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ABSTRACT	  
	  

DNA	   replication	   is	   a	   biological	   process	   that	   leads	   to	   the	   transmission	   of	   genetic	  

information	  to	  the	  next	  cell	  generation.	  Failure	  to	  maintain	  a	  tight	  control	  on	  DNA	  replication	  

may	  result	  in	  genome	  underreplication	  or	  overreplication,	  which	  have	  been	  linked	  to	  a	  variety	  

of	  human	  diseases,	  including	  cancer.	  Origins	  are	  licensed	  for	  replication	  from	  late	  mitosis	  to	  G1	  

by	   the	   coordinated	   action	   of	   the	   Origin	   Recognition	   Complex	   (ORC),	   Cdc6	   and	   Cdt1,	   which	  

promote	  the	  loading	  of	  the	  MCM2-‐7	  helicase	  onto	  DNA.	  Previous	  studies	  in	  yeast,	  human	  and	  

mouse	  cells	  have	  shown	  that	  insufficient	  origin	  licensing	  through	  MCM	  downregulation	  leads	  

to	   genomic	   instability	   and	   oncogenesis	   in	   vivo.	   Nevertheless	  much	   less	   is	   known	   about	   the	  

effects	   of	   overexpressing	   ‘licensing	   factors’	   such	   as	   Cdc6	   and	   Cdt1	   in	   vivo,	   although	   both	  

factors	  have	  been	   reported	   to	  have	  oncogenic	   activity	   in	   culture.	   In	  order	   to	   characterize	   in	  

vivo	  the	  effects	  of	  Cdc6	  and	  Cdt1	  deregulated	  expression	  we	  have	  generated	  inducible	  mouse	  

models	   for	   Cdc6	   and	   Cdt1	   proteins.	   High	   Cdc6	   levels	   enhance	  MCM	   chromatin	   association	  

both	   in	   vivo	   and	   in	   vitro.	   In	   contrast,	   Cdt1	  overexpression	  did	   not	   increase	  MCM	  chromatin	  

loading,	   suggesting	   that	   Cdc6	   is	   the	   limiting	   factor	   for	   this	   reaction.	   At	   the	  molecular	   level,	  

Cdc6	  overexpression	  changes	  the	  dynamics	  of	  DNA	  replication	  by	  increasing	  the	  frequency	  of	  

origin	  firing	  and	  decreasing	  the	  fork	  progression	  rate	  to	  an	  extent	  that	  cannot	  be	  significantly	  

enhanced	   under	   conditions	   of	   replicative	   stress,	   suggesting	   that	   upon	   Cdc6	   overexpression	  

most	  of	  the	  potential	  origins	  are	  fired.	  Although	  no	  defects	  on	  cell	  proliferation	  were	  observed	  

in	  short-‐term	  cultured	  cells,	  TetON-‐CDC6	  mice	  are	  prone	  to	  developing	  histiocytic	  sarcomas	  and	  

B-‐cell	   lymphomas	  and	  have	  a	  shorter	   lifespan.	   In	  contrast,	  a	   tissue-‐specific	   transgenic	  model	  

generated	   in	   parallel,	   K5-‐CDC6tg,	   showed	  a	  normal	   lifespan	  but	  mice	  were	  hypersensitive	   to	  

chemically-‐induced	   skin	   tumorigenesis.	   Interestingly,	   K5-‐CDC6tg	   mice	   display	   a	   skin-‐specific	  

anti-‐ageing	  phenotype	  that	  might	  be	  related	  to	  a	  delayed	  progression	  of	  the	  hair	  growth	  cycle.	  

When	  Cdc6	  and	  Cdt1	  overexpression	  were	  combined	  by	  crossbreeding	  TetON-‐CDC6/CDT1	  mice,	  

MEFs	  undergo	  partial	  DNA	  re-‐replication,	  activating	  the	  DNA	  damage	  response	  and	  apoptotic	  

programs.	  Strikingly,	  mice	  overexpressing	  Cdc6	  and	  Cdt1	  displayed	  morbidity	  signs	  in	  few	  days.	  

Proliferative	  tissues	  showed	  severe	  cytoarchitectural	  abnormalities,	  increased	  mitotic	  activity,	  

DNA	  damage	  response	  activation	  and	  increased	  apoptosis.	  This	  Thesis	  provides	  evidence	  that	  

aberrant	   expression	   of	   Cdc6	   and	   Cdc6/Cdt1	   threatens	   genomic	   stability	   and	   promotes	   cell	  

transformation	  in	  vivo.	  



RESUMEN	  
	  

La	  replicación	  del	  ADN	  es	  el	  proceso	  por	  el	  cual	  el	  material	  genético	  se	  duplica	  para	  su	  

transmisión	   a	   la	   siguiente	   generación.	   Los	   errores	   en	   la	   regulación	   de	   este	   proceso	   están	  

asociados	   a	   múltiples	   enfermedades,	   incluidos	   varios	   tipos	   de	   cáncer.	   	   Los	   orígenes	   se	  

preparan	  para	  la	  replicación	  mediante	  la	  acción	  de	  las	  proteínas	  ORC,	  Cdc6	  y	  Cdt1,	  que	  actúan	  

coordinadamente	   para	   atraer	   a	   la	   helicasa	  MCM2-‐7	   al	   ADN.	   Estudios	   previos	   han	  mostrado	  

que	   la	   reducción	   de	   la	   concentración	   de	  MCM	   produce	   inestabilidad	   genómica	   y	   facilita	   la	  

tumorogénesis	   in	   vivo.	   Sin	   embargo,	   se	   ha	   estudiado	  menos	   el	   posible	   efecto	   de	   la	   sobre-‐

expresión	  de	  proteínas	  iniciadoras	  como	  Cdc6	  o	  Cdt1	  in	  vivo.	  En	  este	  trabajo,	  hemos	  generado	  

modelos	  de	   ratón	  modificados	   genéticamente	  que	  permiten	   la	   sobre-‐expresión	   inducible	  de	  

ambos	  factores.	  La	  sobre-‐expresión	  de	  Cdc6	  incrementa	   los	  niveles	  de	  MCM	  en	  cromatina	   in	  

vivo	   e	   in	   vitro.	   A	   nivel	   molecular,	   hace	   aumentar	   la	   eficiencia	   de	   activación	   de	   orígenes	   y	  

disminuye	  la	  velocidad	  de	  progresión	  de	  las	  horquillas.	  En	  condiciones	  de	  estrés	  replicativo,	  las	  

células	   que	   sobre-‐expresan	   Cdc6	   disponen	   de	   menos	   orígenes	   latentes	   para	   contribuir	   a	  

completar	   la	   replicación.	   In	   vivo,	   los	   ratones	   TetON-‐CDC6	   son	   más	   propensos	   a	   desarrollar	  

sarcomas	  histiocíticos	  y	  linfomas	  de	  tipo	  B	  y	  tienen	  menor	  esperanza	  de	  vida.	  En	  otro	  modelo	  

que	   hemos	   desarrollado	   para	   la	   sobre-‐expresión	   de	   Cdc6	   en	   epitelios	   estratificados	   (K5-‐

CDC6tg)	  la	  esperanza	  de	  vida	  es	  normal,	  pero	  los	  animales	  son	  más	  susceptibles	  a	  la	  inducción	  

de	   carcinogénesis	  química	  en	   la	  piel.	   La	   expresión	  de	  Cdc6	  en	   la	   capa	  basal	   de	   la	   epidermis	  

también	   ralentiza	   el	   ciclo	   del	   crecimiento	   del	   pelo.	   Por	   otro	   lado,	   la	   sobre-‐expresión	  

simultánea	  de	  Cdc6	  y	  Cdt1	  produce	  re-‐replicación	  parcial	  en	  fibroblastos	  primarios	  y	  es	  letal	  in	  

vivo.	  A	  nivel	  histológico,	  los	  ratones	  presentan	  importantes	  defectos	  en	  la	  organización	  de	  los	  

tejidos	  más	  proliferativos	  acompañados	  de	  la	  activación	  de	  la	  respuesta	  de	  daño	  al	  ADN	  y	  de	  

elevada	  actividad	  mitótica	  y	  apoptótica.	  Esta	  tesis	  ofrece	  nuevas	  evidencias	  de	  que	   la	  sobre-‐

expresión	  de	  Cdc6,	  y	  especialmente	  la	  sobre-‐expresión	  simultánea	  de	  Cdc6	  y	  Cdt1,	  constituyen	  

una	  amenaza	  para	  la	  estabilidad	  genómica	  y	  favorecen	  la	  tumorigénesis	  in	  vivo.	  
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ABBREVIATIONS	  
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CPT	  	   Camptothecin	  

DDR	   DNA	  damage	  response	  
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INTRODUCTION	  
	  

1.	  Control	  of	  DNA	  replication	  in	  the	  cell	  division	  cycle	  
	  

DNA	   replication	   is	   an	   essential	   step	   process	   that	   leads	   to	   the	   transmission	   of	   the	  

genetic	   information	   to	   the	   next	   cell	   generation.	   The	   regions	   of	   the	   genome	   where	  

replication	  starts	  are	  called	  replication	  origins.	  The	  activity	  of	  these	  origins	  must	  be	  carefully	  

regulated	   to	   ensure	   complete	   and	   accurate	   replication.	   Errors	   that	   result	   in	   DNA	  

underreplication	  or	  overreplication	  produce	  a	  variety	  of	  human	  genetic	  diseases,	   including	  

developmental	  abnormalities	  and	  several	  types	  of	  cancer	  (DePamphilis,	  2006).	  

	  

In	   contrast	   to	   viral	   and	   prokaryotic	   organisms	   and	   with	   the	   exception	   of	  

Saccharomyces	  cerevisae,	  in	  eukaryotes	  the	  identity	  of	  replication	  origins	  is	  not	  defined	  by	  a	  

specific	   DNA	   sequence.	   Instead,	   a	   combination	   of	   genetic	   and	   epigenetic	   features	   might	  

determine	   the	   accessibility	   of	   specific	   proteins,	   called	   initiators,	   to	   permissive	   sites	   in	   the	  

chromatin.	  AT-‐rich	  elements,	  CpG	  islands,	  nucleosome-‐free	  regions,	  histone	  acetylation	  and	  

active	  transcription	  have	  been	  found	  at	  several	  metazoan	  replication	  origins,	  although	  they	  

are	  not	  present	  in	  all	  of	  them	  (reviewed	  by	  Méchali,	  2010).	  

	  

From	   late	  mitosis	   and	   throughout	   the	  G1	   phase,	   origins	   undergo	   a	   process	   called	  

‘licensing’.	   This	   process	   consists	   on	   the	   loading	   of	   the	   MCM2-‐7	   (Mini-‐Chromosome	  

Maintenance)	   complex	   that	   upon	   subsequent	   activation	   will	   become	   the	   core	   of	   the	  

replicative	   DNA	   helicase	   in	   S-‐phase.	   The	   loading	   of	   MCM2-‐7	   at	   replication	   origins	   is	  

mediated	   by	   the	   concerted	   action	   of	   the	   initiator	   proteins	   ORC	   (Origin	   Recognition	  

Complex),	  Cdc6	  (Cell	  Division	  Cycle-‐6)	  and	  Cdt1	  (Cdc10-‐Dependent	  Transcrip-‐1).	  The	  protein	  

structure	  resulting	  after	  MCM2-‐7	  loading	  constitutes	  the	  pre-‐Replicative	  Complex	  (pre-‐RC).	  

At	  the	  G1/S	  transition,	  CDKs	  (Cyclin-‐dependent	  kinases)	  and	  DDK	  (Dbf4-‐dependent	  kinase),	  

phosphorylate	   different	   members	   of	   the	   pre-‐RC	   allowing	   the	   recruitment	   of	   additional	  

initiation	  factors	  such	  as	  Mcm10,	  Cdc45,	  GINS,	  Sld2/RecQ4L,	  Sld3/Treslin	  and	  TOPBP1	  that	  

activate	   the	   helicase	   and	   facilitate	   the	   loading	   of	   the	   replisome	   components	   (DNA	  

polymerases	  and	  their	  accessory	  factors).	  

	  	  

The	   temporal	   separation	   between	   helicase	   loading	   (late	   mitosis-‐G1)	   and	   helicase	  

activation	  (G1/S)	  is	  regulated	  by	  the	  CDK	  activity	  and	  constitutes	  an	  important	  mechanism	  to	  
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control	   that	   replication	   takes	   place	   only	   once	   in	   the	   same	   cell	   cycle	   (Fig.	   1;	   reviewed	   by	  

Diffley,	  2011;	  Boos	  et	  al.,	  2012;	  Remus	  and	  Diffley,	  2009;	  Sclafani	  and	  Holzen,	  2007;	  Méndez	  

and	  Stillman,	  2003).	  This	  Thesis	  is	  focused	  on	  the	  effects	  of	  overexpressing	  CDC6	  and	  CDT1;	  

therefore,	  the	  rest	  of	  the	  introduction	  describes	  these	  two	  proteins,	  their	  known	  functions	  

and	  regulation.	  	  

	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  

	  
	  
Figure	  1.	  DNA	  replication	   in	   the	  cell	   cycle.	  Origin	   licensing	   is	   restricted	   to	   late	  mitosis	  and	  G1.	  The	  concerted	  
action	  of	  ORC,	  Cdc6	  and	  Cdt1	   loads	   the	  MCM2-‐7	   complex	  as	   a	  double	  hexamer	   leading	   to	   the	  pre-‐replication	  
complex	   (pre-‐RC).	   At	   the	   G1/S	   transition	   the	   CDKs	   and	   DDK	   allow	   the	   loading	   of	   Mcm10,	   Cdc45,	   GINS,	  
Sld2/RecQ4L,	  Sld3/Treslin,	  TOPBP1	  and	  the	  DNA	  polymerases.	  Cdc45	  and	  the	  GINS	  complex	  associate	  with	  MCM	  
and	  give	  raise	  to	  an	  active	  helicase	  known	  as	  CMG	  (Cdc45-‐Mcm2-‐7-‐GINS).	  Two	  bidirectional	  replication	  forks	  are	  
established	  from	  each	  origin	  (only	  one	  is	  depicted	  here).	  ORC	  remains	  bound	  to	  the	  origins	  during	  S	  and	  G2	  but	  in	  
an	  inactive	  state	  (post-‐RC).	  	  
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2.	  Cdc6	  gene	  is	  essential	  for	  initiation	  of	  DNA	  replication	  
	  

Cdc6	   was	   discovered	   in	   a	   genetic	   screen	   performed	   to	   identify	   DNA	   replication	  

factors	  in	  the	  yeast	  S.	  cerevisiae.	  In	  this	  study,	  the	  yeast	  cdc6	  mutant	  grown	  at	  the	  restrictive	  

temperature	  completed	  one	  round	  of	  DNA	  replication	  but	  failed	  to	  reinitiate	  the	  next	  one.	  

Therefore,	  it	  was	  suggested	  that	  Cdc6	  is	  necessary	  for	  the	  initiation	  of	  DNA	  replication	  and	  in	  

the	   absence	   of	   its	   function	   the	   replicated	  DNA	  was	   either	   faulty	   or	   incomplete	   (Hartwell,	  

1976).	   The	  S.	   cerevisiae	   CDC6	   gene	  was	   cloned	   in	   1989	   (Zhou	   et	   al.,	   1989)	   and	   homologs	  

were	   subsequently	   identified	   in	   S.	   pombe,	   where	   it	   is	   called	   Cdc18	   (Kelly	   et	   al.,	   1993),	  

Xenopus	   laevis	  (Coleman	  et	  al.,	  1996),	  human	  (Williams	  et	  al.,	  1997)	  and	  mouse	  (Berger	  et	  

al.,	   1999).	   In	   fact,	  Cdc6	   is	   conserved	   in	  every	  eukaryotic	  organism	  and	  Cdc6-‐related	  genes	  

are	  found	  in	  archea	  (reviewed	  by	  Barry	  and	  Bell,	  2006).	  

	  

Direct	   evidence	   for	   the	   role	   of	   Cdc6	   in	   initiation	   of	   DNA	   replication	   came	   from	   a	  

study	  in	  which	  a	  Cdc6	  temperature-‐sensitive	  (ts)	  mutant	  strain	  of	  S.	  cerevisae	  arrested	  at	  the	  

G1/S	  transition.	  Apart	  from	  its	  involvement	  in	  DNA	  replication,	  this	  study	  also	  showed	  a	  role	  

of	   Cdc6	   in	   the	   coordination	   of	   S-‐phase	   and	   mitosis	   (S-‐M	   checkpoint).	   In	   this	   regard,	  

interfering	  with	  the	  cyclic	  expression	  of	  Cdc6	  by	  inducing	  Cdc6	  expression	  in	  G2	  prevented	  

the	  onset	  of	  mitosis	   (Bueno	  and	  Russell,	  1992).	   In	  addition,	  a	  different	   study	   showed	   that	  

Cdc18	  (Cdc6)	  deletion	  in	  S.	  pombe	  caused	  an	  accumulation	  of	  cells	  with	  1C	  DNA	  content	  that	  

still	  proceeded	  to	  mitosis,	  suggesting	  that	  Cdc18	  somehow	  prevents	  mitosis	  until	  S-‐phase	  is	  

completed	  (Kelly	  et	  al.,	  1993).	  Similar	  results	  were	  obtained	  later	   in	  S.	  cerevisiae	   regarding	  

the	   inhibition	   of	   DNA	   replication	   and	   the	   failure	   in	   the	   S-‐M	   checkpoint	   that	   led	   cells	   to	  

undergo	  a	  reductional	  anaphase	  (Piatti	  et	  al.,	  1995).	  

	  

In	   human	   cells,	   abrogation	   of	   Cdc6	   function	   either	   by	   antibody	   microinjection	  

(Hateboer	  et	  al.,	  1998;	  Yan	  et	  al.,	  1998)	  or	  interference	  RNA	  (RNAi)	  (Feng	  et	  al.,	  2003;	  Lau	  et	  

al.,	  2006;	  Lau	  et	  al.,	  2009;	  reviewed	  by	  Borlado	  and	  Méndez,	  2008),	  also	  led	  to	  inhibition	  of	  

DNA	  replication	  and	  loss	  of	  the	  S-‐M	  checkpoint.	  

	  

2.1.	  Cdc6	  protein	  participates	  directly	  in	  pre-‐RC	  complex	  assembly	  

Two	  findings	  contributed	  to	  establishing	  Cdc6	  as	  a	  key	  factor	  during	  origin	  licensing:	  

the	   identification	  of	  ORC,	   an	  essential	   6-‐subunit	  protein	   complex	   that	   specifically	  binds	   to	  

replication	   origins	   in	   S.	   cerevisiae	   	   (Bell	   and	   Stillman,	   1992)	   and	   the	   existence	   of	   two	  

‘chromatin	   states’	   at	   origins	   in	   the	   cell	   cycle	   (Diffley	   et	   al.,	   1994).	   Diffley	   and	   colleagues	  
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studied	   the	   regulation	  of	  ORC	  binding	   through	   the	   cell	   cycle	  by	  genomic	   footprinting.	   The	  

pattern	  of	  protection	  from	  nuclease	  digestion	  was	  extended	   in	  cells	   in	   late	  mitosis	  and	  G1	  

phase	   (the	   ‘pre-‐replicative	   state’)	   compared	   to	   the	   pattern	   in	   S	   or	   G2	   phases	   (the	   ‘post-‐

replicative	  state’).	  They	  proposed	  that	  the	  ORC	  complex	  remains	  bound	  to	  replication	  origins	  

throughout	   the	   cell	   cycle	   and	   additional	   proteins,	   responsible	   for	   the	   extended	   ORC	  

footprints,	  are	  recruited	  in	  late	  mitosis	  and	  G1.	  	  

	  

In	   the	   search	   of	   proteins	   that	   could	   interact	   with	   ORC,	   a	   ‘multicopy	   suppression’	  

screening	  performed	  with	  an	  orc5-‐1	  strain	  found	  that	  Cdc6	  partially	  suppressed	  the	  initiation	  

defects	  observed	  in	  this	  mutant.	  Furthermore,	  it	  was	  also	  found	  that	  Cdc6	  and	  ORC	  interact	  

functionally	   and	   physically	   (Liang	   et	   al.,	   1995).	   This	   led	   to	   the	   proposal	   of	   Cdc6	   being	   a	  

member	   of	   a	   pre-‐RC	   complex	   together	   with	   ORC	   and	   possibly	   the	   MCM	   proteins.	   This	  

hypothesis	  was	  further	  supported	  by	  using	  a	  conditional	  Cdc6	  knock-‐out	  strain	  in	  which	  the	  

pre-‐replicative	  footprint	  was	  lost	  upon	  loss	  of	  Cdc6	  (Cocker	  et	  al.,	  1996).	  

	  

In	   the	   following	   years,	   several	   studies	   showed	   that	   Cdc6	   is	   essential	   for	   MCM	  

loading	  on	  chromatin	  in	  yeast.	  In	  one	  of	  these	  studies,	  MCMs	  were	  recovered	  in	  chromatin-‐

isolated	  fractions	  from	  G1-‐arrested	  cells	  only	  if	  Cdc6	  was	  present	  (Donovan	  et	  al.,	  1997).	  In	  

another	  one,	  immunoprecipitation	  of	  crosslinked	  DNA	  showed	  that	  Cdc6	  and	  MCM	  proteins	  

bound	  specifically	   to	  replication	  origins	   in	  G1.	   It	  also	  showed	  the	   importance	  of	  S-‐	  and	  M-‐

CDKs	   in	   preventing	   re-‐association	   of	   MCM	   proteins	   to	   origins	   outside	   G1	   (Tanaka	   et	   al.,	  

1997).	   In	   addition,	   a	   Cdc6	   gain-‐of-‐function	   mutant	   showed	   constant	   MCM	   protein	  

association	   to	   chromatin	   throughout	   the	   cell	   cycle	   and	   promiscuous	   initiation	   of	   DNA	  

replication	  (Liang	  and	  Stillman,	  1997).	  In	  quiescent	  mammalian	  cells,	  where	  Cdc6	  is	  normally	  

absent,	  expression	  of	  Cdc6	  was	  sufficient	  to	  induce	  MCM	  loading	  on	  chromatin	  (Cook	  et	  al.,	  

2002).	  

	  

2.2.	  Cdc6	  protein	  uses	  ATPase	  activity	  during	  origin	  licensing	  

Cdc6	   belongs	   to	   the	   AAA+	   family	   (ATPases	   associated	   with	   a	   variety	   of	   cellular	  

activities),	   a	   class	   of	   chaperone-‐like	  ATPases	   associated	  with	   the	   assembly,	   operation	   and	  

disassembly	   of	   protein	   complexes	   (Neuwald	   et	   al.,	   1999).	   To	   date,	   the	   only	   Cdc6	   high-‐

resolution	   structure	   available	   is	   that	   of	   an	   archeal	   ortholog,	   which	   has	   revealed	   at	   the	  

atomic	  detail	  the	  characteristics	  of	  the	  ATP-‐binding	  domain	  and	  the	  existence	  of	  the	  winged-‐
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helix	  domain	  (WHD),	  a	  common	  DNA	  binding	  motif	  (Liu	  et	  al.,	  2000).	  The	  main	  domains	  and	  

conserved	  motifs	  of	  Cdc6	  are	  shown	  in	  figure	  2A.	  

	  

Different	   studies	  have	  shown	  that	   the	  ATPase	  domain	  of	  Cdc6	   is	   indispensable	   for	  

MCM	  loading	  onto	  DNA.	  In	  particular,	  in	  vitro	  studies	  using	  S.cerevisiae	  extracts	  and	  purified	  

proteins	   have	   contributed	   to	   unravel	   the	   biochemical	  mechanism	  underlying	   the	   licensing	  

reaction.	   First,	  ORC	  binds	   to	  origin	  DNA	   in	   an	  ATP-‐bound	   state.	   Cdc6	  associates	  with	  ORC	  

and	   then	   binds	   ATP,	   inducing	   a	   conformational	   change	   in	   the	   ORC	   complex	   that	   might	  

trigger	  the	  recruitment	  of	  the	  MCM	  complex	  along	  with	  Cdt1.	  Cdc6	  ATP	  hydrolysis	  might	  be	  

responsible	  for	  the	  topological	  engagement	  of	  the	  MCM2-‐7	  complex	  with	  the	  DNA,	  whereas	  

the	  ORC	  ATPase	  activity	  only	  becomes	  essential	  for	  multiple	  rounds	  of	  MCM	  loading	  (Fig.	  2B)	  

(Randell	  et	  al.,	  2006).	  The	  biological	  significance	  of	  repetitive	  MCM	  loading	  is	  unclear	  but	  it	  is	  

likely	  responsible	  for	  the	  high	  amount	  of	  MCM	  complexes	  loaded	  onto	  DNA	  compared	  to	  the	  

number	  of	  origins	  activated	   in	  a	  normal	  S-‐phase.	  The	   ‘excess’	  of	  MCM	  complexes	  plays	  an	  

important	  role	  in	  the	  licensing	  of	  back-‐up	  origins	  that	  are	  activated	  under	  situations	  of	  stress	  

(Ge	  et	  al.,	  2007;	  Ibarra	  et	  al.,	  2008).	  

