  thought	  to	  
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be	  involved	  in	  neuronal	  cell	  death	  in	  chronic	  pathological	  disorders	  as	  well	  as	  in	  acute	  

pathophysiologic	   events	   as	   brain	   trauma	   (Brunk	   and	   Terman,	   2002;	   Dargusch	   and	  

Schubert,	  2002)	  and	  antioxidants	  are	  found	  to	  rescue	  neurons	  from	  oxidative	  cell	  death	  

(Behl	   et	   al.,	   1997).	   Compared	   to	   the	  UPS,	   in	  which	   just	   soluble	   and	  unfolded	  proteins	  

could	   be	   degraded,	   the	   autophagosomal	   pathway	   is	   able	   to	   abolish	   insoluble	  

components	   like	   aggregates	   (Ding	   and	   Yin,	   2008)	   that	   might	   occur	   after	   CCI/TBI.	  

Misfolding	   and	   aggregation	   of	   proteins	   and	   organelles	   is	   challenging	   PQC	   and	   BAG3-‐

mediated	   clearance	   via	   autophagy	   may	   thereby	   play	   a	   crucial	   role	   for	   neuronal	  

adaptation	  and	  survival	  after	  CCI.	  

	  

Figure	   39:	   Hypothetical	   model	   of	   autophagy	   in	   neuronal	   cells	   adapted	   to	   oxidative	   stress.	  
Autophagy	   is	   highly	   induced	   in	  hippocampal	   cells	   adapted	   to	   oxidative	   stress	   and	  bypass	   the	   canonical	  
regulation	   of	   mTOR.	   The	   newly	   described	   pathway	   results	   in	   the	   upregulation	   BAG3	   and	   BECN1.	  
BECN1/PI3KC	  is	  not	  inhibited	  by	  BCL2	  and	  could	  therefore	  induce	  autophagy	  by	  recruitment	  of	  PI3P	  to	  he	  
early	   autophagosome,	   whereas	   BAG3	   together	   with	   HSP70	   recruits	   cargo	   to	   the	   autophagosomes	   for	  
degradation.	   Furthermore	   the	   lysosomal	   compartment	   is	   rearranged	   in	   oxidative	   stress	   resistant	   cells,	  
which	   could	   be	   due	   to	   the	   induction	   of	   the	   BAG3-‐mediated	   selective	  macroautophagy	   and	   acts	   for	   the	  
optimum	   of	   the	   degradation	   capacity.	   Red	   arrows/font:	   bypassed	   canonical	   steps	   of	   autophagy;	  
L=lysosome;	  AL=	  autophagolysosome	  
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Altogether	  the	  findings	  of	  the	  study	  indicate	  that	  BAG3-‐mediated	  non-‐canonical	  autophagy	  

may	  act	  as	  a	  general	  adaptation	  and	  cytoprotective	  mechanism	  that	  may	  point	  to	  a	  major	  

role	  of	  this	  process	  in	  pathophysiological	  conditions	  ranging	  from	  cancer	  cells	  resistance	  to	  

neuroprotection.	  	  

	  

	  

Thinking	   of	   new	   treatment	   approaches	   BAG3	   could	   be	   a	   promising	   target	   to	   inhibit	  

autophagy	  in	  cancer	  cells	  that	  show	  non-‐canonical	  characteristics	  and	  to	  combat	  cancer	  

cell	   resistance	   to	   therapy.	  On	   the	   other	   hand	   inducing	   the	  BAG3-‐mediated	   autophagic	  

pathway	   would	   be	   the	   goal	   in	   neuronal	   cells	   to	   diminish	   proteostatic	   stress	   and	   to	  

support	  cells	  coping	  with	  neurodegenerative	  disorders.	  	  
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Materials	  and	  methods	  E.	  

	  

Cell	  culture:	  E.1.	  

Human	  SK-‐N-‐MC	  cells	  (ATCC	  HTB-‐10)	  and	  MCF-‐7	  cells	  were	  obtained	  from	  the	  American	  

Type	  Cell	  Collection	  and	  were	   cultured	   in	  phenol	   red-‐free	  Dulbecco’s	  modified	  Eagle’s	  

medium	   (Invitrogen)	   supplemented	   with	   1	   mM	   sodium	   pyruvate	   (Invitrogen),	   10	   %	  

charcoal-‐dextran-‐treated	   fetal	   calf	   serum,	   100	   U/mL	   penicillin	   and	   100	   U/mL	  

streptomycin	  (Invitrogen)	  at	  37°C	  under	  a	  humidified	  atmosphere	  containing	  5	  %	  CO2.	  

The	   medium	   for	   the	   SK-‐N-‐MC	   cell	   clones	   (SK-‐01,	   SK-‐ERα	   and	   SK-‐ERβ)	   was	  

supplemented	  with	   2	   µg/mL	   G418	   (Calbiochem).	   All	   reagents	   of	   the	   treatments	  were	  

dissolved	   in	   dimethylsulfoxid	   (DMSO).	   17β-‐estradiol	   (Sigma-‐Aldrich)	   was	   used	   in	   a	  

concentration	   of	   10	   nM	   for	   24	   hours.	   The	   endconcentration	   of	   ICI	   182780	   (Tocris	  

Biosciences)	   in	   the	   medium	   of	   stimulated	   cells	   was	   1	   µM.	   Bafilomycin	   A1	   (Enzo	   Life	  

Science)	  was	  used	  in	  a	  concentration	  of	  500	  nM.	  Exclusively	  in	  the	  case	  of	  the	  20	  hours	  1	  

µM	   Wortmannin	   (Sigma-‐Aldrich)	   treatment	   Bafilomycin	   A1	   was	   cotreated	   in	   a	  

concentration	  of	  100	  nM.	  U0126	  (Promega)	  was	  used	  in	  a	  concentration	  of	  50	  µM	  for	  48	  

hours.	   4-‐Hydroxytamoxifen	   (Sigma-‐Aldrich)	   was	   added	   for	   a	   period	   of	   24	   hours	   in	   a	  

concentration	  of	  1	  µM.	  In	  the	  case	  of	  a	  double	  treatment,	  a	  1-‐hour	  pretreatment	  with	  the	  

inhibiting	  reagent	  was	  performed.	  

Mouse	   hippocampal	   cell	   line,	   HT-‐22,	   immortalized	   from	   primary	  mouse	   hippocampal	  

neuronal	  culture,	  were	  obtained	  from	  salk	  institute	  as	  described	  previously	  (Schafer	  et	  

al,2004).	  Glutamate	  resistant	  mixed	  cell	  clones	  were	  generated	  when	  plating	  HT-‐22	  cells	  

at	  low	  density	  and	  treating	  the	  cells	  with	  gradually	  rising	  concentations	  of	  glutamate	  up	  

to	   40mM	  within	   4	   month.	   H2O2	   resistant	   cells	   were	   made	   with	   1,2	   µM	   H2O2	   (Sigma-‐

Aldrich)	  on	   low	  density	  HT-‐22	  cells	  within	  3	  weeks,	   followed	  by	  the	   isolation	  of	  single	  

cell	  clones.	  Later	  on	  cells	  were	  cultured	  in	  450µM	  H2O2.	  	  

Transfections:	  E.2.	  

Cells	   were	   plated	   in	   6-‐Well	   plates	   24	   h	   prior	   calcium	   phosphate	   transfection.	   All	  

reagents	  were	  set	  at	  room	  temperature	  (RT)	  and	  10	  µg	  plasmid	  DNA	  or	  20	  µg	  siRNA	  was	  

mixed	  with	  105	  µl	  H2O	  and	  15	  µl	  CaCl2	  and	  incubated	  for	  5	  min.	  120	  µl	  2x	  HEPES	  buffer	  

saline	  were	  added	  and	  incubated	  for	  30	  min.	  The	  suspension	  was	  directly	  transferred	  to	  

the	  medium	  and	  after	  24	  h	  fresh	  medium	  was	  added.	  For	  visualizing	  autophagic	  activity	  
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GFP-‐RFP-‐LC3	   plasmid	   (ptfLC3,	   Addgene)	   was	   used.	   After	   additional	   24	   h	   cells	   were	  

harvested	  or	  subjected	   to	   immunocytochemistry.	  Generation	  of	  pIRES-‐ERα	  and	  pIRES-‐

ERβ	  was	  described	  previously	  (Manthey	  et	  al.,	  2001;	  Zschocke	  et	  al.,	  2002a)	  and	  pIRES	  

plasmid	  was	  purchased	  from	  Clonetech	  Laboratories.	  

For	   overexpression	   and	   siRNA	  mediated	   knockdown	   cells	   were	   transfected	   using	   the	  

calcium	  phosphate	  method.	  Details	  are	  shown	  in	   the	  supplementary	   information.	  Non-‐

sense	   siRNA	   (5`	   AUUCUCCGAACGUGUCACG	   3`)	   was	   purchased	   as	   siMAX	   from	   MWG.	  

siRNA	   against	   BAG3	   was	   supplied	   from	   Sigma-‐Aldrich	   (SASI_Hs02_00337266).	   siRNA	  

mix	  against	  DRAM1	  was	  supplied	  by	  MWG	  (No1:	  5´ACACCUCCAGAGAGUGGUA	  3´;	  No	  2:	  

5´GGAUUAUGUAUAUCACGUA	  3´).	  

HT22	  cells	  were	  transfected	  with	  Amaxa	  (Lonza).	  Electroporation	  was	  performed	  with	  

50-‐200	   µg	   of	   DNA	   or	   RNA	   and	   600000	  mio	   cells	   in	   1	   reaction.	   Afterwards	   cells	  were	  

plated	  on	  2x	  6cm2	  dishes	  /	  approach	  or	  96	  Well	  dishes.	  

	  

Western	  blot	  analysis:	  E.3.	  

Adherent	  cells	  were	  washed	  two	  times	  with	  ice	  cold	  1xPBS	  and	  afterwards	  lysed	  on	  ice	  

with	   protein	   lysis	   buffer	   (50	   mM	   Tris-‐HCl	   pH	   7,5;	   150	   mM	   NaCl;	   0,5	   %	   NP40)	   plus	  

protease	   inhibitor	   cocktail	   (P8340,	   Sigma-‐Aldrich)	   plus	   phosphatase	   Inhibitor	   cocktail	  

(Roche)	  and	  were	  briefly	  sonicated	  and	  boiled	  for	  5	  min	  at	  99C°	  shaking.	  Total	  protein	  

concentration	  was	  measured	   by	   using	   bicinchoninic	   acid	   (BCA)	   protein	   assay	   reagent	  

(23225,	  Pierce)	  and	  bovine	  serum	  albumin	  as	  standard.	  Lysates	  were	  resolved	  by	  SDS-‐

PAGE	  and	  transferred	  to	  nitrocellulose	  membrane	  by	  electroblotting.	  Prestained	  protein	  

ladder	  (#SM0671,	  Fermentas)	  was	  used	  as	  reference	  of	  molecular	  weights.	  Membranes	  

were	  blocked	  for	  1	  hour	  at	  room	  temperature	  (RT)	  in	  blocking	  buffer	  (5	  %	  non-‐fat	  dry	  

milk	   in	   PBS	   supplemented	   with	   0,05	   %	   Tween	   20).	   Membranes	   were	   washed	   three	  

times	  for	  15	  min	  with	  PBS-‐T	  (PBS	  supplemented	  with	  0,05%	  Tween	  20)	  and	  incubated	  

with	   the	   primary	   antibody	   at	   varying	   concentrations	   suggested	   by	   the	   manufacturer	  

overnight	   at	   4°C	   followed	   by	   three	   washing	   steps	   for	   15	   min	   with	   PBS-‐T	   at	   RT.	  

Membranes	  were	   incubated	  with	   horseradish-‐peroxidase-‐linked	   secondary	   antibodies	  

(1:5000)	  for	  1	  hour	  at	  RT	  and	  detected	  using	  the	  Super	  Signal	  procedure	  (Millipore)	  and	  

visualized	  via	  the	  Fusion-‐SL	  3500	  WL	  system	  (Peqlab).	  Densitometric	  quantification	  was	  
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done	  after	  normalizing	  the	  results	  to	  tubulin.	  Analysis	  was	  performed	  with	  Aida	  Image	  

Analyzer	  v.4v26	  software	  (raytest).	  For	  statistical	  analysis	  one-‐sample	  t-‐test	  was	  used.	  

	  

Western	   blot	   analysis	   was	   carried	   out	   as	   described	   previously	   (Gamerdinger	   et	   al.,	  

2009b).	  Analysis	  was	  performed	  with	  the	  Fusion-‐SL	  3500	  WL	  system	  (Peqlab)	  and	  Aida	  

Image	  Analyzer	  v.4v26	  software	  (raytest).	  

	  

Immunocytochemistry:	  E.4.	  

Cells	   were	   plated	   on	   cover	   slips	   in	   6-‐well	   or	   24-‐well	   plates	   and	   fixed	   with	   4	   %	  

paraformaldehyde	  for	  20	  min	  at	  RT.	  Subsequently,	  cells	  were	  permeabilized	  and	  blocked	  

in	  blocking	  buffer	  (PBS,	  0,5	  %	  Triton-‐X100,	  3	  %	  bovine	  serum	  albumin)	  for	  1	  hour	  at	  RT.	  

Incubation	   of	   primary	   antibodies	   with	   concentrations	   suggested	   by	   the	  manufacturer	  

was	  done	  overnight	  at	  4°C.	  After	   three	  washing	   steps	   for	  15	  min	  at	  RT	  with	  PBS	  cells	  

were	   incubated	   with	   respective	   secondary	   antibodies	   (1:200)	   for	   2	   h	   at	   RT	   and	  

counterstained	  with	   4,6-‐diamidino-‐2-‐phenylindole	   (DAPI,	   1	   µg/ml)	   and	   again	  washed	  

three	  times	  for	  10	  min	  at	  RT.	  Cells	  were	  mounted	  in	  Mowiol	  (Roth)	  containing	  1,4-‐Diaza-‐

bicyclo(2,2,2)octan	  (DABCO,	  Roth).	  	  

The	  paraffin	  embedded	  tumor	  samples	  were	  de-‐paraffinized	  and	  afterwards	  rehydrated	  

with	   in	   Xylol,	   followed	   by	   a	   decreasing	   alcohol	   series	   (100%	   -‐	   70%	   alcohol).	   The	  

rehydration	   was	   completed	   by	   incubation	   with	   bidest	   H2O	   and	   slices	   were	   stored	   in	  

water	  until	  antigen	  detection.	  Afterwards	  immunostaining	  was	  performed	  as	  described	  

before.	  Cells	  and	  tissue	  were	  analyzed	  by	  microscopy	  using	  an	   inverted	  Leica	  TCS	  SP5	  

and	   Zeiss	   LSM710	  meta	   confocal	  microscope	   and	   images	  were	   processed	  with	   Adobe	  

Photoshop	  CS5	  and	  Leica	  LAS	  AF	  lite	  software.	  GFP-‐RFP-‐LC3	  dot	   formation	  (visualized	  

using	   the	   GFP-‐RFP-‐LC3	   expression	   plasmid	   mentioned	   above)	   was	   quantified	   by	  

counting	   dots	   in	   confocal	   laser	   scanning	   microscopic	   pictures	   of	   corresponding	  

transfected	  cell	  lines	  and	  after	  Bafilomycin	  A1	  treatment	  (500	  nM,	  6	  h).	  At	  least	  56	  cells	  

per	  cell	  line	  were	  analyzed.	  
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Antibodies:	  E.5.	  

The	   antibodies	  used	   for	   immunocytochemistry	   as	  well	   as	   for	  Western	  Blot	   analysis	   in	  

were	   as	   follows:	   ATG7	   (8558,	   Cell	   Signaling	   Technologies);	   BAG3	   (ab47124,	   Abcam);	  

BCL2	  (sc-‐492,	  Santa	  Cruz);	  ERα	  (RM9101S0,	  Thermo	  Fischer	  Scientific);	  ERK1/2	  (9102,	  

Cell	   Signaling	   Technologies);	   p-‐ERK1/2	   (9106,	   Cell	   Signaling	   Technologies);	   LC3B	  

(L7543,	   Sigma-‐Aldrich),	   LC3B	   for	   immunostainings	   and	   western	   blot	   of	   tissue	   (XY);	  

mTOR	   (OP97,	   Millipore);	   p-‐mTOR	   S2448	   (ab51044,	   Abcam);	   NBR1	   (00004077-‐M01,	  

Abnova);	  SQSTM1	  (GP62-‐C,	  Progen);	  PI3K	  Class	  III	  (4263,	  Cell	  Signaling	  Technologies);	  

Tubulin	   (T9026,	   Sigma-‐Aldrich);	   WIPI1	   (HPA007493,	   Sigma-‐Aldrich)	   Beclin1	  

(ab51031;abcam);	  p70S6K	  (9202,	  cell	  signaling);	  p70S6K	  Thr389	  (9206,	  cell	  signaling).	  

Secondary	   antibodies	   were	   anti-‐mouse/rabbit/guinea	   pig	   antibodies	   conjugated	   to	  

DyLight	  488,	  649	  and	  Cy3	  (immunofluorescence,	   Jackson	  ImmunoResearch)	  or	   to	  HRP	  

(immunoblotting,	  Jackson	  ImmunoResearch).	  The	  cBAG	  antibody,	  a	  kind	  gift	  from	  Prof.	  

Dr.	  F.	  Ulrich	  Hartl,	  was	  raised	  in	  rabbits	  against	  the	  human	  BAG	  domain	  in	  BAG1M	  (aa	  

151–263).	  

	  

Transmission	  electron	  microscopy/	  Glutaraldehyd-‐Osmium-‐fixation:	  E.6.	  

The	  Transmission	  electron	  microscopy	  (TEM)	  analysis	  was	  carried	  out	   in	  co-‐operation	  

with	  Prof.	  Dr	  U.	  Wolfrum.	  Cells	  were	  prefixed	  in	  2,5	  %	  glutaraldehyde,	  0,1	  M	  sucrose,	  0,1	  

M	  cacodylate	  buffer	  (pH	  7,4)	  for	  1	  hour	  at	  room	  temperature.	  After	  three	  washes	  for	  10	  

min	   in	   0,1	  M	   cacodylate/sucrose	   buffer,	   cells	  were	   post-‐fixed	   for	   1	   hour	   in	   1	  ml	   2	  %	  

OsO4,	  0,1	  M	  sucrose	  and	  0,1	  M	  cacodylate	  buffer,	  dehydrated	  and	  embedded	  in	  araldite	  

resin.	   Ultrathin	   sections	   were	   cut	   with	   a	   Leica	   Ultracut	   S	   microtome	   and	   were	  

counterstained	  with	  2	  %	  aqueous	  uranyl	  acetate.	  Sections	  were	  analysed	  in	  a	  FEI	  Tecnai	  

12	  BioTwin	  transmission	  electron	  microscope	  and	  imaged	  with	  an	  SCCD	  SIS	  MegaView	  

III	  camera.	  

	  

Human	  Breast	  cancer	  tissue:	  E.7.	  

Human	   breast	   cancer	   tumor	   samples	  were	   acquired	   by	   surgery	   from	   cancer	   patients.	  

Details	  about	  cancer	  patients	  can	  be	  found	  in	  Supplementary	  Table	  S1.	  Informed	  consent	  

was	  obtained	   from	  all	   subjects	  and	  studies	  were	  approved	  by	   the	   Institutional	  Review	  
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Boards	   and	   Ethical	   Committee	   of	   the	   collaborating	   Centrum	   für	   Tumorerkrankungen	  

(UCT)	  of	  the	  University	  of	  Frankfurt.	  

	  

PCR,	  Reverse	  Transcription	  PCR	  and	  quantitative	  real-‐time	  PCR:	  E.8.	  

RNA	  from	  cultured	  cells	  was	  extracted	  with	  the	  NucleoSpin	  RNA	  II	  Kit	  (Macherey-‐Nagel)	  

according	   to	   the	   manufactures	   protocol.	   1000ng	   of	   RNA	   was	   used	   for	   the	   Reverse	  

transcription	   reaction	   in	   a	   final	   volume	   of	   20	   µl	   containing	   2	   µl	   reverse	   transcriptase	  

buffer	  (Quiagen),	  2µl	  dNTPs	  (5mM;Quiagen),	  2µl	  oligo(dT)23	  primer	  (10µM;Sigma),	  10	  

U	  RNasin	  (Promega)	  and	  4	  U	  Omniscript	  Reverse	  Transcriptase	  (Quiagen).	  

Quantitative	   real-‐time	   PCR	   analysis	   was	   performed	   in	   a	   20	   µl	   reaction	   volume	  

containing	  1	  µl	  cDNA,	  2	  µl	  of	  a	  0,1	  µM	  Primer	  mix	  (HATPL-‐1,	  Biomol),	  10	  µl	  2x	  SensiMix	  

SYBR	   &	   Fluorescein	   Mastermix	   (Bioline)	   and	   7	   µl	   H20	   using	   iCycler	   real-‐time	  

thermocycler	   (Bio-‐Rad).	   Following	   15	   min	   denaturation	   at	   95°C	   35	   cycles	   of	  

amplification	   were	   performed.	   PCR	   cycle	   conditions	   were	   95°C	   for	   10	   sec	  

(denaturation),	   58°C	   for	   45	   sec	   (annealing)	   and	   72°C	   for	   30	   sec	   (extension).	   The	  

specificity	  of	  the	  PCR	  products	  was	  confirmed	  by	  analyzing	  the	  melting	  curve.	  

	  Fold	  changes	  and	  p-‐values	  of	  target	  genes	  in	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐7	  cells	  compared	  

with	  SK-‐01	  cells	  were	  calculated	  using	  RT2	  Profiler	  PCR	  Array	  Data	  Analysis	  Template	  

v4.0	  from	  Qiagen.	  All	  eight	  housekeeping	  genes	  spotted	  on	  the	  array	  plate	  were	  used	  as	  

internal	  controls.	  Only	  genes	  with	  a	  higher	  fold	  change	  than	  +1.5	  or	  -‐1.5	  and	  a	  p-‐value	  

p≤0.05	  were	  treated	  as	  regulated	  genes.	  	  

For	   the	   detection	   of	  DRAM1	   siRNA	  knock	   down	  we	  used	   primer	   supplied	   by	  Quiagen	  

(Hs_DRAM1_1_SG).	   The	   housekeeping	   gene	   RPL19	   was	   detected	   with	   the	   following	  

primer	   sequences:	   forward	   5’	   GAAATCGCCAATGCCAACTC	   3`	   and	   reverse	   5	  

TTCCTTGGTCTTAGACCTGCG	  3`.	  

Primer	  sequences	  used	  for	  characterizing	  ERα	  and	  ERβ	  positive	  and	  negative	  cell	   lines	  

are	   as	   follows:	   ERα-‐forward	   5´	   GTGCCAGGCTTTGTGGATTTG	   3´;	   ERα-‐reverse	   5´	  

GTTACTCATGTGCCTGATGTG	   3´;	   ERβ-‐forward	   5´	   GAGGCCTCCATGATGATGTC	   3´;	   ERβ-‐

reverse	   5´	   TCTCCAGCAGCAGGTCAT	   3´	   and	   pIRES-‐ERα	   and	   pIRES-‐ERβ	   were	   used	   as	  

positive	  controls.	  Samples	  were	  analyzed	  on	  a	  1%	  agarose	  (Biozym)	  gel.	  Mass	  Ruler	  DNA	  

ladder	  (#SM0403,	  Ferments)	  was	  used	  as	  reference.	  	  
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ERE-‐Luciferase-‐Assay:	  E.9.	  

SK-‐01,	   SK-‐ERα,	   SK-‐ERβ	   and	   MCF-‐7	   cells	   were	   transfected	   with	   the	   ERE-‐Luc	   reporter	  

plasmid	  containing	  estrogen	  response	  elements	  (ERE)	  fused	  to	  the	  firefly	  luciferase	  gene	  

(D-‐MTV-‐ERE-‐LUC;	  (Behl	  et	  al.,	  1995)).	  Transfection	  was	  carried	  out	  as	  described	  above.	  

After	  24	  h	  cells	  were	  stimulated	  with	  17β-‐estradiol	  (10	  nM)	  and/or	  ICI	  (1	  µM)	  for	  24	  h.	  

Subsequently,	  cells	  were	  harvested	  by	  using	  the	  Luciferase	  Assay	  System	  (Promega,	  Cat.	  

No.	   E4030).	   The	   protein	   concentrations	  were	   determined	   by	   BCA	   as	   described	   above	  

and	  the	  luminescence	  readings	  were	  assigned	  in	  an	  automatic	  counter	  (Wallac	  Victor2,	  

Wallac	   Inc.).	   Transfection	   experiments	   were	   performed	   in	   triplicates,	   repeated	   three	  

times	  and	  normalized	  for	  identical	  protein	  contend.	  	  

	  

Survival	  experiments	  by	  Fluorescence	  Activated	  Cell	  Sorting	  (FACS):	  E.10.	  

24	  h	  prior	  to	  stimulation	  SK-‐01,	  SK-‐ERα,	  SK-‐ERβ	  and	  MCF-‐7	  cells	  were	  seeded	  in	  24-‐well	  

plates.	   Following	   1	   h	   pre-‐incubation	   with	   Bafilomycin	   A1	   (500	   nM)	   or	   DMSO,	   or	   24h	  

after	   transfection	  with	  siBAG3,	  cells	  were	   treated	  with	  vehicle	  control,	  400	  µM	  or	  600	  

µM	  H2O2	   (Sigma-‐Aldrich)	   for	  24	  h.	  After	   treatment	   the	  supernatant	   from	  the	  cells	  was	  

collected	   and	   cells	   were	   dissolved	   from	   the	   plates	   with	   Trypsin	   digestion	   and	   again	  

incubated	  with	  the	  prior	  collected	  supernatant.	  Following	  5	  min	  of	  centrifugation	  (800	  

g)	  the	  cells	  were	  resolved	  in	  100	  µl	  PBS.	  All	  steps	  were	  carried	  out	  on	  ice.	  Cell	  viability	  

was	  measured	  by	  staining	  cells	  with	  propidium	  iodid	  (PI)	  (1	  µg/ml).	  PI	  fluorescence	  was	  

determined	  with	  a	  FACScan	  Flow	  Cytometer	  (Becton	  Dickinson).	  Cell	  populations	  were	  

pre-‐gated	   by	   forward	   scatter	   (FSC-‐Height)	   and	   side	   scatter	   (SSC-‐Height).	   Afterwards,	  

results	  were	  analysed	  with	  the	  BD	  CellQuestTM	  Pro	  Analysis	  software.	  

Animal	  experiments	  E.11.	  

Animal	   experiments	   have	   been	   carried	   out	   by	   the	   group	   of	   Anesthesiology	   Prof.	   Dr.	  

Engelhardt	  Universitiy	   clinics	  Mainz.	  Animal	   testing	   license	   reference	  number	  23	  177-‐

07/G	   12-‐1-‐010	  was	   approved	   by	   the	   Ethical	   Care	   Committee	   approval	   of	   the	   Federal	  

Republic	   of	   Rhineland-‐Palatinate.	   Experimental	   TBI,	   Controlled	   Cortical	   impacts	   (CCI),	  

have	   been	   done	   by	   Christina	   Gölz	   (Universitiy	   clinics	  Mainz,	   group	   of	   Anesthesiology	  

Prof.	  Dr.	  Engelhardt)	  and	  were	  approved	   from	  TSchG	  §8	  version	  2006.	  C57Bl6-‐N	  mice	  

were	   anesthetized	  with	   isoflurane	   via	   face	  mask	   and	   placed	   into	   a	   stereotactic	   frame.	  

Trauma	  was	   induced	  by	  controlled	  cortical	   impact	  as	  described	  previously	   (Sebastiani	  
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and	   Gölz	   et	   al	   2015).	   After	   craniotomy	   on	   the	   right	   rostrocaudal	   plane,	   a	  mechanical	  

lesion	  was	  induced	  on	  the	  right	  parietotemporal	  cortex	  by	  a	  custom	  fabricated	  impactor	  

(L.	   Kopacz,	   Germany)	   with	   the	   following	   parameters:	   tip	   diameter	   of	   3	   mm,	   1.5	   mm	  

brain	   penetration,	   impact	   duration	   of	   150	  msec,	   and	   impact	   velocity	   of	   8	  M/sec.	   The	  

craniotomy	   was	   rapidly	   sealed	   with	   histoacrylic	   glue	   (B	   Braun	   Melsungen	   AG,	  

Melsungen,	  Germany).	  The	  wounds	  were	  sutured	  closed.	  At	  the	  end	  of	  each	  experiment	  

mice	  were	  anaesthetize	  with	  Isofluran	  and	  the	  head	  is	  kept	  via	  cervical	  dislocation.	  	  

Preparation	  of	   acute	  organotypic	  brain	   slices	  after	  CCI	  have	  been	  done	   in	   cooperation	  

with	   Florie	   Le	   Prieult,	   group	   of	   Prof.	   Dr.	   Thomas	   Mittmann,	   Institute	   of	   Physiology,	  

Mainz	  University	  Medical	  Center.	  After	  CCI	  or	  sham	  operation,	  300µM	  slices	  have	  been	  

prepared	   with	   the	   Vibratom.	   After	   incubation	   of	   the	   slices	   in	   control	   or	   Chloroquine	  

(200µM;	   Sigma)	   conditions	   solved	   in	   artificial	   cerebral	   spinal	   fluid	   (ACSF)	   for	   2h,	   the	  

sections	  were	   gathered	   in	   lysis	   buffer	   (contents	   as	   in	   section	  western	  blotting),	   shock	  

frozen	   in	   liquid	   nitrogen	   and	   analyzed	   by	   western	   blotting	   (carried	   out	   by	   Vanessa	  

Felzen).	  

LC3EGFP	  mice	  E.11.1.	  

LC3EGFP	  mice	  (C57BL6/J-‐Tg(CAG-‐LC3-‐EGFP)53Nmz/Rbrc	  )	  were	  kindly	  provided	  from	  

Prof.	   Dr.	   Irmgard	   Tegeder,	   Frankfurt	   (	   Developed	   by	   Noboru	   Mizushima,	   National	  

Institute	   for	   Basic	   Biology).	   The	   GFP-‐LC3	   mouse	   line	   was	   developed	   by	   random	  

integration	   of	   GFP-‐LC3	   fragments	  with	   the	   CAG	   promoter;	   this	   is	   a	   strong	   ubiquitous	  

promoter	  containing	  the	  cytomegalovirus	  immediate-‐early	  enhancer	  and	  the	  chicken	  b-‐

actin	   promoter.	   The	   GFP-‐LC3	   transgene	   was	   inserted	   106	   bp	   upstream	   of	   a	   putative	  

gene	   named	   “similar	   to	   transcriptional	   adaptor	   3-‐like	   (LOC665264)”.	   This	   gene	  

sequence	  was	  derived	  by	  automated	  computational	  analysis	  using	   the	  gene	  prediction	  

method	   (GNOMON)	   and	   is	   predicted	   to	   be	   a	   pseudogene.	   Indeed,	   no	   transcript	  

corresponding	  to	  this	  gene	  has	  been	  reported.	  
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Figure	   40:	   Chromosomal	   mapping	   of	   the	   GFP-‐LC3	   transgene	   and	   zygosity	   determination	   in	   GFP-‐LC3	  
transgenic	  mice.	   (A)	  Scheme	  of	   the	  chromosome	  mapping	  of	   the	  GFP-‐LC3	  transgene.	  The	  grey	  segments	  
indicate	   the	   ligated	   adaptors.	   Primer	   sequences	   used	   were:	   AP1	   	   5’-‐GTAATACGACTCACTATAGGGC-‐3’),	  
AP2	   (5’-‐ACTATAGGG	   CACGCGTGGT-‐3’),	   R112	   (5’-‐CCAGGCGGGCCATTTACCGTAAGTTAT-‐3’)	   and	   R109	  
5’-‐GGCGGGCCATTTACCGTAAGTTATGT-‐3’).	   (B)	   Result	   of	   the	   primary	   PCR	   amplification	   of	   the	   genomic	  
DNA	  digested	  with	  the	  indicated	  restriction	  enzymes.	  (C,	  D)	  Integration	  site	  of	  the	  GFP-‐LC3	  transgene.	  (E)	  
Genomic	  DNA	  was	  extracted	  and	  analyzed	  by	  PCR	  with	  primers	  1,	  2	  and	  3	  shown	  in	  panel	  D.	  Positions	  of	  
the	   non-‐transgenic	   (wild-‐type)	   allele	   and	   transgenic	   allele	   are	   indicated.	   Primer	   sequences	   used	  were:	  
Primer	   1	   5’-‐ATAACTTGCTGGCCTT	   TCCACT-‐3’),	   Primer	   2	   (5’-‐CGGGCCATTTACCGTAAGTTAT-‐3’)	   and	  
Primer	   3	   (5’-‐GCAGCTCATTGCTGTTCCTCAA	   -‐3’).	   The	   PCR	   program	  was:	   94˚C	   for	   4	  min,	   followed	   by	   25	  
cycles	  of	  94˚C	  for	  30	  sec,	  60˚Cfor	  30	  sec	  and	  72˚C	  for	  1	  min,	  and	  an	  additional	  7	  min	  at	  72˚C	  after	  the	  final	  
cycle.	  

	  

	  

Statistical	  analysis:	  E.11.2.	  

Quantitative	  data	  are	  expressed	  as	   the	  means	  ±	  s.e.m..	  Statistical	  comparisons	  between	  

experimental	   groups	   were	   made	   using	   Student's	  t-‐test.	   Probability	   values	   of	  p≤0.05	  

were	  considered	  significant.	  