	  

The	  combination	  of	  in	  vitro	  assays	  in	  yeast	  with	  electron	  microscopy	  techniques	  has	  

provided	   additional	   insights	   into	   the	   molecular	   mechanism	   of	   pre-‐RC	   assembly.	   Two	  

hexameric	  MCM	  complexes	  bound	  to	  Cdt1	  are	  loaded	  as	  a	  double	  head-‐to-‐head	  dodecamer	  

in	   an	   ATP-‐dependent	   reaction,	   with	   the	   DNA	   running	   through	   the	   MCM	   central	   channel	  

(Evrin	  et	  al.,	  2009;	  Remus,	  et	  al.,	  2009).	   In	  addition,	   it	  has	  been	  recently	  reported	  that	  the	  

carboxy-‐terminal	   domain	   of	   MCM3	   is	   essential	   for	   MCM2-‐7	   recruitment	   to	   the	   pre-‐RC	  

independently	  of	  Cdt1.	  This	  domain	  stimulates	  the	  ATPase	  activity	  of	  ORC	  and	  Cdc6,	  but	  only	  

leads	  to	  MCM	  loading	  if	  all	  the	  components	  of	  the	  pre-‐RC	  are	  present	  (Frigola	  et	  al.,	  2013).	  

	  	  	  	  	  	  	  	  	  	  	  	  

	  



	   9	  

	  
	  
Figure	  2.	  A.	  Conserved	  domains	  of	  human	  Cdc6.	  The	  cyclin	  binding	  domain	  and	  protein	  degradation	  motifs	  (KEN	  
box	  and	  D-‐box)	  are	  indicated.	  Cdc6	  has	  three	  consensus	  targets	  for	  CDK	  phosphorylation	  indicated	  with	  orange	  
triangles.	   The	   Walker	   A,	   Walker	   B,	   Sensor	   1	   and	   Sensor	   2	   motifs	   are	   shown	   in	   orange	   boxes.	   The	   rest	   of	  
conserved	  AAA+	  motifs	  are	  indicated	  in	  yellow.	  WHD,	  winged-‐helix	  domain	  for	  DNA	  interaction.	  B.	  The	  licensing	  
reaction.	  ATP	  hydrolysis	  by	  Cdc6	  leads	  to	  the	  loading	  of	  MCM2-‐7	  complexes	  on	  DNA	  and	  the	  release	  of	  Cdt1	  from	  
the	  origin.	  ATP	  hydrolysis	  by	  ORC	  completes	  the	  MCM2-‐7	  loading	  reaction	  either	  by	  catalyzing	  the	  dissociation	  of	  
MCM	  complexes	  from	  other	  pre-‐RC	  components	  or	  by	  resetting	  the	  conformation	  of	  the	  complex	  to	  allow	  the	  
subsequent	  association	  of	  additional	  Cdc6,	  Cdt1	  and	  MCM	  proteins	  (adapted	  from	  Borlado	  and	  Méndez,	  2008).	  
	  

2.3.	  Cdc6	  influences	  origin	  specificity	  

Apart	   from	   its	   role	   in	  MCM	   loading,	   one	   interesting	   feature	   of	   Cdc6	   activity	   in	   S.	  

cerevisiae	  is	  its	  ability	  to	  influence	  the	  specificity	  of	  ORC	  to	  bind	  origin	  DNA.	  In	  the	  presence	  

of	   non-‐origin	   DNA,	   Cdc6	   hydrolyses	   ATP	   and	   promotes	   the	   dissociation	   of	   ORC	   and	   Cdc6	  

from	   chromatin,	  whereas	   in	   the	   presence	   of	   origin	   DNA	   the	  ORC-‐Cdc6-‐DNA	   interaction	   is	  

stabilized	   (Fig.	   3)	   (Mizushima	   at	   al.,	   2000).	   As	   mentioned	   above,	   Cdc6	   overexpression	  

alleviates	  the	  phenotype	  of	  an	  orc5-‐1	  mutant	  defective	  in	  DNA	  replication	  initiation.	  Higher	  

levels	  of	  Cdc6	  might	  cause	  a	  better	  binding	  of	  ORC	  to	  origin	  DNA	  increasing	  the	  probability	  

of	   firing	   or	   promoting	   the	   efficient	   recruitment	   of	   other	   replication	   proteins	   (Liang	   et	   al.,	  

1995).	  Although	  metazoan	  origins	  may	  not	  have	  specific	  DNA	  sequences	   it	   is	   interesting	  to	  

speculate	  that	  Cdc6	  could	  somehow	  influence	  the	  ORC	  binding	  sites.	  At	   least	   in	  one	  study,	  

expressing	  GAL4-‐Cdc6	   in	  human	  cells	  was	  sufficient	  to	  recruit	  endogenous	  ORC	  and	  create	  

an	  artificial	  origin	  of	  replication	  in	  a	  plasmid	  containing	  GAL4-‐DNA	  binding	  sites	  (Takeda	  et	  

al.,	  2005).	  
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Figure	   3.	   Cdc6	   influences	   origin	   specificity.	   In	   S.	   cerevisiae,	   where	   the	   origins	   are	   defined	   by	   specific	   DNA	  
sequences,	  Cdc6	  modulates	  the	  DNA	  binding	  activity	  of	  ORC	  to	  functional	  origin	  sequences	  in	  an	  ATP-‐dependent	  
manner	  (adapted	  from	  Borlado	  and	  Méndez,	  2008).	  

	  

3.	  Cdc6	  regulation	  in	  the	  cell	  cycle	  
	  

Expression	  of	  Cdc6	  is	  cell	  cycle-‐regulated	  from	  S.	  cerevisae	  to	  mammalian	  cells.	  In	  S.	  

cerevisiae	  and	  S.	  pombe,	  Cdc6	  expression	   levels	  peak	  at	  the	  G1/S	  transition	   in	  response	  to	  

MBF/SBF	  and	  Cdc10-‐	  transcriptional	  control	  respectively	  (Bueno	  and	  Russell,	  1992;	  Kelly	  et	  

al.,	   1993;	   Piatti	   et	   al.,	   1995).	   In	   human	   cells,	   Cdc6	   expression	   peaks	   in	   late	   G1	   and	   is	  

regulated	  by	  the	  E2F	  transcription	  factors	  which	  regulate	  genes	  involved	  in	  DNA	  replication	  

and	  cell	  cycle	  progression	  (Hateboer	  at	  al.,	  1998;	  Ohtani	  et	  al.,	  1998;	  Yan	  et	  al.,	  1998).	  

	  

In	   yeast,	   Cdc6/Cdc18	   phosphorylation	   by	   CDKs	   at	   the	   G1/S	   transition	   leads	   to	  

ubiquitin-‐mediated	   proteolysis.	   In	   S.	   pombe	   the	   degradation	   of	   Cdc18	   is	   critical	   to	   avoid	  

multiple	  rounds	  of	  DNA	  replication.	  Overexpression	  of	  Cdc18	  promotes	  re-‐replication	  that	  is	  

enhanced	  by	  a	  mutant	  lacking	  the	  CDK	  consensus	  sites	  (Nishitani	  and	  Nurse,	  1995;	  Jallepalli	  

et	   al.,	   1997).	   In	   contrast,	   overexpression	   of	   Cdc6	   in	   S.	   cerevisiae	   does	   not	   cause	   re-‐

replication,	   due	   to	   different	   overlapping	   mechanisms	   aimed	   to	   restrain	   origin	   usage	  

(reviewed	  by	  Diffley,	  2011;	  Arias	  and	  Walter,	  2007)	  (see	  below).	  	  

	  

Mammalian	   Cdc6	   is	   a	   substrate	   of	   the	   Anaphase	   Promoting	   Complex/Cyclosome	  

(APC/C),	   an	   E3	   ubiquitin	   ligase	   that	   targets	   specific	   substrates	   for	   degradation	   by	   the	   26S	  

proteasome	  during	  mitosis	  and	  G1	  (reviewed	  by	  Manchado	  et	  al.,	  2010).	  Cdc6	  recognition	  is	  

mediated	   by	   the	   APC	   cofactor	   Cdh1,	   which	   targets	   Cdc6	   for	   degradation	   in	   early	   G1	   and	  

during	  quiescence	   (Petersen	   et	   al.,	   2000).	  When	   cells	   re-‐enter	   the	   cell	   cycle,	   Cyclin	   E-‐CDK	  

phosphorylates	   Cdc6	   and	   protects	   it	   from	   APC/C-‐Cdh1-‐mediated	   proteolysis.	   This	  
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mechanism	   is	   proposed	   to	   provide	   a	   window	   of	   opportunity	   for	   Cdc6	   accumulation	   and	  

origin	  licensing	  in	  the	  presence	  of	  APC/C-‐Cdh1	  activity	  (Mailand	  and	  Diffley,	  2005).	  

	  

In	  proliferating	  cells,	  Cdc6	  is	  also	  degraded	  in	  G1	  by	  the	  same	  complex,	  but	  it	  rapidly	  

re-‐accumulates	  during	  S-‐phase	  and	  a	  population	  remains	  chromatin-‐bound	  throughout	  the	  

cell	  cycle	  (Méndez	  and	  Stillman,	  2000;	  Alexandrow	  and	  Hamlin,	  2004).	  Different	  studies	  also	  

show	   that	   Cdc6	  might	   be	   relocalized	   to	   the	   cytoplasm	   during	   S-‐phase	   in	   a	   Cyclin	   A-‐CDK-‐

dependent	   manner	   especially	   if	   the	   protein	   is	   ectopically	   expressed	   (Saha	   et	   al.,	   1998;	  

Petersen	  et	  al.,	  1999;	  Cook	  et	  al.,	  2002;	  Alexandrow	  and	  Hamlin,	  2004;	  Paolinelli	  et	  al.,	  2009)	  

although	   the	   biological	   meaning	   of	   this	   relocalization	   is	   still	   unclear.	   It	   is	   possible	   that	  

specific	  posttranslational	  modifications	  determine	  the	  subcellular	  localization	  of	  at	  least	  part	  

of	  Cdc6	  and	  its	  participation	  in	  cellular	  functions	  different	  from	  MCM	  loading.	  For	  example,	  

the	   phosphorylated	   form	  of	   Cdc6	   on	   serine	   54	   is	   strongly	   bound	   to	   chromatin	   in	   S-‐phase	  

(Alexandrow	  and	  Hamlin,	  2004;	  Duursma	  and	  Agami,	  2005)	  whereas	  previous	  acetylation	  of	  

Cdc6	   by	   the	   acetyltransferase	   GCN5	   in	   early	   S-‐phase	   promotes	   Cyclin	   A-‐CDK2-‐mediated	  

phosphorylation	   of	   Cdc6	   at	   serine	   106	   and	   subsequent	   translocation	   to	   the	   cytosol	  

(Paolinelli	  et	  al.,	  2009).	  In	  any	  case,	  non-‐phosphorytable	  versions	  of	  Cdc6	  fully	  support	  DNA	  

replication	  without	  causing	  re-‐replication	  (Petersen	  et	  al.,	  1999;	  Pelizon	  et	  al.,	  2000;	  Cook	  et	  

al.,	  2002)	  

	  

Cdc6	  protein	   levels	  are	  also	   regulated	  upon	  DNA	  damage.	   	   In	  a	  context	  where	   the	  

activation	  of	  the	  checkpoints	  decreases	  CDK	  activity	  to	  slow	  down	  or	  arrest	  the	  cell	  cycle,	  de	  

novo	   assembly	   of	   pre-‐RCs	   would	   be	   facilitated	   and	   possibly	   induce	   re-‐replication.	   Upon	  

ionizing	  radiation,	  p53	   is	  activated	  and	   inhibits	  Cyclin	  A-‐CDK2	  activity	  through	  p21	  protein.	  	  

As	   a	   result	   Cdc6	   is	   targeted	   for	   degradation	   by	   the	  APC/C	   complex	   (Duursma	   and	  Agami,	  

2005).	   In	  addition,	  exposure	   to	  UV	   light	  or	  MMS-‐induced	  DNA	  damage	   leads	   to	   release	  of	  

Cdc6	  from	  chromatin	  and	  its	  targeting	  for	  proteolysis	  by	  the	  Huwe1	  ubiquitin	  ligase	  (Hall	  et	  

al.,	  2007).	  

	  

4.	  Cdc6	  and	  the	  cellular	  checkpoints	  
	  

Checkpoints	  are	  molecular	  signalling	  cascades	  activated	  in	  response	  to	  DNA	  damage	  

that	  delay	  or	  arrest	   the	  cell	   cycle	   to	  allow	  DNA	   repair	  or	  otherwise	  promote	  cell	  death	  or	  

senescence	   if	   the	  damage	   cannot	  be	  overcome.	  The	  S-‐M	  checkpoint	  ensures	   that	   cells	  do	  
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not	   divide	   until	   the	  DNA	  has	   been	   fully	   replicated.	   Failures	   in	   the	   S-‐M	   checkpoint	   lead	   to	  

mitotic	  cell	  death	  (reviewed	  by	  Bartek	  et	  al.,	  2004).	  

	  

As	  previously	  mentioned,	  yeast	  Cdc6	  prevents	  premature	  entry	  into	  mitosis	  (Bueno	  

and	   Russell,	   1992;	   Kelly	   et	   al.,	   1993;	   Piatti	   et	   al,	   1995)	   and	   this	   effect	   is	  mediated	   by	   its	  

interaction	  with	  the	  mitotic	  kinase	  Cyclin	  B-‐Cdk1	  (Weinreich	  et	  al.,	  2001).	  In	  human	  cells	  this	  

role	   seems	   conserved	   in	   part,	   as	   Cdc6	   overexpression	   in	   G2	   cells	   can	   restrain	   mitosis.	  

However,	   this	   effect	   is	   dependent	   on	   Chk1	   activity,	   an	   effector	   protein	   of	   the	   checkpoint	  

pathway	  activated	  upon	  DNA	  damage	  that	  arises	  during	  DNA	  replication,	  and	  not	  on	  direct	  

inhibition	  of	  Cyclin	  B-‐CDK1	  (Clay-‐Farrace	  et	  al.,	  2003).	  Further	  support	  for	  a	  role	  of	  Cdc6	  in	  

restraining	  mitosis	  comes	  from	  RNAi-‐mediated	  knock-‐down	  of	  Cdc6	  in	  S-‐phase-‐synchronized	  

HeLa	  cells,	  which	  enter	  mitosis	  while	  DNA	  replication	  is	  still	  ongoing.	  These	  cells	  also	  activate	  

fewer	  origins	  in	  S-‐phase	  without	  ATR-‐Chk1	  activation,	  suggesting	  a	  potential	  role	  for	  Cdc6	  in	  

origin	  firing	  (Lau	  et	  al.,	  2006).	  	  

	  

At	  least	  in	  model	  systems,	  Cdc6	  might	  also	  have	  a	  role	  in	  the	  replicative	  checkpoint,	  

which	   is	   activated	   upon	   frequent	   fork	   stalling.	   This	   checkpoint,	   which	   can	   be	   induced	   by	  

hydroxyurea	   (HU),	   results	   in	   the	   preferential	   activation	   of	   the	   ATR	   kinase	   that	  

phosphorylates	  different	   substrates	   including	  Chk1	   (reviewed	  by	  Bartek	  et	   al.,	   2004).	   In	  S.	  

pombe,	  Cdc18	  is	  needed	  for	  the	  long-‐term	  maintenance	  of	  the	  HU-‐induced	  checkpoint	  as	  it	  

contributes	   to	   anchor	   the	   Rad3-‐Rad26	   (ATR/ATRIP)	   complex	   to	   chromatin,	   which	   in	   turn	  

signal	   to	   restrain	  mitosis	   (Hermand	   and	  Nurse,	   2007).	   In	  X.	   laevis,	   Cdc6	   is	   needed	   for	   the	  

activation	  of	  Chk1	  upon	  induction	  of	  replicative	  stress.	  Cdc6	  can	  activate	  Chk1	  without	  being	  

bound	  to	  chromatin	  (Oehlmann	  et	  al,	  2004).	  

	  

In	   contrast,	   human	   Cdc6	   seems	   to	   have	   limited	   participation	   in	   the	   replicative	  

checkpoint.	   Although	   in	  HeLa	   cells	   interaction	  between	  ATR	   and	  Cdc6	  has	   been	   reported,	  

the	  activation	  of	  Chk1	  was	  not	  impaired	  in	  the	  absence	  of	  Cdc6	  and	  the	  interaction	  of	  ATR	  

with	  Cdc6	  was	  not	  enhanced	   in	   conditions	  of	   replicative	   stress	   (Yoshida	  et	   al.,	   2010).	   In	   a	  

different	  study,	  Cdc6	  was	  found	  to	  interact	  with	  ATR	  after	  DNA	  damage	  induced	  by	  ionizing	  

radiation.	   Chk1	   phosphorylation	   and	   the	   G2/M	   arrest	   caused	   by	   the	   activation	   of	   the	  

checkpoint	  were	  reduced	  in	  the	  absence	  of	  Cdc6,	  and	  these	  effects	  were	  shown	  to	  be	  p53-‐

independent	  (Chung	  et	  al.,	  2010).	  
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5.	  Transcriptional	  role	  of	  Cdc6	  
	  

Some	   studies	   have	   linked	  Cdc6	  with	   transcriptional	   repression	  of	   specific	   loci	   that	  

are	   important	   for	   tumor	   development	   and	   cancer	   progression.	   The	   INK4/ARF	   locus	   that	  

encodes	   the	   tumor	   suppressor	   genes	   p15,	   p16INK4a	   and	   p19ARF,	   may	   be	   transcriptionally	  

repressed	  upon	  Cdc6	  overexpression	  in	  human	  and	  mouse	  cells	  (González	  et	  al.,	  2006).	  The	  

mechanism	   involves	   the	   binding	   of	   Cdc6	   to	   a	   conserved	  motif	   that	   contains	   an	   origin	   of	  

replication	   upstream	   of	   the	   INK4/ARF	   locus	   and	   the	   subsequent	   recruitment	   of	   histone	  

deacetylases	   that	   promote	   the	   heterochromatinization	   of	   the	   locus.	   Consequently,	   high	  

levels	  of	  Cdc6	  facilitated	  immortalization	  and	  neoplastic	  transformation	  in	  cooperation	  with	  

oncogenic	  Ras	  (González	  et	  al.,	  2006).	  The	  repressive	  function	  of	  Cdc6	  on	  the	  INK4/ARF	  locus	  

has	   been	   found	   to	   be	   mediated	   through	   direct	   interaction	   with	   BMI1,	   a	   member	   of	   the	  

Polycomb	  Group	   genes,	  which	   encode	   for	   proteins	   that	   regulate	   chromatin	   structure	   and	  

gene	  transcription	  (Agherbi	  et	  al.,	  2009).	  

	  

Cdc6	   overexpression	   in	   epithelial	   cells	   has	   also	   been	   found	   to	   transcriptionally	  

repress	   the	  CDH1	   locus,	  which	  encodes	   the	  E-‐Cadherin	   tumor	  suppressor	   (Sideridou	  et	  al.,	  

2011).	   Downregulation	   of	   E-‐Cadherin	   is	   one	   of	   the	   key	   events	   in	   EMT	   (Epithelial-‐to-‐

Mesenchymal	   Transition),	   a	   common	   feature	   in	   tumor	   progression.	   In	   this	   study,	  

overexpression	   of	   Cdc6	   in	   human	   and	   murine	   epithelial	   cells	   leads	   to	   repression	   of	   E-‐

Cadherin	   transcription	  and	  acquisition	  of	  a	  mesenchymal	  phenotype.	  Cdc6	  binds	   to	   the	  E-‐

boxes	  of	   the	  CDH1	   promoter	   leading	   to	   heterochromatinization	  of	   the	   locus	  by	  displacing	  

the	  CTCF	  chromatin	   insulator	  and	   facilitating	   the	   recruitment	  of	  histone	  deacetylase.	  As	   it	  

has	  been	  shown	  for	  the	   INK4/ARF	   locus,	  an	  origin	  of	  replication	  is	   located	  upstream	  of	  the	  

CDH1	   locus.	   	   Interestingly,	   overexpression	   of	   Cdc6	   increased	   the	   firing	   efficiency	   of	   this	  

origin	   in	   a	   human	   cell	   line.	   The	   activity	   of	   the	   origin	   could	   only	   be	   detected	   upon	   Cdc6	  

overexpression	  in	  a	  murine	  cell	  line,	  which	  suggests	  that	  it	  remains	  ‘dormant’	  in	  conditions	  

of	  physiological	  Cdc6	  protein	  levels	  (Sideridou	  et	  al.,	  2011).	  	  

	  

6.	  Identification	  of	  Cdt1	  as	  an	  essential	  initiation	  gene	  
	  

Cdt1	  was	  originally	  identified	  in	  S.	  pombe	  in	  a	  screening	  to	  find	  new	  target	  genes	  of	  

the	  Cdc10	   transcription	   factor,	  which	   regulates	   the	   transcription	  of	  genes	   required	   for	   the	  

initiation	   of	   DNA	   replication	   (Hofmann	   and	   Beach,	   1994).	   In	   S.	   pombe	   and	   X.	   laevis	   egg	  

extracts,	   the	   absence	   of	   Cdt1	   inhibits	   DNA	   replication	   by	   preventing	   MCM	   chromatin	  
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association.	   ORC	   and	   Cdc6	   loading	   are	   not	   affected,	   suggesting	   that	   these	   proteins	   are	  

recruited	   to	   origins	   separately	   (Maiorano	   et	   al.,	   2000;	   Nishitani	   et	   al.,	   2000).	   Cdt1	   or	  

functional	   homologues	   have	   been	   found	   in	   all	   eukaryotic	   organisms	   but	   not	   in	  archea.	   In	  

studies	  that	  aimed	  at	  the	  reconstitution	  of	  pre-‐RC	  in	  vitro	  with	  purified	  yeast	  proteins,	  MCM	  

copurifies	   with	   Cdt1	   and	   the	   molecular	   weight	   of	   the	   complex	   is	   consistent	   with	   a	  

stoichiometric	   Cdt1·∙MCM2-‐7	   heptamer.	   Once	  MCMs	   are	   loaded,	   both	   Cdt1	   and	   Cdc6	   are	  

released	   from	   chromatin	   (Kawasaki	   et	   al.,	   2006;	   Remus	   et	   al.,	   2009;	   Frigola	   et	   al.,	   2013;	  

Fernández-‐Cid	  et	  al.,	  2013).	  

	  

7.	  Cell	  cycle	  regulation	  of	  Cdt1	  function	  
	  

Like	   ORC1,	   Cdc6	   and	   MCM2-‐7,	   Cdt1	   gene	   expression	   is	   controlled	   by	   the	   E2F	  

transcription	   factors	   (reviewed	  by	  Fujita,	   2006).	   In	   addition,	  Cdt1	  protein	  activity	   is	   tightly	  

regulated	   by	   overlapping	   mechanisms	   (reviewed	   by	   Diffley,	   2011).	   In	   metazoans,	   Cdt1	  

protein	  is	  functional	  in	  G1	  and	  is	  repressed	  in	  the	  subsequent	  phases	  of	  the	  cell	  cycle	  either	  

by	  binding	  to	  an	  inhibiting	  protein	  called	  Geminin	  or	  by	  proteosomal	  degradation.	  Geminin	  

was	  identified	  in	  a	  screening	  performed	  in	  X.	  laevis	  egg	  extracts	  to	  find	  new	  substrates	  of	  the	  

APC/C	  complex.	  In	  human	  cells,	  Geminin	  accumulates	  from	  S-‐phase	  until	  the	  metaphase	  to	  

anaphase	  transition.	  Geminin	  inhibited	  MCM	  chromatin	  loading,	  suggesting	  a	  mechanism	  to	  

prevent	  unscheduled	  reassembly	  of	  pre-‐RC	  during	  S	  and	  G2	  (McGarry	  and	  Kirschner,	  1998).	  

	  

Geminin	   is	   absent	   from	   yeasts	   but	   present	   in	   all	  metazoans.	   It	   physically	   binds	   to	  

Cdt1	   (Wohlschlegel	  et	  al.,	  2000;	  Tada	  et	  al.,	  2001)	  and	  exerts	   its	  anti-‐licensing	   function	  by	  

inhibiting	   the	  MCM-‐Cdt1	   interaction	   (Yanagi	   et	   al.,	   2002;	   Lee	   et	   al.,	   2004).	   In	   addition,	   it	  

protects	   Cdt1	   from	   ubiquitylation,	   especially	   during	   G2	   and	   mitosis,	   allowing	   Cdt1	  

accumulation	   in	   an	   inactive	   form	   to	   facilitate	  pre-‐RC	  assembly	   in	   the	  next	   cell	   cycle,	   after	  

Geminin	  is	  degraded	  (Ballabeni	  et	  al.,	  2004).	  

	  

An	  X-‐ray	  based	  structural	  study	  has	  shown	  that	  the	  Cdt1:Geminin	  complex	  can	  exist	  

in	   two	   different	   forms.	   A	   heterotrimeric	   ‘permissive	   form’	   composed	   of	   two	   Geminin	  

molecules	   per	   Cdt1	   molecule	   and	   an	   ‘inhibitory	   form’	   that	   consists	   in	   a	   dimer	   of	  

heterotrimers	  in	  a	  head-‐to-‐tail	  configuration	  (Fig.	  4A).	  In	  the	  latter,	  Geminin	  shields	  several	  

conserved	  Cdt1	   residues,	   two	  of	  which	   are	   important	   for	   licensing.	   Thus,	  Geminin	   activity	  

may	  involve	  a	  cell	  cycle-‐regulated	  equilibrium	  between	  heterotrimers	  and	  heterohexamers	  
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(De	  Marco	  et	  al.,	  2009).	   Interestingly,	   in	  mitotic	  cell	  extracts,	  at	  a	   stage	  when	  Cdt1	  has	   to	  

engage	  in	  replication	  licensing,	  both	  Cdt1	  and	  Geminin	  are	  hyperphosphorylated	  (Ballabeni	  

et	   al.,	   2004)	   and	   Geminin	   is	   inactivated	   upon	   exit	   from	   metaphase	   through	   a	   CDK-‐	   and	  

ubiquitination-‐dependent	  mechanism	   (Li	   and	   Blow,	   2004).	   	   Some	   of	   the	   posttranslational	  

modifications	  on	  the	  inhibitory	  heterohexamers	  may	  promote	  reformation	  of	  the	  permissive	  

heterotrimer	  (De	  Marco	  et	  al.,	  2009).	  