E	  	  Materials	  and	  methods	  	   	   95	  



E	  	  Materials	  and	  methods	  	   	   96	  

	  

	  

	   	  

	  



F	  	  References	  	   	   97	  

	  

References	  F.	  

	  

Aita,	  V.M.,	  X.H.	  Liang,	  V.V.	  Murty,	  D.L.	  Pincus,	  W.	  Yu,	  E.	  Cayanis,	  S.	  Kalachikov,	  T.C.	  Gilliam,	  
and	  B.	   Levine.	   1999.	  Cloning	   and	  genomic	  organization	  of	   beclin	  1,	   a	   candidate	  
tumor	  suppressor	  gene	  on	  chromosome	  17q21.	  Genomics.	  59:59-‐65.	  

Alirezaei,	  M.,	  C.C.	  Kemball,	  C.T.	  Flynn,	  M.R.	  Wood,	   J.L.	  Whitton,	  and	  W.B.	  Kiosses.	  2010.	  
Short-‐term	  fasting	  induces	  profound	  neuronal	  autophagy.	  Autophagy.	  6:702-‐710.	  

Apel,	   A.,	   I.	   Herr,	   H.	   Schwarz,	   H.P.	   Rodemann,	   and	   A.	  Mayer.	   2008.	   Blocked	   autophagy	  
sensitizes	   resistant	   carcinoma	   cells	   to	   radiation	   therapy.	   Cancer	   Res.	   68:1485-‐
1494.	  

Arias,	   E.,	   and	   A.M.	   Cuervo.	   2011.	   Chaperone-‐mediated	   autophagy	   in	   protein	   quality	  
control.	  Curr	  Opin	  Cell	  Biol.	  23:184-‐189.	  

Arndt,	  V.,	  N.	  Dick,	  R.	  Tawo,	  M.	  Dreiseidler,	  D.	  Wenzel,	  M.	  Hesse,	  D.O.	  Furst,	  P.	  Saftig,	  R.	  
Saint,	   B.K.	   Fleischmann,	   M.	   Hoch,	   and	   J.	   Hohfeld.	   2010.	   Chaperone-‐assisted	  
selective	  autophagy	  is	  essential	  for	  muscle	  maintenance.	  Curr	  Biol.	  20:143-‐148.	  

Aveic,	  S.,	  M.	  Pigazzi,	  and	  G.	  Basso.	  2011.	  BAG1:	  the	  guardian	  of	  anti-‐apoptotic	  proteins	  in	  
acute	  myeloid	  leukemia.	  PLoS	  One.	  6:e26097.	  

Axe,	  E.L.,	  S.A.	  Walker,	  M.	  Manifava,	  P.	  Chandra,	  H.L.	  Roderick,	  A.	  Habermann,	  G.	  Griffiths,	  
and	   N.T.	   Ktistakis.	   2008.	   Autophagosome	   formation	   from	   membrane	  
compartments	   enriched	   in	   phosphatidylinositol	   3-‐phosphate	   and	   dynamically	  
connected	  to	  the	  endoplasmic	  reticulum.	  The	  Journal	  of	  Cell	  Biology.	  182:685-‐701.	  

Balch.	  2008.	  <Science-‐2008-‐Balch-‐916-‐9.pdf>.	  Science.	  
Bannai,	  S.,	  and	  E.	  Kitamura.	  1980.	  Transport	  interaction	  of	  L-‐cystine	  and	  L-‐glutamate	  in	  

human	  diploid	  fibroblasts	  in	  culture.	  J	  Biol	  Chem.	  255:2372-‐2376.	  
Bartsch,	   G.,	   L.	   Jennewein,	   P.N.	   Harter,	   P.	   Antonietti,	   R.A.	   Blaheta,	   H.M.	   Kvasnicka,	   D.	  

Kogel,	   A.	   Haferkamp,	   M.	   Mittelbronn,	   and	   J.	   Mani.	   2016.	   Autophagy-‐associated	  
proteins	  BAG3	  and	  p62	  in	  testicular	  cancer.	  Oncol	  Rep.	  35:1629-‐1635.	  

Behl,	  C.	  1997.	  Amyloid	  beta-‐protein	  toxicity	  and	  oxidative	  stress	  in	  Alzheimer's	  disease.	  
Cell	  Tissue	  Res.	  290:471-‐480.	  

Behl,	   C.	   2002a.	   Estrogen	   can	   protect	   neurons:	  modes	   of	   action.	   J	   Steroid	   Biochem	  Mol	  
Biol.	  83:195-‐197.	  

Behl,	  C.	  2002b.	  Oestrogen	  as	  a	  neuroprotective	  hormone.	  Nature	  reviews.	  Neuroscience.	  
3:433-‐442.	  

Behl,	   C.,	   J.B.	   Davis,	   R.	   Lesley,	   and	   D.	   Schubert.	   1994.	   Hydrogen	   peroxide	   mediates	  
amyloid	  beta	  protein	  toxicity.	  Cell.	  77:817-‐827.	  

Behl,	   C.,	   T.	   Skutella,	   F.	   Lezoualc'h,	   A.	   Post,	  M.	  Widmann,	   C.J.	   Newton,	   and	   F.	   Holsboer.	  
1997.	   Neuroprotection	   against	   oxidative	   stress	   by	   estrogens:	   structure-‐activity	  
relationship.	  Mol	  Pharmacol.	  51:535-‐541.	  

Behl,	   C.,	   M.	   Widmann,	   T.	   Trapp,	   and	   F.	   Holsboer.	   1995.	   17-‐beta	   estradiol	   protects	  
neurons	   from	   oxidative	   stress-‐induced	   cell	   death	   in	   vitro.	   Biochemical	   and	  
biophysical	  research	  communications.	  216:473-‐482.	  

Benbrook,	  D.M.,	  and	  A.	  Long.	  2012.	  Integration	  of	  autophagy,	  proteasomal	  degradation,	  
unfolded	  protein	  response	  and	  apoptosis.	  Exp	  Oncol.	  34:286-‐297.	  

Bence,	  N.F.,	  R.M.	  Sampat,	  and	  R.R.	  Kopito.	  2001.	  Impairment	  of	  the	  ubiquitin-‐proteasome	  
system	  by	  protein	  aggregation.	  Science.	  292:1552-‐1555.	  



F	  	  References	  	   	   98	  

Berardi,	  D.E.,	  P.B.	  Campodonico,	  M.I.	  Diaz	  Bessone,	  A.J.	  Urtreger,	  and	  L.B.	  Todaro.	  2011.	  
Autophagy:	   friend	   or	   foe	   in	   breast	   cancer	   development,	   progression,	   and	  
treatment.	  Int	  J	  Breast	  Cancer.	  2011:595092.	  

Bieche,	   I.,	   B.	   Parfait,	   I.	   Laurendeau,	   I.	   Girault,	   M.	   Vidaud,	   and	   R.	   Lidereau.	   2001.	  
Quantification	  of	  estrogen	  receptor	  alpha	  and	  beta	  expression	  in	  sporadic	  breast	  
cancer.	  Oncogene.	  20:8109-‐8115.	  

Brendel,	   A.,	   ;	   Felzen	   V.	   2013.	   Differential	   regulation	   of	   apoptosis-‐associated	   genes	   by	  
estrogen	   receptor	   alpha	   in	   human	  neuroblastoma	   cells.	  Restor	  Neurol	  Neurosci.	  
31:199-‐211.	  

Brendel,	  A.,	  V.	  Felzen,	  T.	  Morawe,	  D.	  Manthey,	  and	  C.	  Behl.	  2013.	  Differential	  regulation	  
of	   apoptosis-‐associated	   genes	   by	   estrogen	   receptor	   alpha	   in	   human	  
neuroblastoma	  cells.	  Restorative	  neurology	  and	  neuroscience.	  31:199-‐211.	  

Briknarova,	   K.,	   S.	   Takayama,	   L.	   Brive,	  M.L.	   Havert,	   D.A.	   Knee,	   J.	   Velasco,	   S.	   Homma,	   E.	  
Cabezas,	   J.	  Stuart,	  D.W.	  Hoyt,	  A.C.	  Satterthwait,	  M.	  Llinas,	   J.C.	  Reed,	  and	  K.R.	  Ely.	  
2001.	   Structural	   analysis	   of	  BAG1	   cochaperone	   and	   its	   interactions	  with	  Hsc70	  
heat	  shock	  protein.	  Nat	  Struct	  Biol.	  8:349-‐352.	  

Brunk,	  U.T.,	  and	  A.	  Terman.	  2002.	  Lipofuscin:	  mechanisms	  of	  age-‐related	  accumulation	  
and	  influence	  on	  cell	  function.	  Free	  Radic	  Biol	  Med.	  33:611-‐619.	  

Butterfield,	   D.A.,	   and	   J.	   Kanski.	   2001.	   Brain	   protein	   oxidation	   in	   age-‐related	  
neurodegenerative	  disorders	  that	  are	  associated	  with	  aggregated	  proteins.	  Mech	  
Ageing	  Dev.	  122:945-‐962.	  

Carlsson,	   S.R.,	   and	   A.	   Simonsen.	   2015.	   Membrane	   dynamics	   in	   autophagosome	  
biogenesis.	  J	  Cell	  Sci.	  128:193-‐205.	  

Carra,	   S.,	   J.F.	   Brunsting,	   H.	   Lambert,	   J.	   Landry,	   and	   H.H.	   Kampinga.	   2009.	   HspB8	  
participates	   in	  protein	  quality	   control	  by	   a	  non-‐chaperone-‐like	  mechanism	   that	  
requires	  eIF2{alpha}	  phosphorylation.	  J	  Biol	  Chem.	  284:5523-‐5532.	  

Carra,	  S.,	  S.J.	  Seguin,	  H.	  Lambert,	  and	  J.	  Landry.	  2008.	  HspB8	  chaperone	  activity	  toward	  
poly(Q)-‐containing	  proteins	  depends	  on	  its	  association	  with	  Bag3,	  a	  stimulator	  of	  
macroautophagy.	  J	  Biol	  Chem.	  283:1437-‐1444.	  

Cha-‐Molstad,	  H.,	  K.S.	   Sung,	   J.	  Hwang,	  K.A.	  Kim,	   J.E.	   Yu,	   Y.D.	  Yoo,	   J.M.	   Jang,	  D.H.	  Han,	  M.	  
Molstad,	   J.G.	  Kim,	  Y.J.	   Lee,	  A.	   Zakrzewska,	   S.H.	  Kim,	   S.T.	  Kim,	   S.Y.	  Kim,	  H.G.	   Lee,	  
N.K.	   Soung,	   J.S.	   Ahn,	   A.	   Ciechanover,	   B.Y.	   Kim,	   and	   Y.T.	   Kwon.	   2015.	   Amino-‐
terminal	   arginylation	   targets	   endoplasmic	   reticulum	   chaperone	   BiP	   for	  
autophagy	  through	  p62	  binding.	  Nat	  Cell	  Biol.	  17:917-‐929.	  

Chae,	  H.J.,	  J.S.	  Kang,	  J.O.	  Byun,	  K.S.	  Han,	  D.U.	  Kim,	  S.M.	  Oh,	  H.M.	  Kim,	  S.W.	  Chae,	  and	  H.R.	  
Kim.	   2000.	   Molecular	   mechanism	   of	   staurosporine-‐induced	   apoptosis	   in	  
osteoblasts.	  Pharmacol	  Res.	  42:373-‐381.	  

Chang,	  Y.Y.,	  and	  T.P.	  Neufeld.	  2009.	  An	  Atg1/Atg13	  complex	  with	  multiple	  roles	  in	  TOR-‐
mediated	  autophagy	  regulation.	  Mol	  Biol	  Cell.	  20:2004-‐2014.	  

Chen,	  Y.,	  E.	  McMillan-‐Ward,	   J.	  Kong,	  S.J.	   Israels,	   and	  S.B.	  Gibson.	  2008.	  Oxidative	  stress	  
induces	   autophagic	   cell	   death	   independent	   of	   apoptosis	   in	   transformed	   and	  
cancer	  cells.	  Cell	  Death	  Differ.	  15:171-‐182.	  

Cheong,	  H.,	  C.	  Lu,	  T.	  Lindsten,	  and	  C.B.	  Thompson.	  2012.	  Therapeutic	   targets	   in	  cancer	  
cell	  metabolism	  and	  autophagy.	  Nat	  Biotechnol.	  30:671-‐678.	  

Chiang,	   G.G.,	   and	   R.T.	   Abraham.	   2005.	   Phosphorylation	   of	   mammalian	   target	   of	  
rapamycin	   (mTOR)	   at	   Ser-‐2448	   is	   mediated	   by	   p70S6	   kinase.	   J	   Biol	   Chem.	  
280:25485-‐25490.	  

Ciallella,	   J.R.,	  M.D.	   Ikonomovic,	  W.R.	  Paljug,	  Y.I.	  Wilbur,	  C.E.	  Dixon,	  P.M.	  Kochanek,	  D.W.	  
Marion,	   and	   S.T.	   DeKosky.	   2002.	   Changes	   in	   expression	   of	   amyloid	   precursor	  



F	  	  References	  	   	   99	  

protein	  and	  interleukin-‐1beta	  after	  experimental	  traumatic	  brain	  injury	  in	  rats.	  J	  
Neurotrauma.	  19:1555-‐1567.	  

Cicchini,	  M.,	  R.	  Chakrabarti,	  S.	  Kongara,	  S.	  Price,	  R.	  Nahar,	  F.	  Lozy,	  H.	  Zhong,	  A.	  Vazquez,	  
Y.	   Kang,	   and	   V.	   Karantza.	   2014.	   Autophagy	   regulator	   BECN1	   suppresses	  
mammary	   tumorigenesis	   driven	   by	   WNT1	   activation	   and	   following	   parity.	  
Autophagy.	  10:2036-‐2052.	  

Cleator,	  S.,	  W.	  Heller,	  and	  R.C.	  Coombes.	  2007.	  Triple-‐negative	  breast	  cancer:	  therapeutic	  
options.	  Lancet	  Oncol.	  8:235-‐244.	  

Codogno,	  P.,	  M.	  Mehrpour,	  and	  T.	  Proikas-‐Cezanne.	  2012a.	  Canonical	  and	  non-‐canonical	  
autophagy:	  variations	  on	  a	  common	   theme	  of	   self-‐eating?	  Nat	  Rev	  Mol	  Cell	  Biol.	  
13:7-‐12.	  

Codogno,	  P.,	  M.	  Mehrpour,	  and	  T.	  Proikas-‐Cezanne.	  2012b.	  Canonical	  and	  non-‐canonical	  
autophagy:	  variations	  on	  a	  common	   theme	  of	   self-‐eating?	  Nat	  Rev	  Mol	  Cell	  Biol.	  
13:7-‐12.	  

Colvin,	  T.A.,	  V.L.	  Gabai,	  J.	  Gong,	  S.K.	  Calderwood,	  H.	  Li,	  S.	  Gummuluru,	  O.N.	  Matchuk,	  S.G.	  
Smirnova,	   N.V.	   Orlova,	   I.A.	   Zamulaeva,	   M.	   Garcia-‐Marcos,	   X.	   Li,	   Z.T.	   Young,	   J.N.	  
Rauch,	   J.E.	   Gestwicki,	   S.	   Takayama,	   and	   M.Y.	   Sherman.	   2014a.	   Hsp70-‐Bag3	  
interactions	   regulate	   cancer-‐related	   signaling	   networks.	   Cancer	   Res.	   74:4731-‐
4740.	  

Colvin,	  T.A.,	  V.L.	  Gabai,	  J.	  Gong,	  S.K.	  Calderwood,	  H.	  Li,	  S.	  Gummuluru,	  O.N.	  Matchuk,	  S.G.	  
Smirnova,	   N.V.	   Orlova,	   I.A.	   Zamulaeva,	   M.	   Garcia-‐Marcos,	   X.	   Li,	   Z.T.	   Young,	   J.N.	  
Rauch,	   J.E.	   Gestwicki,	   S.	   Takayama,	   and	   M.Y.	   Sherman.	   2014b.	   Hsp70-‐Bag3	  
Interactions	  Regulate	  Cancer-‐Related	  Signaling	  Networks.	  Cancer	  Res.	  

Cook,	   K.L.,	   A.N.	   Shajahan,	   and	  R.	   Clarke.	   2011.	   Autophagy	   and	   endocrine	   resistance	   in	  
breast	  cancer.	  Expert	  Rev	  Anticancer	  Ther.	  11:1283-‐1294.	  

Cotugno,	   R.,	   A.	   Basile,	   E.	   Romano,	   D.	   Gallotta,	   and	   M.A.	   Belisario.	   2014.	   BAG3	   down-‐
modulation	   sensitizes	   HPV18(+)	   HeLa	   cells	   to	   PEITC-‐induced	   apoptosis	   and	  
restores	  p53.	  Cancer	  Lett.	  354:263-‐271.	  

Coyle,	  J.T.,	  and	  P.	  Puttfarcken.	  1993.	  Oxidative	  stress,	  glutamate,	  and	  neurodegenerative	  
disorders.	  Science.	  262:689-‐695.	  

Crighton,	   D.,	   S.	   Wilkinson,	   and	   K.M.	   Ryan.	   2007.	   DRAM	   links	   autophagy	   to	   p53	   and	  
programmed	  cell	  death.	  Autophagy.	  3:72-‐74.	  

Crippa,	  V.,	  S.	  Carra,	  P.	  Rusmini,	  D.	  Sau,	  E.	  Bolzoni,	  C.	  Bendotti,	  S.	  De	  Biasi,	  and	  A.	  Poletti.	  
2010.	  A	  role	  of	  small	  heat	  shock	  protein	  B8	  (HspB8)	  in	  the	  autophagic	  removal	  of	  
misfolded	   proteins	   responsible	   for	   neurodegenerative	   diseases.	   Autophagy.	  
6:958-‐960.	  

Cuervo,	  A.M.	  1998.	  <cuervo	  1998	  ikappab.pdf>.	  
Cuervo,	  A.M.,	  and	  E.	  Wong.	  2014.	  Chaperone-‐mediated	  autophagy:	  roles	   in	  disease	  and	  

aging.	  Cell	  Res.	  24:92-‐104.	  
Dargusch,	   R.,	   and	   D.	   Schubert.	   2002.	   Specificity	   of	   resistance	   to	   oxidative	   stress.	   J	  

Neurochem.	  81:1394-‐1400.	  
Davis,	  N.M.,	  M.	  Sokolosky,	  K.	  Stadelman,	  S.L.	  Abrams,	  M.	  Libra,	  S.	  Candido,	  F.	  Nicoletti,	  J.	  

Polesel,	   R.	   Maestro,	   A.	   D'Assoro,	   L.	   Drobot,	   D.	   Rakus,	   A.	   Gizak,	   P.	   Laidler,	   J.	  
Dulinska-‐Litewka,	   J.	  Basecke,	  S.	  Mijatovic,	  D.	  Maksimovic-‐Ivanic,	  G.	  Montalto,	  M.	  
Cervello,	  T.L.	  Fitzgerald,	  Z.	  Demidenko,	  A.M.	  Martelli,	  L.	  Cocco,	  L.S.	  Steelman,	  and	  
J.A.	   McCubrey.	   2014.	   Deregulation	   of	   the	   EGFR/PI3K/PTEN/Akt/mTORC1	  
pathway	   in	  breast	   cancer:	  possibilities	   for	   therapeutic	   intervention.	  Oncotarget.	  
5:4603-‐4650.	  

Dawson,	  S.J.,	  E.	  Provenzano,	  and	  C.	  Caldas.	  2009.	  Triple	  negative	  breast	  cancers:	  clinical	  
and	  prognostic	  implications.	  Eur	  J	  Cancer.	  45	  Suppl	  1:27-‐40.	  



F	  	  References	  	   	   100	  

De	  Duve,	  C.	  1963.	  The	  lysosome.	  Sci	  Am.	  208:64-‐72.	  
Deas,	   O.,	   C.	   Dumont,	   M.	   MacFarlane,	   M.	   Rouleau,	   C.	   Hebib,	   F.	   Harper,	   F.	   Hirsch,	   B.	  

Charpentier,	   G.M.	   Cohen,	   and	   A.	   Senik.	   1998.	   Caspase-‐independent	   cell	   death	  
induced	   by	   anti-‐CD2	   or	   staurosporine	   in	   activated	   human	   peripheral	   T	  
lymphocytes.	  J	  Immunol.	  161:3375-‐3383.	  

Deecher,	   D.C.,	   P.	   Daoud,	   R.A.	   Bhat,	   and	   L.T.	   O'Connor.	   2005.	   Endogenously	   expressed	  
estrogen	  receptors	  mediate	  neuroprotection	   in	  hippocampal	   cells	   (HT22).	   J	  Cell	  
Biochem.	  95:302-‐312.	  

Degenhardt,	  K.,	  R.	  Mathew,	  B.	  Beaudoin,	  K.	  Bray,	  D.	  Anderson,	  G.	  Chen,	  C.	  Mukherjee,	  Y.	  
Shi,	  C.	  Gelinas,	  Y.	  Fan,	  D.A.	  Nelson,	  S.	  Jin,	  and	  E.	  White.	  2006.	  Autophagy	  promotes	  
tumor	   cell	   survival	   and	   restricts	   necrosis,	   inflammation,	   and	   tumorigenesis.	  
Cancer	  Cell.	  10:51-‐64.	  

DeKosky,	   S.T.,	   M.D.	   Ikonomovic,	   and	   S.	   Gandy.	   2010.	   Traumatic	   brain	   injury:	   football,	  
warfare,	  and	  long-‐term	  effects.	  Minn	  Med.	  93:46-‐47.	  

Devereaux,	   K.,	   C.	   Dall'Armi,	   A.	   Alcazar-‐Roman,	   Y.	   Ogasawara,	   X.	   Zhou,	   F.	   Wang,	   A.	  
Yamamoto,	   P.	   De	   Camilli,	   and	   G.	   Di	   Paolo.	   2013.	   Regulation	   of	   mammalian	  
autophagy	   by	   class	   II	   and	   III	   PI	   3-‐kinases	   through	   PI3P	   synthesis.	   PLoS	   One.	  
8:e76405.	  

Ding,	   W.X.,	   and	   X.M.	   Yin.	   2008.	   Sorting,	   recognition	   and	   activation	   of	   the	   misfolded	  
protein	   degradation	   pathways	   through	   macroautophagy	   and	   the	   proteasome.	  
Autophagy.	  4:141-‐150.	  

Djordjevic,	  J.,	  M.G.	  Sabbir,	  and	  B.C.	  Albensi.	  2016.	  Traumatic	  brain	  injury	  as	  a	  risk	  factor	  
for	  Alzheimer's	  disease:	   Is	   inflammatory	  signaling	  a	  key	  player?	  Curr	  Alzheimer	  
Res.	  

Donati,	   A.,	   G.	   Cavallini,	   C.	   Paradiso,	   S.	   Vittorini,	   M.	   Pollera,	   Z.	   Gori,	   and	   E.	   Bergamini.	  
2001.	  Age-‐related	  changes	  in	  the	  autophagic	  proteolysis	  of	  rat	  isolated	  liver	  cells:	  
effects	  of	  antiaging	  dietary	  restrictions.	  J	  Gerontol	  A	  Biol	  Sci	  Med	  Sci.	  56:B375-‐383.	  

Doong,	  H.,	  K.	  Rizzo,	  S.	  Fang,	  V.	  Kulpa,	  A.M.	  Weissman,	  and	  E.C.	  Kohn.	  2003.	  CAIR-‐1/BAG-‐3	  
abrogates	   heat	   shock	   protein-‐70	   chaperone	   complex-‐mediated	   protein	  
degradation:	   accumulation	   of	   poly-‐ubiquitinated	   Hsp90	   client	   proteins.	   J	   Biol	  
Chem.	  278:28490-‐28500.	  

Doong,	   H.,	   A.	   Vrailas,	   and	   E.C.	   Kohn.	   2002.	  What's	   in	   the	   'BAG'?-‐-‐A	   functional	   domain	  
analysis	  of	  the	  BAG-‐family	  proteins.	  Cancer	  Lett.	  188:25-‐32.	  

Du,	  Z.X.,	  X.	  Meng,	  H.Y.	  Zhang,	  Y.	  Guan,	  and	  H.Q.	  Wang.	  2008.	  Caspase-‐dependent	  cleavage	  
of	   BAG3	   in	   proteasome	   inhibitors-‐induced	   apoptosis	   in	   thyroid	   cancer	   cells.	  
Biochem	  Biophys	  Res	  Commun.	  369:894-‐898.	  

Egan,	  D.,	  J.	  Kim,	  R.J.	  Shaw,	  and	  K.L.	  Guan.	  2011.	  The	  autophagy	  initiating	  kinase	  ULK1	  is	  
regulated	  via	  opposing	  phosphorylation	  by	  AMPK	  and	  mTOR.	  Autophagy.	  7:643-‐
644.	  

Elgendy,	  M.,	  M.	  Ciro,	  A.K.	  Abdel-‐Aziz,	  G.	  Belmonte,	  R.	  Dal	  Zuffo,	  C.	  Mercurio,	  C.	  Miracco,	  L.	  
Lanfrancone,	   M.	   Foiani,	   and	   S.	   Minucci.	   2014.	   Beclin	   1	   restrains	   tumorigenesis	  
through	  Mcl-‐1	   destabilization	   in	   an	   autophagy-‐independent	   reciprocal	  manner.	  
Nat	  Commun.	  5:5637.	  

Elsasser,	   S.,	   and	   D.	   Finley.	   2005.	   Delivery	   of	   ubiquitinated	   substrates	   to	   protein-‐
unfolding	  machines.	  Nat	  Cell	  Biol.	  7:742-‐749.	  

Felzen,	  V.,	  C.	  Hiebel,	  I.	  Koziollek-‐Drechsler,	  S.	  Reissig,	  U.	  Wolfrum,	  D.	  Kogel,	  C.	  Brandts,	  C.	  
Behl,	   and	   T.	   Morawe.	   2015.	   Estrogen	   receptor	   alpha	   regulates	   non-‐canonical	  
autophagy	   that	   provides	   stress	   resistance	   to	   neuroblastoma	   and	   breast	   cancer	  
cells	  and	  involves	  BAG3	  function.	  Cell	  Death	  Dis.	  6:e1812.	  



F	  	  References	  	   	   101	  

Feng,	  Y.,	   Z.	  Yao,	   and	  D.J.	  Klionsky.	  2015.	  How	   to	   control	   self-‐digestion:	   transcriptional,	  
post-‐transcriptional,	   and	  post-‐translational	   regulation	  of	   autophagy.	  Trends	  Cell	  
Biol.	  25:354-‐363.	  

Fuertes.	   2003.	   <Fuertes	   Biochem	   j	   2003	   Proteasomal	   lysosomal	   degradation	  
selectivity.pdf>.	  

Galavotti,	   S.,	   S.	   Bartesaghi,	   D.	   Faccenda,	   M.	   Shaked-‐Rabi,	   S.	   Sanzone,	   A.	   McEvoy,	   D.	  
Dinsdale,	   F.	   Condorelli,	   S.	   Brandner,	   M.	   Campanella,	   R.	   Grose,	   C.	   Jones,	   and	   P.	  
Salomoni.	  2013.	  The	  autophagy-‐associated	  factors	  DRAM1	  and	  p62	  regulate	  cell	  
migration	  and	  invasion	  in	  glioblastoma	  stem	  cells.	  Oncogene.	  32:699-‐712.	  

Galluzzi,	   L.,	   F.	   Pietrocola,	   J.M.	   Bravo-‐San	   Pedro,	   R.K.	   Amaravadi,	   E.H.	   Baehrecke,	   F.	  
Cecconi,	   P.	   Codogno,	   J.	   Debnath,	   D.A.	   Gewirtz,	   V.	   Karantza,	   A.	   Kimmelman,	   S.	  
Kumar,	   B.	   Levine,	   M.C.	   Maiuri,	   S.J.	   Martin,	   J.	   Penninger,	   M.	   Piacentini,	   D.C.	  
Rubinsztein,	  H.U.	  Simon,	  A.	  Simonsen,	  A.M.	  Thorburn,	  G.	  Velasco,	  K.M.	  Ryan,	  and	  
G.	   Kroemer.	   2015.	   Autophagy	   in	   malignant	   transformation	   and	   cancer	  
progression.	  Embo	  J.	  34:856-‐880.	  

Gamerdinger,	   M.,	   P.	   Hajieva,	   A.M.	   Kaya,	   U.	   Wolfrum,	   F.U.	   Hartl,	   and	   C.	   Behl.	   2009a.	  
Protein	  quality	  control	  during	  aging	  involves	  recruitment	  of	  the	  macroautophagy	  
pathway	  by	  BAG3.	  EMBO	  J.	  28:889-‐901.	  

Gamerdinger,	   M.,	   P.	   Hajieva,	   A.M.	   Kaya,	   U.	   Wolfrum,	   F.U.	   Hartl,	   and	   C.	   Behl.	   2009b.	  
Protein	  quality	  control	  during	  aging	  involves	  recruitment	  of	  the	  macroautophagy	  
pathway	  by	  BAG3.	  Embo	  J.	  28:889-‐901.	  

Gamerdinger,	   M.,	   A.M.	   Kaya,	   U.	   Wolfrum,	   A.M.	   Clement,	   and	   C.	   Behl.	   2011a.	   BAG3	  
mediates	   chaperone-‐based	   aggresome-‐targeting	   and	   selective	   autophagy	   of	  
misfolded	  proteins.	  EMBO	  Rep.	  12:149-‐156.	  

Gamerdinger,	   M.,	   A.M.	   Kaya,	   U.	   Wolfrum,	   A.M.	   Clement,	   and	   C.	   Behl.	   2011b.	   BAG3	  
mediates	   chaperone-‐based	   aggresome-‐targeting	   and	   selective	   autophagy	   of	  
misfolded	  proteins.	  EMBO	  Rep.	  12:149-‐156.	  

Gamerdinger,	   M.,	   D.	   Manthey,	   and	   C.	   Behl.	   2006.	   Oestrogen	   receptor	   subtype-‐specific	  
repression	  of	  calpain	  expression	  and	  calpain	  enzymatic	  activity	  in	  neuronal	  cells-‐
-‐implications	   for	   neuroprotection	   against	   Ca-‐mediated	   excitotoxicity.	   J	  
Neurochem.	  97:57-‐68.	  

Gandy,	  S.,	  and	  S.T.	  Dekosky.	  2012.	  APOE	  epsilon4	  status	  and	  traumatic	  brain	   injury	  on	  
the	  gridiron	  or	  the	  battlefield.	  Sci	  Transl	  Med.	  4:134ed134.	  

Gattelli,	  A.,	  I.	  Nalvarte,	  A.	  Boulay,	  T.C.	  Roloff,	  M.	  Schreiber,	  N.	  Carragher,	  K.K.	  Macleod,	  M.	  
Schlederer,	  S.	  Lienhard,	  L.	  Kenner,	  M.I.	  Torres-‐Arzayus,	  and	  N.E.	  Hynes.	  2013.	  Ret	  
inhibition	   decreases	   growth	   and	   metastatic	   potential	   of	   estrogen	   receptor	  
positive	  breast	  cancer	  cells.	  EMBO	  Mol	  Med.	  5:1335-‐1350.	  

Gaugel,	   A.,	   D.	   Bakula,	   A.	   Hoffmann,	   and	   T.	   Proikas-‐Cezanne.	   2012.	   Defining	   regulatory	  
and	   phosphoinositide-‐binding	   sites	   in	   the	   human	   WIPI-‐1	   beta-‐propeller	  
responsible	  for	  autophagosomal	  membrane	  localization	  downstream	  of	  mTORC1	  
inhibition.	  J	  Mol	  Signal.	  7:16.	  

Gonzalez,	   Y.,	   B.	   Aryal,	   L.	   Chehab,	   and	   V.A.	   Rao.	   2014.	   Atg7-‐	   and	   Keap1-‐dependent	  
autophagy	   protects	   breast	   cancer	   cell	   lines	   against	   mitoquinone-‐induced	  
oxidative	  stress.	  Oncotarget.	  5:1526-‐1537.	  

Gonzalez-‐Angulo,	  A.M.,	  and	  G.R.	  Blumenschein,	  Jr.	  2013.	  Defining	  biomarkers	  to	  predict	  
sensitivity	   to	   PI3K/Akt/mTOR	   pathway	   inhibitors	   in	   breast	   cancer.	   Cancer	  
treatment	  reviews.	  39:313-‐320.	  

Gorrini,	   C.,	   I.S.	   Harris,	   and	   T.W.	   Mak.	   2013.	   Modulation	   of	   oxidative	   stress	   as	   an	  
anticancer	  strategy.	  Nature	  reviews.	  Drug	  discovery.	  12:931-‐947.	  



F	  	  References	  	   	   102	  

Groll,	   M.,	   L.	   Ditzel,	   J.	   Lowe,	   D.	   Stock,	   M.	   Bochtler,	   H.D.	   Bartunik,	   and	   R.	   Huber.	   1997.	  
Structure	  of	  20S	  proteasome	  from	  yeast	  at	  2.4	  A	  resolution.	  Nature.	  386:463-‐471.	  

Gundersen,	   V.	   2010.	   Protein	   aggregation	   in	   Parkinson's	   disease.	   Acta	   Neurol	   Scand	  
Suppl:82-‐87.	  

Hailey,	   D.W.,	   A.S.	   Rambold,	   P.	   Satpute-‐Krishnan,	   K.	   Mitra,	   R.	   Sougrat,	   P.K.	   Kim,	   and	   J.	  
Lippincott-‐Schwartz.	  2010.	  Mitochondria	  supply	  membranes	  for	  autophagosome	  
biogenesis	  during	  starvation.	  Cell.	  141:656-‐667.	  