	  

The	  second	  regulatory	  level	  on	  Cdt1	  activity	  consists	  on	  its	  targeting	  for	  proteasomal	  

degradation	  in	  S-‐phase.	  Cdt1	  has	  an	  N-‐terminal	  PCNA-‐interacting	  motif	  (PIP).	  PCNA	  protein,	  

a	   sliding	   clamp	   that	   acts	   as	   a	   processivity	   factor	   for	   DNA	   polymerases,	   attracts	   Cdt1	   to	  

chromatin	   where	   it	   is	   ubiquitylated	   by	   the	   E3	   ubiquitin	   ligase	   CUL4-‐DDB1.	   The	   CUL4-‐

dependent	   Cdt1	   degradation	   is	   conserved	   from	   yeast	   through	   metazoans	   (Zhong	   et	   al.,	  

2003;	  reviewed	  by	  Arias	  and	  Walter,	  2007;	  Diffley,	  2011).	  

	  	  

At	  least	  in	  humans,	  a	  second	  proteosomal	  pathway	  acts	  redundantly	  with	  the	  CUL4-‐

DDB1	   complex.	   In	   this	   case,	   phosphorylation	   by	   CDKs	   promotes	   Cdt1	   recognition	   by	   the	  

SCFSkp2	  ubiquitin	  ligase,	  which	  subsequently	  targets	  Cdt1	  for	  degradation	  (Fig.	  4B)	  (reviewed	  

by	  Kim	  and	  Kipreos,	  2007).	  Both	  pathways	  are	  involved	  in	  targeting	  Cdt1	  for	  degradation	  in	  

response	   to	   IR	  or	  UV-‐induced	  DNA	  damage.	   IR-‐induced	  Cdt1	  degradation	  driven	  by	  CUL4-‐

DDB1	   complex	   is	   independent	   of	   ATM/ATR	   kinases,	   whereas	   UV-‐mediated	   destruction	   of	  

Cdt1	   is	  dependent	  on	  ATR	  activity	  and	  mediated	  by	  the	  E3	  SCF	  complex	  (Higa	  et	  al.,	  2003;	  

Kondo	  et	  al.,	  2004).	  

	  	  	  	  	  	  	  	  	  

Apart	  from	  its	  role	  in	  DNA	  replication,	  a	  function	  of	  Cdt1	  in	  mitosis	  has	  been	  recently	  

described	   in	   human	   cells.	   Cdt1	   downregulation	   in	   G2	   induces	   a	   metaphase	   arrest.	   Cdt1	  

localizes	   to	   the	   mitotic	   kinetochores	   and	   stabilizes	   the	   kinetochore-‐to-‐microtubule	  

attachment	  through	  direct	  interaction	  with	  the	  Ndc80	  protein	  complex.	  Although	  the	  exact	  

regulation	   of	   this	   interaction	   hast	   not	   yet	   been	   characterized,	   Geminin	  was	   not	   found	   at	  

centromeres,	  suggesting	  that	   its	  release	  from	  Cdt1	  should	  occur	  early	   in	  mitosis	  (Varma	  et	  

al.,	  2012).	  
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Figure	   4.	   A.	   Structure	   of	   the	   human	   Cdt1:Geminin	   interaction.	   Fragments	   of	   Cdt1	   are	   colored	   in	   yellow	   and	  
orange.	  Fragments	  of	  Geminin	  are	  shown	  in	  green	  and	  blue.	  The	  interphase	  regions	  are	  shown	  in	  boxes	  (taken	  
from	  De	  Marco,	   2009).	  B.	   Pathways	   that	   promote	   the	  proteolytic	   degradation	  of	   Cdt1.	   The	  domains	   in	   Cdt1	  
responsible	  for	  the	  interaction	  with	  PCNA,	  cyclins,	  Geminin	  and	  MCM	  are	  indicated	  in	  colored	  boxes.	  During	  S-‐
phase,	  Cdt1	  is	  attracted	  to	  chromatin	  through	  its	  PCNA-‐interacting	  domain	  (PIP)	  and	  targeted	  for	  proteolysis	  by	  
the	  CUL4-‐DDB1Cdt2	   E3	  ubiquitin	   ligase	   complex.	   In	   this	  way,	   Cdt1	  ubiquitylation	   is	   coupled	   to	  DNA	   replication,	  
limiting	   inappropriate	  origin	   licensing	  during	   the	  S-‐phase.	  SCFSkp2	  –mediated	  proteolysis	  occurs	   throughout	   the	  
cell	   cycle.	   Cdt1	   has	   a	   cyclin-‐binding	   motif,	   which	   is	   essential	   for	   Cyclin	   A-‐CDK-‐mediated	   phosphorylation	   of	  
Threonine	   29.	   This	   phosphorylation	   event	   is	   essential	   for	   Skp2	   recognition	   and	   subsequent	   ubiquitylation	   and	  
proteosome	  degradation	  of	  Cdt1	  (Adapted	  from	  Fujita,	  2006).	  
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8.	  Prevention	  of	  DNA	  re-‐replication	  
	  

The	  activity	  of	  the	  origin	  licensing	  machinery	  is	  controlled	  to	  prevent	  replicated	  DNA	  

from	  becoming	  re-‐licensed	   in	  S	  or	  G2	  phases	  of	   the	  cell	  cycle.	  Partial	  DNA	  re-‐replication	   is	  

normally	  detrimental	  and	  contributes	   to	  genomic	   instability	   (reviewed	  by	  Blow	  and	  Dutta,	  

2005).	   Re-‐replication	   is	   different	   from	   endorreduplication,	   in	   which	   a	   cell	   may	   undergo	  

several	  rounds	  of	  complete	  DNA	  replication	  without	  intervening	  mitosis.	  A	  striking	  example	  

is	   the	   trophoblast	   giant	   cells	   of	   the	   placenta,	   which	   can	   accumulate	   up	   to	   1000N	   DNA	  

content	  in	  rodents	  (reviewed	  by	  Hu	  and	  Cross,	  2009).	  Cdc6,	  Cdt1	  and	  geminin	  regulation	  has	  

been	   affects	   physiological	   endorreduplication	   in	   megakaryoblastic	   cell	   lines,	   in	   which	  

geminin	  is	  downregulated,	  Cdt1	  levels	  are	  maintained	  and	  Cdc6	  presence	  is	  the	  key	  event	  to	  

trigger	  endorreduplication	  (Bermejo	  et	  al.,	  2002).	  

	  

Eukaryotes	   have	   evolved	   multiple	   mechanisms	   to	   prevent	   re-‐replication.	   Possibly	  

the	  most	  conserved	  one	  relays	  on	  the	  fluctuations	  of	  CDK	  activity	  in	  the	  cell	  cycle.	  From	  late	  

mitosis	   to	   early	   G1,	   CDK	   activity	   is	   kept	   low	   and	   pre-‐RCs	   can	   be	   assembled.	   At	   the	   G1/S	  

transition,	  increased	  CDK	  activity	  prevents	  further	  origin	  licensing	  by	  inhibiting	  different	  pre-‐

RC	   components	   and	   at	   the	   same	   time	  promotes	   the	   initiation	   of	   replication	   (reviewed	  by	  

Arias	  and	  Walter,	  2007;	  Diffley,	  2011).	  In	  S.	  pombe,	  inhibiting	  CDK	  activity	  in	  G2	  promotes	  re-‐

replication.	  CDKs	  phosphorylate	  ORC	  and	  keep	  it	  in	  an	  inactive	  state	  during	  S	  and	  G2,	  while	  

Cdc18	  (Cdc6)	  and	  Cdt1	  are	  targeted	  for	  degradation	   in	  S-‐phase.	  Cdc18	  overexpression	  also	  

promotes	  extensive	  re-‐replication,	  which	  is	  enhanced	  by	  Cdt1	  co-‐expression.	  In	  S.	  cerevisiae,	  

CDK	  phosphorylation	  acts	  redundantly	  on	  several	  pre-‐RC	  members	  to	  prevent	  re-‐replication.	  

ORC	   is	   inactivated,	  Cdc6	   is	   targeted	   for	  degradation,	   and	  Cdt1	  and	   the	  MCM	  complex	  are	  

exported	   from	   the	   nucleus	   to	   the	   cytosol	   (reviewed	   by	   Arias	   and	   Walter,	   2007;	   Diffley,	  

2011).	   In	   contrast	   to	   S.	  pombe,	  only	  when	  all	   three	   inhibitory	  pathways	  are	  disrupted	  can	  

origins	  efficiently	  re-‐initiate	  in	  G2/M	  (Nguyen,	  et	  al.,	  2001).	  

	  

In	   human	   cells,	   CDK	   phosphorylation	   promotes	   SCF-‐Skp2-‐mediated	   proteolytic	  

degradation	  of	  ORC	  in	  S-‐phase	  and	  partial	  Cdc6	  re-‐localization	  to	  the	  cytosol	  (Méndez	  et	  al.,	  	  

2002;	  Tatsumi	  et	  al.,	  2003).	  Still,	  the	  main	  control	  in	  metazoans	  to	  prevent	  re-‐replication	  is	  

exerted	   towards	   downregulating	   Cdt1	   activity.	   The	   relative	   contribution	   of	   Geminin-‐

mediated	  inhibition	  and	  proteosomal	  degradation	  of	  Cdt1	  varies	  depending	  on	  the	  organism	  

(Hall	  et	  al.,	  2008;	  Lin	  et	  al.,	  2010;	  reviewed	  by	  Kim	  and	  Kipreos,	  2007).	  In	  Drosophila,	  loss	  of	  

Geminin	  or	  Cdt1	  overexpression	  is	  sufficient	  to	  promote	  re-‐replication.	  In	  C.	  elegans	  and	  X.	  
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laevis,	  loss	  of	  Geminin	  does	  not	  lead	  to	  re-‐replication	  whereas	  overexpression	  of	  Cdt1	  either	  

by	  downregulating	  the	  activity	  of	  CUL4-‐DDB1	  (Zhong	  et	  al.,	  2003;	  Lin	  et	  al.,	  2010;	  Milhollen	  

et	   al.,	   2011)	   or	   by	   deleting	   the	   PIP	  motif	   (Arias	   and	  Walter,	   2006)	   of	   Cdt1	   is	   sufficient	   to	  

promote	   re-‐replication.	   In	   human	   cells	   both	   Geminin	   depletion	   and	   Cdt1	   overexpression	  

promote	   re-‐replication.	   Tumor	   cells	   lacking	   p53	   undergo	   re-‐replication	   upon	   Cdt1	  

overexpression,	   which	   is	   much	   enhanced	   by	   Cdc6	   co-‐expression	   (Vaziri	   et	   al.,	   2003).	  

Downregulation	  of	  Geminin	  induces	  re-‐replication	  in	  normal	  and	  tumor	  cells	  independently	  

of	  p53	  (Melixetian	  et	  al.,	  2004;	  Zhu	  et	  al.,	  2004).	  In	  these	  studies,	  re-‐replication	  activated	  a	  

DNA	  damage	  response	  (DDR)	  that	  prevented	  cells	  from	  entering	  mitosis.	  Abrogation	  of	  the	  

checkpoint	  by	  caffeine	  or	  UCN-‐01	  resulted	  in	  cell	  death.	  	  A	  more	  recent	  study	  showed	  that	  

Geminin-‐induced	  re-‐replication	  originated	  in	  G2,	  when	  Cdt1	  protein	  levels	  start	  to	  build-‐up	  

and	  the	  anti-‐licensing	  role	  of	  Geminin	  is	  essential	  (Klotz-‐Noack	  et	  al.,	  2012).	  

	  

The	  DNA	  damage	   response	  may	  be	  activated	  upon	  high	   levels	  of	  Cdt1	  even	   in	   the	  

absence	   of	   extensive	   re-‐replication,	   highlighting	   the	   sensitivity	   of	   mammalian	   cells	   to	  

licensing	   control	   disruption	   (Tatsumi	   et	   al.,	   2006;	   Liu	   et	   al.,	   2007).	   In	   addition,	   Geminin	  

depletion	   in	   human	   or	   Drosophila	   cells	   promotes	   Cdt1	   and	   Cdc6	   destabilization	   by	  

proteosomal	  degradation	  as	  a	  response	  to	  minimize	  the	  extent	  of	  re-‐replication	  (Hall	  et	  al.,	  

2008).	  

	  

9.	  Deregulated	  DNA	  replication	  activates	  the	  DDR	  and	  may	  promote	  
senescence	  
	  

As	   mentioned	   before,	   overexpression	   of	   Cdt1	   and	   Cdc6	   in	   tissue	   culture	   cells	  

activates	  the	  DDR	  to	  restrain	  the	  cell	  cycle	  (Vaziri	  et	  al.,	  2003;	  Melixetian	  et	  al.,	  2004;	  Zhu	  et	  

al.,	  2004).	  This	  may	  be	  one	  of	  the	  first	  barriers	  to	  prevent	  the	  progression	  from	  prenoplastic	  

lesion	  to	  neoplasia	  (Bartkova	  et	  al.,	  2005;	  Gorgulis	  et	  al.,	  2005).	  The	  DDR	  is	  activated	  from	  

the	   earliest	   stages	   of	   malignant	   transformation	   in	   human	   samples	   and	   drives	   cells	   into	  

apoptosis	  or	   senescence	   (Bartkova	  et	  al.,	  2006;	  DiMicco	  et	  al.,	  2006).	  At	   the	   same	   time,	  a	  

chronic	  DDR	  activation	  may	  create	  a	  selective	  pressure	  that	  eventually	  favors	  the	  outgrowth	  

of	   malignant	   clones	   with	   genetic	   or	   epigenetic	   defects	   in	   the	   genome	   maintenance	  

machinery	   (reviewed	   by	   Bartek	   at	   al,	   2007).	   The	   link	   between	   defective	   DNA	   replication,	  

activated	  DDR	  and	  the	  promotion	  of	  senescence	  has	  been	  reinforced	  by	  expressing	  different	  

oncogenes	  in	  human	  tissue	  culture	  cells.	  Upon	  Cyclin	  E,	  Mos,	  Cdc6	  or	  H-‐RasV12	  expression,	  

cells	  undergo	  senescence	  independently	  of	  p16	  that	  could	  be	  overcome	  by	  inactivating	  the	  
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DDR	  machinery.	  Analysis	  of	  the	  DNA	  replication	  dynamics	  at	  the	  molecular	  level	  showed	  that	  

oncogene-‐expressing	   cells	   presented	   an	   increased	   rate	   of	   prematurely	   terminated	   forks,	  

which	   can	   lead	   to	   DSB	   (Bartkova	   et	   al.,	   2006).	   In	   addition,	   re-‐replicated	   regions	   of	   the	  

genome	  have	  been	  detected	  by	  Fluorescence	  in	  situ	  Hybridization	   (FISH)	   in	  cells	  expressing	  

oncogenic	  Ras	  (Fig.	  5)	  (DiMicco	  et	  al.,	  2006).	  

	  

	  

Figure	  5.	  Proposed	  model	  for	  the	  events	  after	  oncogene	  expression.	  Taken	  from	  DiMicco	  et	  al.,	  2006.	  

	  

In	   this	   context,	   continuous	   overexpression	   of	   Cdt1	   and	   Cdc6	   could	   contribute	   to	  

overcome	  such	  a	  barrier	  by	  inducing	  genomic	  instability.	  Increased	  levels	  of	  Cdc6	  and	  Cdt1	  

proteins	  have	  been	  found	  in	  human	  lung	  dysplasias	  and	  gene	  amplifications	  were	  found	  in	  

the	   tumors	   (Liontos	   et	   al.,	   2007).	   The	   initial	   activation	   of	   the	   DDR	   probably	   might	   have	  

resulted	  in	  the	  selection	  of	  clones	  with	  high	  proliferation	  potential,	  invasive	  properties	  and	  

genomic	  instability.	  

10.	  Origin	  licensing	  machinery	  is	  deregulated	  in	  cancer	  
	  

Failure	   to	   maintain	   a	   tight	   control	   on	   the	   licensing	   system	   has	   been	   linked	   to	  

oncogenesis	   (reviewed	   by	   Blow	   and	   Gillespie,	   2008).	   Insufficient	   origin	   licensing	   causes	  

genomic	   instability	   (reviewed	  by	   Blow	   et	   al.,	   2011).	   As	   previously	   commented,	  MCMs	   are	  

loaded	   in	   excess	   compared	   to	   the	   number	   of	   active	   origins	   in	   a	   normal	   S-‐phase.	   Several	  

studies	   in	  Xenopus	   and	  human	  cells	  have	   shown	   that	   cells	   can	   still	  undergo	  an	  apparently	  

normal	  S-‐phase	  with	  a	  reduced	  MCM	  pool.	  Nevertheless,	  the	  ‘excess’	  of	  MCM	  complexes	  is	  

essential	   for	   the	   licensing	   of	   ‘dormant	   origins’	   that	   may	   be	   activated	   to	   complete	   DNA	  

replication	  if	  ongoing	  forks	  stall	  or	  collapse	  (Fig	  6).	  	  
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	  Figure	  6.	  Dormant	  origins	  and	  replication	  fork	  stalling.	  Many	  more	  origins	  are	  licensed	  in	  G1	  than	  activated	  in	  a	  
normal	  S-‐phase.	  The	  inactive	  origins	  remain	  ‘dormant’	  unless	  a	  nearby	  fork	  stalls	  or	  collapses,	  a	  situation	  that	  can	  
be	   artificially	   induced	   by	   replication	   stress-‐inducing	   agents	   such	   as	   HU.	   Under	   these	   conditions,	   activation	   of	  
dormant	  origins	  ensures	  complete	  genome	  replication.	  A	  reduced	  pool	  of	  MCMs,	  allows	  replication	  to	  proceed	  at	  
normal	   rates,	   but	   cells	   become	   hypersensitive	   to	   replicative	   stress	   in	   terms	   of	   proliferation,	   reduced	   origin	  
activation	  and	  DNA	  damage	  accumulation.	  
	  

	  

Cells	   with	   low	  MCM	   content	   become	   hypersensitive	   to	   replicative	   stress-‐inducing	  

agents,	  accumulating	  DNA	  damage	  and	  chromosomal	  aberrations	  (Ge	  et	  al.,	  2007;	  Ibarra	  et	  

al.,	  2008;	  reviewed	  by	  Blow	  et	  al.,	  2011).	  This	  model	  has	  been	  further	  validated	  in	  vivo.	  Mice	  

hypomorphic	   for	  MCM2	  and	  MCM4	  affect	   the	   total	   amount	  of	  MCM2-‐7	   loaded	  onto	  DNA	  

and	  show	  a	  reduction	  in	  dormant	  origin	  activation	  in	  conditions	  of	  replicative	  stress	  (Pruitt	  

	  

!"#$%&'&()*+,(+-'

.(+($/$'&()*+,(+-'

!"##$%&'()*"+,) !"##$%&'()*"+,)

-$.,/0%)"+1213)$.45$4"3)

6)%7$&')

6)%7$&')

!"##$%&'()*"+,) !"##$%&'()*"+,)

8"09#')&:+$3()9+'$,&)
;'3"<')13&:$91#1:=)

>")9$.,/0%)"+1213&)



	   21	  

et	  al.,	  2007;	  Shima	  et	  al.,	  2007).	  Even	  in	  the	  absence	  of	  replicative	  stress,	  fibroblasts	  derived	  

from	  these	  mice	  displayed	  signs	  of	  DNA	  damage	  and	  both	  strains	  are	  cancer-‐prone	  (Kunnev	  

et	  al.,	  2010;	  Kawabata	  et	  al.,	  2011).	  Combination	  of	  the	  hypomorphic	  MCM4	  mutation	  with	  

hemizygosity	  of	  MCM2,	  MCM6	  or	  MCM7	  further	  increased	  genetic	  instability	  and	  the	  rate	  of	  

tumor	  formation	  (Chuang	  et	  al.,	  2010).	  

	  

Recently,	  mutations	   in	  different	  members	  of	   the	  pre-‐RC	   (ORC1,	  ORC4,	  ORC6,	  Cdt1	  

and	   Cdc6)	   have	   been	   found	   in	   patients	   suffering	   from	  Meier-‐Gorlin	   syndrome	   (MGS),	   an	  

autosomal	   recessive	   primordial	   dwarfism	   syndrome	   (Bicknell	   et	   al.,	   2011a;	   Bicknell	   et	   al.,	  

2011b;	  Gernsey	  et	  al.,	  2011).	  In	  spite	  of	  the	  marked	  genetic	  heterogeneity	  of	  this	  disorder,	  

the	   underlying	   functional	   homology	   supports	   a	   causal	   link	   between	   impaired	   replication	  

licensing	  and	  growth	  failure.	  Cells	   isolated	  from	  MGS	  patients	  with	  the	  different	  mutations	  

grew	  effectively	  in	  vitro	  with	  different	  S-‐phase	  rates.	  These	  cells	  also	  displayed	  alterations	  in	  

centrosome	  and	   centriole	   copy	  number	   that	   cause	   a	  defect	   in	   cilia	   formation	   and	   impairs	  

cartilage	  formation	  (Stiff	  et	  al.,	  2013).	  

	  

In	  addition,	  misregulation	  of	   the	   licensing	   system	  due	   to	  overexpression	  of	  pre-‐RC	  

components,	  such	  as	  Cdc6	  or	  Cdt1	  has	  been	  also	  related	  to	  genomic	  instability	  although	  less	  

is	  known	  about	  its	  consequences	  in	  vivo.	  Because	  genes	  such	  as	  Cdc6,	  Cdt1	  or	  MCM2-‐7	  are	  

E2F-‐regulated	   and	   this	   pathway	   is	   frequently	   deregulated	   during	   cell	   transformation,	   an	  

increased	  number	  of	  cells	  expressing	  these	  replication	  factors	  may	  be	  observed	  in	  otherwise	  

quiescent	   tissues.	   This	   fact	   has	   provided	   clinical	   value	   to	   the	   immunohistochemical	  

detection	  of	  Cdc6	  or	  MCMs	  in	  early	  malignancies	  and	  also	  as	  a	  pronostic	  marker	  in	  several	  

types	  of	  cancer	   including	  oral,	   laryngeal,	  oesophageal,	  mammary,	  ovarian,	   renal,	  prostatic,	  

urothelial	  and	  colorectal	  cancers	  (reviewed	  by	  González	  et	  al.,	  2005;	  Williams	  and	  Stoeber,	  

2007;	   Blow	   and	  Gillpespie,	   2008).	   Cdc6	   is	   overexpressed	   in	   55%	  of	   brain	   tumors	   and	   in	   a	  

subset	  of	  mantle	  cell	  lymphomas	  (Ohta	  et	  al.,	  2001;	  Pinyol	  et	  al.,	  2006).	  A	  subset	  of	  of	  non-‐

small	   cell	   lung	   carcinomas	   is	   characterized	   by	   the	   overexpression	   of	   Cdc6	   and	   Cdt1	  

(Karakaidos	  et	  al.,	  2004).	  In	  addition,	  oncogenic	  potential	  of	  Cdc6	  has	  also	  been	  inferred	   in	  

vitro	  through	  the	  transcriptional	  repression	  of	  the	  INK4/ARF	  locus	  (González	  et	  al.,	  2006)	  or	  

the	  CDH1	  locus	  (Sideridou	  et	  al.,	  2011)	  as	  commented	  before.	  	  

	  

Cells	   overexpresing	   Cdt1	   form	   tumors	   in	   immunodeficient	   mice	   (Arentson	   et	   al.,	  

2002).	   A	   mouse	   model	   overexpressing	   Cdt1	   in	   thymocytes	   developed	   lymphoblastic	  
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lymphoma	   in	   a	   p53-‐null	   background	   with	   a	   100%	   incidence	   and	   the	   tumors	   presented	  

numerical	  and	  structural	  chromosomal	  aberrations	   (Seo	  et	  al.,	  2005).	   In	  addition,	  a	  mouse	  

model	   that	   expresses	   a	   constitutively	   active	   version	   of	   Cyclin	   D1	   in	   the	   lymphoid	  

compartment,	   displayed	   Cdt1-‐mediated	   re-‐replication	   and	   developed	   lymphomas,	   which	  

turned	   out	   to	   be	   more	   aggressive	   and	   genetically	   unstable	   in	   a	   p53-‐null	   background	  

(Aggarwal	  et	  al.,	  2007).	  

	  

Given	   the	   importance	  of	  a	  precise	   regulation	  of	   the	   licensing	  system	   in	  eukaryotes,	   in	   this	  

work	  we	  decided	  to	  investigate	  the	   in	  vivo	  consequences	  of	  overexpressing	  Cdc6	  and	  Cdt1.	  

We	  describe	   for	   the	   first	   time	  mouse	  models	   that	  allow	   the	  conditional	  overexpression	  of	  

Cdc6	   and	   Cdt1	   alone	   or	   in	   combination	   as	   well	   as	   another	   model	   in	   which	   Cdc6	  

overexpression	  is	  restricted	  to	  stratified	  epithelia.	  We	  have	  used	  these	  new	  mouse	  strains	  to	  

evaluate	   the	   effects	   of	   Cdc6	   and/or	   Cdt1	   overexpression	   in	   DNA	   replication	   dynamics,	  

genome	  stability,	  ageing	  and	  cancer	  susceptibility.	  	  
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OBJECTIVES	  
	  

• To	   generate	   mouse	   models	   for	   tissue-‐specific	   and	   ubiquitous	   inducible	   Cdc6	   and	  

Cdt1	  overexpression.	  