Hara,	   T.,	   K.	   Nakamura,	  M.	  Matsui,	   A.	   Yamamoto,	   Y.	   Nakahara,	   R.	   Suzuki-‐Migishima,	  M.	  
Yokoyama,	  K.	  Mishima,	  I.	  Saito,	  H.	  Okano,	  and	  N.	  Mizushima.	  2006.	  Suppression	  of	  
basal	  autophagy	  in	  neural	  cells	  causes	  neurodegenerative	  disease	  in	  mice.	  Nature.	  
441:885-‐889.	  

Hartl,	   F.U.,	   A.	   Bracher,	   and	   M.	   Hayer-‐Hartl.	   2011.	   Molecular	   chaperones	   in	   protein	  
folding	  and	  proteostasis.	  Nature.	  475:324-‐332.	  

Hartl,	  F.U.,	  and	  M.	  Hayer-‐Hartl.	  2002.	  Molecular	  chaperones	  in	  the	  cytosol:	  from	  nascent	  
chain	  to	  folded	  protein.	  Science.	  295:1852-‐1858.	  

Hayashi-‐Nishino,	  M.,	  N.	  Fujita,	  T.	  Noda,	  A.	  Yamaguchi,	  T.	  Yoshimori,	   and	  A.	  Yamamoto.	  
2009.	   A	   subdomain	   of	   the	   endoplasmic	   reticulum	   forms	   a	   cradle	   for	  
autophagosome	  formation.	  Nat	  Cell	  Biol.	  11:1433-‐1437.	  

Heldring,	   N.,	   A.	   Pike,	   S.	   Andersson,	   J.	   Matthews,	   G.	   Cheng,	   J.	   Hartman,	   M.	   Tujague,	   A.	  
Strom,	  E.	  Treuter,	  M.	  Warner,	  and	  J.A.	  Gustafsson.	  2007.	  Estrogen	  receptors:	  how	  
do	  they	  signal	  and	  what	  are	  their	  targets.	  Physiol	  Rev.	  87:905-‐931.	  

Hendil,	  K.B.,	  F.	  Kriegenburg,	  K.	  Tanaka,	  S.	  Murata,	  A.M.	  Lauridsen,	  A.H.	   Johnsen,	  and	  R.	  
Hartmann-‐Petersen.	  2009.	  The	  20S	  proteasome	  as	  an	  assembly	  platform	  for	  the	  
19S	  regulatory	  complex.	  J	  Mol	  Biol.	  394:320-‐328.	  

Hennessy,	   F.,	  A.	  Boshoff,	   and	  G.L.	  Blatch.	  2005.	  Rational	  mutagenesis	  of	   a	  40	  kDa	  heat	  
shock	   protein	   from	   Agrobacterium	   tumefaciens	   identifies	   amino	   acid	   residues	  
critical	  to	  its	  in	  vivo	  function.	  Int	  J	  Biochem	  Cell	  Biol.	  37:177-‐191.	  

Hensley,	  K.,	  N.	  Hall,	  R.	   Subramaniam,	  P.	  Cole,	  M.	  Harris,	  M.	  Aksenov,	  M.	  Aksenova,	   S.P.	  
Gabbita,	   J.F.	   Wu,	   J.M.	   Carney,	   and	   et	   al.	   1995.	   Brain	   regional	   correspondence	  
between	   Alzheimer's	   disease	   histopathology	   and	   biomarkers	   of	   protein	  
oxidation.	  J	  Neurochem.	  65:2146-‐2156.	  

Hiebel,	  C.,	  T.	  Kromm,	  M.	  Stark,	  and	  C.	  Behl.	  2014.	  Cannabinoid	  receptor	  1	  modulates	  the	  
autophagic	   flux	   independent	   of	   mTOR-‐	   and	   BECLIN1-‐complex.	   J	   Neurochem.	  
131:484-‐497.	  

Hipp,	  M.S.,	  S.H.	  Park,	  and	  F.U.	  Hartl.	  2014.	  Proteostasis	  impairment	  in	  protein-‐misfolding	  
and	  -‐aggregation	  diseases.	  Trends	  Cell	  Biol.	  24:506-‐514.	  

Homma,	  S.,	  M.	  Iwasaki,	  G.D.	  Shelton,	  E.	  Engvall,	  J.C.	  Reed,	  and	  S.	  Takayama.	  2006.	  BAG3	  
deficiency	   results	   in	   fulminant	   myopathy	   and	   early	   lethality.	   Am	   J	   Pathol.	  
169:761-‐773.	  

Hosokawa,	  N.,	  T.	  Hara,	  T.	  Kaizuka,	  C.	  Kishi,	  A.	  Takamura,	  Y.	  Miura,	  S.	  Iemura,	  T.	  Natsume,	  
K.	  Takehana,	  N.	  Yamada,	  J.L.	  Guan,	  N.	  Oshiro,	  and	  N.	  Mizushima.	  2009.	  Nutrient-‐
dependent	  mTORC1	  association	  with	   the	  ULK1-‐Atg13-‐FIP200	  complex	  required	  
for	  autophagy.	  Mol	  Biol	  Cell.	  20:1981-‐1991.	  

Inoki,	  K.,	  Y.	  Li,	  T.	  Zhu,	  J.	  Wu,	  and	  K.L.	  Guan.	  2002.	  TSC2	  is	  phosphorylated	  and	  inhibited	  
by	  Akt	  and	  suppresses	  mTOR	  signalling.	  Nat	  Cell	  Biol.	  4:648-‐657.	  

Itakura,	  E.,	  and	  N.	  Mizushima.	  2010.	  Characterization	  of	  autophagosome	  formation	  site	  
by	  a	  hierarchical	  analysis	  of	  mammalian	  Atg	  proteins.	  Autophagy.	  6:764-‐776.	  

Iwata,	  A.,	  B.E.	  Riley,	   J.A.	   Johnston,	  and	  R.R.	  Kopito.	  2005.	  HDAC6	  and	  microtubules	  are	  
required	   for	   autophagic	   degradation	   of	   aggregated	   huntingtin.	   J	   Biol	   Chem.	  
280:40282-‐40292.	  



F	  	  References	  	   	   103	  

Janku,	  F.,	  D.S.	  Hong,	  S.	  Fu,	  S.A.	  Piha-‐Paul,	  A.	  Naing,	  G.S.	  Falchook,	  A.M.	  Tsimberidou,	  V.M.	  
Stepanek,	  S.L.	  Moulder,	   J.J.	  Lee,	  R.	  Luthra,	  R.G.	  Zinner,	  R.R.	  Broaddus,	  J.J.	  Wheler,	  
and	   R.	   Kurzrock.	   2014.	   Assessing	   PIK3CA	   and	   PTEN	   in	   early-‐phase	   trials	   with	  
PI3K/AKT/mTOR	  inhibitors.	  Cell	  Rep.	  6:377-‐387.	  

Jeong,	  H.,	  F.	  Then,	  T.J.	  Melia,	  Jr.,	  J.R.	  Mazzulli,	  L.	  Cui,	  J.N.	  Savas,	  C.	  Voisine,	  P.	  Paganetti,	  N.	  
Tanese,	  A.C.	  Hart,	  A.	  Yamamoto,	  and	  D.	  Krainc.	  2009.	  Acetylation	  targets	  mutant	  
huntingtin	  to	  autophagosomes	  for	  degradation.	  Cell.	  137:60-‐72.	  

Jiang,	  P.,	  and	  N.	  Mizushima.	  2014.	  Autophagy	  and	  human	  diseases.	  Cell	  Res.	  24:69-‐79.	  
Jiang,	   P.,	   and	   N.	   Mizushima.	   2015.	   LC3-‐	   and	   p62-‐based	   biochemical	   methods	   for	   the	  

analysis	  of	  autophagy	  progression	  in	  mammalian	  cells.	  Methods.	  75:13-‐18.	  
Jo,	   Y.K.,	   S.C.	   Kim,	   I.J.	   Park,	   S.J.	   Park,	   D.H.	   Jin,	   S.W.	   Hong,	   D.H.	   Cho,	   and	   J.C.	   Kim.	   2012.	  

Increased	   expression	   of	   ATG10	   in	   colorectal	   cancer	   is	   associated	   with	  
lymphovascular	  invasion	  and	  lymph	  node	  metastasis.	  PLoS	  One.	  7:e52705.	  

Johansen,	  T.,	  and	  T.	  Lamark.	  2011.	  Selective	  autophagy	  mediated	  by	  autophagic	  adapter	  
proteins.	  Autophagy.	  7:279-‐296.	  

Kabbage,	   M.,	   and	   M.B.	   Dickman.	   2008.	   The	   BAG	   proteins:	   a	   ubiquitous	   family	   of	  
chaperone	  regulators.	  Cell	  Mol	  Life	  Sci.	  65:1390-‐1402.	  

Kabeya,	  Y.,	  N.	  Mizushima,	  T.	  Ueno,	  A.	  Yamamoto,	  T.	  Kirisako,	  T.	  Noda,	  E.	  Kominami,	  Y.	  
Ohsumi,	  and	  T.	  Yoshimori.	  2000.	  LC3,	  a	  mammalian	  homologue	  of	  yeast	  Apg8p,	  is	  
localized	  in	  autophagosome	  membranes	  after	  processing.	  EMBO	  J.	  19:5720-‐5728.	  

Kampinga,	   H.H.,	   and	   E.A.	   Craig.	   2010.	   The	   HSP70	   chaperone	  machinery:	   J	   proteins	   as	  
drivers	  of	  functional	  specificity.	  Nat	  Rev	  Mol	  Cell	  Biol.	  11:579-‐592.	  

Kang,	   R.,	   H.J.	   Zeh,	   M.T.	   Lotze,	   and	   D.	   Tang.	   2011.	   The	   Beclin	   1	   network	   regulates	  
autophagy	  and	  apoptosis.	  Cell	  Death	  Differ.	  18:571-‐580.	  

Karanasios,	   E.,	   and	   N.T.	   Ktistakis.	   2015.	   Live-‐cell	   imaging	   for	   the	   assessment	   of	   the	  
dynamics	  of	  autophagosome	  formation:	  focus	  on	  early	  steps.	  Methods.	  75:54-‐60.	  

Kato,	   S.,	   H.	   Endoh,	   Y.	   Masuhiro,	   T.	   Kitamoto,	   S.	   Uchiyama,	   H.	   Sasaki,	   S.	   Masushige,	   Y.	  
Gotoh,	  E.	  Nishida,	  H.	  Kawashima,	  D.	  Metzger,	  and	  P.	  Chambon.	  1995.	  Activation	  of	  
the	   estrogen	   receptor	   through	   phosphorylation	   by	   mitogen-‐activated	   protein	  
kinase.	  Science.	  270:1491-‐1494.	  

Kaushik,	  S.,	  J.A.	  Rodriguez-‐Navarro,	  E.	  Arias,	  R.	  Kiffin,	  S.	  Sahu,	  G.J.	  Schwartz,	  A.M.	  Cuervo,	  
and	   R.	   Singh.	   2011.	   Autophagy	   in	   hypothalamic	   AgRP	   neurons	   regulates	   food	  
intake	  and	  energy	  balance.	  Cell	  Metab.	  14:173-‐183.	  

Kawaguchi,	   Y.,	   J.J.	   Kovacs,	   A.	   McLaurin,	   J.M.	   Vance,	   A.	   Ito,	   and	   T.P.	   Yao.	   2003.	   The	  
deacetylase	  HDAC6	  regulates	  aggresome	  formation	  and	  cell	  viability	  in	  response	  
to	  misfolded	  protein	  stress.	  Cell.	  115:727-‐738.	  

Khaminets,	  A.,	  C.	  Behl,	  and	  I.	  Dikic.	  2016.	  Ubiquitin-‐Dependent	  And	  Independent	  Signals	  
In	  Selective	  Autophagy.	  Trends	  Cell	  Biol.	  26:6-‐16.	  

Kim,	   J.,	  Y.C.	  Kim,	  C.	  Fang,	  R.C.	  Russell,	   J.H.	  Kim,	  W.	  Fan,	  R.	  Liu,	  Q.	  Zhong,	  and	  K.L.	  Guan.	  
2013.	   Differential	   regulation	   of	   distinct	   Vps34	   complexes	   by	   AMPK	   in	   nutrient	  
stress	  and	  autophagy.	  Cell.	  152:290-‐303.	  

Kim,	  J.,	  M.	  Kundu,	  B.	  Viollet,	  and	  K.L.	  Guan.	  2011.	  AMPK	  and	  mTOR	  regulate	  autophagy	  
through	  direct	  phosphorylation	  of	  Ulk1.	  Nat	  Cell	  Biol.	  13:132-‐141.	  

Kimura,	   S.,	   T.	   Noda,	   and	   T.	   Yoshimori.	   2007.	   Dissection	   of	   the	   autophagosome	  
maturation	  process	  by	  a	  novel	  reporter	  protein,	  tandem	  fluorescent-‐tagged	  LC3.	  
Autophagy.	  3:452-‐460.	  

Kirkin,	  V.,	  and	  I.	  Dikic.	  2007.	  Role	  of	  ubiquitin-‐	  and	  Ubl-‐binding	  proteins	  in	  cell	  signaling.	  
Curr	  Opin	  Cell	  Biol.	  19:199-‐205.	  

Kirkin,	   V.,	   T.	   Lamark,	   T.	   Johansen,	   and	   I.	   Dikic.	   2009.	   NBR1	   cooperates	   with	   p62	   in	  
selective	  autophagy	  of	  ubiquitinated	  targets.	  Autophagy.	  5:732-‐733.	  



F	  	  References	  	   	   104	  

Klionsky,	  D.J.,	  F.C.	  Abdalla,	  H.	  Abeliovich,	  R.T.	  Abraham,	  A.	  Acevedo-‐Arozena,	  K.	  Adeli,	  L.	  
Agholme,	  M.	  Agnello,	  P.	  Agostinis,	  J.A.	  Aguirre-‐Ghiso,	  H.J.	  Ahn,	  O.	  Ait-‐Mohamed,	  S.	  
Ait-‐Si-‐Ali,	   T.	   Akematsu,	   S.	   Akira,	   H.M.	   Al-‐Younes,	   M.A.	   Al-‐Zeer,	   M.L.	   Albert,	   R.L.	  
Albin,	   J.	   Alegre-‐Abarrategui,	   M.F.	   Aleo,	   M.	   Alirezaei,	   A.	   Almasan,	   M.	   Almonte-‐
Becerril,	  A.	  Amano,	  R.	  Amaravadi,	  S.	  Amarnath,	  A.O.	  Amer,	  N.	  Andrieu-‐Abadie,	  V.	  
Anantharam,	  D.K.	  Ann,	  S.	  Anoopkumar-‐Dukie,	  H.	  Aoki,	  N.	  Apostolova,	  G.	  Arancia,	  
J.P.	  Aris,	  K.	  Asanuma,	  N.Y.	  Asare,	  H.	  Ashida,	  V.	  Askanas,	  D.S.	  Askew,	  P.	  Auberger,	  
M.	  Baba,	  S.K.	  Backues,	  E.H.	  Baehrecke,	  B.A.	  Bahr,	  X.Y.	  Bai,	  Y.	  Bailly,	  R.	  Baiocchi,	  G.	  
Baldini,	   W.	   Balduini,	   A.	   Ballabio,	   B.A.	   Bamber,	   E.T.	   Bampton,	   G.	   Banhegyi,	   C.R.	  
Bartholomew,	   D.C.	   Bassham,	   R.C.	   Bast,	   Jr.,	   H.	   Batoko,	   B.H.	   Bay,	   I.	   Beau,	   D.M.	  
Bechet,	   T.J.	   Begley,	   C.	   Behl,	   C.	   Behrends,	   S.	   Bekri,	   B.	   Bellaire,	   L.J.	   Bendall,	   L.	  
Benetti,	  L.	  Berliocchi,	  H.	  Bernardi,	  F.	  Bernassola,	  S.	  Besteiro,	  I.	  Bhatia-‐Kissova,	  X.	  
Bi,	   M.	   Biard-‐Piechaczyk,	   J.S.	   Blum,	   L.H.	   Boise,	   P.	   Bonaldo,	   D.L.	   Boone,	   B.C.	  
Bornhauser,	   K.R.	   Bortoluci,	   I.	   Bossis,	   F.	   Bost,	   J.P.	   Bourquin,	   P.	   Boya,	   M.	   Boyer-‐
Guittaut,	   P.V.	   Bozhkov,	   N.R.	   Brady,	   C.	   Brancolini,	   A.	   Brech,	   J.E.	   Brenman,	   A.	  
Brennand,	  E.H.	  Bresnick,	  P.	  Brest,	  D.	  Bridges,	  M.L.	  Bristol,	  P.S.	  Brookes,	  E.J.	  Brown,	  
J.H.	  Brumell,	   et	   al.	   2012.	  Guidelines	   for	   the	  use	  and	   interpretation	  of	   assays	   for	  
monitoring	  autophagy.	  Autophagy.	  8:445-‐544.	  

Klionsky,	   D.J.,	   and	   P.	   Codogno.	   2013.	   The	   mechanism	   and	   physiological	   function	   of	  
macroautophagy.	  J	  Innate	  Immun.	  5:427-‐433.	  

Knezevic,	   T.,	   V.D.	  Myers,	   J.	   Gordon,	   D.G.	   Tilley,	   T.E.	   Sharp,	   3rd,	   J.	  Wang,	   K.	   Khalili,	   J.Y.	  
Cheung,	   and	   A.M.	   Feldman.	   2015.	   BAG3:	   a	   new	   player	   in	   the	   heart	   failure	  
paradigm.	  Heart	  failure	  reviews.	  

Komatsu,	   M.,	   S.	   Waguri,	   T.	   Chiba,	   S.	   Murata,	   J.	   Iwata,	   I.	   Tanida,	   T.	   Ueno,	   M.	   Koike,	   Y.	  
Uchiyama,	   E.	   Kominami,	   and	  K.	   Tanaka.	   2006.	   Loss	   of	   autophagy	   in	   the	   central	  
nervous	  system	  causes	  neurodegeneration	  in	  mice.	  Nature.	  441:880-‐884.	  

Konecny,	  G.E.,	  C.A.	  Wilson,	  and	  D.J.	  Slamon.	  2003.	   Is	   there	  a	  role	   for	  epidermal	  growth	  
factor	   receptor	   inhibitors	   in	   breast	   cancer	   prevention?	   J	   Natl	   Cancer	   Inst.	  
95:1813-‐1815.	  

Kontos,	  H.A.,	   and	   J.T.	   Povlishock.	   1986.	  Oxygen	   radicals	   in	  brain	   injury.	  Cent	  Nerv	   Syst	  
Trauma.	  3:257-‐263.	  

Kopito,	   R.R.	   2000.	   Aggresomes,	   inclusion	   bodies	   and	   protein	   aggregation.	   Trends	   Cell	  
Biol.	  10:524-‐530.	  

Lee,	  J.H.	  1999.	  Bis,	  a	  Bcl-‐2-‐binding	  protein	  that	  synergizes	  with	  Bcl-‐2	  in	  preventing	  cell	  
death.	  Oncogene.	  18:6183±6190.	  

Levine,	  B.,	  and	  V.	  Deretic.	  2007.	  Unveiling	  the	  roles	  of	  autophagy	  in	  innate	  and	  adaptive	  
immunity.	  Nat	  Rev	  Immunol.	  7:767-‐777.	  

Li,	  W.W.,	  J.	  Li,	  and	  J.K.	  Bao.	  2012.	  Microautophagy:	  lesser-‐known	  self-‐eating.	  Cell	  Mol	  Life	  
Sci.	  69:1125-‐1136.	  

Li,	   X.,	   T.	   Colvin,	   J.N.	   Rauch,	   D.	   Acosta-‐Alvear,	   M.	   Kampmann,	   B.	   Dunyak,	   B.	   Hann,	   B.T.	  
Aftab,	   M.	   Murnane,	   M.	   Cho,	   P.	   Walter,	   J.S.	   Weissman,	   M.Y.	   Sherman,	   and	   J.E.	  
Gestwicki.	   2015.	   Validation	   of	   the	   Hsp70-‐Bag3	   protein-‐protein	   interaction	   as	   a	  
potential	  therapeutic	  target	  in	  cancer.	  Mol	  Cancer	  Ther.	  14:642-‐648.	  

Li,	  Z.,	  B.	  Chen,	  Y.	  Wu,	  F.	  Jin,	  Y.	  Xia,	  and	  X.	  Liu.	  2010.	  Genetic	  and	  epigenetic	  silencing	  of	  the	  
beclin	  1	  gene	  in	  sporadic	  breast	  tumors.	  BMC	  Cancer.	  10:98.	  

Liang,	  X.H.,	  S.	   Jackson,	  M.	  Seaman,	  K.	  Brown,	  B.	  Kempkes,	  H.	  Hibshoosh,	  and	  B.	  Levine.	  
1999.	  Induction	  of	  autophagy	  and	  inhibition	  of	  tumorigenesis	  by	  beclin	  1.	  Nature.	  
402:672-‐676.	  



F	  	  References	  	   	   105	  

Liu,	  B.Q.,	  Z.X.	  Du,	  Z.H.	  Zong,	  C.	  Li,	  N.	  Li,	  Q.	  Zhang,	  D.H.	  Kong,	  and	  H.Q.	  Wang.	  2013.	  BAG3-‐
dependent	  noncanonical	  autophagy	  induced	  by	  proteasome	  inhibition	  in	  HepG2	  
cells.	  Autophagy.	  9:905-‐916.	  

Liu,	   P.,	   B.	   Xu,	   J.	   Li,	   and	   H.	   Lu.	   2009.	   BAG3	   gene	   silencing	   sensitizes	   leukemic	   cells	   to	  
Bortezomib-‐induced	  apoptosis.	  FEBS	  Lett.	  583:401-‐406.	  

Lorin,	   S.,	   A.	  Hamai,	  M.	  Mehrpour,	   and	  P.	   Codogno.	   2013.	  Autophagy	   regulation	   and	   its	  
role	  in	  cancer.	  Semin	  Cancer	  Biol.	  23:361-‐379.	  

Luders,	  J.,	   J.	  Demand,	  and	  J.	  Hohfeld.	  2000.	  The	  ubiquitin-‐related	  BAG-‐1	  provides	  a	  link	  
between	   the	   molecular	   chaperones	   Hsc70/Hsp70	   and	   the	   proteasome.	   J	   Biol	  
Chem.	  275:4613-‐4617.	  

Ma,	  X.J.,	  Z.	  Wang,	  P.D.	  Ryan,	  S.J.	  Isakoff,	  A.	  Barmettler,	  A.	  Fuller,	  B.	  Muir,	  G.	  Mohapatra,	  R.	  
Salunga,	   J.T.	  Tuggle,	  Y.	  Tran,	  D.	  Tran,	  A.	  Tassin,	  P.	  Amon,	  W.	  Wang,	  W.	  Wang,	  E.	  
Enright,	  K.	  Stecker,	  E.	  Estepa-‐Sabal,	  B.	  Smith,	  J.	  Younger,	  U.	  Balis,	  J.	  Michaelson,	  A.	  
Bhan,	   K.	   Habin,	   T.M.	   Baer,	   J.	   Brugge,	   D.A.	   Haber,	   M.G.	   Erlander,	   and	   D.C.	   Sgroi.	  
2004.	   A	   two-‐gene	   expression	   ratio	   predicts	   clinical	   outcome	   in	   breast	   cancer	  
patients	  treated	  with	  tamoxifen.	  Cancer	  Cell.	  5:607-‐616.	  

Maiuri,	   M.C.,	   G.	   Le	   Toumelin,	   A.	   Criollo,	   J.C.	   Rain,	   F.	   Gautier,	   P.	   Juin,	   E.	   Tasdemir,	   G.	  
Pierron,	  K.	  Troulinaki,	  N.	  Tavernarakis,	  J.A.	  Hickman,	  O.	  Geneste,	  and	  G.	  Kroemer.	  
2007.	   Functional	   and	   physical	   interaction	   between	   Bcl-‐X(L)	   and	   a	   BH3-‐like	  
domain	  in	  Beclin-‐1.	  EMBO	  J.	  26:2527-‐2539.	  

Manthey,	   D.,	   and	   C.	   Behl.	   2006.	   From	   structural	   biochemistry	   to	   expression	   profiling:	  
neuroprotective	  activities	  of	  estrogen.	  Neuroscience.	  138:845-‐850.	  

Manthey,	  D.,	  S.	  Heck,	  S.	  Engert,	  and	  C.	  Behl.	  2001.	  Estrogen	  induces	  a	  rapid	  secretion	  of	  
amyloid	   beta	   precursor	   protein	   via	   the	   mitogen-‐activated	   protein	   kinase	  
pathway.	  European	  journal	  of	  biochemistry	  /	  FEBS.	  268:4285-‐4291.	  

Mauthe,	   M.,	   A.	   Jacob,	   S.	   Freiberger,	   K.	   Hentschel,	   Y.D.	   Stierhof,	   P.	   Codogno,	   and	   T.	  
Proikas-‐Cezanne.	   2011.	   Resveratrol-‐mediated	   autophagy	   requires	   WIPI-‐1-‐
regulated	   LC3	   lipidation	   in	   the	   absence	   of	   induced	   phagophore	   formation.	  
Autophagy.	  7:1448-‐1461.	  

McCollum,	   A.K.,	   G.	   Casagrande,	   and	   E.C.	   Kohn.	   2010.	   Caught	   in	   the	  middle:	   the	   role	   of	  
Bag3	  in	  disease.	  Biochem	  J.	  425:e1-‐3.	  

Meijer,	  A.J.,	  and	  P.	  Codogno.	  2004.	  Regulation	  and	  role	  of	  autophagy	  in	  mammalian	  cells.	  
Int	  J	  Biochem	  Cell	  Biol.	  36:2445-‐2462.	  

Merabova,	  N.,	   I.K.	  Sariyer,	  A.S.	   Saribas,	  T.	  Knezevic,	   J.	  Gordon,	  M.C.	  Turco,	  A.	  Rosati,	  M.	  
Weaver,	   J.	  Landry,	  and	  K.	  Khalili.	  2015.	  WW	  domain	  of	  BAG3	  is	  required	  for	  the	  
induction	  of	  autophagy	  in	  glioma	  cells.	  J	  Cell	  Physiol.	  230:831-‐841.	  

Mizushima,	  N.,	   and	  M.	  Komatsu.	  2011.	  Autophagy:	   renovation	  of	  cells	  and	   tissues.	  Cell.	  
147:728-‐741.	  

Mizushima,	  N.,	  B.	  Levine,	  A.M.	  Cuervo,	  and	  D.J.	  Klionsky.	  2008.	  Autophagy	  fights	  disease	  
through	  cellular	  self-‐digestion.	  Nature.	  451:1069-‐1075.	  

Mizushima,	  N.,	  T.	  Noda,	  T.	  Yoshimori,	  Y.	  Tanaka,	  T.	   Ishii,	  M.D.	  George,	  D.J.	  Klionsky,	  M.	  
Ohsumi,	   and	   Y.	   Ohsumi.	   1998.	   A	   protein	   conjugation	   system	   essential	   for	  
autophagy.	  Nature.	  395:395-‐398.	  

Mizushima,	  N.,	  T.	  Yoshimori,	  and	  Y.	  Ohsumi.	  2003.	  Role	  of	  the	  Apg12	  conjugation	  system	  
in	  mammalian	  autophagy.	  Int	  J	  Biochem	  Cell	  Biol.	  35:553-‐561.	  

Moosmann,	   B.,	   and	   C.	   Behl.	   2002.	   Antioxidants	   as	   treatment	   for	   neurodegenerative	  
disorders.	  Expert	  Opin	  Investig	  Drugs.	  11:1407-‐1435.	  

Moretti,	   L.,	   I.	   Cristofori,	   S.M.	   Weaver,	   A.	   Chau,	   J.N.	   Portelli,	   and	   J.	   Grafman.	   2012.	  
Cognitive	  decline	  in	  older	  adults	  with	  a	  history	  of	  traumatic	  brain	  injury.	  Lancet	  
Neurol.	  11:1103-‐1112.	  



F	  	  References	  	   	   106	  

Morimoto,	   R.I.	   2008.	   Proteotoxic	   stress	   and	   inducible	   chaperone	   networks	   in	  
neurodegenerative	  disease	  and	  aging.	  Genes	  Dev.	  22:1427-‐1438.	  

Murata,	   S.,	   H.	   Yashiroda,	   and	   K.	   Tanaka.	   2009.	   Molecular	   mechanisms	   of	   proteasome	  
assembly.	  Nat	  Rev	  Mol	  Cell	  Biol.	  10:104-‐115.	  

Murphy,	   T.H.,	   M.	   Miyamoto,	   A.	   Sastre,	   R.L.	   Schnaar,	   and	   J.T.	   Coyle.	   1989.	   Glutamate	  
toxicity	  in	  a	  neuronal	  cell	   line	  involves	  inhibition	  of	  cystine	  transport	  leading	  to	  
oxidative	  stress.	  Neuron.	  2:1547-‐1558.	  

Nassa,	  G.,	  R.	  Tarallo,	  P.H.	  Guzzi,	  L.	  Ferraro,	  F.	  Cirillo,	  M.	  Ravo,	  E.	  Nola,	  M.	  Baumann,	  T.A.	  
Nyman,	  M.	  Cannataro,	  C.	  Ambrosino,	  and	  A.	  Weisz.	  2011.	  Comparative	  analysis	  of	  
nuclear	  estrogen	  receptor	  alpha	  and	  beta	  interactomes	  in	  breast	  cancer	  cells.	  Mol	  
Biosyst.	  7:667-‐676.	  

Nilsson,	   S.,	   K.F.	   Koehler,	   and	   J.A.	   Gustafsson.	   2011.	   Development	   of	   subtype-‐selective	  
oestrogen	  receptor-‐based	  therapeutics.	  Nat	  Rev	  Drug	  Discov.	  10:778-‐792.	  

Nishiyama,	   J.,	   E.	   Miura,	   N.	   Mizushima,	   M.	   Watanabe,	   and	   M.	   Yuzaki.	   2007.	   Aberrant	  
membranes	  and	  double-‐membrane	  structures	  accumulate	   in	   the	  axons	  of	  Atg5-‐
null	  Purkinje	  cells	  before	  neuronal	  death.	  Autophagy.	  3:591-‐596.	  

Nixon,	   R.A.,	   D.S.	   Yang,	   and	   J.H.	   Lee.	   2008.	   Neurodegenerative	   lysosomal	   disorders:	   a	  
continuum	  from	  development	  to	  late	  age.	  Autophagy.	  4:590-‐599.	  

Okamoto,	   K.	   2014.	   Organellophagy:	   eliminating	   cellular	   building	   blocks	   via	   selective	  
autophagy.	  J	  Cell	  Biol.	  205:435-‐445.	  

Pankiv,	   S.,	   T.H.	   Clausen,	   T.	   Lamark,	   A.	   Brech,	   J.A.	   Bruun,	   H.	   Outzen,	   A.	   Overvatn,	   G.	  
Bjorkoy,	   and	   T.	   Johansen.	   2007.	   p62/SQSTM1	   binds	   directly	   to	   Atg8/LC3	   to	  
facilitate	   degradation	   of	   ubiquitinated	   protein	   aggregates	   by	   autophagy.	   J	   Biol	  
Chem.	  282:24131-‐24145.	  

Pattingre,	   S.,	   A.	   Tassa,	   X.	   Qu,	   R.	   Garuti,	   X.H.	   Liang,	   N.	   Mizushima,	   M.	   Packer,	   M.D.	  
Schneider,	   and	   B.	   Levine.	   2005.	   Bcl-‐2	   antiapoptotic	   proteins	   inhibit	   Beclin	   1-‐
dependent	  autophagy.	  Cell.	  122:927-‐939.	  

Petersen,	  R.,	  and	  S.	  Lindquist.	  1988.	  The	  Drosophila	  hsp70	  message	  is	  rapidly	  degraded	  
at	  normal	  temperatures	  and	  stabilized	  by	  heat	  shock.	  Gene.	  72:161-‐168.	  

Petrucelli,	   L.,	   D.	   Dickson,	   K.	   Kehoe,	   J.	   Taylor,	   H.	   Snyder,	   A.	   Grover,	   M.	   De	   Lucia,	   E.	  
McGowan,	   J.	   Lewis,	   G.	   Prihar,	   J.	   Kim,	   W.H.	   Dillmann,	   S.E.	   Browne,	   A.	   Hall,	   R.	  
Voellmy,	  Y.	  Tsuboi,	  T.M.	  Dawson,	  B.	  Wolozin,	  J.	  Hardy,	  and	  M.	  Hutton.	  2004.	  CHIP	  
and	   Hsp70	   regulate	   tau	   ubiquitination,	   degradation	   and	   aggregation.	  Hum	  Mol	  
Genet.	  13:703-‐714.	  

Proikas-‐Cezanne,	  T.,	  S.	  Waddell,	  A.	  Gaugel,	  T.	  Frickey,	  A.	  Lupas,	  and	  A.	  Nordheim.	  2004.	  
WIPI-‐1alpha	   (WIPI49),	   a	  member	  of	   the	  novel	   7-‐bladed	  WIPI	   protein	   family,	   is	  
aberrantly	   expressed	   in	   human	   cancer	   and	   is	   linked	   to	   starvation-‐induced	  
autophagy.	  Oncogene.	  23:9314-‐9325.	  

Qu,	   X.,	   J.	   Yu,	   G.	   Bhagat,	   N.	   Furuya,	   H.	   Hibshoosh,	   A.	   Troxel,	   J.	   Rosen,	   E.L.	   Eskelinen,	   N.	  
Mizushima,	   Y.	   Ohsumi,	   G.	   Cattoretti,	   and	   B.	   Levine.	   2003.	   Promotion	   of	  
tumorigenesis	  by	  heterozygous	  disruption	  of	  the	  beclin	  1	  autophagy	  gene.	  J	  Clin	  
Invest.	  112:1809-‐1820.	  