	  

• To	  characterize	  the	  effects	  of	  Cdc6	  and	  Cdc6/Cdt1	  overexpression,	  in	  terms	  of	  DNA	  

replication	  dynamics,	  cell	  proliferation	  and	  genome	  stability.	  

	  

• To	  evaluate	  the	  impact	  of	  Cdc6	  and	  Cdc6/Cdt1	  overexpression	  in	  vivo,	  particularly	  in	  

cancer	  susceptibility	  and	  ageing.	  	  
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MATERIALS	  AND	  METHODS	  
	  

1.	  Generation	  of	  genetically-‐modified	  mouse	  strains	  
	  

1.1.	  Ethical	  statement	  

Mice	   were	   kept	   in	   the	   Animal	   Facility	   at	   CNIO	   in	   accordance	   with	   institutional	  

policies	  and	  the	  ‘Federation	  for	  Laboratory	  Animal	  Science	  Associations’	  (FELASA)	  guidelines.	  

Animal	   procedures	   were	   approved	   by	   the	   Animal	   Experimental	   Ethics	   Committee	   of	   the	  

Instituto	  de	  Salud	  Carlos	  III	  (Madrid,	  Spain).	  

	  

1.2.	  K5-‐CDC6tg	  mouse	  generation	  

Murine	  CDC6	  cDNA	  (isoform	  b)	  was	  cloned	  into	  the	  pBluescript	  K5	  plasmid,	  originally	  

generated	   in	   Dr.	   J.L.	   Jorcano’s	   lab	   (CIEMAT,	   Madrid,	   Spain).	   This	   plasmid	   contains	   the	   5’	  

regulatory	   fragment	  of	   the	  bovine	   keratin	  5	   gene	   (K5),	   the	   intron	  2	  of	   the	   rabbit	  β-‐globin	  

gene	   and	   the	   SV40	   early	   polyA	   signal	   (named	   K5-‐CDC6	   plasmid).	   CDC6	   was	   inserted	   3’	  

downstream	   of	   the	   bovine	   keratin	   5	   promoter,	   which	   has	   been	   shown	   to	   behave	   as	   the	  

endogenous	  murine	  K5	  promoter	   (Ramírez	   et	   al.,	   1994;	  Murillas	   et	   al.,	   1995).	   CDC6	   cDNA	  

was	  verified	  by	  sequencing	  after	  cloning.	  K5-‐CDC6	  transgene	  was	  excised	  from	  the	  plasmid	  

by	   NotI	   digestion,	   purified	   after	   agarose	   electrophoresis	   and	   microinjected	   into	   the	  

pronuclei	   of	   C57BL/6J	   X	   CBA/J	   oocytes	   by	   the	   Transgenic	   Mice	   Unit	   at	   CNIO.	   Transgene	  

insertion	  was	  screened	  in	  the	  progeny	  by	  Southern	  blot	  from	  genomic	  DNA	  isolated	  from	  tail	  

clips.	   DNA	   was	   digested	   with	  NheI	   and	   hybridized	   to	   a	   specific	   CDC6	   140	   bp	   probe	   that	  

allows	  detection	  of	  endogenous	  and	  transgenic	  CDC6	  generated	  with	  the	  following	  primers	  

Fw:	  5’	  GTATTGCTAATACCCTAGATCTCA	  3’	  and	  Rv:	  5’	  CTGACTAAGTCGATCCTGCAAGA	  3’.	  Two	  

individuals	   showed	   integration	   of	   K5-‐CDC6	   construct	   (founders	   1	   and	   2)	   although	   only	  

founder	  1	  overexpressed	  Cdc6.	  Founder	  2	  was	  dropped	  from	  the	  study.	  K5-‐CDC6tg	  (founder	  

1)	  mice	  were	  maintained	  in	  heterozygosity	  by	  crossbreeding	  K5-‐CDC6tg	  mice	  with	  C57BL/6J	  

wt	  individuals.	  

	  

1.2.	  Gene	  walking	  by	  unpredictably	  primed	  (UP)	  PCR	  

Genomic	   DNA	   from	   K5-‐CDC6tg	   mice	   was	   isolated	   by	   ethanol	   precipitation	   and	  

subjected	   to	   UP-‐PCR-‐based	   gene	   walking	   to	   determine	   the	   transgene	   integration	   site	  

(Domínguez	  and	  López-‐Larrea,	  1994).	  	  
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1.3.	  Generation	  of	  Lox-‐CDH1;	  K5-‐Cretg;	  K5-‐CDC6tg	  mice	  

Cdh1	   conditional	   knock-‐out	   strain	   was	   provided	   by	   the	   Cell	   Division	   and	   Cancer	  

group	  at	  CNIO.	   In	  this	  mouse	  strain	  exons	  2	  and	  3	  of	  Cdh1	  (Fzr1	   locus)	  are	  flanked	  by	   loxP	  

sites	  (García-‐Higuera	  et	  al.,	  2008)	  and	  Cre	  recombinase-‐mediated	  Cdh1	  ablation	  is	  under	  the	  

control	  of	  the	  K5	  promoter.	  We	  crossbred	  animals	  bearing	  lox-‐Cdh1	  in	  homozygosity	  and	  K5-‐

Cretg	   in	   heterozygosity	   with	   K5-‐CDC6tg	   animals.	   Lox-‐Cdh1	   heterozygous	   mice	   (lox-‐Cdh1/+)	  	  

were	   subsequently	   crossbred	   to	   generate	   homozygous	   animals	   for	   lox-‐Cdh1	   and	  

heterozygous	  for	  K5-‐Cre	  and	  K5-‐CDC6.	  

	  

1.4.	  Generation	  of	  K5-‐CDC6tg	  mice	  in	  a	  p53-‐null	  background	  

p53-‐null	   (p53	   -‐/-‐)	   mice	   in	   C57BL/6J	   background	   (strain	   B6.129S2-‐Trp53tm1Tyj/J)	  

were	  provided	  by	  the	  Animal	  Facility	  at	  CNIO	  to	  obtain	  K5-‐CDC6tg;p53	  -‐/+	  and	  K5-‐CDC6tg;	  p53	  

-‐/-‐	  mice.	  

	  

1.5.	  TetON-‐CDC6	  and	  TetON-‐CDTt1	  mouse	  generation	  

Inducible	   mouse	   models	   for	   Cdc6	   or	   Cdt1	   overexpression	   were	   generated	   using	  

recombinase-‐mediated	   single-‐copy	   transgene	   integration	   in	   a	   genetically	   modified	  

Embryonic	   Stem	   cell	   line	   (KH2)	   previously	   described	   (Beard	   et	   al.,	   2006).	   The	  M2	   reverse	  

tetracycline	   transactivator	   (M2-‐rtTA)	   is	   constitutively	  expressed	   from	  the	  ROSA26	   locus.	   In	  

addition,	  a	  modification	  downstream	  of	  the	  Collagen	  1	  a1	  locus	  (Col1a1)	  allows	  frt-‐mediated	  

single-‐copy	   transgene	   integration.	   Co-‐electroporation	   of	   KH2	   cells	   with	   a	   fpl-‐in	   vector	  

carrying	   the	   transgenes	   (pBS31)	   and	   a	   vector	   that	   expresses	   flipase	   recombinase	   (FLPe)	  

allowed	   specific	   transgene	   integration	   3’	   of	   the	   Col1a1	   locus.	   A	   tetracycline-‐responsive	  

element	   located	  upstream	  of	   the	  PGK	  ubiquitous	  promoter	  controls	   transgene	  expression.	  

Different	   levels	   of	   expression	   can	   be	   achieved	   by	   modulating	   the	   concentration	   of	  

tetracycline	  or	  one	  of	  its	  derivatives	  such	  as	  doxycycline	  (dox)	  (Gossen	  and	  Bujard,	  1992).	  	  

	  

N-‐terminally	   tagged	  HA-‐CDC6	   cDNA	  was	   generated	   by	   PCR	   amplification	   from	   the	  

murine	  CDC6	  cDNA	  (b	  isoform)	  obtained	  from	  the	  IMAGE	  Consortium	  (Integrated	  Molecular	  

Analysis	  of	  Genomes	  and	  their	  Expression;	  Clone	  #6837113).	  The	  PCR	  product	  was	  designed	  

to	  include	  MluI	  restriction	  sites	  to	  allow	  insertion	  into	  the	  pBS31	  plasmid,	  which	  was	  kindly	  

provided	  by	  the	  Genes,	  Development	  and	  Disease	  Group	  at	  CNIO.	  C-‐terminally	  Flag-‐tagged	  

CDT1	   (CDT1-‐FLAG)	  was	   also	   generated	   by	   PCR	   amplification	   from	   the	  murine	   CDT1	   cDNA	  

obtained	   from	   the	   IMAGE	   Consortium	   (Clone	   #6307476).	   In	   this	   case,	   the	   PCR	   product	  
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contained	   EcoRI	   restriction	   sites.	   The	   primers	   used	   for	   transgene	   generation	   are	   listed	   in	  

table	   1.	   DNA	   sequences	   of	   the	   HA-‐CDC6	   and	   CDT1-‐FLAG	   constructs	   were	   verified	   after	  

insertion	  into	  the	  pBS31.	  Electroporation	  of	  KH2	  ES	  cells	  was	  carried	  out	  by	  the	  Transgenic	  

Mice	  Unit	  at	  CNIO.	  Correct	   insertion	  of	  the	  transgenes	  was	  verified	  by	  Southern	  blot	  using	  

the	   strategy	   described	   in	   Beard	   et	   al.,	   2006.	   Dox-‐induced	   HA-‐CDC6	   and	   CDT1-‐FLAG	  

expression	  was	  tested	  in	  ES	  cells	  before	  mouse	  generation.	  Correctly	  targeted	  KH2	  clones	  for	  

HA-‐CDC6	  and	  CDT1-‐FLAG	  transgenes	  were	  used	  for	  ES	  cell	  aggregation.	  The	  resultant	  strains	  

have	  a	  mixed	  genetic	  background	  (C57BL/6J	  X	  	  6x129).	  Modified	  ROSA26	  and	  Col1a1	  alleles	  

were	  maintained	  in	  heterozygosis	  by	  crossbreeding	  TetON-‐mice	  with	  C57BL/6J	  wt	  individuals.	  

	  

1.6.	  TetON-‐CDC6/CDT1	  mouse	  generation.	  

To	  obtain	  TetON-‐CDC6/CDT1	  mice,	  heterozygous	  TetON-‐CDC6	  or	  TetON-‐CDT1	  were	  first	  

crossbred	   to	   obtain	   homozygous	  mice	   in	   the	   Col1a1	   locus	   for	   CDC6	   or	   CDT1	   transgenes.	  

Subsequently	   homozygous	   TetON-‐CDC6	   and	   TetON-‐CDT1	   were	   crossbred	   between	   them	   to	  

obtain	   descendants	   bearing	   both	   alleles	   in	   the	   Col1a1	   locus.	   For	   the	   studies	   with	   TetON-‐

CDC6/CDT1	  mice,	  the	  ROSA26-‐M2rtTA	  was	  maintained	  in	  heterozygosity.	  

	  

2.	  Mice	  genotyping	  
	  

Genotyping	  was	  performed	  by	  PCR	  analyses	  of	  genomic	  DNA	  isolated	  from	  tail	  clips	  

(Malumbres	  et	  al.,	  1997).	  Tails	  were	   lysed	   in	  PCR-‐K	  buffer	   (50	  mM	  KCl,	  1.5	  mM	  MgCl2,	  10	  

mM	  Tris-‐HCl	  pH	  8.5,	  0.01%	  gelatin,	  0.45%	  NP-‐40,	  0.45%	  Tween-‐20,	  100	  µg/mL	  proteinase	  K	  

(Roche))	   for	  2	  h	  at	  55°C	   in	  agitation	  and	  proteinase	  K	  was	   inactivated	  at	  95°C	   for	  15	  min.	  	  

Each	  PCR	  reaction	  was	  done	  with	  2	  µL	  of	  genomic	  DNA,	  0.2	  µL	  of	  Taq	  polymerase	  (Ecogen),	  

2.5	  µL	  of	  10X	  Taq	   reaction	  buffer	   (Ecogen),	  1.5	  µL	  of	  50mM	  MgCl2	   (Ecogen),	  1	  µL	  of	  each	  

primer	  from	  a	  10	  µM	  dilution	   in	  H20,	  1	  µL	  of	  10mM	  dNTPs	  (Fermentas),	  and	  H20	  to	  a	  final	  

volume	   of	   25	   µL.	   The	   different	   primers	   used	   for	   mice	   genotyping	   and	   expected	   DNA	  

fragments	  are	  listed	  in	  table	  2.	  	  
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3.	  Mouse	  procedures	  
	  

3.1.	  TPA-‐induced	  skin	  hyperplasia	  

Four	   doses	   (12.5	  µg	   in	   200	  µL	   acetone)	   of	   12-‐O-‐	   tetradecanoylphorbol	   13-‐acetate	  

(TPA)(Sigma-‐Aldrich)	   were	   applied	   to	   the	   tail	   skin	   of	   2	   month-‐old	   mice	   every	   48h.	   One	  

animal	  per	   genotype	  was	   administered	  acetone	  as	   control.	  At	   the	  end	  of	   the	  experiment,	  

mice	  were	  sacrificed	  and	  the	  tail	  skin	  was	  subjected	  to	  histological	  examination.	  The	  degree	  

of	  hyperplasia	  was	  estimated	  using	  ImageJ	  software	  (http://rsb.info.nih.gov/ij/)	  (US	  National	  

Institutes	   of	   Health,	   Bethesda,	   Maryland,	   USA)	   on	   pictures	   of	   Hematoxylin-‐Eosin	   (H-‐E)-‐

stained	  tail	  skin	  sections.	  	  

	  

3.2.	  DMBA-‐TPA	  skin	  chemical	  carcinogenesis	  assay	  

Mice	  (1	  to	  3	  month-‐old)	  were	  shaved	  and	  subjected	  to	  a	  single	  application	  of	  DMBA	  

(Sigma-‐Aldrich)	  (20	  µg	  in	  200	  µL	  of	  acetone).	  Starting	  7	  days	  later,	  mice	  were	  treated	  twice	  a	  

week	   with	   TPA	   (12.5	  µg	   in	   200	  µL	   of	   acetone)	   for	   25	   weeks.	   2	  mice	   per	   genotype	   were	  

treated	  with	  acetone	  as	  control.	  The	  size	  and	  number	  of	  papillomas	  were	  weekly	  monitored.	  

Mice	  were	  kept	  in	  the	  study	  for	  a	  total	  of	  35	  weeks.	  	  

	  

3.3.	  Wound-‐healing	  

Four	   4	   mm2	   punch	   biopsies	   extending	   through	   the	   epidermis	   and	   dermis	   were	  

performed	   in	   the	   back	   skin	   of	   24	  month-‐old	  mice	   12,	   8,	   6	   and	   3	   days	   before	   sacrifice.	   A	  

punch	  biopsy	  was	  also	  performed	  on	  the	  day	  of	  sacrifice	   (day	  0)	  and	  2	  hours	  before,	  mice	  

were	   intraperitoneally	   injected	  with	  BrdU	  (5	  mg	  of	  BrdU	  (Sigma-‐Aldrich)	   in	  300	  µL	  of	  NaCl	  

0.9%).	  The	  wound-‐healing	  rate	  was	  calculated	  as	  percentage	  of	  wounded	  area	  relative	  to	  the	  

initial	  wound	  (day	  0).	  Wound	  areas	  were	  measured	  on	  pictures	  taken	  at	  the	  end	  point	  with	  

ImageJ	   software.	   When	   indicated,	   tissues	   surrounding	   the	   wounds	   were	   processed	   for	  

histological	   analysis.	   The	   percentage	   of	   BrdU-‐positive	   cells	   was	   manually	   scored	   using	  

ImageJ	  software.	  

	  

4.	  Cell	  culture	  experiments	  
	  
4.1.	  Primary	  keratinocyte	  isolation	  from	  adult	  mice	  

Mice	  were	  sacrificed	  by	  hypoxia	   in	  C02	  chamber	  and	  the	  back	  skin	  was	  shaved	  and	  

excised.	   	  The	  epidermis	  was	   separated	   from	  the	  dermis	  by	   treatment	   in	   the	   skin	   in	  0.25%	  

trypsin	   solution	  without	  EDTA	   (Sigma-‐Aldrich)	  overnight	  at	  4°C.	  The	  epidermis	  was	  peeled	  
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off	   the	   dermis,	   minced	   with	   a	   scalpel	   blade,	   collected	   in	   10	   mL	   of	   DMEM	   (Lonza)	  

supplemented	   with	   10%	   FBS	   and	   filtered	   through	   a	   70	   µm	   cell	   strainer	   (BD	   Falcon).	  

Keratinocytes	   for	   biochemical	   analysis	  were	  washed	  with	   PBS,	   collected	   by	   centrifugation	  

(500	  g/8	  min)	  and	  snap-‐frozen.	  

	  

In	  order	  to	  put	  keratinocytes	   in	  culture	  the	  procedure	  was	  performed	   in	  a	   laminar	  

flow	  hood.	  The	  tail	  skin	  was	  soaked	  for	  3	  min	  in	  70%	  ethanol,	  in	  10%	  iodide	  solution	  in	  PBS	  

and	   finally	   in	   sterile	   PBS	   prior	   to	   skin	   floating	   on	   trypsin	   as	   indicated	   above.	   Keratinocyte	  

isolation	   growth	  medium	  was	  CnT-‐07	   (CellnTec)	   supplemented	  with	   antibiotic/antimycotic	  

solution	  (Invitrogen).	  Keratinocytes	  were	  seeded	  in	  dishes	  with	  Coating	  Matrix	  Kit	  (Cascade	  

Biologics)	   according	   to	   the	   manufacturer’s	   instructions.	   Cells	   were	   grown	   at	   37°C	   and	   5	  

%CO2.	  

	  	  

4.2.	  Isolation	  and	  culture	  of	  keratinocytes	  from	  newborn	  mice	  

Experiments	   with	   newborn-‐isolated	   keratinocytes	   were	   performed	   by	   Dr.	   Mirna-‐

Pérez	   Moreno,	   Head	   of	   the	   Epithelial	   Biology	   Group	   at	   CNIO.	   Newborn	   animals	   were	  

sacrificed	  and	  keratinocytes	  were	  isolated	  from	  the	  back	  skin	  using	  dispase	  (Sigma-‐Aldrich)	  

and	  trypsin	  (Gibco).	  After	  filtration	  in	  40	  μm	  cell	  strainers,	  cells	  were	  cultured	  in	  Low	  Calcium	  

Medium	   (0.05	  mM	   Ca++)	   containing	   15%	   Ca++-‐depleted	   FBS,	   as	   described	   in	   Nowak	   and	  

Fuchs,	   2009.	   Cells	   were	   grown	   at	   37°C	   and	   5	   %CO2.	   For	   proliferation	   curves,	   20000	   cells	  

were	   seeded	   per	   time	   point.	   When	   indicated	   0.1	   µM	   aphidicolin	   was	   added	   24	   h	   after	  

plating.	   For	   clonogenic	   assays	   1500	   cells	   were	   plated	   in	   triplicate	   and	   after	   10	   days	   cells	  

were	  fix	  with	  4%	  PFA	  and	  stained	  with	  cristal	  violet	  for	  colony	  quantification.	  

	  

4.3.	  Primary	  Mouse	  Embryonic	  Fibroblasts	  (MEFs)	  isolation	  	  

Mouse	  embryos	  were	  obtained	  at	  E13.5	  days.	  Pregnant	  females	  were	  sacrificed	  by	  

cervical	   dislocation	   and	   uterine	   horns	   containing	   the	   embryos	   were	   removed	   and	  

transferred	  to	  a	  sterile	  PBS	  solution.	   In	  a	   laminar	   flow	  hood,	  embryos	  were	  removed	  from	  

the	   uterus,	   fetal	   liver	   was	   excised	   and	   a	   fragment	   of	   tissue	   was	   taken	   for	   subsequent	  

genotyping.	  The	  rest	  of	  embryonic	  tissue	  was	  minced	  and	  treated	  with	  0.25%	  trypsin-‐EDTA	  

(Sigma-‐Aldrich)	   for	   20	   min	   at	   37ºC.	   Cells	   were	   further	   disaggregated	   by	   pipetting,	  

transferred	  to	  9mL	  medium	  (DMEM	  complete	  (Lonza),	  15%FBS,	  10%	  penicillin/streptomycin	  

solution	  (Invitrogen)),	  seeded	  in	  tissue	  culture	  plates	  and	  grown	  at	  37°C	  and	  5	  %CO2.	  Cells	  
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were	  expanded	   and	   frozen	   at	   passage	  1	   in	   90%	  FBS,	   10%	  dimethyl	   sulfoxide	   (DMSO).	   	   All	  

experiments	  with	  primary	  MEFs	  were	  performed	  at	  low	  passage	  number	  (≤	  4).	  	  

	  

4.4.	  Proliferation	  curves	  with	  MEFs	  

50000	  cells	  for	  each	  time	  point	  were	  seeded	  in	  6-‐well	  plates	  in	  duplicate.	  Transgene	  

expression	   was	   induced	   with	   1	   µg/µL	   dox.	   To	   induce	   replicative	   stress,	   24h	   after	   dox-‐

induction,	   0.05	  µM,	   0.1	  µM	   or	   0.2	  µM	   aphidicolin	   (Sigma-‐Aldrich)	   was	   added	   to	   the	   cell	  

culture	  medium.	   To	   estimate	   the	   proliferation	   rate,	   cells	  were	   counted	   using	   a	  Neubauer	  

hemocytometer.	  	  

	  

4.5.	  Serum	  starvation	  and	  cell	  cycle	  re-‐entry	  

Cells	   were	   grown	   until	   nearly	   confluent	   and	   serum	   starved	   (0,1%FBS)	   for	   72	   h	   to	  

induce	   a	   quiescent	   G0	   state.	   24	   h	   before	   cell	   cycle	   re-‐entry,	   1	   µg/µL	   dox	   was	   added	   to	  

induce	  transgene	  expression.	  Cells	  were	  split	  and	  FBS	  was	  increased	  to	  15%	  to	  promote	  cell	  

cycle	  re-‐entry.	  To	  determine	  the	  percentage	  of	  cells	  entering	  S-‐phase.	  cells	  were	  pulsed	  with	  

10	  µM	  BrdU	  for	  30	  min	  at	  0,	  15,	  18,	  21	  and	  24	  h	  after	  serum	  stimulation.	  

	  

4.6.	  MTT	  survival	  assay	  

1500	  cells	  per	  well	  were	  seeded	  in	  triplicate	  in	  96	  well	  plates.	  24	  hours	  after	  seeding	  

1	  µg/µL	  of	  dox	  was	  added	  to	   induce	   transgene	  expression.	  24	  hours	   later,	  aphidicolin	  and	  

HU	  (HU)	  were	  added.	  3	  days	   later,	  cells	  were	  treated	  for	  6	  h	  with	  0.5	  µg/µL	  thiazolyl	  blue	  

tetrazolium	   bromide	   (MTT-‐formazan,	   Sigma-‐Aldrich)	   and	   the	   resulting	   formazan	   was	  

subsequently	   solubilized	   with	   a	   detergent	   solution	   (10%	   SDS,	   10Mm	   HCl)	   for	   24	   h	   after	  

measuring	   absorbance	   at	   590	   nm.	   In	   the	   case	   of	   UV	   light,	   MTT	   was	   added	   3	   days	   after	  

irradiation.	   For	   methyl	   methanesulfonate	   (MMS)	   and	   neocarzinostatin	   (NCS),	   cells	   were	  

treated	  for	  24h,	  washed	  and	  allowed	  to	  grow	  for	  further	  3	  days	  before	  MTT	  addition.	  

Survival	  was	  relativized	  to	  the	  absorbance	  of	  untreated	  controls.	  

	  

4.7.	  Single-‐molecule	  analysis	  of	  DNA	  replication	  in	  stretched	  fibers	  

Exponentially	  growing	  cells	  were	  sequentially	  pulse-‐labeled	  for	  20	  min	  with	  50	  µM	  

chlorodeoxyuridine	  (CldU)	  and	  250	  µM	  iododeoxyuridine	  (IdU).	  DNA	  spreads	  were	  made	  as	  

described	   (Terret	   et	   al.,	   2009)	   with	   slight	   modifications.	   Cells	   were	   harvested	   and	  

resuspended	   in	   cold	   PBS	   at	   0.25·∙106	   cells/mL.	   2	   µL	   of	   cell	   suspension	   were	   placed	   on	   a	  

microscope	  slide	  and	  lysed	  for	  6	  min	  in	  10	  µL	  of	  pre-‐warmed	  (30°C)	  spreading	  buffer	  (0.5%	  



	   30	  

SDS,	  200	  mM	  Tris-‐HCl	  pH	  7.4,	  50	  mM	  EDTA).	  Slides	  were	  tilted	  at	  a	  15°	  angle	  to	  allow	  DNA	  

suspension	  to	  run	  slowly	  down	  the	  slide,	  and	  the	  resulting	  DNA	  spreads	  were	  air-‐dried,	  fixed	  

in	  cold	  3:1	  methanol:	  acetic	  acid	  for	  2	  min	  and	  refrigerated.	  	  

	  

Slides	  were	  treated	  with	  2.5	  N	  HCl	  for	  30	  min,	  washed	  3	  times	  with	  PBS	  and	  blocked	  

in	   1%	  BSA,	   0.1%	  Triton	   X-‐100	   in	   PBS	   for	   1	   h	   before	   incubation	  with	   CldU,	   IdU	   and	   ssDNA	  

primary	   antibodies	   (listed	   in	   table	   4)	   diluted	   in	   blocking	   solution	   (1/100)	   for	   1	   h.	  