Rapino,	   F.,	   B.A.	   Abhari,	   M.	   Jung,	   and	   S.	   Fulda.	   2015.	   NIK	   is	   required	   for	   NF-‐kappaB-‐
mediated	  induction	  of	  BAG3	  upon	  inhibition	  of	  constitutive	  protein	  degradation	  
pathways.	  Cell	  Death	  Dis.	  6:e1692.	  

Rapino,	   F.,	   M.	   Jung,	   and	   S.	   Fulda.	   2013.	   BAG3	   induction	   is	   required	   to	   mitigate	  
proteotoxicity	  via	  selective	  autophagy	  following	  inhibition	  of	  constitutive	  protein	  
degradation	  pathways.	  Oncogene.	  



F	  	  References	  	   	   107	  

Rapino,	   F.,	   M.	   Jung,	   and	   S.	   Fulda.	   2014.	   BAG3	   induction	   is	   required	   to	   mitigate	  
proteotoxicity	  via	  selective	  autophagy	  following	  inhibition	  of	  constitutive	  protein	  
degradation	  pathways.	  Oncogene.	  33:1713-‐1724.	  

Ravikumar,	   B.,	   A.	   Acevedo-‐Arozena,	   S.	   Imarisio,	   Z.	   Berger,	   C.	   Vacher,	   C.J.	   O'Kane,	   S.D.	  
Brown,	   and	   D.C.	   Rubinsztein.	   2005.	   Dynein	   mutations	   impair	   autophagic	  
clearance	  of	  aggregate-‐prone	  proteins.	  Nat	  Genet.	  37:771-‐776.	  

Ravikumar,	   B.,	   K.	   Moreau,	   L.	   Jahreiss,	   C.	   Puri,	   and	   D.C.	   Rubinsztein.	   2010a.	   Plasma	  
membrane	   contributes	   to	   the	   formation	   of	   pre-‐autophagosomal	   structures.	  Nat	  
Cell	  Biol.	  12:747-‐757.	  

Ravikumar,	   B.,	   S.	   Sarkar,	   J.E.	   Davies,	   M.	   Futter,	   M.	   Garcia-‐Arencibia,	   Z.W.	   Green-‐
Thompson,	   M.	   Jimenez-‐Sanchez,	   V.I.	   Korolchuk,	   M.	   Lichtenberg,	   S.	   Luo,	   D.C.	  
Massey,	   F.M.	   Menzies,	   K.	   Moreau,	   U.	   Narayanan,	   M.	   Renna,	   F.H.	   Siddiqi,	   B.R.	  
Underwood,	   A.R.	   Winslow,	   and	   D.C.	   Rubinsztein.	   2010b.	   Regulation	   of	  
mammalian	  autophagy	  in	  physiology	  and	  pathophysiology.	  Physiol	  Rev.	  90:1383-‐
1435.	  

Ravikumar,	   B.,	   S.	   Sarkar,	   J.E.	   Davies,	   M.	   Futter,	   M.	   Garcia-‐Arencibia,	   Z.W.	   Green-‐
Thompson,	   M.	   Jimenez-‐Sanchez,	   V.I.	   Korolchuk,	   M.	   Lichtenberg,	   S.	   Luo,	   D.C.	  
Massey,	   F.M.	   Menzies,	   K.	   Moreau,	   U.	   Narayanan,	   M.	   Renna,	   F.H.	   Siddiqi,	   B.R.	  
Underwood,	  A.R.	  Winslow,	  and	  D.C.	  Rubinsztein.	  2010c.	  Regulation	  of	  mammalian	  
autophagy	  in	  physiology	  and	  pathophysiology.	  Physiol	  Rev.	  90:1383-‐1435.	  

Rodriguez-‐Gonzalez,	  A.,	  T.	  Lin,	  A.K.	  Ikeda,	  T.	  Simms-‐Waldrip,	  C.	  Fu,	  and	  K.M.	  Sakamoto.	  
2008.	  Role	  of	  the	  aggresome	  pathway	  in	  cancer:	  targeting	  histone	  deacetylase	  6-‐
dependent	  protein	  degradation.	  Cancer	  Res.	  68:2557-‐2560.	  

Romano,	  M.F.,	  M.	  Festa,	  G.	  Pagliuca,	  R.	  Lerose,	  R.	  Bisogni,	  F.	  Chiurazzi,	  G.	  Storti,	  S.	  Volpe,	  
S.	   Venuta,	   M.C.	   Turco,	   and	   A.	   Leone.	   2003.	   BAG3	   protein	   controls	   B-‐chronic	  
lymphocytic	  leukaemia	  cell	  apoptosis.	  Cell	  Death	  Differ.	  10:383-‐385.	  

Rosati,	  A.,	  M.	  Ammirante,	  A.	  Gentilella,	  A.	  Basile,	  M.	  Festa,	  M.	  Pascale,	  L.	  Marzullo,	  M.A.	  
Belisario,	  A.	  Tosco,	   S.	   Franceschelli,	  O.	  Moltedo,	  G.	   Pagliuca,	  R.	   Lerose,	   and	  M.C.	  
Turco.	  2007.	  Apoptosis	  inhibition	  in	  cancer	  cells:	  a	  novel	  molecular	  pathway	  that	  
involves	  BAG3	  protein.	  Int	  J	  Biochem	  Cell	  Biol.	  39:1337-‐1342.	  

Rosati,	  A.,	  A.	  Basile,	  R.	  D'Auria,	  M.	  d'Avenia,	  M.	  De	  Marco,	  A.	  Falco,	  M.	  Festa,	  L.	  Guerriero,	  
V.	  Iorio,	  R.	  Parente,	  M.	  Pascale,	  L.	  Marzullo,	  R.	  Franco,	  C.	  Arra,	  A.	  Barbieri,	  D.	  Rea,	  
G.	   Menichini,	   M.	   Hahne,	   M.	   Bijlsma,	   D.	   Barcaroli,	   G.	   Sala,	   F.F.	   di	   Mola,	   P.	   di	  
Sebastiano,	   J.	   Todoric,	   L.	   Antonucci,	   V.	   Corvest,	   A.	   Jawhari,	   M.A.	   Firpo,	   D.A.	  
Tuveson,	   M.	   Capunzo,	   M.	   Karin,	   V.	   De	   Laurenzi,	   and	   M.C.	   Turco.	   2015.	   BAG3	  
promotes	   pancreatic	   ductal	   adenocarcinoma	   growth	   by	   activating	   stromal	  
macrophages.	  Nat	  Commun.	  6:8695.	  

Rosati,	   A.,	   V.	   Graziano,	   V.	   De	   Laurenzi,	   M.	   Pascale,	   and	   M.C.	   Turco.	   2011a.	   BAG3:	   a	  
multifaceted	  protein	  that	  regulates	  major	  cell	  pathways.	  Cell	  Death	  Dis.	  2:e141.	  

Rosati,	   A.,	   V.	   Graziano,	   V.	   De	   Laurenzi,	   M.	   Pascale,	   and	   M.C.	   Turco.	   2011b.	   BAG3:	   a	  
multifaceted	  protein	  that	  regulates	  major	  cell	  pathways.	  Cell	  Death	  Dis.	  2:e141.	  

Rosner,	   M.,	   N.	   Siegel,	   A.	   Valli,	   C.	   Fuchs,	   and	   M.	   Hengstschlager.	   2010.	   mTOR	  
phosphorylated	  at	  S2448	  binds	  to	  raptor	  and	  rictor.	  Amino	  Acids.	  38:223-‐228.	  

Rubinsztein,	  D.C.	  2010.	  Autophagy:	  where	  next?	  EMBO	  Rep.	  11:3.	  
Rubinsztein,	  D.C.,	  C.F.	  Bento,	  and	  V.	  Deretic.	  2015.	  Therapeutic	  targeting	  of	  autophagy	  in	  

neurodegenerative	  and	  infectious	  diseases.	  J	  Exp	  Med.	  212:979-‐990.	  
Russell,	  R.C.,	  Y.	  Tian,	  H.	  Yuan,	  H.W.	  Park,	  Y.Y.	  Chang,	  J.	  Kim,	  H.	  Kim,	  T.P.	  Neufeld,	  A.	  Dillin,	  

and	  K.L.	  Guan.	  2013.	  ULK1	   induces	  autophagy	  by	  phosphorylating	  Beclin-‐1	  and	  
activating	  VPS34	  lipid	  kinase.	  Nat	  Cell	  Biol.	  15:741-‐750.	  



F	  	  References	  	   	   108	  

Saitoh,	   T.,	   N.	   Fujita,	   M.H.	   Jang,	   S.	   Uematsu,	   B.G.	   Yang,	   T.	   Satoh,	   H.	   Omori,	   T.	   Noda,	   N.	  
Yamamoto,	   M.	   Komatsu,	   K.	   Tanaka,	   T.	   Kawai,	   T.	   Tsujimura,	   O.	   Takeuchi,	   T.	  
Yoshimori,	  and	  S.	  Akira.	  2008.	  Loss	  of	   the	  autophagy	  protein	  Atg16L1	  enhances	  
endotoxin-‐induced	  IL-‐1beta	  production.	  Nature.	  456:264-‐268.	  

Sato,	   H.,	   M.	   Tamba,	   T.	   Ishii,	   and	   S.	   Bannai.	   1999.	   Cloning	   and	   expression	   of	   a	   plasma	  
membrane	   cystine/glutamate	   exchange	   transporter	   composed	   of	   two	   distinct	  
proteins.	  J	  Biol	  Chem.	  274:11455-‐11458.	  

Scarlatti,	  F.,	  R.	  Maffei,	  I.	  Beau,	  P.	  Codogno,	  and	  R.	  Ghidoni.	  2008a.	  Role	  of	  non-‐canonical	  
Beclin	   1-‐independent	   autophagy	   in	   cell	   death	   induced	  by	   resveratrol	   in	   human	  
breast	  cancer	  cells.	  Cell	  Death	  Differ.	  15:1318-‐1329.	  

Scarlatti,	  F.,	  R.	  Maffei,	  I.	  Beau,	  P.	  Codogno,	  and	  R.	  Ghidoni.	  2008b.	  Role	  of	  non-‐canonical	  
Beclin	   1-‐independent	   autophagy	   in	   cell	   death	   induced	  by	   resveratrol	   in	   human	  
breast	  cancer	  cells.	  Cell	  Death	  Differ.	  15:1318-‐1329.	  

Scarlatti,	   F.,	   R.	   Maffei,	   I.	   Beau,	   R.	   Ghidoni,	   and	   P.	   Codogno.	   2008c.	   Non-‐canonical	  
autophagy:	   an	   exception	   or	   an	   underestimated	   form	   of	   autophagy?	  Autophagy.	  
4:1083-‐1085.	  

Scherz-‐Shouval,	   R.,	   E.	   Shvets,	   E.	   Fass,	   H.	   Shorer,	   L.	   Gil,	   and	   Z.	   Elazar.	   2007.	   Reactive	  
oxygen	  species	  are	  essential	  for	  autophagy	  and	  specifically	  regulate	  the	  activity	  of	  
Atg4.	  EMBO	  J.	  26:1749-‐1760.	  

Scheuner,	  D.,	  B.	  Song,	  E.	  McEwen,	  C.	  Liu,	  R.	  Laybutt,	  P.	  Gillespie,	  T.	  Saunders,	  S.	  Bonner-‐
Weir,	  and	  R.J.	  Kaufman.	  2001.	  Translational	  control	   is	  required	  for	  the	  unfolded	  
protein	  response	  and	  in	  vivo	  glucose	  homeostasis.	  Mol	  Cell.	  7:1165-‐1176.	  

Schoenlein,	  P.V.,	  S.	  Periyasamy-‐Thandavan,	  J.S.	  Samaddar,	  W.H.	  Jackson,	  and	  J.T.	  Barrett.	  
2009.	   Autophagy	   facilitates	   the	   progression	   of	   ERalpha-‐positive	   breast	   cancer	  
cells	  to	  antiestrogen	  resistance.	  Autophagy.	  5:400-‐403.	  

Schubert.	  2001.	  Oxidative	  Glutamate	  Toxicity	  Can	  Be	  a	  Component	  of	  the	  Excitotoxicity	  
Cascade.	  The	  journal	  of	  Neuroscience.	  

Selkoe,	   D.J.	   2001.	   Alzheimer's	   disease	   results	   from	   the	   cerebral	   accumulation	   and	  
cytotoxicity	  of	  amyloid	  beta-‐protein.	  J	  Alzheimers	  Dis.	  3:75-‐80.	  

Shaw,	   B.F.,	   and	   J.S.	   Valentine.	   2007.	   How	   do	   ALS-‐associated	   mutations	   in	   superoxide	  
dismutase	  1	  promote	  aggregation	  of	  the	  protein?	  Trends	  Biochem	  Sci.	  32:78-‐85.	  

Sherman,	   M.Y.,	   and	   V.L.	   Gabai.	   2015.	   Hsp70	   in	   cancer:	   back	   to	   the	   future.	   Oncogene.	  
34:4153-‐4161.	  

Sica,	   V.,	   L.	   Galluzzi,	   J.M.	   Bravo-‐San	   Pedro,	   V.	   Izzo,	   M.C.	   Maiuri,	   and	   G.	   Kroemer.	   2015.	  
Organelle-‐Specific	  Initiation	  of	  Autophagy.	  Mol	  Cell.	  59:522-‐539.	  

Simoncini,	   T.,	   A.	   Hafezi-‐Moghadam,	  D.P.	   Brazil,	   K.	   Ley,	  W.W.	   Chin,	   and	   J.K.	   Liao.	   2000.	  
Interaction	   of	   oestrogen	   receptor	   with	   the	   regulatory	   subunit	   of	  
phosphatidylinositol-‐3-‐OH	  kinase.	  Nature.	  407:538-‐541.	  

Slobodkin,	  M.R.,	  and	  Z.	  Elazar.	  2013.	  The	  Atg8	  family:	  multifunctional	  ubiquitin-‐like	  key	  
regulators	  of	  autophagy.	  Essays	  Biochem.	  55:51-‐64.	  

Sondermann,	  H.,	   C.	   Scheufler,	   C.	   Schneider,	   J.	  Hohfeld,	   F.U.	  Hartl,	   and	   I.	  Moarefi.	   2001.	  
Structure	   of	   a	   Bag/Hsc70	   complex:	   convergent	   functional	   evolution	   of	   Hsp70	  
nucleotide	  exchange	  factors.	  Science.	  291:1553-‐1557.	  

Sowa,	  M.E.,	   and	   J.W.	   Harper.	   2006.	   From	   loops	   to	   chains:	   unraveling	   the	  mysteries	   of	  
polyubiquitin	  chain	  specificity	  and	  processivity.	  ACS	  Chem	  Biol.	  1:20-‐24.	  

Spang,	   N.,	   A.	   Feldmann,	   H.	   Huesmann,	   F.	   Bekbulat,	   V.	   Schmitt,	   C.	   Hiebel,	   I.	   Koziollek-‐
Drechsler,	  A.M.	  Clement,	  B.	  Moosmann,	  J.	  Jung,	  C.	  Behrends,	  I.	  Dikic,	  A.	  Kern,	  and	  
C.	  Behl.	  2014.	  RAB3GAP1	  and	  RAB3GAP2	  modulate	  basal	  and	  rapamycin-‐induced	  
autophagy.	  Autophagy.	  10:2297-‐2309.	  



F	  	  References	  	   	   109	  

Sun,	  T.,	  X.	  Li,	  P.	  Zhang,	  W.D.	  Chen,	  H.L.	  Zhang,	  D.D.	  Li,	  R.	  Deng,	  X.J.	  Qian,	  L.	  Jiao,	  J.	  Ji,	  Y.T.	  Li,	  
R.Y.	   Wu,	   Y.	   Yu,	   G.K.	   Feng,	   and	   X.F.	   Zhu.	   2015.	   Acetylation	   of	   Beclin	   1	   inhibits	  
autophagosome	  maturation	  and	  promotes	  tumour	  growth.	  Nat	  Commun.	  6:7215.	  

Szabo,	  A.,	   T.	   Langer,	  H.	   Schroder,	   J.	   Flanagan,	  B.	   Bukau,	   and	  F.U.	  Hartl.	   1994.	  The	  ATP	  
hydrolysis-‐dependent	  reaction	  cycle	  of	  the	  Escherichia	  coli	  Hsp70	  system	  DnaK,	  
DnaJ,	  and	  GrpE.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A.	  91:10345-‐10349.	  

Takayama,	  S.,	  and	  J.C.	  Reed.	  2001.	  Molecular	  chaperone	  targeting	  and	  regulation	  by	  BAG	  
family	  proteins.	  Nat	  Cell	  Biol.	  3:E237-‐241.	  

Takayama,	   S.,	   T.	   Sato,	   S.	   Krajewski,	   K.	   Kochel,	   S.	   Irie,	   J.A.	   Millan,	   and	   J.C.	   Reed.	   1995.	  
Cloning	  and	  functional	  analysis	  of	  BAG-‐1:	  a	  novel	  Bcl-‐2-‐binding	  protein	  with	  anti-‐
cell	  death	  activity.	  Cell.	  80:279-‐284.	  

Tan,	   J.M.,	   E.S.	   Wong,	   D.S.	   Kirkpatrick,	   O.	   Pletnikova,	   H.S.	   Ko,	   S.P.	   Tay,	   M.W.	   Ho,	   J.	  
Troncoso,	   S.P.	   Gygi,	   M.K.	   Lee,	   V.L.	   Dawson,	   T.M.	   Dawson,	   and	   K.L.	   Lim.	   2008.	  
Lysine	   63-‐linked	   ubiquitination	   promotes	   the	   formation	   and	   autophagic	  
clearance	  of	  protein	  inclusions	  associated	  with	  neurodegenerative	  diseases.	  Hum	  
Mol	  Genet.	  17:431-‐439.	  

Tang,	  H.,	  S.	  Sebti,	  R.	  Titone,	  Y.	  Zhou,	  C.	  Isidoro,	  T.S.	  Ross,	  H.	  Hibshoosh,	  G.	  Xiao,	  M.	  Packer,	  
Y.	  Xie,	  and	  B.	  Levine.	  2015.	  Decreased	  mRNA	  Expression	  in	  Human	  Breast	  Cancer	  
is	   Associated	   with	   Estrogen	   Receptor-‐Negative	   Subtypes	   and	   Poor	   Prognosis.	  
EBioMedicine.	  2:255-‐263.	  

Tanida,	  I.,	  T.	  Ueno,	  and	  E.	  Kominami.	  2004.	  Human	  light	  chain	  3/MAP1LC3B	  is	  cleaved	  at	  
its	   carboxyl-‐terminal	   Met121	   to	   expose	   Gly120	   for	   lipidation	   and	   targeting	   to	  
autophagosomal	  membranes.	  J	  Biol	  Chem.	  279:47704-‐47710.	  

Thrower,	   J.S.,	   L.	   Hoffman,	   M.	   Rechsteiner,	   and	   C.M.	   Pickart.	   2000.	   Recognition	   of	   the	  
polyubiquitin	  proteolytic	  signal.	  EMBO	  J.	  19:94-‐102.	  

Townsend,	   P.A.,	   A.	   Stephanou,	   G.	   Packham,	   and	   D.S.	   Latchman.	   2005.	   BAG-‐1:	   a	  multi-‐
functional	  pro-‐survival	  molecule.	  Int	  J	  Biochem	  Cell	  Biol.	  37:251-‐259.	  

Tsukada,	  M.,	  and	  Y.	  Ohsumi.	  1993.	  Isolation	  and	  characterization	  of	  autophagy-‐defective	  
mutants	  of	  Saccharomyces	  cerevisiae.	  FEBS	  Lett.	  333:169-‐174.	  

Tyurin,	  V.A.,	  Y.Y.	  Tyurina,	  G.G.	  Borisenko,	  T.V.	  Sokolova,	  V.B.	  Ritov,	  P.J.	  Quinn,	  M.	  Rose,	  P.	  
Kochanek,	   S.H.	   Graham,	   and	   V.E.	   Kagan.	   2000.	   Oxidative	   stress	   following	  
traumatic	  brain	   injury	   in	   rats:	   quantitation	  of	  biomarkers	   and	  detection	  of	   free	  
radical	  intermediates.	  J	  Neurochem.	  75:2178-‐2189.	  

Uttara,	   B.,	   A.V.	   Singh,	   P.	   Zamboni,	   and	   R.T.	   Mahajan.	   2009.	   Oxidative	   stress	   and	  
neurodegenerative	  diseases:	  a	  review	  of	  upstream	  and	  downstream	  antioxidant	  
therapeutic	  options.	  Curr	  Neuropharmacol.	  7:65-‐74.	  

Vicier,	   C.,	   M.	   Dieci,	   M.	   Arnedos,	   S.	   Delaloge,	   P.	   Viens,	   and	   F.	   Andre.	   2014.	   Clinical	  
development	  of	  mTOR	   inhibitors	   in	  breast	  cancer.	  Breast	  cancer	  research	   :	  BCR.	  
16:203.	  

Wang,	  D.,	  Q.	  Meng,	  L.	  Huo,	  M.	  Yang,	  L.	  Wang,	  X.	  Chen,	  J.	  Wang,	  Z.	  Li,	  X.	  Ye,	  N.	  Liu,	  Q.	  Li,	  Z.	  
Dai,	  H.	  Ouyang,	  N.	  Li,	  J.	  Zhou,	  L.	  Chen,	  and	  L.	  Liu.	  2015.	  Overexpression	  of	  Hdac6	  
enhances	   resistance	   to	   virus	   infection	   in	   embryonic	   stem	   cells	   and	   in	   mice.	  
Protein	  Cell.	  6:152-‐156.	  

Wang,	   H.Q.,	   X.	   Meng,	   Y.Y.	   Gao,	   B.Q.	   Liu,	   X.F.	   Niu,	   H.Y.	   Zhang,	   and	   Z.X.	   Du.	   2010.	  
Characterization	  of	  BAG3	  cleavage	  during	  apoptosis	  of	  pancreatic	  cancer	  cells.	   J	  
Cell	  Physiol.	  224:94-‐100.	  

Wang,	  R.C.,	  Y.	  Wei,	  Z.	  An,	  Z.	  Zou,	  G.	  Xiao,	  G.	  Bhagat,	  M.	  White,	   J.	  Reichelt,	  and	  B.	  Levine.	  
2012.	  Akt-‐mediated	  regulation	  of	  autophagy	  and	  tumorigenesis	  through	  Beclin	  1	  
phosphorylation.	  Science.	  338:956-‐959.	  



F	  	  References	  	   	   110	  

Wild,	  P.,	  H.	  Farhan,	  D.G.	  McEwan,	  S.	  Wagner,	  V.V.	  Rogov,	  N.R.	  Brady,	  B.	  Richter,	  J.	  Korac,	  
O.	   Waidmann,	   C.	   Choudhary,	   V.	   Dotsch,	   D.	   Bumann,	   and	   I.	   Dikic.	   2011.	  
Phosphorylation	   of	   the	   autophagy	   receptor	   optineurin	   restricts	   Salmonella	  
growth.	  Science.	  333:228-‐233.	  

Williams,	   C.,	   K.	   Edvardsson,	   S.A.	   Lewandowski,	   A.	   Strom,	   and	   J.A.	   Gustafsson.	   2008.	   A	  
genome-‐wide	   study	   of	   the	   repressive	   effects	   of	   estrogen	   receptor	   beta	   on	  
estrogen	  receptor	  alpha	  signaling	  in	  breast	  cancer	  cells.	  Oncogene.	  27:1019-‐1032.	  

Youn,	   D.Y.,	   D.H.	   Lee,	   M.H.	   Lim,	   J.S.	   Yoon,	   J.H.	   Lim,	   S.E.	   Jung,	   C.E.	   Yeum,	   C.W.	   Park,	   H.J.	  
Youn,	   J.S.	  Lee,	  S.B.	  Lee,	  M.	  Ikawa,	  M.	  Okabe,	  Y.	  Tsujimoto,	  and	  J.H.	  Lee.	  2008.	  Bis	  
deficiency	  results	  in	  early	  lethality	  with	  metabolic	  deterioration	  and	  involution	  of	  
spleen	  and	  thymus.	  Am	  J	  Physiol	  Endocrinol	  Metab.	  295:E1349-‐1357.	  

Yue,	   Z.,	   S.	   Jin,	   C.	   Yang,	   A.J.	   Levine,	   and	   N.	   Heintz.	   2003.	   Beclin	   1,	   an	   autophagy	   gene	  
essential	   for	   early	   embryonic	   development,	   is	   a	   haploinsufficient	   tumor	  
suppressor.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A.	  100:15077-‐15082.	  

Zhang,	   X.Y.,	   H.K.	   Pfeiffer,	   H.S.	   Mellert,	   T.J.	   Stanek,	   R.T.	   Sussman,	   A.	   Kumari,	   D.	   Yu,	   I.	  
Rigoutsos,	   A.	   Thomas-‐Tikhonenko,	   H.E.	   Seidel,	   L.A.	   Chodosh,	   G.	   Packham,	   R.	  
Baserga,	   and	   S.B.	   McMahon.	   2011.	   Inhibition	   of	   the	   single	   downstream	   target	  
BAG1	  activates	  the	  latent	  apoptotic	  potential	  of	  MYC.	  Mol	  Cell	  Biol.	  31:5037-‐5045.	  

Zhu,	  J.H.,	  C.	  Horbinski,	  F.	  Guo,	  S.	  Watkins,	  Y.	  Uchiyama,	  and	  C.T.	  Chu.	  2007.	  Regulation	  of	  
autophagy	   by	   extracellular	   signal-‐regulated	   protein	   kinases	   during	   1-‐methyl-‐4-‐
phenylpyridinium-‐induced	  cell	  death.	  Am	  J	  Pathol.	  170:75-‐86.	  

Zschocke,	  J.,	  D.	  Manthey,	  N.	  Bayatti,	  B.	  van	  der	  Burg,	  S.	  Goodenough,	  and	  C.	  Behl.	  2002a.	  
Estrogen	   receptor	   alpha-‐mediated	   silencing	   of	   caveolin	   gene	   expression	   in	  
neuronal	  cells.	  J	  Biol	  Chem.	  277:38772-‐38780.	  

Zschocke,	  J.,	  D.	  Manthey,	  N.	  Bayatti,	  B.	  van	  der	  Burg,	  S.	  Goodenough,	  and	  C.	  Behl.	  2002b.	  
Estrogen	   receptor	   alpha-‐mediated	   silencing	   of	   caveolin	   gene	   expression	   in	  
neuronal	  cells.	  J	  Biol	  Chem.	  277:38772-‐38780.	  



G	  	  Appendix	   	   111	  

Appendix	  G.	  
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Behl,	   and	   T.	   Morawe.	   2015.	   Estrogen	   receptor	   alpha	   regulates	   non-‐canonical	  
autophagy	   that	   provides	   stress	   resistance	   to	   neuroblastoma	   and	   breast	   cancer	  
cells	  and	  involves	  BAG3	  function.	  Cell	  Death	  Dis.	  6:e1812.	  

Brendel,	  A.	  &	  Felzen	  V.	  et	  al.,	  2013.	  Differential	  regulation	  of	  apoptosis-‐associated	  genes	  
by	   estrogen	   receptor	   alpha	   in	   human	   neuroblastoma	   cells.	   Restor	   Neurol	  
Neurosci.	  31:199-‐211.	  

	  

	  

Distribution	  to	  Meetings	  G.1.2.	  

Felzen,V.;	  Morawe,T.;	  Brendel,A.;	  Behl,C.	  Differential	  effect	  of	  estrogen	  receptors	  on	  
apoptosis	  and	  autophagy;	  2rd	  biennial	  rmn2	  meeting,2012,	  Oberwesel	  
	  
Felzen	  Vanessa;	  Florie	  Le	  Prieult,	  Christina	  Gölz,	  Christian	  Behl,	  Thomas	  Mittmann,	  
Kristin	  Engelhard,	  Serge	  Thal:	  Functional	  Role	  of	  Autophagy	  in	  Neuronal	  Homeostasis	  
Following	  Traumatic	  Brain	  Injury;	  3rd	  biennial	  rmn2	  meeting,2014,	  Oberwesel	  
	  

Vanessa	  Felzen,	  Uwe	  Wolfrum,	  Christian	  Behl	  and	  Tobias	  Morawe:	  Estrogen	  receptors	  
modulate	  non-‐canonical	  autophagy	  and	  contribute	  to	  resistance	  against	  oxidative	  stress	  
in	  neuroblastoma	  and	  breast	  cancer	  cells.	  –	  Keystone	  symposia	  ,	  Autophagy	  Fundamentals	  
to	  Disease,	  2014,	  Austin	  (Texas)	  

	  
Kristin	  Engelhard,	  Thomas	  Mittmann,	  Christian	  Behl,	  Vanessa	  Felzen,	  Christina	  Gölz	  
Florie	  Le	  Prieult:	  Functional	  Role	  of	  the	  Proteasome	  and	  Autophagic	  Protein	  
Degradation	  System	  in	  Neuronal	  Homeostasis	  Following	  Traumatic	  Brain	  Injury	  
;	  Collaborative	  Research	  Center	  1080	  International	  symposium	  Molecular	  and	  Cellular	  
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curriculum	  vitae	  G.2.	  

Persönliche	  Daten	  

	  

	  

	  

	  

	  

	  

	  

Wissenschaftlische	  Ausbildung	  
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Abbreviations	  G.3.	  

AD	   	   Alzheimer`s	  disease	  

ALS	   	   Amyotrophic	  lateral	  sclerosis	  

ATG	   	   Autophagy-‐related	  genes	  

ATP	   	   Adenosisne	  tri-‐phosphate	  

BafA1	   	   Bafilomycin	  A1	  

BAG	   	   BCL2-‐associated	  athanogene	  

BECN1	  	   Beclin1	  

CAIR1	   	   carboxyamido-‐triazole-‐stressed-‐1	  

CCI	   	   Controlled	  cortical	  impact	  

CMA	   	   chaperone-‐mediated	  autophagy	  

DAPI	   	   4',6-‐diamidino-‐2-‐phenylindole	  

DMSO	   	   Dimethyl	  sulfoxid	  

DFCP1	   	   Double	  FYVE-‐containing	  protein	  1	  

EGFP	   	   Enhanced	  green	  flourescent	  protein	  

ER	   	   Estrogen	  receptor	  

ERE	   	   Estrogen	  response	  elements	  

HSC70	   	   70-‐kilodalton	  heat	  shock	  cognate	  protein	  

HSP70	   	   70-‐kilodalton	  heat	  shock	  protein	  

kDa	   	   Kilodalton	  

LAMP1	  	   Lysosome	  associate	  membrane	  protein	  type	  1	   	  

LC3	   	   Microtubule-‐associated	  light	  chain	  3	  

LIR	   	   LC3-‐interacting	  region	  

mTOR	   	   mammalian	  target	  of	  rapamycin	  

MTOC	   	   microtubule-‐organizing	  center	  

NBR1	   	   Neighbor	  of	  BRCA1	  gene	  1	  

NEF	   	   Nucleotide	  exchange	  factor	  

p62/SQSTM	   Sequestosome-‐1	  

PCR	   	   Polymerase	  chain	  reaction	  
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PD	   	   Parkinsons	  Disease	  

PE	   	   Phosphatidylethanolamine	  

PI3K	   	   Phosphatidylinositol	  3	  Kinase	  

polyQ	   	   Polyglutamine	  

PQC	   	   Protein	  Quality	  Control	  

PxxP	   	   Proline	  rich	  domain	  

rb	   	   Rabbit	  

siNS	   	   Nonsense	  RNA	  

siRNA	   	   Small	  interfering	  RNA	  

SEM	   	   Standard	  error	  of	  the	  mean	  

SH3	   	   Src	  Homology	  3	  

SOD1	   	   Superoxid	  dismutase	  1	  

TBI	   	   Traumatic	  brain	  injury	  

TEM	   	   Transmission	  electron	  microscopy	  

UBA	   	   Ubiquitin-‐associated	  

UBL	   	   Ubiquitin-‐like	  

ULK	   	   UNC-‐51-‐like	  kinase	  

WIPI1	   	   WD40	  repeat	  protein	  interacting	  with	  phosphoinositides	  1	  
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Results	  of	  the	  autophagy	  gene	  array	  G.4.	  

	  

Figure	   41:	   Estrogen	   receptors	   regulated	   autophagy	   pathway-‐associated	   gene	   expression	   is	   not	  
altered	   after	   ICI	   or	   E2	   treatments.	   (A)	   Total	   RNA	   from	   SK-‐01,	   SK-‐ERα,	   SK-‐ERβ	   and	  MCF-‐7	   cells	  was	  
characterized	  by	  using	  the	  Human	  Autophagy	  Primer	  Library	  1	  (HATPL-‐1)	  and	  comparing	  ER	  expressing	  
cells	   to	  mock-‐plasmid	   transfected	   controls	   (SK-‐01).	  Red	  numbers	   indicate	   an	  upregulation	  greater	   than	  
1.5	   fold,	  blue	  numbers	   indicate	  an	  downregulation	  greater	   than	  1.5	   fold,	  dark	   red	  numbers	  denote	  a	  p-‐
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value<0.05,	  black	  numbers	  depict	  no	  significant	  change	  and	  n.s.	  no	  significant	  change	  in	  gene	  expression	  
within	  the	  whole	  group.	  Results	  represent	  the	  mean	  values	  of	  five	  independent	  experiments.	  

	  