Fluorophore-‐conjugated	   secondary	   antibodies	   were	   added	   for	   30	   min.	   ProLong	   Gold	  

antifade	  reagent	  (Invitrogen)	  was	  used	  as	  mounting	  media	  for	  IF.	  For	  detecting	  re-‐replication	  

events	  a	  15	  min	  treatment	  with	  10	  mM	  Tris-‐HCl	  pH	  7.4,	  400	  mM	  NaCl,	  0.2%	  Tween-‐20,	  0.2%	  

NP-‐40	  was	   performed	   between	   primary	   and	   secondary	   antibody	   incubations	   according	   to	  

the	  protocol	  described	  in	  Dorn	  et	  al.,	  2009.	  	  

	  

Microscopy	  was	  carried	  out	  using	  a	  Leica	  DFC350	  FX	  microscope	  and	  DNA	  staining	  

was	  used	  to	  confirm	  fiber	  integrity.	  Fork	  progression	  rate	  was	  monitored	  in	  second-‐labeled	  

(IdU)	   tracks.	   The	   length	   of	   200-‐300	   tracks	   was	   measured	   per	   condition	   using	   ImageJ	  

software	   and	   conversion	   factor	   1um	   =	   2.59	   kb	   (Petermann	   et	   al.,	   2010).	   Inter-‐origin	  

distances	   (IODs)	  were	  measured	  between	  two	  contiguous	  origins	   (green-‐red-‐green	  signals)	  

in	  the	  same	  fiber.	  The	  length	  of	  30-‐50	  IODs	  was	  measured	  per	  condition.	  	  

	  

4.8.	  Oncogenic	  transformation	  assay	  

pBabe	   (empty),	   pBabe-‐H-‐RasV12	   and	  pBabe-‐H-‐RasV12/E1A	   retroviral	   supernatants	  

were	   produced	   by	   calcium	   phosphate	   transfection	   of	   293T	   cells	   following	   a	   standard	  

protocol	   (Wigler	  at	  al.,	  1977).	  MEFs	  were	  grown	  until	  nearly	  confluent	  and	   induced	  with	  1	  

µg/µL	   dox	   24	   h	   before	   infection	   with	   retroviral	   supernatant.	   24	   h	   later	   the	  medium	  was	  

changed	  and	  10	  days	  post-‐infection	  plates	  where	  fixed	  with	  1%	  glutaraldehyde,	  stained	  with	  

0.1%	  cristal	  violet	  in	  10%	  ethanol	  and	  scored	  for	  number	  of	  foci.	  	  

	  

4.9.	  Chromatid	  breaks	  and	  Sister	  Chromatid	  Exchange	  (SCE)	  analyses	  

Cells	   were	   treated	   with	   1	   µg/µL	   dox	   24	   h	   after	   seeding	   to	   induce	   corresponding	  

transgene.	   For	   analysis	  of	   aphidicolin-‐induced	  breaks,	   cells	  were	   treated	   for	  24	  h	  with	  0.5	  

µM	  aphidicolin.	  6	  hours	  before	  collection	  0.1	  µg/µL	  of	  colcemid	  was	  added	  to	  the	  medium	  

to	  arrest	  cells	   in	  metaphase.	  For	  SCE,	  24	  after	  dox	  cells	  were	   labeled	   for	  48	  h	  with	  10	  µM	  
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BrdU.	   During	   the	   last	   24	   h	   of	   labeling,	   0.5	  µM	   aphidicolin	   or	   2.5	   nM	   camptothecin	   were	  

added	  to	  induce	  SCE.	  	  

	  

For	  metaphase	   spread	   preparation,	   cells	   were	   subjected	   to	   an	   osmotic	   shock	   (75	  

mM	  KCl	  for	  20	  min	  at	  37°C),	  centrifuged	  for	  10	  min	  at	  200	  g	  and	  fixed	  by	  drop-‐wise	  addition	  

of	  Carnoy’s	   fixative	  solution	   (ice-‐cold	  3:1	  methanol-‐acetic	  acid).	  Cells	  were	  subjetcted	   to	  3	  

cycles	   of	   centrifugation	   and	   Carnoy’s	   solution	   addition	   before	   storing	   them	   at	   -‐20°C.	   For	  

chromosome	  spreading,	  microscope	  slides	  were	  soaked	  in	  45%	  acetic	  acid	  and	  drops	  of	  the	  

cell	   suspension	   were	   let	   to	   fall	   and	   spread	   on	   the	   slide.	   After	   air-‐drying,	   spread	  

chromosomes	   were	   stained	   with	   1	   µg/µL	   DAPI	   (Sigma)	   diluted	   in	   Vectashield	   (Vector	  

laboratories)	   mounting	   media.	   Chromatid	   breaks	   and	   SCE	   events	   were	   scored	   and	  

normalized	  to	  the	  total	  number	  of	  analyzed	  chromosomes.	  	  

	  

4.10.	  Flow	  cytometry	  analyses	  

For	  BrdU	  incorporation	  analysis,	  cells	  were	  pulsed-‐labeled	  with	  10	  µM	  BrdU	  for	  30	  

min.	   Primary	   keratinocytes	  were	   labeled	   for	   2	   h.	   Cells	  were	   trypsinized,	  washed	  with	   PBS	  

and	  fixed	  overnight	  at	  4°C	  in	  70%	  ethanol.	  DNA	  denaturation	  and	  cell	  permeabilization	  was	  

carried	   out	   with	   2N	   HCL	   0.5%	   Triton	   X-‐100	   for	   20	   min	   at	   37°C.	   Cells	   were	   subsequently	  

washed	   twice	  with	   1	  M	   Tris-‐HCl	   pH	   7.5	   for	  HCl	   neutralization	   and	   incubated	   for	   1	   h	  with	  

FITC-‐BrdU	  antibody	  (BD	  Biosciences	  Pharmigen)	   in	  1%	  BSA	  PBS-‐	  0.05%	  Tween-‐20.	  For	  DNA	  

content	   analysis,	   cells	   were	   incubated	   overnight	   in	   DNA	   staining	   solution	   (25	   µg/mL	  

propidium	   iodide	   (Sigma-‐Aldrich),	   10	   µg/mL	   RNase	   A	   (Qiagen)).	   For	   quantification	   of	  

apoptosis,	   cells	   were	   incubated	   with	   40	   nM	   tetramethylrhodamine	   ethyl	   ester	   (TMRE,	  

Sigma)	   for	   10	   min	   at	   37°C	   and	   washed	   with	   PBS.	   DAPI	   dye	   exclusion	   was	   used	   to	  

differentiate	  dead	  (permeable)	  from	  alive	  cells.	  	  	  

	  

Data	  acquisition	  was	  carried	  out	  in	  a	  FACsCanto	  II	  cytometer	  (Becton-‐Dickinson)	  and	  

data	   were	   analyzed	   using	   Flow	   Jo	   software	   (Tree	   Star).	   For	   cell	   sorting	   based	   on	   DNA	  

content,	  cells	  were	  stained	  with	  Hoechst	  33342	  (Invitrogen)	  for	  30	  min	  at	  37°C	  in	  DMEM,	  3%	  

FBS.	  Subsequently	  cells	  were	  washed	  and	  resuspended	   in	  0.1%	  BSA,	  3	  mM	  EDTA	   in	  PBS	  at	  

1·∙107	   cells/mL.	   Cell	   sorting	   was	   performed	   by	   the	   Cytometry	   Unit	   at	   CNIO	   in	   a	   BD	   Influx	  

sorter	  (Becton-‐Dickinson).	  
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5.	  RNA	  expression	  analyses	  
	  

5.1.	  RNA	  isolation,	  retrotranscription	  and	  quantitative	  PCR	  (RT-‐qPCR)	  	  

Tissues	   were	   disrupted	   and	   homogenized	   in	   Trizol	   using	   a	   bead-‐beating	   system	  

(Precellys).	  Total	  RNA	  was	  isolated	  using	  Trizol	  (Invitrogen)	  according	  to	  the	  manufacturer’s	  

instructions.	   Potential	   genomic	   DNA	   contamination	   was	   removed	   by	   DNaseI	   digestion	  

(Roche).	  cDNA	  was	  obtained	  with	  Maxima	  First	  Strand	  cDNA	  kit	   (Thermo)	  according	  to	  the	  

manufacturer’s	   instructions.	   cDNAs	   were	   diluted	   1/100	   and	   qPCR	   was	   performed	   in	  

triplicates	  using	  SYBR	  green-‐Real	  Time	  PCR	  master	  mix	   (Applied	  Biosystems).	  Primers	  used	  

for	  RT-‐qPCR	  analysis	  are	  shown	  in	  table	  3.	  The	  2ΔΔCt	  method	  was	  used	  to	  quantify	  amplified	  

fragments.	  Expression	  levels	  were	  normalized	  to	  GAPDH	  housekeeping	  gene.	  qPCR	  analysis	  

were	   done	   in	   a	   Applied	   Biosystems	   7900HT	   Fast	   Real	   Time	   PCR	   System	   equipment	   and	  

analyzed	  with	  7900HT	  Sequence	  Detection	  System	  (Applied	  Biosystems).	  	  	  

	  

6.	  Protein	  analysis	  
	  

6.1.	  Whole	  cell	  extracts	  

Keratinocytes	  were	  lysed	  in	  RIPA	  lysis	  buffer	  (1%	  NP-‐40,	  0.1%	  SDS,	  50	  mM	  Tris-‐HCL	  

pH	  7.4,	  150	  mM	  NaCl,	  0.5%	  Sodium	  Deoxycholate,	  1mM	  EDTA,	  1mM	  NaVO4,	  0.5mM	  NaF,	  

0.1mM	   PMSF,	   protease	   inhibitors	   (Complete	   Mini	   EDTA,	   Roche),	   for	   20	   min	   on	   ice	   and	  

sonicated	  (Branson	  sonicator	  102C)	  for	  30	  seconds	  at	  20%	  amplitude.	  Extracts	  were	  clarified	  

by	   high-‐speed	   centrifugation	   (15	  min/16000	   g/	   4°C).	   Protein	  was	   quantified	   using	   BCA	   kit	  

(Pierce)	   according	   to	   the	  manufacturer’s	   instructions.	   For	  whole	   cell	   extracts	   intended	   for	  

immunoblot	   analysis,	   cells	   were	   trypsinized,	   collected	   by	   centrifugation	   (290	   g/5	   min)	  

washed	  with	  PBS,	  lysed	  in	  Laemmli	  Sample	  Buffer	  (50	  mM	  Tris-‐HCl	  pH	  6.8,	  10%	  glycerol	  3%	  

SDS,	   0.006%	   w/v	   bromophenol	   blue	   and	   5%	   2-‐mercaptoethanol)	   at	   5000	   cells/µL	   and	  

subsequently	  sonicated.	  

	  

6.2.	  Biochemical	  fractionation	  	  

Biochemical	   fractionations	   were	   performed	   as	   described	   in	  Méndez	   and	   Stillman,	  

2000.	  Cells	  were	  resuspended	  at	  2·∙107	  cells/mL	  in	  buffer	  A	  (10mM	  HEPES	  pH	  7.9,	  10mM	  KCl,	  

1.5mM	  MgCl2,	  0.34M	  sucrose,	  10%	  glycerol,	  1m	  MDTT,	  1mM	  NaVO4,	  0.5mM	  NaF,	  5mM	  β-‐	  

glycerophosphate,	   0.1mM	   PMSF,	   protease	   inhibitors	   cocktail),	   and	   incubated	   on	   ice	   for	   5	  

min	   in	   the	   presence	   of	   0.1%	   Triton	   X-‐100.	   Low-‐speed	   centrifugation	   (4	   min/600	   g/4°C)	  
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allowed	   the	   separation	   of	   the	   cytosolic	   fraction	   (supernatant)	   and	   nuclei	   (pellet).	   The	  

cytosolic	   fraction	  was	   clarified	  by	  high-‐speed	  centrifugation	   (15	  min/16000	  g	   /4°C).	  Nuclei	  

were	   first	  washed	  with	  buffer	  A	  and	  subsequently	   subjected	   to	  hypotonic	   lysis	   in	  buffer	  B	  

(3mM	  EDTA,	  0.2mM	  EGTA,	  1mM	  DTT,	  1mM	  NaVO4,	  0.5mM	  NaF,	  5mM	  β-‐	  glycerophosphate,	  

0.1mM	   PMSF,	   protease	   inhibitors	   cocktail)	   30	   min	   on	   ice.	   Nucleoplasmic	   and	   chromatin	  

fractions	   were	   separated	   after	   centrifugation	   (4	   min/600	   g/4°C).	   Chromatin	   was	  

resuspended	   in	   Laemmli	   Sample	   Buffer	   and	   sonicated	   twice	   for	   30	   seconds	   at	   15%	  

amplitude.	  	  	  

	  

6.3.	  Antibody	  generation	  

Specific	  antibodies	  for	  Mcm3,	  Mcm4	  and	  Mcm6	  murine	  proteins	  were	  generated	  by	  

injecting	   the	   following	   peptides	   into	   NZW	   rabbits	   according	   to	   a	   standard	   immunization	  

protocol	  (Sigma-‐Aldrich).	  	  	  

MCM3:	  CSQEDTEQKRKRRK	  

MCM4:	  	  SLRSEESRSSPNRRC	  

MCM6:	  	  AGSQHPEVRDEVAEKC	  

	  

6.4.	  Immunoblots	  

SDS-‐polyacrylamide	   gels	   and	   immunoblotting	   were	   performed	   following	   standard	  

protocols	   (Harlow	   and	   Lane,	   1999).	   The	   primary	   antibodies	   used	   are	   listed	   in	   table	   4.	  

Horseradish	   peroxidase	   (HRP)-‐conjugated	   secondary	   antibodies	   (Amersham	   Biosciences)	  

and	   ECL	   developing	   reagent	   (Amersham	   Biosciences)	   were	   used.	   When	   indicated,	   signals	  

were	  quantified	  using	  the	  Odyssey	   Imaging	  System	  (LI-‐COR)	   in	  which	  secondary	  antibodies	  

are	  conjugated	  to	  Alexa-‐680	  fluorophores	  (Invitrogen).	  	  	  

	  

6.5.	  Immunofluorescence	  

Cells	  grown	  on	  poly-‐lysine	  were	  fixed	  with	  4%	  paraformaldehyde	  (PFA)	  in	  PBS	  for	  15	  

min,	   permeabilized	   with	   0.5%	   Triton	   X-‐100	   in	   PBS	   for	   5	   min	   and	   treated	   with	   blocking	  

solution	  (3%	  BSA,	  5%	  normal	  donkey	  serum	  (Jackson	  ImmunoResearch)	  and	  0.05%	  Tween-‐20	  

in	  PBS)	  for	  30	  min.	  Primary	  and	  fluorophore	  conjugated-‐secondary	  antibodies	  were	  diluted	  

in	   blocking	   solution.	   The	   primary	   antibodies	   used	   for	   IF	   are	   listed	   in	   table	   4.	   Nuclei	  were	  

stained	  with	  1	  µg/µL	  DAPI	  (Sigma)	  in	  PBS	  for	  1	  minute.	  ProLong	  Gold	  antifade	  reagent	  was	  

used	  as	  mounting	  media	  for	  IF.	  To	  visualize	  chromatin-‐bound	  proteins,	  cells	  were	  subjected	  

to	  a	  pre-‐extraction	  step	  with	  0.5%	  Triton	  X-‐100	   in	  CSK	  buffer	  buffer	   (10	  mM	  PIPES	  pH	  7.0,	  



	   34	  

0.1	  M	  NaCl,	  0.3M	  sacarose	  and	  3	  mM	  MgCl2,	  0.5	  mM	  PMSF)	  for	  5	  min	  at	  4°C.	  For	  PCNA	  IF,	  

after	  pre-‐extraction	  an	  additional	   treatment	  with	  methanol	   for	  10	  min	  at	   -‐20°C	  was	  used.	  

For	  BrdU	  detection	  under	  native	  conditions,	  cells	  were	  fixed	  with	  methanol	  for	  1	  h	  at	  -‐20°C.	  

EdU	   detection	   was	   performed	   using	   Click-‐it	   detection	   kit	   (Invitrogen)	   according	   to	   the	  

manufacturer’s	  instructions.	  	  

	  

Images	   were	   acquired	   in	   a	   Leica	   DFC350	   FX	   microscope	   or	   a	   SP2	   AOBS	   LEICA	  

confocal.	  In	  the	  latter	  case,	  image	  analysis	  was	  performed	  at	  the	  Confocal	  Microscoy	  Unit	  at	  

CNIO,	   using	   pre-‐designed	   routines	   for	   nuclei	   and	   foci	   detection	   in	   the	   Definiens	   software	  

(Definiens,	  Germany).	  For	  high-‐throughput	  assays,	  cells	  were	  grown	  on	  glass-‐bottom	  96	  well	  

plates	   (Greiner	   Bio	   One)	   pretreated	   with	   0.1	   %	   gelatin.	   After	   IF	   detection,	   cells	   were	  

analyzed	   in	  an	  Opera	  HTS	  spinning	  disk	  confocal	  microscope	  (Perkin	  Elmer).	  A	  routine	  was	  

designed	   in	   Acapella	   software	   (Perkin	   Elmer)	   for	   nuclei	   identification	   and	   nuclei	   intensity	  

measurements.	  

	  

7.	  Histological	  analysis	  
	  

	  Tissue	  processing	  for	  histological	  analysis	  of	  formalin-‐fixed	  tissues	  was	  done	  by	  the	  

Histopathology	  Unit	  at	  CNIO.	  Briefly,	  tissues	  were	  fixed	  overnight	  in	  10%	  buffered	  formaline,	  

embedded	  in	  paraffine	  and	  sectioned	  (5	  µm).	  Samples	  were	  deparaffinized,	  re-‐hydrated	  and	  

stained	  with	  H-‐E	  for	  histological	  examination.	  For	  immunohistochemistry	  (IHC)	  tissues	  were	  

submitted	  to	  antigen	  retrieval	  and	  blocking	  of	  endogenous	  enzymatic	  activities.	  Tissue	  slides	  

were	  digitalized	  using	  a	  Mirax	  scanner	  (Carl	  Zeiss)	  and	  equivalent	  areas	  per	  tissue	  and	  group	  

were	  analyzed	  using	  the	  AxioVision	  digital	   image	  processing	  software	  (Carl	  Zeiss).	  Staining-‐

positive	  areas	  were	  normalized	  to	  total	  analyzed	  areas.	  When	  indicated,	  skin	  samples	  were	  

embedded	   in	   optimal	   cutting	   temperature	   (OCT)	   compound	   (Tissue-‐Tek),	   snap-‐frozen	   and	  

sent	  to	  Cédric	  Blanpain’s	  lab	  (Université	  Libre,	  Brussels)	  for	  histological	  analysis	  as	  described	  

in	  Sotiropoulou	  et	  al.,	  2013.	  
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Table	  1.	  Primers	  for	  TetON	  mouse	  generation	  

	  

Table	  2.	  Primers	  for	  mice	  genotyping	  and	  PCR	  fragments	  

Mouse	  strain	   Primer	  name	   Sequence	  (5’3’)	   Expected	  DNA	  fragment	  

K5	   CTTCTTGCTTGAACAGTCTTATA	  
K5-‐CDC6tg	  

Cdc6	   CTTCTTGCTTGAACAGTCTTATA	  

wt	  no	  amplification	  

tg	  1.2	  kb	  

Cdh1-‐A	   AGCATGGTGACCGCTTCATCC	  
Lox-‐Cdh1	  

Cdh1-‐B	   GCTGGGGGACTTCTCATTTTCC	  

wt170	  bp	  

lox-‐Cdh1	  290	  bp	  

p53-‐A	   TGGTTTGTGCGTCTTAGAGACAGT	  

p53-‐B	   AAGGATAGGTCGGCGGTTCAT	  p53-‐null	  

p53-‐C	   CCAGCTCATTCCTCCCACTCA	  

wt480	  bp	  

null	  330	  bp	  

Col-‐A	   GCACAGCATTGCGGACATGC	  

Col-‐B	   CCCTCCATGTGTGACCAAGG	  

Col-‐C	   GCAGAAGCGCGGCCGTCTGG	  

Co1a1	  locus	  

wt	  300	  bp	  

targeted	  500	  bp	  

Rosa-‐1	   GCGAAGAGTTTGTCCTCAACC	  

Rosa-‐2	   GGAGCGGGAGAAATGGATATG	  

TetON-‐mice	  

	  

Rosa-‐3	   AAAGTCGCTCTGAGTTGTTAT	  

Rosa	  locus	  

wt	  band	  600	  bp	  

targeted	  300	  bp	  

	  

	  

Table	  3.	  Primer	  sequences	  for	  gene	  expression	  analysis	  by	  RT-‐qPCR	  

Gene	   Primer	   Sequence	  (5’3’)	  

CDC6-‐Fw	   ACACACTGTTTGAGTGGCCGT	  
CDC6	  

CDC6-‐Rv	   GCTTCAAGTCTCGGCAGAATT	  C	  

CDT1-‐Fw	   TAGTACCCCAGATGCCAAGG	  
CDT1	  

CDT1-‐Rv	   GTAGGACAAGGCCTGGGAGA	  

INK4a-‐Fw	   TACCCCGATTCAGGTGAT	  
INK4a	  

INK4a-‐Rv	   TTGAGCAGAAGAGCTGCTACGT	  

ARF-‐Fw	   GCCGCACCGGAATCCT	  
ARF	  

ARF-‐Rv	   TTGAGCAGAAGAGCTGCTACGT	  

GAPDH-‐Fw	   TGAAGCAGGCATCTGAGGG	  
GAPDH	  

GAPDH-‐Rv	   CGAAGGTGGAAGAGTGGGAG	  

	  

	  

	  

	  

Mouse	  strain	   Primers	   Sequence	  (5’3’)	  

MluI-‐HA-‐CDC6	  Fw	  
GACTACGCGTACCATGTACCCATACGATG	  
TTCCAGATTACGCTCCTCAAACCAGATCCCAG	  TetON-‐CDC6	  

CDC6-‐MluI	  Rv	   AGTCACGCGTTCAGGGCAGACCAGCAGC	  

CDT1-‐EcoRI-‐Fw	   ACGTGAATTCATGGCGCAAAGTCGTG	  

TetON-‐CDT1	  

CDT1-‐FLAG-‐EcoRI-‐Rv	  
ACGTGAATTCTCACTTGTCGTCATCGTCTT	  
TGTAGTCCAGCCCCTCGGCGTGGACG	  
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Table	  4.	  Antibodies	  used	  in	  this	  study	  

Antibody	   Use	   Supplier	   Reference/Catalogue	  #	  

α-‐tubulin	   WB	   Sigma	   T9026	  

BrdU-‐FITC	   FACs	   BD-‐Biosciences	   BD	  556028	  

Cdc6	   WB	   Millipore	   05-‐550	  

Cdh1	   WB	   Neomarkers	   MS-‐1116-‐P	  

Cdt1	   WB	   Millipore	   07-‐1383	  

CldU	  (BrdU-‐clone	  BU1/75)	   IF	   Abcam	   AB6326	  

DYKDDDDK-‐tag	  (Flag)	   WB	   Cell	  Signaling	   #2368	  

HA-‐tag	   WB,	  IHC	   Cell	  Signaling	   #2367	  

H3	   WB	   Abcam	   AB1791	  

IdU	  (BrdU-‐clone	  B44	  )	   IF	   BD	  Biosciences	   BD	  347580	  

Mcm2	   WB	   Bruce	  Stillman,	  CSHL	   Ekholm-‐Reed	  et	  al.,2004	  

Mcm3	   IF,	  WB	   Méndez	  lab	   	  

Mcm4	   WB,	  IHC	   Méndez	  lab	   	  

Mcm6	   WB,	  IHC	   Méndez	  lab	   	  

Mek2	   WB	   BD	  Transduction	   610235	  

PCNA	   IF	  WB	   Santa	  Cruz	   SC-‐56	  

p16	   WB	   Neomarkers	   MS-‐887-‐P0	  

pSer139	  H2AX	  (γH2AX)	   IF,	  WB,	  IHC	   Millipore	   07-‐164	  

pS15-‐p53	   WB	   Cell	  Signaling	   #9284S	  

RPA	   IF	   Cell	  Signaling	   2208	  

SA1	   WB	   Losada	  lab	  (CNIO)	   Remeseiro	  et	  al.,	  2012	  

Smc1	   WB	   Bethyl	   A300-‐055A	  

ssDNA	   IF	   Millipore	   MAB3034	  

53BP1	   IF	   Novus	  Biological	   NB-‐100-‐304	  
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RESULTS	  
	  

Chapter	  1.	  K5-‐CDC6	  transgenic	  mouse	  
	  

1.1.	  Generation	  of	  a	  K5-‐CDC6	  transgenic	  mouse	  

In	   order	   to	   study	   the	   effects	   of	   overexpressing	   Cdc6	   in	   vivo,	   we	   first	   decided	   to	  

generate	   a	   transgenic	   mouse	   that	   expressed	   Cdc6	   under	   the	   control	   of	   the	   keratin	   5	  

promoter	   (K5).	   This	   promoter	   constitutively	   drives	   the	   expression	  of	   the	   transgene	   to	   the	  

basal	  layer	  of	  stratified	  epithelia	  located	  in	  the	  skin,	  esophagus	  and	  stomach	  (Ramírez	  et	  al.,	  

1994;	  Murillas	   et	   al.,	   1995).	   Albeit	   at	   lower	   levels,	   keratin	   5	   is	   also	   expressed	   in	   tracheal	  

epithelium,	  some	  myoepithelial	  cells	  that	  conform	  glandular	  epithelia,	  thymic	  reticulum	  cells	  

and	  certain	  pancreatic	  duct	  cells	  (Moll	  et	  al.,	  1989).	  

	  	  

The	   skin	   is	   a	   complex	  organ	   that	  has	  been	  extensively	  used	   to	   study	  proliferation,	  

differentiation,	  ageing,	  wound	  healing	  or	   tumorigenesis	  with	  the	  advantage	  of	   its	   inherent	  

accessibility	   (reviewed	   by	   Blanpain	   and	   Fuchs,	   2006).	   Thus,	   we	   considered	   of	   interest	   to	  

study	  the	  overexpression	  of	  a	  replication	  factor	  such	  as	  Cdc6	  in	  this	  context.	  A	  schematic	  of	  

the	  skin	  structure	  is	  shown	  in	  figure	  7.	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	  

	  

	  

	  

	  	  	  	  

	  

	  Figure	   7.	   The	   skin	   and	   its	   appendages.	  Mammalian	   skin	   consists	   of	   epidermis	   and	   dermis,	   separated	   by	   the	  
basement	   membrane.	   The	   epidermis	   is	   a	   stratified	   squamous	   epithelia.	   The	   basal	   layer	   is	   the	   proliferative	  
compartment	   and	  expresses	   keratin	   5	   and	   keratin	   14.	  As	   cells	  migrate	   towards	   the	   surface	   they	  differentiate	  
forming	  the	  spinous	  and	  granular	  layers	  until	  they	  are	  finally	  enucleated	  and	  shed	  out	  from	  the	  body.	  The	  hair	  
follicle	  consists	  of	  an	  outer	  rootsheath	  that	   is	  contiguous	  with	  the	  basal	  epidermal	   layer.	  At	  the	  bottom	  of	  the	  
follicle	   is	   the	   hair	   bulb,	   made	   from	   proliferating	   matrix	   cells.	   The	   transit-‐amplifying	   matrix	   cells	   terminally	  
differentiate	   to	   generate	   the	   different	   cell	   types	   of	   the	   follicle.	   Epidermal	   stem	   cells	   reside	   at	   the	   bulge.	   The	  
dermal	   component	   of	   the	   hair	   follicle	   is	   the	   dermal	   papilla,	   which	   consists	   of	   specialized	  mesenchymal	   cells	  
surrounded	  by	  hair	  matrix	  cells	  (taken	  from	  Fuchs	  and	  Raghavan,	  2002).	  
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The	  construct	  used	  for	  K5-‐CDC6tg	  mice	  generation	  contains	  the	  regulatory	  sequence	  

of	   the	   bovine	   keratin	   5	   gene,	   the	   intron	   2	   of	   the	   rabbit	  β-‐globin	   gene,	   the	  murine	   CDC6	  

cDNA	  (b-‐	  isoform)	  and	  the	  SV40	  early	  polyA	  signal	  (Fig.	  8A).	  In	  mice	  Cdc6	  has	  two	  isoforms,	  

which	  differ	  in	  a	  27	  aa-‐extension	  in	  the	  N-‐terminus.	  We	  chose	  the	  shorter	  isoform	  (b)	  for	  its	  

similarity	   to	   human	   Cdc6.	   The	   construct	   was	   microinjected	   in	   the	   pronuclei	   of	   fertilized	  

oocytes	   and	   integration	   of	   the	   transgene	   in	   the	   progeny	   was	   tested	   by	   Southern	   blot	   of	  

genomic	  DNA	   isolated	   from	  tail	   clips.	  Digestion	  of	  genomic	  DNA	  with	   the	  NheI	   resctriction	  

enzyme	  and	  subsequent	  hybridization	  with	  a	  specific	  Cdc6	  probe	  allowed	  the	  detection	  of	  a	  

4.9	  Kb	   fragment	   (endogenous	  Cdc6)	   and	  1.6	  Kb	   fragment	   corresponding	   to	   the	   transgenic	  

construct	  (Fig.	  8B).	  Out	  of	  a	  total	  of	  73	  animals	  screened,	  only	  two	  of	  them	  (named	  founder	  

1	  and	  2)	  showed	  integration	  and	  germline	  transmission	  of	  the	  transgene.	  In	  founder	  2,	  the	  

transgene	   was	   integrated	   in	   the	   Y	   chromosome	   as	   it	   was	   only	   inherited	   by	   male	  

descendants.	   This	   mouse	   did	   not	   overexpress	   Cdc6	   possibly	   due	   to	   the	   heterochromatic	  

nature	   of	   the	   insertion	   site	   (reviewed	   by	   Ohtsuka	   et	   al.,	   2012).	   Hence,	   this	   founder	   was	  

dropped	  from	  the	  study,	  and	  we	  concentrated	  on	  founder	  1	  (Fig.	  8C).	  	  

	  

The	  high	  signal	   intensity	  of	   the	   transgenic	  band	  compared	   to	   the	  endogenous	  one	  

indicate	   that	   multiple	   copies	   had	   been	   integrated,	   which	   is	   a	   frequent	   event	   in	   models	  

generated	  by	  DNA	  microinjection	  in	  fertilized	  eggs	  (reviewed	  by	  Ohtsuka	  et	  al.,	  2012).	  	  
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Figure	  8.	  K5-‐CDC6tg	  mouse	  model.	  A.	  The	  K5-‐CDC6	  construct	  contains	  the	  regulatory	  sequences	  of	  the	  bovine	  
keratin	  5	  gene	  (K5	  promoter),	  intron	  2	  of	  rabbit	  beta-‐globin,	  murine	  CDC6	  codifying	  sequence	  (b	  isoform)	  and	  
the	  SV40	  early	  polyA	  signal.	  B.	  Strategy	  for	  transgene	  integration	  screening	  by	  Southern	  blot.	  C.	  Southern	  blot	  
showing	   the	   screening	   of	   8	   potential	   founder	   lines	   (#25-‐32).	   Only	   #	   29	   (henceforth	   named	   founder	   1)	   was	  
positive	  for	  the	  transgene.	  
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Because	  of	  the	  risk	  of	  secondary	  effects	  caused	  by	  the	  integration	  of	  the	  transgene,	  

we	  decided	  to	  map	  the	  integration	  site	  by	  PCR-‐based	  gene	  walking	  (Domínguez	  and	  López-‐

Larrea,	  1994;	  Materials	  and	  Methods)	  in	  collaboration	  with	  the	  Genomics	  Unit	  at	  CNIO.	  The	  

integration	  site	  was	  mapped	  to	  the	  intron	  4	  of	  the	  gene	  coding	  for	  vesicle-‐trafficking	  protein	  

SEC22a	  (Sec22a)	  located	  in	  chromosome	  16.	  The	  integration	  site	  of	  the	  5’	  end	  (K5	  promoter)	  

has	  been	  further	  confirmed	  by	  PCR.	  Confirmation	  for	  the	  3’	  end	  and	  expression	  levels	  of	  the	  

SEC22a	  gene	  is	  currently	  underway	  but	  its	  intronic	  location	  strongly	  suggest	  that	  it	  does	  not	  

interfere	  with	  Sec22a	  expression	  or	   function.	  A	   colony	  of	  mice	  bearing	   the	  K5-‐CDC6tg	  was	  

established.	  The	  animals	  are	   fertile,	  born	  at	  Mendelian	   rates	  and	  do	  not	  display	  any	  gross	  

differences	  with	  their	  wt	  littermates.	  	  

	  

1.2.	  Overexpression	  levels	  of	  CDC6	  transgene	  in	  the	  skin	  and	  other	  organs	  

As	   the	   K5	   promoter	   is	   active	   in	   several	   organs	   besides	   the	   epidermis,	   we	   first	  

checked	  the	  expression	  levels	  of	  Cdc6	  by	  retrotranscription	  and	  quantitative	  PCR	  (RT-‐qPCR)	  

on	   total	   RNA	   isolated	   from	   different	   organs.	   Cdc6	   overexpression	   was	   found	   in	   the	   skin,	  

esophagus,	  stomach,	  kidney,	  lung,	  salivary	  gland,	  brain	  and	  to	  a	  much	  lesser	  extent	  in	  heart,	  

muscle,	   liver	   and	   large	   intestine	   (Fig.	   9A).	  We	   next	   analyzed	   the	   overexpression	   levels	   of	  

Cdc6	  by	  western-‐blot	  on	  keratinocytes	  isolated	  from	  the	  back	  skin	  of	  the	  animals	  (Fig.	  9B).	  

Quantification	  of	  signal	   intensity	   in	  four	  wt	  and	  four	  K5-‐CDC6tg	  mice	  revealed	  a	  6	  to	  8	  fold	  

overexpression	  of	  Cdc6	  in	  K5-‐CDC6tg	  mice	  (Fig.	  9C).	  	  
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Figure	  9.	  Cdc6	  overexpression	  
levels	   in	   K5-‐CDC6tg	   mice.	   A.	  
CDC6	  mRNA	   level	   in	   different	  
tissues	   of	   K5-‐CDC6tg	   mice.	  
Increased	   CDC6	   expression	  
was	   higher	   in	   organs	  
containing	   stratified	   epithelia	  
such	   as	   skin,	   esophagus	   and	  
stomach	   but	   also	   detected	   in	  
other	  organs	  (n=2	  wt	  and	  2	  tg	  
mice).	   B.	   Western	   blot	  
analysis	   of	   Cdc6	   protein	   in	  
extracts	   prepared	   from	  
keratinocytes	   isolated	   from	  
the	  back	  skin	  of	  young	  wt	  and	  
K5-‐CDC6tg	   animals.	   α-‐tubulin,	  
loading	  control	   (n=4	  wt	  and	  4	  
tg	  mice).	  C.	  Cdc6	  protein	  level	  
quantified	   from	   part	   A	   using	  
the	   LI-‐COR	   Odyssey	   imaging	  
system.	   Cdc6	   was	   normalized	  
by	  its	  corresponding	  α-‐tubulin	  
signal.	  	  
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1.3.	  Cdc6	  overexpression	  leads	  to	  increased	  chromatin	  association	  of	  MCM	  proteins	  

Given	  the	  role	  of	  Cdc6	  in	  MCM2-‐7	  loading	  at	  replication	  origins,	  we	  first	  considered	  

that	   Cdc6	   overexpression	   could	   promote	   higher	   level	   of	   chromatin	   association	   of	   MCM	  

proteins	  with	  DNA.	  A	   biochemical	   fractionation	  method	   (Méndez	   and	   Stillman,	   2000)	  was	  

used	  on	  back	  skin-‐isolated	  keratinocytes.	  We	  analyzed	  the	  levels	  of	  different	  MCM	  subunits	  

in	   whole	   keratinocyte,	   cytosolic	   and	   chromatin-‐enriched	   fractions.	   A	   sharp	   increase	   in	  

chromatin-‐bound	   MCM	   proteins	   is	   observed	   in	   K5-‐CDC6tg	   keratinocytes	   (Fig.	   10A,	   left	  

panels).	   A	   slight	   but	   reproducible	   increase	   in	   MCM	   content	   is	   detected	   in	   the	   whole	  

keratinocyte	   extract	   and	   in	   the	   cytosolic	   fraction	   of	   transgenic	   keratinocytes	   (Fig.	   10A,	  

middle	  and	  right	  panels).	  Quantification	  of	  MCM	  levels	   in	   the	  different	   fractions	   (Fig.	  10B)	  

confirms	  that	  the	  K5-‐CDC6tg	  strain	  represents	  a	  true	  Cdc6	  gain-‐of-‐function	  model	  for	  MCM	  

loading.	  

	  

A	  similar	  analysis	  was	  performed	  in	  keratinocytes	   isolated	  from	  the	  skin	  of	  mice	  at	  

different	   ages	   (Fig.	   11A	   and	   B).	   From	   newborn	   to	   24	  month-‐old,	   K5-‐CDC6tg	  mice	   showed	  

increased	  levels	  of	  chromatin-‐bound	  MCMs.	  Nevertheless	  the	  difference	  was	  attenuated	  in	  
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Figure	  10.	  Increased	  MCM	  loading	  on	  chromatin	  in	  K5-‐CDC6	  keratinoctyes.	  
A.	  Western-‐blot	  for	  Cdc6	  and	  MCM	  in	  whole	  keratinocyte	  extracts,	  cytosolic	  and	  chromatin	  fractions.	  SA1	  and	  
Mek2	  serve	  as	  loading	  controls	  and	  as	  markers	  of	  chromatin-‐bound	  and	  cytosolic	  proteins,	  respectively	  (n=4	  wt	  
and	   4	   tg	  mice).	  B.	  Quantification	   of	   indicated	  MCM	   subunit	   using	   the	   LI-‐COR	  Odyssey	   imaging	   system.	  MCM	  
signals	  were	  normalized	  to	  their	  respective	   loading	  control	  and	  fold-‐change	  was	  calculated	  for	  each	  K5-‐CDC6tg	  
over	  the	  average	  of	  wt	  mice.	  
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newborn	  mice,	  most	   likely	  because	  postnatal	  skin	   is	  more	  proliferative	  than	  adult	  skin	  and	  

expresses	  higher	  levels	  of	  Cdc6	  (Costarelis	  et	  al.,	  1990).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

1.4.	  Cdc6	  overexpression	  does	  not	  confer	  a	  cell	  proliferation	  advantage	  in	  vitro	  

We	  next	  analyzed	  the	  proliferation	  potential	  of	  keratinocytes	  isolated	  from	  newborn	  

animals	  in	  collaboration	  with	  Mirna	  Pérez-‐Moreno,	  Head	  of	  the	  Epithelial	  Cell	  Biology	  Group	  

at	  CNIO.	  Wt	  and	  transgenic	  keratinocytes	  grew	  at	  similar	  rates	   in	  culture,	  either	   in	  normal	  

growth	  medium	  or	  in	  the	  presence	  of	  aphidicolin,	  an	  agent	  that	  induces	  replicative	  stress	  by	  

slowing	  down	   fork	  progression	   (Fig.	  12A).	  A	  clonogenic	  assay	  was	  performed	   in	  which	   the	  

colony	  forming	  efficiency	  reflects	   the	  proliferation	  potential	  of	  epidermal	  stem	  cells	   (ESCs)	  

and	  progenitor	  cells	  (PCs)	  (Barrandon	  and	  Green,	  1987).	  No	  differences	  were	  found	  between	  

wt	  and	  transgenic	  animals	  (Fig.	  12B).	  	  

	  

	  

Figure	  11.	  MCM	  chromatin	  enrichment	  in	  keratinocytes	  during	  the	  lifespan	  of	  K5-‐CDC6tg	  mice.	  
A.	  Western	  blot	  of	  the	  chromatin	  fraction	  in	  keratinocytes	  isolated	  from	  newborn	  and	  adult	  mice	  (2,	  6,	  12	  and	  24	  
month-‐old).	   SA1,	   loading	   control.	   B.	   Quantification	   of	   MCM	   fold-‐change	   using	   the	   LI-‐COR	   Odyssey	   imaging	  
system.	  MCM	  signals	  were	  normalized	  by	  their	  respective	  loading	  control	  and	  fold-‐change	  was	  calculated	  over	  
the	  averaged	  wt	  mice	  at	  each	  timepoint.	  
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Because	   the	   largest	   difference	   in	   the	   amount	   of	   chromatin-‐bound	   MCM	   was	  

observed	   in	   adult	   skin,	   we	   next	   tried	   to	   evaluate	   the	   proliferation	   and	   colony	   formation	  

efficiency	   in	   keratinocytes	   isolated	   from	   adult	  mice.	   Unfortunately,	   primary	   keratinocytes	  

could	  not	  be	  established	  in	  culture	  as	  most	  cells	  died	  upon	  the	  first	  passage.	  Still,	  short-‐term	  

in	   vitro	   studies	   that	  did	  not	   imply	  passage	  of	   the	   cells	   showed	  no	  differences	   in	   cell	   cycle	  

distribution	  or	   BrdU	   incorporation	   between	  wt	   and	   transgenic	   animals	   (Fig	   13A	  and	  B).	   A	  

small	   population	   of	   keratinocytes	   was	   polyploid	   but	   this	   effect	   was	   not	   related	   to	   Cdc6	  

overexpression	   (Fig.	   13A).	   These	   results	   show	   that	   the	   increased	   levels	   of	   Cdc6	   and	  

chromatin-‐bound	  MCM	  do	  not	  affect	  cell	  cycle	  dynamics	  or	  cell	  proliferation	  capacity.	  

	  

1.5.	  Histopathological	  characterization	  of	  the	  skin	  of	  K5-‐CDC6tg	  mice	  

Following	  the	  evaluation	  of	  Cdc6	  and	  MCM	  levels	  in	  isolated	  keratinocytes,	  we	  next	  

analyzed	   the	   levels	  of	  MCM	  proteins	  and	  proliferation	   in	   the	  epidermis	  of	  K5-‐CDC6tg	  mice	  

using	   immunohistochemistry	   (IHC).	   Histological	   analysis	   of	   skin	   sections	   stained	   with	  

hematoxylin-‐eosin	   (H-‐E)	   did	   not	   show	   any	   morphological	   abnormalities	   from	   young	   (2	  

month-‐old)	  to	  old	  (24	  month-‐old)	  animals	  (Fig	  14A).	  Mcm4	  and	  Mcm6	  IHC	  staining	  on	  skin	  

sections	  were	  used	  to	  estimate	  the	  percentage	  of	  MCM-‐expressing	  cells	  in	  the	  interfollicular	  	  

epidermis.	   In	  K5-‐CDC6tg	   individuals,	   a	  1.5-‐fold	   increase	   in	   the	  percentage	  of	  MCM-‐positive	  

cells	  was	  consistently	  observed	  (Fig.	  14B	  and	  C).	  

	  

	  

	  

	  	  	  	  	  	  	  

	  Figure	  12.	  Keratinocytes	  isolated	  form	  newborn	  mice	  display	  normal	  cell	  proliferation	  and	  colony	  formation	  
efficiency.	  A.	  Proliferation	  curve	  of	  keratinocytes	  isolated	  from	  newborn	  mice	  in	  the	  presence	  or	  in	  the	  absence	  
of	  aphidicolin	  0.1	  uM	  	  (n=1	  wt	  and	  1	  tg).	  B.	  Colony	  formation	  assay	  quantification	  (n=	  2	  wt	  and	  4	  tg).	  
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Cell	  proliferation	  index	  was	  determined	  by	  Ki-‐67	  and	  BrdU	  IHCs,	  the	   latter	   injected	  

intraperitoneally	   4	   hours	   before	   sacrifice.	   Wt	   and	   transgenic	   animals	   showed	   similar	  

percentage	  of	  both	  markers	   (Fig.	  14	  D	  and	  E),	   consistent	  with	  what	   it	  had	  been	  observed	  

with	  keratinocytes	  in	  vitro.	  Also,	  overexpression	  of	  Cdc6	  did	  not	  increase	  the	  percentage	  of	  

γH2AX-‐positive	  cells,	  a	  marker	  of	  DNA	  damage	  (Ward	  and	  Chen,	  2001;	  Celeste	  et	  al.,	  2002;	  

reviewed	  by	  Ciccia	  and	  Elledge,	  2010)	  (Fig.	  14F).	  

	  

1.6.	  Further	  increase	  of	  Cdc6	  overexpression	  does	  not	  increase	  MCM	  loading	  

The	   APC/C	   cofactor	   Cdh1	   targets	   Cdc6	   for	   proteolysis	   during	   G1	   (Petersen	   et	   al.,	  

2000;	  Mailand	  and	  Diffley,	  2005).	  In	  a	  Cdh1	  conditional	  knock-‐out	  mouse	  model,	  the	  levels	  

of	   Cdc6	   were	   elevated	   (García-‐Higuera	   et	   al.,	   2008).	  We	   reasoned	   that	   the	   level	   of	   Cdc6	  

overexpression	   (and	   thus,	  MCM-‐chromatin	  association)	   in	  K5-‐CDC6tg	  mice	  could	  be	   limited	  

by	   this	  proteolytic	  pathway.	  To	   test	   this	  possibility,	  K5-‐CDC6tg	  mice	  were	  crossbred	  with	  a	  

K5-‐specific	   Cdh1	   knock-‐out	   mouse	   strain	   (K5-‐Cre;loxCdh1,	   referred	   to	   as	   K5-‐ΔCdh1)	  

generated	  in	  the	  Cell	  Division	  and	  Cancer	  Group	  at	  CNIO.	  Indeed,	  Cdc6	  protein	  levels	  were	  

higher	  in	  the	  skin	  of	  K5-‐ΔCdh1	  (Fig.	  15A,	  compare	  lanes	  1-‐2	  and	  8-‐9).	  	  

	  

	  
Figure	  13.	  BrdU	  incorporation	  and	  cell	  cycle	  profile	  in	  keratinocytes	  isolated	  from	  2	  month-‐old	  animals.	  A.	  
BrdU	   incorporation	   and	   cell	   cycle	   profiles	   (n=2	   wt	   and	   2	   tg).	   B.	  Western	   blot	   for	   Cdc6	   overexpression	   in	  
keratinocytes	  from	  part	  A.	  Mek2,	  loading	  control.	  
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Furthermore,	   the	   levels	   of	   Cdc6	  were	   strikingly	   increased	   in	   the	   skin	   of	   K5-‐ΔCdh1	  

animals	  carrying	  the	  Cdc6	  transgene	  (compare	  lanes	  3	  and	  10).	  Nevertheless,	  the	  chromatin-‐

bound	  MCM	  levels	  in	  K5-‐ΔCdh1/Cdc6tg	  were	  no	  further	  increased	  (Fig.	  15B),	  suggesting	  that	  

Figure	  14.	  Characterization	  of	  the	  skin	  in	  K5-‐Cdc6tg	  mice.	  A.	  Hematoxylin-‐Eosin	  (H-‐E)	  staining	  of	  skin	  sections	  
do	  not	  show	  tissue	  architecture	  abnormalities.	  B	  -‐F.	  IHC	  detection	  of	  Mcm4	  (B),	  Mcm6	  (C),	  Ki-‐67	  (D),	  BrdU	  (E)	  
and	  ΥH2AX	  (F).	  Quantifications	  are	  shown	  on	  the	  right	  upon	  counting	  500	  cells	  in	  each	  case	  (n=	  4	  wt	  and	  4	  tg).	  
Scale	  bar	  12.5	  μm.	  
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Cdc6	   overexpression	   levels	   in	   the	   K5-‐CDC6tg	   already	   allow	   maximal	   MCM	   chromatin-‐

association.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

To	  confirm	  this	  observation,	  we	  analyzed	  the	  MCM	  content	  and	  proliferation	  rate	  in	  

the	  skin	  of	  these	  animals.	  K5-‐ΔCdh1	  showed	  increased	  percentage	  of	  MCM,	  Ki-‐67	  and	  BrdU-‐

positive	  cells	   compared	   to	  wt	  animals	   (Fig.	  16A-‐C,	  compare	  white	  bars).	  Nevertheless,	   the	  

increase	  of	  MCM-‐positive	  cells	  due	  to	  Cdc6	  overexpression	  was	  similar,	  regardless	  of	  Cdh1	  

(Fig.	  16A).	  In	  addition,	  Cdc6	  overexpression	  in	  the	  K5-‐ΔCdh1	  background	  did	  not	  affect	  the	  

cell	  proliferation	  rate	  (Fig.	  16	  B	  and	  C).	  	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	   15.	   Further	   increase	   of	   Cdc6	   overexpression	   does	   not	   enhance	   MCM	   chromatin	   loading.	   K5-‐Cdc6tg	  
animals	  were	  introduced	  into	  a	  K5-‐Cre/loxCdh1	  background	  (K5ΔCdh1).	  A.	  Western	  blot	  for	  Mcm2,	  Cdc6,	  Cdh1	  
in	  keratinocytes	  isolated	  from	  back	  skin.	  Mek2,	  loading	  control.	  n=2	  animals	  per	  genotype.	  B.	  Western	  blot	  for	  
Mcm2,	  Mcm6,	  Cdc6	  and	  Cdh1	  after	  biochemical	  fractionation	  of	  keratinocytes.	  Mek2	  and	  H3	  are	  cytosolic	  and	  
chromatin-‐bound	  proteins	  respectively	  (n=1	  animal	  per	  genotype).	  
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Taking	  into	  account	  the	  technical	  difficulties	  of	  maintaining	  this	  genetic	  combination	  

(lox-‐Cdh1;K5-‐Cre;	  K5-‐CDC6tg)	  and	  the	  fact	  that	  the	  extra	  levels	  of	  Cdc6	  do	  not	  translate	  into	  

higher	  MCM	  loading	  or	  proliferation	  rate,	  this	  strain	  was	  discontinued.	  

1.7.	  Susceptibility	  of	  K5-‐CDC6tg	  mice	  to	  skin	  carcinogenesis	  

12-‐O-‐	   tetradecanoylphorbol	   13-‐acetate	   (TPA)	   is	   a	   potent	   tumor	   promoter	   that	  

induces	  cell	  proliferation,	  skin	  hyperplasia	  and	  entry	  of	  HFs	   in	   the	  anagen	  (growing-‐phase)	  

phase	  of	  the	  hair	  cycle.	  In	  the	  skin	  it	  mobilizes	  slow-‐cycling	  cells	  such	  as	  epidermal	  stem	  cells	  

(ESCs)	   and	   progenitor	   cells	   (PCs)	   (Flores	   et	   al.,	   2005).	   We	   first	   analyzed	   whether	   Cdc6	  

overexpression	   would	   affect	   the	   skin	   hyperplasia	   induced	   by	   TPA	   treatment.	   Four	   doses	  

were	   applied	   to	   the	   tail	   skin	   of	   each	   mouse	   (Fig.	   17A).	   One	   week	   later,	   the	   degree	   of	  

hyperplasia	  measured	  as	  the	  thickening	  of	  the	  epidermis	  was	  similar	  in	  both	  genotypes	  (Fig.	  

17B-‐D).	  	  

	  

Figure	  16.	  MCM-‐positive	  cells	  and	  proliferation	  upon	  Cdc6	  overexpression	  in	  a	  K5-‐ΔCdh1	  background.	  A-‐C.	  
IHC	  in	  back	  skin	  for	  detection	  (left)	  and	  quantification	  (right)	  of	  Mcm6	  (A),	  Ki-‐67	  (B)	  and	  BrdU	  (C).	  BrdU	  was	  
injected	  intraperitoneally	  4	  h	  before	  sacrifice	  (n=2	  animals	  per	  genotype).	  Scale	  bar	  20	  um.	  
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Next	  we	   subjected	  wt	   and	   K5-‐CDC6tg	   animals	   to	   a	   classic	   two-‐stage	   chemical	   skin	  

carcinogenesis	   protocol	   (reviewed	   by	   DiGionvanni,	   1992).	   ‘Initiation’	   is	   driven	   by	   a	   single	  

dose	   of	   7,12-‐dimethylbenz[α]anthracene	   (DMBA),	   which	   in	   90%	   of	   the	   cases	   induces	   a	  

mutation	  in	  the	  codon	  61	  of	  the	  H-‐ras	  gene	  (Balmain	  et	  al.,	  1984;	  Quintanilla	  et	  al.,	  1986).	  

Subsequent	   ‘promotion’	  with	  TPA	   results	   in	   the	   clonal	  expansion	  of	   the	   initiated	  cells	   and	  

the	   appearance	   of	   benign	   papillomas,	   which	   might	   progress	   to	   squamous	   cell	   carcinoma	  

(SCC)	  depending	  on	   the	  genetic	  background	   (Woodworth	  et	  al.,	  2004).	   Interestingly,	  when	  

this	   protocol	   (Fig.	   18A)	   was	   applied	   to	   young	   aged-‐matched	   mice,	   transgenic	   animals	  

developed	   more	   papillomas	   than	   the	   wt	   counterparts.	   The	   size	   of	   the	   papillomas	   were	  

similarly	   distributed	   between	   genotypes	   (Fig.	   18B).	   On	   average,	   a	   3-‐fold	   increase	   in	   the	  

number	  of	  lesions	  was	  observed	  in	  transgenic	  animals	  at	  the	  end	  of	  TPA	  administration	  (Fig.	  

18C).	  No	  progression	  towards	  SCC	  was	  observed	  neither	  in	  wt	  nor	  in	  transgenic	  animals.	  Skin	  

	  

Figure	  17.	  Acute	  TPA	  treatment	  in	  K5-‐CDC6tg	  mice.	  A.	  Outline	  of	  the	  protocol	  for	  TPA-‐induced	  skin	  hyperplasia.	  
B.	  Representative	  H-‐E	  tail	  skin	  sections	  of	  acetone-‐treated	  (control	  for	  hyperplasia	  induction)	  and	  TPA-‐treated	  
animals.	  20X	  fields.	  C.	  Epidermal	  thickening	  measurement.	  (Acetone	  n=1	  wt	  and	  1	  tg.	  TPA	  n=	  3	  wt	  and	  3	  tg).	  D.	  
Western-‐blot	  for	  Cdc6	  in	  the	  skin	  of	  the	  animals	  used	  in	  the	  experiment.	  Red	  ponceau	  staining,	  loading	  control.	  
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papillomas	  express	  senescence	  markers	  such	  as	  p16	  and	  p19	  (Collado	  et	  al.,	  2005).	  Normal	  

induction	  of	  these	  markers	  was	  confirmed	  in	  papillomas	  isolated	  from	  wt	  or	  transgenic	  mice	  

(Fig.	  18D).	  

	   	  
Figure	   18.	   K5-‐CDC6tg	  mice	   are	  more	   susceptible	   to	  DMBA/TPA-‐	   induced	   carcinogenesis.	  A	   Protocol	   outline.	  
Animals	  were	  given	  a	  single	  dose	  of	  DMBA	  at	  week	  1	  and	  treated	  with	  TPA	  twice	  a	  week	  from	  week	  2	  to	  week	  
25.	  Animals	  were	  kept	  10	  weeks	  after	  the	  last	  application	  of	  TPA	  to	  evaluate	  any	  possible	  progression	  towards	  
SCC.	  The	  number	  and	  size	  of	  papillomas	  were	  weekly	  measured.	  B.	  Number	  of	  papillomas	  and	  size	  distribution	  
in	  wt	   and	   transgenic	   animals.	   The	   asterisk	   represents	   the	   last	   dose	  of	   TPA	   (n=	  12	  wt	   and	  14	   tg).	  C.	   Average	  
number	  of	  papillomas	  per	  mouse	  at	  week	  25.	  D.	  Western	  blot	  of	  Cdc6	  and	  p16	   in	  protein	  extracts	  prepared	  
from	  papillomas.	  Mek2,	   loading	  control.	  NS,	  Normal	  Skin;	  P,	  papilloma.	  The	  asterisk	  marks	  an	  unspecific	  band	  
below	  Cdc6	  signal.	  
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1.8.	  K5-‐CDC6tg	  mice	  have	  a	  normal	  lifespan	  	  

Survival	  (Kaplan-‐Meier)	  curves	  indicated	  that	  K5-‐CDC6tg	  animals	  had	  a	  mean	  overall	  

lifespan	   of	   107	   weeks,	   similar	   to	   their	   wt	   littermates	   (Fig.19).	   Most	   mice	   suffered	   from	  

standard	  age-‐related	  health	  problems,	  including	  the	  onset	  of	  spontaneous	  tumors	  (Table	  1).	  

A	   subset	   of	   mice	   of	   both	   genotypes	   were	   subjected	   to	   histopathological	   examination	   in	  

collaboration	   with	   Dr.	   Marta	   Cañamero,	   Head	   of	   the	   Histopathology	   Unit	   at	   CNIO.	   A	  

classification	  of	  the	  analyzed	  tumors	  is	  shown	  in	  (Table	  2).	  	  

	  

	  

	  

	  

	  

	  

	  

	  

The	  most	   frequent	   tumors	   found	  were	   hematological	   (histiocytic	   sarcomas	   and	  B-‐

cell	  lymphomas),	  followed	  by	  hepatocarcinomas,	  which	  are	  frequent	  in	  the	  C57BL/6J	  genetic	  

background.	   A	   certain	   incidence	   of	   sarcomas	   was	   also	   observed	   in	   both	   genotypes.	   No	  

significant	   differences	   in	   the	  percentage	  of	   tumor-‐prone	   animals	   or	   their	   tumor	   spectrum	  

were	   found	   between	   wt	   and	   transgenic	   animals,	   indicating	   that	   K5-‐driven	   Cdc6	  

overexpression	  does	  not	  affect	  the	  frequency	  of	  spontaneous	  tumorigenesis.	  

	  

Table	  1.	  Causes	  of	  sacrifice	  in	  the	  K5-‐CDC6tg	  colony.	  Percentages	  are	  calculated	  over	  the	  total	  number	  of	  
animals	  included	  in	  the	  K5-‐CDC6tg	  colony.	  Percentages	  are	  calculated	  over	  the	  total	  number	  of	  animals	  included	  
in	  the	  Kaplan-‐Meier	  survival	  curve.	  Percentages	  corresponding	  to	  ‘Seminal	  gland	  hyperplasia’	  and	  ‘Ovary	  cysts’	  
are	  calculated	  over	  the	  number	  of	  males	  (M)	  and	  females	  (F)	  respectively.	  
	  

Pathology	   Wild-‐type	   K5-‐	  CDC6tg	  

1.	  Tumors	   32	  (72.7%)	   42	  (68.8%)	  
2.	  Dermatitis	   3	  (6.8%)	   6	  (9.8%)	  
2.	  	  Liver	  hemorrhage/failure	   3	  (6.8%)	   	  
3.	  Intestine	  obstruction/bleeding	   	   2	  (3.2%)	  
4.	  Reproductive	  tract	  anomalies	   6	  (13.6%)	   10	  (16.3%)	  

5	  (15.6%)	  	   8	  (18.6%)	  	  	  	  	  	  	  Seminal	  gland	  hyperplasia	  (M)	  
	  	  	  	  	  Ovary	  cysts	  (F)	   1	  (8.3%)	  	   2	  (11.1%)	  	  
Total	  mice	  (included	  in	  Kaplan-‐Meier	  curve)	   44	  (32	  M;	  12	  F)	   61	  (43	  M;	  18F)	  

	  

Figure	  19.	  A.	  Kaplan-‐Meier	  survival	  curves	  show	  similar	  life	  expectancy	  for	  wt	  and	  transgenic	  animals	  (n=44	  wt;	  
61	  tg).	  
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Table	  2.	  A	  subset	  of	  tumors	  were	  histologically	  examined	  and	  classified	  in	  hematological	  neoplasias	  (histiocytic	  
sarcomas,	  lymphomas),	  carcinomas	  or	  sarcomas.	  Some	  animals	  presented	  more	  than	  one	  tumor	  type.	  
	  

Pathology	   Wild-‐type	   K5-‐	  CDC6tg	  

1.	  Hematological	  neoplasias	   5	  (50%)	   17	  (70.8%)	  
2.	  Carcinomas	  (hepatocarcinomas)	   4	  (40%)	   1	  (4.2%)	  
3.	  Sarcomas	  (fibrosarcomas,	  leiomiosarcomas)	   1	  (10%)	   4	  (16.7%)	  
4.	  Hematological	  +	  hepatocarcinoma	   	   1	  (4.2	  %)	  
5.	  Hematological	  +	  fibrosarcoma	   	   1	  (4.2%)	  
Total	  mice	  	   10	   24	  

	  

1.9.	  Cdc6	  overexpression	  in	  a	  p53-‐null	  background	  

After	  having	  evaluated	  the	  incidence	  of	  spontaneous	  tumors	  in	  K5-‐CDC6tg	  mice,	  we	  

introduced	   the	   K5-‐CDC6tg	   in	   a	   p53-‐null	   background	   to	   evaluate	   possible	   phenotypes	  

restrained	  by	  p53	  activity	  in	  terms	  of	  proliferation	  and	  tumorigenesis.	  Cdc6	  overexpression	  

levels	   were	   slightly	   higher	   in	   the	   p53-‐null	   background	   but	   the	   MCM	   levels	   in	   whole	  

	  
Figure	  20.	  K5-‐Cdc6tg	   in	   the	  p53Δ	  background.	  A.	  Western-‐blot	   in	  back-‐skin	   isolated	  keratinocytes	   for	  Mcm2,	  
Mcm6,	  Cdc6	  and	  p53.	  α-‐tubulin,	  loading	  control.	  MEFs	  treated	  with	  doxorubicin	  were	  used	  as	  a	  positive	  control	  
for	  p53	  detection.	  The	  asterisk	  marks	  an	  unspecific	  band.	  Mcm6	  IHC	  in	  back	  skin	  and	  quantification	  of	  positive	  
cells.	  C.	  BrdU	  IHC	  in	  back	  skin	  and	  quantification	  of	  positive	  cells.	  Scale	  bar	  20	  μm.	  
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keratinocyte	  extracts	  were	  not	  further	  increased	  compared	  to	  K5-‐CDC6tg	  with	  p53	  (Fig.	  20A).	  

Accordingly,	   the	   increase	   in	  MCM-‐positive	  cells	  due	   to	  Cdc6	  overexpression	  was	  similar	   to	  

that	  observed	  in	  the	  p53-‐proficient	  background	  (Fig.	  20B).	  No	  significative	  differences	  were	  

observed	  in	  the	  index	  of	  BrdU	  positive	  cells	  (Fig.	  20C).	  

	  

p53-‐null	  and	  hemizygous	  (p53	  -‐/+)	  mice	  are	  tumor	  prone	  (Donehower	  at	  al.,	  1992;	  

Jacks	  et	  al.,	  1994).	  While	  p53-‐null	  mice	  primarily	  develop	  lymphomas,	  p53+/-‐	  mice	  exhibit	  a	  

wider	   array	   of	   tumors,	   including	   soft	   tissue	   sarcomas,	   osteosarcomas	   and	   carcinomas	   of	  

various	  types.	  We	  followed	  a	  cohort	  of	  K5-‐CDC6tg	  mice	  in	  a	  p53	  -‐/+	  (hemizygous)	  and	  p53-‐

null	  backgrounds.	  In	  both	  cases,	  the	  overall	  lifespan	  (64	  weeks	  in	  p53	  -‐/+	  background	  and	  20	  

weeks	  in	  the	  p53-‐null	  background)	  was	  not	  affected	  by	  Cdc6	  overexpression	  (Fig.	  21	  A	  and	  

B).	  We	  concluded	  that	  Cdc6	  neither	  enhanced	  nor	  attenuated	  the	  phenotypes	  caused	  by	  loss	  

of	  p53.	  	  

	  

1.10.	  Old	  K5-‐CDC6tg	  mice	  show	  better	  skin/hair	  fitness	  

Through	   direct	   observation	   of	   the	   K5-‐CDC6tg	  mice	   colony,	  we	   observed	   that	   older	  

animals	   preserved	   their	   fur,	   in	   terms	   of	   color	   and	   density,	   better	   than	   age-‐matched	   wt	  

animals.	  At	  one	  point,	  we	  systematically	  classified	  the	  mice	  into	  three	  phenotypic	  categories	  

according	   to	   the	  general	  aspect	  of	   their	   fur.	  Mice	  with	  black	  hair	  and	  no	  signs	  of	  hair	   loss	  

defined	  the	  ‘fit	  group’.	  Those	  with	  localized	  regions	  of	  hair	  loss	  or	  hair	  graying	  were	  included	  

in	  the	  ‘aging-‐signs	  group’.	  Finally,	  animals	  with	  generalized	  hair	  loss	  and	  abundant	  grey	  hair	  

were	  considered	  the	   ‘aged	  group’	   (Fig.	  22A).	  The	  distribution	  of	  wt	  and	  transgenic	  mice	   in	  

	  

Figure	  21.	  Survival	  (Kaplan-‐Meier)	  curves	  of	  K5-‐CDC6tg	  in	  a	  p53-‐deficient	  background.	  A.	  Kaplan-‐Meier	  curves	  in	  
hemizygous	  p53	  background	  (n=27	  wt;	  35	  K5-‐Cdc6tg).	  B.	  Kaplan-‐Meier	  curves	  in	  a	  p53-‐null	  background	  (n=17	  wt;	  
18	  K5-‐Cdc6tg).	  
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the	  three	  categories	  taking	  into	  account	  the	  age	  of	  each	  individual	  is	  shown	  in	  figure	  22B.	  A	  

2.8-‐fold	  increase	  in	  the	  percentage	  of	  animals	  that	  retained	  a	  young-‐like	  aspect	  of	  the	  hair	  

shaft	   was	   observed	   in	   transgenic	   animals	  ≥	   2	   years	   old	   (59%	   vs.	   21%	   of	   wt).	   Conversely,	  

there	  was	  a	  3.4-‐fold	   increase	   in	  the	  percentage	  of	  wt	  animals	   included	  in	  the	   ‘aged	  group’	  

(34%	   vs.	   10%	   of	   transgenic	   animals).	   A	   decrease	   in	   the	   percentage	   of	   K5-‐CDC6tg	   animals	  

belonging	  to	  the	   ‘aging-‐signs	  group’	  was	  also	  observed	  (31%	  compared	  to	  45%	  of	  wt)	   (Fig.	  

22C).	  	  

	  
	  

	  

	   	  

Figure	  22.	  Better	  hair/skin	  fitness	   in	  old	  K5-‐CDC6tg	  mice.	   	  A.	  Three	  categories	  were	  defined	  according	  to	  the	  
aspect	  of	  the	  fur.	  Fit:	  black	  hair,	  no	  hair	  loss.	  Aging	  signs:	  localized	  grey	  hair	  or	  hair	  loss.	  Aged:	  generalized	  grey	  
hair	  and	  hair	  loss.	  B.	  Graph	  showing	  the	  distribution	  of	  wt	  and	  transgenic	  mice	  in	  each	  group	  (n=	  43	  wt	  and	  34	  
tg)	  taking	  into	  account	  their	  age.	  C.	  Percentage	  of	  wt	  and	  transgenic	  animals	  in	  each	  category	  (age	  ≥	  2	  years	  old)	  
(n=33	  wt	  and	  22	  tg).	  
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The	  percentage	  of	  MCM-‐positive	  cells	  in	  the	  epidermis	  of	  old	  animals	  was	  increased	  

relative	   to	  wt	  mice,	   as	   it	   had	   been	   noted	   in	   young	   animals	   (Fig.	   23A).	   No	   difference	  was	  

observed	   regarding	   Ki67-‐positive	   cells	   (Fig.	   23B).	   Interestingly,	   neither	   the	   percentage	   of	  

MCM-‐positive	  cells	  nor	  the	  Ki-‐67	  index	  decreased	  with	  age.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

To	  expand	  this	  observation	  and	  test	  whether	  it	  was	  restricted	  to	  the	  hair	  shaft,	  we	  

analyzed	  the	  mRNA	  levels	  of	  p16INK4a	  and	  p19ARF	  	  in	  keratinocytes	  isolated	  from	  the	  epidermis	  

of	  old	  animals	   (Fig.	  24A).	  These	  proteins	  are	  well-‐established	  molecular	  ageing	  biomarkers	  

(Zindy	   et	   al.,	   1997; Krishnamurthy	   et	   al.,	   2004;	   reviewed	   by	   Jenkins,	   2002;	   Kim	   and	  

Sharpless,	   2006).	   110	  week-‐old	   transgenic	   animals	   showed	   lower	  mRNA	   levels	  of	  p16	  and	  

p19	  compared	  to	  age-‐matched	  wt	  animals	  that	  phenotypically	  belonged	  to	  the	  ‘aged	  group’	  

(Fig.	  24B).	   The	  decrease	   in	  p16	  and	  p19	  mRNA	   levels	   further	   support	   that	  K5-‐CDC6tg	  mice	  

retain	  features	  of	  a	  younger	  skin.	  	  

	  

Figure	   23.	  MCM	   content	   and	   proliferation	   in	   old	   K5-‐CDC6tg	  mice.	   IHC	   in	   the	   back	   skin	   of	   old	   animals	   and	  
quantification	  for	  Mcm6	  (A)	  and	  Ki-‐67	  (B)	  (n=4	  wt	  and	  4	  tg).	  Scale	  bar	  20	  um.	  
	  
	  
	  

	  

Figure	  24.	  Aging	  biomarkers	  in	  keratinocytes	  from	  old	  K5-‐CDC6tg	  mice.	  A.	  Fur	  phenotypes	  of	  the	  animals	  used	  in	  
the	   experiment	   (wt=110	   and	   tg	   =108	   week-‐old).	   B.	   p16,	   p19	   and	   Cdc6	   mRNA	   expression	   levels	   in	   back-‐skin	  
isolated	  keratinocytes.	  Fold-‐change	  was	  calculated	  over	  the	  averaged	  wt	  mice	  (n=2	  wt	  and	  2	  tg).	  
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1.11.	  Normal	  wound	  healing	  in	  K5-‐CDC6tg	  skin	  

Loss	   of	   tissue	   regenerative	   potential	   and	   disrupted	   organ	   homeostasis	   are	   also	  

hallmarks	  of	  aging	  in	  mice	  (Gannon	  et	  al,	  2011;	  reviewed	  by	  Rodier	  et	  al.,	  2007).	  It	  has	  been	  

shown	  that	  upon	  wounding,	  hair	  follicle	  (HF)	  stem	  cells	  are	  mobilized	  to	  the	  wound	  area	  and	  

contribute	  to	  the	  repair	  of	  the	  damaged	  epidermis	  (Ito	  et	  al.,	  2005;	  Levy	  et	  al.,	  2007).	  Basal	  

slow-‐cycling	   cells	   located	   in	   the	   interfollicular	   epidermis	   also	   contribute	   to	  wound	  healing	  

(Mascré	   et	   al.,	   2012).	   In	   order	   to	   test	   whether	   the	   young-‐like	   skin	   features	   observed	   in	  

transgenic	   animals	   affected	   the	   rate	   of	   tissue	   regeneration,	   a	   wound	   healing	   assay	   was	  

performed	  with	  4	  mm2	  punch	  biopsies.	  The	  different	   time	  points	  analyzed	  encompass	   the	  

phases	   of	   inflammation,	   keratinocyte	   migration	   and	   proliferation	   and	   formation	   of	   new	  

stroma	  (reviewed	  by	  Clark,	  1996;	  Martin,	  1997)	  (Fig.	  25A).	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
Figure	   25.	  Wound-‐healing	   rate	   in	   old	   K5-‐CDC6tg	  mice.	   A.	  Wound	   healing	   in	   the	   back	   of	   a	  wt	  mouse.	   4	  mm2	  
punches	  were	  made	  at	  12,	  8,	  6	  and	  3	  days	  before	  the	  photograph	  was	  taken.	  D0,	  original	  size	  of	  the	  wound.	  B.	  
BrdU	   IHC	   of	   a	   lesion	   at	   day	   3.	   BrdU-‐positive	   cells	   in	   the	  wound	  margin	   and	   the	   keratinocyte	  migrating	   front	  
(arrow)	   were	   quantified.	   Scale	   bar	   200	   um.	   C.	  Measurements	   of	   the	   wound	   area	   at	   each	   time	   point.	   After	  
sacrifice	   pictures	   of	   the	   back	   skin	   were	   taken,	   areas	   were	   digitally	   measured	   using	   Image	   J	   software	   and	  
normalized	  by	  D0	  area.	  Animals	  were	  24	  month-‐old	  (n=3	  wt	  and	  3	  tg)	  D-‐E.	  Quantification	  of	  BrdU-‐positive	  cells	  in	  
the	   keratinocyte-‐migrating	   front	   (D)	   (wound	   margin)	   and	   wound	   surrounding	   area	   (E)	   at	   the	   different	   time	  
points.	  Normal	  skin	  was	  also	  quantified	  as	  control	  of	  basal	  cell	  proliferation.	  	  
	  
	  



	   55	  

The	  wound	  area	  that	  remained	  open	  at	  each	  time	  point	  was	  measured	  (Fig.	  25B).	  In	  

addition,	  BrdU	  was	  injected	  i.p.	  to	  the	  animals	  2	  hours	  before	  sacrifice	  in	  order	  to	  estimate	  

cell	   proliferation	   in	   the	   wound	   margin	   and	   the	   region	   immediately	   adjacent	   (Fig.	   25C).	  

Despite	  the	  better	  fur/skin	  fitness	  reported	  (Fig.	  22	  and	  24),	  K5-‐CDC6tg	  animals	  did	  not	  heal	  

the	  wound	  faster	  than	  the	  wt	  counterparts	  (Fig.	  25B)	  and	  no	  difference	  in	  the	  percentage	  of	  

BrdU-‐positive	  cells	  was	  observed	  at	  or	  near	  the	  wound	  at	  any	  of	  the	  time	  points	  tested	  (Fig.	  

25D	  and	  E).	  

	  

	  

	  

To	   further	   study	   the	   ‘delayed	   ageing’	   observed	   in	   the	   old	   K5-‐CDC6tg	   animals,	   we	  

established	   a	   collaboration	   with	   the	   laboratory	   of	   Dr.	   Cédric	   Blanpain	   (Université	   Libre,	  

Brussels),	   a	   leading	   group	   in	   the	   epidermal	   stem	   cell	   field.	   First,	   different	   epidermal	  

differentiation	   markers	   were	   analyzed	   without	   finding	   differences	   between	   genotypes	  

neither	   in	  young	  nor	   in	  old	  animals.	   In	  figure	  26,	   staining	   for	  keratin	  1	  and	  10,	  markers	  of	  

suprabasal	  epidermal	  cells	  expressed	  in	  the	  spinous	  layer	  (reviewed	  by	  Blanpain	  and	  Fuchs,	  

2006),	  are	  shown	  as	  an	  example.	  

	  

Similarly,	   no	   differences	   were	   found	   in	   the	   staining	   profile	   of	   Lrg1	   and	   MTS24	  

markers,	   which	   characterize	   resident	   progenitors	   that	   control	   the	   maintenance	   of	   the	  

sebaceous	  gland	  and	  the	  infundibulum	  (the	  region	  that	  connects	  the	  HF	  to	  the	  IFE;	  Nijhof	  et	  

al.,	   2006;	   Jensen	  et	  al.,	   2009)	   (Fig.	  27A).	   The	  profile	  of	  HF	   stem	  cells	   characterized	  by	   the	  

CD34	   marker	   (reviewed	   by	   Fuchs	   and	   Raghavan,	   2002),	   was	   also	   identical	   between	  

genotypes	   (Fig.	   27B).	   It	   should	   be	   noted	   that	   these	   analyses	   are	   qualitative.	   Accurate	  

	  
Figure	  26.	  Wt	  and	  K5-‐CDC6tg	  animals	  show	  similar	  staining	  pattern	  of	  skin	  differentiation	  markers.	  Keratin	  1	  
(K1)	  and	  Keratin	  10	  (K10)	  staining	  in	  1	  and	  24	  month-‐old	  animals.	  Nuclei	  are	  stained	  with	  DAPI.	  (n=2	  wt	  and	  2	  tg	  
per	  time	  point).	  
	  	  
	  



	   56	  

quantification	  of	   these	   cell	  populations	  would	   require	   flow	  cytometric	  analysis	  using	   fresh	  

tissue,	  which	  we	  may	  undertake	  in	  the	  future.	  

The	  levels	  of	  proliferation	  and	  apoptosis	  were	  also	  analyzed	  in	  the	  skin	  samples	  from	  

wt	   and	   K5-‐CDC6tg	  mice.	   Few	   apoptotic	   cells	  measured	   by	   active	   caspase	   3	  were	   found	   in	  

either	   genotype	   (Fig.	   28A).	   Proliferation	   was	   analyzed	   by	   Ki-‐67	   staining	   paying	   special	  

attention	  to	  the	  HF	  compartment.	  Interestingly,	  Ki-‐67	  positive	  cells	  could	  neither	  be	  found	  in	  

the	   infundibulum	  of	   young	   K5-‐CDC6tg	   animals	   nor	   in	   the	   hair	   germ	  of	   old	   K5-‐CDC6tg	  mice	  

(Fig.	  28B).	  Owing	  to	  the	  strict	  coupling	  of	  follicular	  melanogenesis,	  which	  controls	  the	  color	  

of	  the	  hair	  shaft,	  and	  HF	  cycling	  (Slominski	  and	  Paus,	  1993)	  these	  results	  are	  compatible	  with	  

the	  hypothesis	  of	  transgenic	  HF	  and	  melanocyte	  stem	  cells	  undergoing	  less	  cycles	  during	  the	  

lifespan	  of	  the	  animals,	  possibly	   leading	  to	  an	  enhanced	  fitness	  of	  the	  hair	  shaft	   in	  old	  K5-‐

CDC6tg	  mice.	  

	  
Figure	  27.	  Wt	  and	  K5-‐CDC6tg	  animals	  show	  similar	  staining	  pattern	  of	  skin	  progenitor	  cells.	  A.	  Infundibulum	  (If)	  
and	  sebaceous	  gland	  (SG)	  progenitors	  staining	  (Lrig1	  and	  MTS24)	  in	  1	  and	  24	  month-‐old	  animals	  (n=2	  wt	  and	  2	  
tg).	  Loricrin	  (Lor)	  stains	  the	  granular	  layer	  of	  the	  epidermis.	  Nuclei	  are	  stained	  with	  DAPI.	  B.	  CD34	  staining	  marks	  
the	  epidermal	  stem	  cells	  in	  the	  bulge	  (Bu)	  region	  of	  the	  hair	  follicle.	  Keratin	  14	  stains	  the	  basal	  layer.	  Nuclei	  are	  
stained	  with	  DAPI.	  
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Hair	   regeneration	   follows	   a	   precise	   cycle	   that	   encompasses	   a	   rapid	   growth	   of	   the	  

hair	   shaft	   (anagen),	   an	   apoptosis-‐driven	   regression	   of	   the	   lower	   HF	   ‘cycling’	   portion	  

(catagen)	  and	  a	  resting	  phase	  (telogen)	  (reviewed	  by	  Alonso	  and	  Fuchs,	  2006).	  In	  mice,	  the	  

hair	   cycle	   is	   synchronized	   in	   the	  14	  weeks	  after	  birth	  and	   is	   lost	   in	   subsequent	  hair	   cycles	  

(reviewed	  by	  Stenn	  and	  Paus,	  2001).	  	  We	  decided	  to	  analyze	  the	  dynamics	  of	  the	  hair	  follicle	  

cycle	  during	   the	   first	  weeks	  of	   life	  of	   the	  wt	  and	  K5-‐CDC6tg	  animals,	   selecting	  precise	   time	  

points	   (4,6,7,8,9	   weeks)	   in	   which	   most	   of	   the	   follicles	   are	   found	   in	   anagen,	   catagen	   or	  

telogen.	  	  

	  

Indeed,	   an	   altered	   dynamic	   of	   HF	   cycle	   entry	   was	   found	   in	   K5-‐CDC6tg	   animals.	   In	  

each	   timepoint,	   HFs	   were	   classified	   according	   to	   their	   structure	   into	   early	   anagen,	   full	  

anagen,	  catagen	  or	  telogen	  (Müller-‐Rover	  et	  al.,	  2001).	  At	  4	  weeks,	  most	  of	  the	  wt	  HF	  were	  

in	  full	  anagen,	  whereas	  in	  K5-‐CDC6tg	  animals	  most	  of	  HF	  were	  still	  in	  telogen	  or	  early	  anagen	  

	  

Figure	  28.	  Proliferation	   is	  decreased	   in	   the	  HF	  of	  K5-‐CDC6tg	  mice.	  A.	  No	  difference	   in	   apoptosis	   is	   found	   in	  
transgenic	  animals	  by	  activated-‐caspase	  3	  staining.	  β4	  integrin	  (β4)	  stains	  the	  basal	  lamina.	  Nuclei	  are	  stained	  
with	  DAPI.	  B.	  Proliferation	   in	  the	  hair	   follicle	  of	   transgenic	  animals	   is	   reduced	  as	  measured	  by	  Ki-‐67	  staining.	  
Arrows	  mark	  the	  infundibulum	  in	  2	  month-‐old	  animals	  and	  the	  hair	  germ	  in	  24	  month-‐old	  mice.	  α6	  integrin	  (α6)	  
stains	  the	  basal	  lamina.	  Nuclei	  are	  stained	  with	  DAPI.	  
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(Fig.	   29).	   At	   6	   weeks,	   when	   most	   of	   the	   wt	   follicles	   were	   in	   telogen	   and	   catagen,	   a	  

considerable	  population	  of	  K5-‐CDC6tg	  HF	  was	  still	  in	  full	  anagen.	  At	  9	  weeks,	  almost	  100%	  of	  

the	  wt	  follicles	  had	  reached	  early	  anagen,	  whereas	  >	  50%	  of	  K5-‐CDC6tg	  were	  still	  in	  telogen.	  

These	  results	  show	  that	  the	  HF	  of	  K5-‐CDC6tg	  mice	  have	  an	  altered	  hair	  cycle	  consistent	  with	  

the	  possibility	  of	  an	  extended	  lifespan	  of	  the	  HF	  stem	  cells.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  29.	  The	  hair	  cycle	  is	  delayed	  K5-‐CDC6tg	  mice.	  Percentage	  of	  hair	  follicles	  at	  the	  different	  stages	  of	  the	  hair	  
cycle.	  More	  than	  500	  hair	  follicles	  per	  animal	  were	  classified	  (n=2	  wt	  and	  	  2-‐4	  tg).	  
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Chapter	  2.	  TetON-‐CDC6	  mouse	  model	  
	  

2.1.	  Generation	  of	  a	  mouse	  model	  for	  inducible	  Cdc6	  overexpression	  

To	  study	  the	  effects	  of	  Cdc6	  overexpression	  in	  other	  tissues,	  we	  decided	  to	  generate	  

a	  mouse	  model	   in	  which	  Cdc6	  overexpression	  would	  be	  ubiquitous	  and	   inducible.	   For	   this	  

purpose	  we	  made	  use	  of	  an	  engineered	  Embryonic	  Stem	  (ES)	  cell	  line	  that	  expresses	  the	  M2	  

reverse	   tetracycline	   transactivator	   (M2-‐rtTA)	   constitutively	   from	   the	   ROSA26	   locus.	   In	  

addition,	  this	  ES	  cell	  line	  has	  a	  modification	  downstream	  of	  the	  Collagen	  1	  a1	  locus	  (Col1a1)	  

that	   allows	   recombinase-‐mediated	   single-‐copy	   transgene	   integration.	   A	   tetracycline-‐

responsive	  element	   located	  upstream	  of	   the	  PGK	  ubiquitous	  promoter	  controls	  expression	  

of	  the	  transgene	  (Beard	  et	  al.,	  2006).	  Titratable	  expression	  can	  be	  achieved	  by	  modulating	  

the	  concentration	  of	  tetracycline	  or	  one	  of	  its	  derivatives	  such	  as	  doxycycline	  (dox)	  (Gossen	  

and	  Bujard,	  1992).	  We	  used	  this	  system	  to	  introduce	  a	  HA-‐tagged	  version	  of	  Cdc6	  to	  be	  able	  

to	   distinguish	   it	   from	   the	   endogenous	   protein	   (Fig.	   20A).	   Correct	   transgene	   insertion	   and	  

dox-‐induced	  Cdc6	  expression	   in	  ES	   cells	  were	   tested	   (data	  not	   shown).	  TetON-‐CDC6	  mouse	  

was	  generated	  in	  the	  CNIO	  Transgenic	  Mice	  Unit.	  

	  
Figure	   20.	   TetON-‐CDC6	   mouse	   model	   for	   Cdc6	   overexpression.	   A.	   Two-‐transgene	   design	   for	   for	   Cdc6	  
overexpression.	   rtTA	   is	   inserted	   into	   the	   ROSA26	   locus	   under	   the	   control	   of	   the	   ROSA	   promoter.	   A	   cassette	  
containing	  HA-‐tagged	   Cdc6	   (isoform	  b)	   under	   the	   control	   of	   the	   dox-‐responsive	   promoter	  was	   inserted	   in	   the	  
Cola1a1	   locus	   by	   site	   specific	   recombination.	   SA,	   splice	   acceptor;	   pA,	   polyadenylation	   signal;	   TetOP,	  
tetracycline/doyxycline	   responsive	   operator.	   Black	   arrows	   indicate	   transcriptional	   start	   sites.	   B.	   Dox	   titration	  
experiment	   in	  MEFs.	   Cells	   were	   treated	   for	   24	   h	   at	   the	   indicated	   dox	   concentrations.	   Cdc6	   and	   HA	   tag	  were	  
detected	   by	   immunoblot.	   Alpha	   tubulin,	   loading	   control.	   C.	   Cdc6	   overexpression	   levels	   were	   determined	   by	  
immunoblot	  in	  MEFs	  by	  comparing	  the	  signal	  corresponding	  to	  endogenous	  (lane	  1)	  with	  that	  corresponding	  to	  
cells	  treated	  with	  dox	  for	  24	  h	  in	  serial	  dilution	  (lanes	  2-‐5).	  
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Mouse	  Embryonic	  Fibroblasts	  (MEFs)	  were	  obtained	  at	  E13.5	  and	  tested	  for	  levels	  of	  

Cdc6	  expression	  in	  response	  to	  different	  dox	  concentrations.	  The	  response	  to	  dox	  was	  linear	  

up	   to	   1	  µg/mL,	   which	   was	   chosen	   as	   working	   concentration	   for	   subsequent	   experiments	  

(Fig.	  20B).	  We	  determined	  that	  HA-‐Cdc6	  was	  overexpressed	  approximately	  10-‐fold	  relative	  

to	  endogenous	  Cdc6,	  24	  h	  after	  dox	  addition	  (Fig.	  20C).	  

	  

2.2.	  Cdc6	  overexpression	  increases	  MCM-‐chromatin	  loading	  in	  MEFs	  

Next	  we	  addressed	  whether	  Cdc6	  overexpression	  in	  this	  new	  model	  led	  to	  increased	  

MCM	   chromatin	   association,	   as	   previously	   observed	   in	   keratinocytes	   from	   the	   K5-‐CDC6tg	  

strain.	   MEFs	   were	   treated	   with	   dox	   for	   24	   h	   and	   48	   h	   and	   subjected	   to	   biochemical	  

fractionation.	   Increased	  amounts	  of	  Mcm2,	  Mcm4,	  and	  Mcm6	  proteins	  were	   found	   in	   the	  

chromatin-‐enriched	  fraction	  (Fig.	  21A,	  lanes	  5-‐6	  and	  11-‐12).	  	  

	  

	  

MCM3 Nuclear intensity equal n

60
 -D

ox

60
 +D

ox

61
 -D

ox

61
 +D

ox

!

"!!

#!!

$!!

%!!

&!!

A
.U

.

!"#$%

!"#&%

!"#'%

()"'%

*+%

!,-$%

*.%

/% 0% /% 0% /% 0% /% 0% /% 0% /% 0%
12345% (63% (78% 12345% (63% (78%

)29%

$&7% &:7%

/)29% 0)29% /)29% 0)29%

(52;,%<% (52;,%$%

!
"#

.%
%=
>2

8,
?"
,;

",
%@;
3,
;?
@36

%A4
B>
BC%

+%

D%

(%

!"#.%

E+FG%

/)29% /)29%0)29% 0)29%

12345% (782#4H;/I2>;)%

mcm3 PS VS NEG

-D
OX

+D
OX

!

"!

#!

$!

%!

!
"#

.%
%J
%K
2?
@H
L,
%"
,5
5?
%

/)29% 0)29%

MMM% MMM%

MMM%

<NN%

$NN%

.NN%

&NN%

ONN%

$N%

&N%

'N%

:N%

!"#$%&'()*'+,-%&./&0'1213-4%56.7,'.//5-".75,'$85,'20-9'5:&%&;8%&//"5,*%<*%P,?3,8;/I523%Q28%37,%@;)@"43,)%K823,@;?%
4R,8%I@2"7,#@"45%Q84"H2;4H2;%2Q%!ST?%38,43,)%Q28%$&%28%&:%7%U@37%)29B%12345%",55%,9384"3?V%"632?25@"%A(63C%4;)%"782#4H;/
I2>;)% A(78C% Q84"H2;?% U,8,% 4;456W,)B% !,-$% 4;)% *.% ?,8L,% 4?% #48-,8?% 2Q% "632?25@"% 4;)% "782#4H;/I2>;)% K823,@;?V%
8,?K,"HL,56B%=*' G##>;2=>28,?",;",%AGTC%2Q% 32345%4;)%"782#4H;/I2>;)%AK8,/,9384"3,)C%!"#.%AX8,,;C%2;%!ST?%/Y0%)29%
38,43#,;3%A&:%7CB%Z>"5,@%48,%?34@;,)%U@37%E+FG% AI5>,CB%["45,%I48%ON%\#B%2B%*@X7/3782>X7K>3%#@"82?"2K6%A*1!C%4;456?@?%
?72U@;X% !"#.% =>28,?",;",% @;3,;?@36% @;% @;)@L@)>45% ",55?% A5,RC% 4;)% K,8",;34X,% 2Q% ",55?% K2?@HL,% Q28% "782#4H;/I2>;)%
!(!.% A8@X73];^%$% "52;,?]%_NN%;>"5,@Y"52;,CB% [34H?H"4556% ?@X;@`"4;3%K%L45>,?% "45">543,)%>?@;X%!4;;/P7@3;,6% 3,?3% A5,RC%
4;)%T@?7,8a?%3,?3%A8@X73C]%MMM%KbNBNN<B%%

<% $% .% &% O% '% c% :% _% <<%<N% <$%

Figure	   21.	   Increased	   MCM-‐
chromatin	   association	   upon	   Cdc6	  
overexpression.	   A.	   Western	   blot	  
for	   the	   indicated	   proteins	   after	  
biochemical	   fractionation	   of	   MEFs	  
treated	   for	   24	   or	   48	   h	   with	   dox.	  
Total	   cell	   extracts,	   cytosolic	   (Cyt)	  
and	   chromatin-‐bound	   (Chr)	  
fractions	  were	  analyzed.	  Mek2	  and	  
H3	   serve	   as	   markers	   of	   cytosolic	  
and	   chromatin-‐bound	   proteins,	  
respectively.	  	  
B.	   Immunofluorescence	   (IF)	   of	  
total	   and	   chromatin-‐bound	   (pre-‐
extracted)	  Mcm3	  (green)	  on	  MEFs	  -‐
/+	   dox	   treated	   (48	   h).	   Nuclei	   are	  
stained	  with	  DAPI	  (blue).	  Scale	  bar	  
50	   μm.	   C.	   High-‐throughput	  
microscopy	   (HTM)	   analysis	  
showing	   Mcm3	   fluorescence	  
intensity	   in	   individual	   cells	   (left)	  
and	  percentage	  of	  cells	  positive	  for	  
chromatin-‐bound	   MCM3	   (right;n=	  
2	   clones;	   900	   nuclei/clone).	  
Statistically	   significant	   p	   values	  
calculated	   using	   Mann-‐Whitney	  
test	   (left)	   and	   Fisher’s	   test	   (right);	  
***	  p<0.001.	  	  
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This	  result	  was	  further	  confirmed	  by	  Mcm3	  immunofluorescence	  (IF).	  In	  cells	  treated	  

with	   detergent	   prior	   to	   fixation,	   the	   IF	   signal	   corresponds	   exclusively	   to	   chromatin-‐bound	  

proteins	   (Fig.	   21B).	   The	   presence	   of	   Mcm3	   on	   chromatin	   was	   also	   analyzed	   by	   high-‐

throughput	  microscopy	  (HTM).	  As	  shown	  in	  figure	  21C	  and	  D,	  Cdc6	  overexpression	  leads	  to	  

increased	  Mcm3	  nuclear	  intensity	  and	  higher	  percentage	  of	  Mcm3-‐positive	  cells.	  

	  

As	  it	  was	  the	  case	  with	  K5-‐CDC6tg	  keratinocytes,	  no	  differences	  were	  observed	  in	  the	  

cell	  cycle	  profile	  and	  BrdU	  incorporation	  rate	  24	  or	  48	  h	  after	  dox	  addition,	  ruling	  out	  that	  

the	  increased	  MCM-‐chromatin	  binding	  was	  due	  to	  an	  accumulation	  of	  cells	  in	  G1	  (Fig.	  22).	  	  

	  

Accordingly,	   no	   differences	   were	   found	   in	   the	   number	   of	   EdU-‐positive	   cells,	   EdU	  

nuclear	   intensity	   or	   chromatin-‐bound	   PCNA	  measured	   by	   HTM	  between	   control	   and	   dox-‐

treated	  cells	  (Fig.	  23).	  

	  

2.3.	  Overexpressed	  Cdc6	  protein	  is	  regulated	  in	  the	  cell	  cycle	  

We	  next	  studied	  whether	  Cdc6	  overexpression	  would	  affect	  cell	  cycle	  re-‐entry	  after	  

serum	   starvation	   in	   primary	   MEFs.	   Cells	   were	   grown	   until	   nearly	   confluent	   and	   serum-‐

starved	  for	  72	  h	  to	  drive	  them	  into	  a	  quiescent	  G0	  state.	  24	  h	  before	  induction	  of	  cell	  cycle	  

re-‐entry,	  dox	  was	  added	  to	  induce	  HA-‐Cdc6	  overexpression	  (Fig.	  24A).	  	  

	  

	  

	  

Figure	  22.	  BrdU	  incorporation	  rate	  and	  cell	  cycle	  profile	  in	  Cdc6-‐overexpressing	  cells.	  Cells	  were	  pulse-‐labeled	  
for	   30	   min	   with	   BrdU	   after	   24	   or	   48	   h	   of	   dox	   addition	   and	   processed	   for	   flow	   cytometry	   analysis	   of	   BrdU	  
incorporation	  and	  DNA	  content,	  stained	  with	  propidium	  iodide	  (PI).	  
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Interestingly,	  we	   noticed	   that	   even	   in	   the	   presence	   of	   dox,	   Cdc6	   protein	   failed	   to	  

accumulate	  in	  G0	  cells,	  consistent	  with	  its	  reported	  downregulation	  in	  quiescence	  (Hateboer	  

et	   al.,	   1998;	   Petersen	   et	   al.,	   2000)	   (Fig.	   24B).	  Upon	   cell	   cycle	   re-‐entry,	   Cdc6	  progressively	  

accumulated	  both	   in	  control	  and	  dox-‐treated	  cells.	   In	  any	  case,	  cell	   cycle	   re-‐entry	  was	  not	  

accelerated	  upon	  Cdc6	  overexpressionNo	  differences	  were	  found	  in	  the	  percentage	  of	  BrdU-‐

incorporating	  cells	  at	  any	  of	  the	  time	  points	  tested	  after	  serum	  addition	  (Fig	  24C).	  

	  

	  

Figure	  23.	  EdU	  and	  PCNA	  quantification	  by	  HTM-‐analysis.	  A.	  Representative	  images	  of	  EdU	  IF	  (green)	  in	  control	  
and	   dox-‐treated	   cells.	   Nuclei	   are	   stained	  with	   DAPI	   (blue).	   Scale	   bar	   50	   μm.	  B.	  HTM-‐mediated	   quantification	  
revealed	  no	  differences	  in	  nuclear	  intensity	  (left)	  or	  percentage	  of	  EdU-‐positive	  cells	  (right)	  between	  control	  and	  
dox-‐treated	  cells	  (n=	  2	  clones;	  1000	  nuclei	  are	  depicted).	  Error	  bars	  represent	  SD.	  C.	  HTM	  analysis	  of	  chromatin-‐
bound	  PCNA	  resulted	  in	  similar	  nuclear	  intensity	  (left)	  or	  percentage	  of	  positive	  cells	  (right)	  in	  control	  and	  dox-‐
treated	  cells	  (n=2	  clones;	  700	  nuclei	  are	  shown).	  Error	  bars	  represent	  SD.	  
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The	  observation	  that	  exogenous	  Cdc6	  did	  not	  accumulate	  in	  G0	  cells	  prompted	  us	  to	  

compare	   the	   accumulation	   of	   Cdc6	   and	   the	   level	   of	   MCM	   chromatin	   association	   in	   cells	  

enriched	  in	  G1,	  S	  and	  G2/M	  phases.	  Cells	  treated	  for	  24	  h	  with	  dox	  were	  submitted	  to	  FACS	  

sorting	   based	   on	   their	   DNA	   content	   (Fig.	   25A).	   The	   lowest	   Cdc6	   expression	   level	   was	  

detected	  in	  G1	  (Fig.	  25B).	  This	  probably	  reflects	  the	  fact	  that	  Cdc6	  is	  a	  substrate	  of	  the	  Cdh1-‐

APC/C	  proteolytic	  pathway	  (Méndez	  and	  Stillman,	  2000;	  Petersen	  et	  al.,	  2000;	  Mailand	  and	  

Diffley,	   2005).	   In	   contrast,	   expression	   levels	   increased	   from	   S	   to	   G2/M	   (Fig.	   25B).	   Higher	  

levels	  of	  MCM	  chromatin	  association	  were	  seen	  in	  G1	  and	  G2/M	  cells	  (Fig.	  25C).	  In	  the	  latter,	  

the	  enrichment	  probably	  corresponds	  to	  mitotic	  cells,	  when	  pre-‐RC	  proteins	  start	  to	  bind	  to	  

DNA	  (Méndez	  and	  Stillman,	  2000).	  The	  fact	  that	  no	  increased	  levels	  of	  MCM	  on	  chromatin	  

are	  seen	  in	  S-‐phase	  suggests	  that	  overexpressed	  Cdc6	  mainly	  exerts	  its	  licensing	  function	  in	  

the	  expected	  phases	  of	  the	  cell	  cycle	  (telophase	  and	  G1).	  	  

	  

	  

Figure	  24.	  Effect	  of	  Cdc6	  on	  cell	  cycle	  re-‐entry	  upon	  serum	  starvation.	  A.	  Outline	  of	  the	  serum-‐starvation	  and	  
cell	  cycle	  re-‐entry	  induction	  protocol.	  B.	  Immunoblot	  showing	  Cdc6	  protein	  for	  the	  duration	  of	  the	  experiment.	  
Mek2,	   loading	  control.	  C.	  Cells	  were	  pulse-‐labeled	  for	  30	  min	  with	  BrdU	  at	  the	  indicated	  time	  points	  and	  the	  
percentage	  of	  cells	   incorporating	   it	   into	  nascent	  DNA	  was	  estimated	  by	  flow	  cytometry.	  No	  differences	  were	  
observed	  between	  control	  and	  dox-‐treated	  cells.	  An	  asynchronic	  culture	  is	  shown	  as	  a	  control.	  	  
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Figure	  25.	  Cdc6	  overexpression	  and	  MCM	  chromatin	  enrichment	  in	  the	  cell	  cycle.	  A.	  DNA	  content	  profile	  of	  
control	   and	   dox-‐treated	   cells	   before	   sorting	   (left)	   and	   in	   the	   different	   cell	   fractions	   obtained	   after	   sorting	  
(right).	  B.	  Cdc6	  expression	  levels	  by	  western	  blot	  in	  an	  unsorted	  population	  of	  cells,	  G1,	  S	  and	  G2/M	  fractions	  
(left).	  Mek2,	   loading	  control.	  Cdc6	  overexpression	   levels	  quantified	   (right)	  using	   the	  LI-‐COR	  Odyssey	   Imaging	  
system.	  Cdc6	  was	  normalized	  by	  its	  corresponding	  Mek2	  signal.	  Cdc6	  overexpression	  accumulates	  from	  G1	  to	  
G2/M.	  C.	  Western	  blot	  for	  the	  indicated	  proteins	  after	  biochemical	  fractionation.	  D.	  Chromatin-‐bound	  fractions	  
for	  Cdc6,	  Mcm2	  and	  Mcm4	  quantified	  using	  the	  LI-‐COR	  Oddysey	  system.	  
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2.4.	  Cdc6	  overexpression	  increases	  origin	  activity	  during	  S-‐phase	  

After	   having	   detected	   increased	   levels	   of	   MCM	   on	   chromatin	   due	   to	   Cdc6	  

overexpression,	   we	   next	   analyzed	   the	   DNA	   replication	   dynamics	   in	   terms	   of	   origin	   firing	  

efficiency	   and	   fork	   progression	   rate.	   We	   reasoned	   that	   the	   increased	   efficiency	   of	   MCM	  

loading	   could	   favor	   the	   activation	  of	  more	  DNA	   replication	  origins.	   Potential	   ‘new’	  origins	  

might	  be	  activated	  in	  a	  normal	  S-‐phase	  or	  perhaps	  reserved	  to	  be	  activated	  upon	  replicative-‐

stress	  conditions	  as	  described	  for	  ‘dormant	  origins’	  (Get	  at	  al.,	  2007;	  Ibarra	  et	  al.,	  2008).	  In	  

the	  second	  case,	  Cdc6	  overexpression	  might	  confer	  some	  resistance	  to	  replication	  stress.	  	  

	  

The	   analysis	   of	   origin	   firing	   and	   fork	   progression	   was	   addressed	   by	   DNA	   fiber	  

spreading,	   which	   allows	   the	   visualization	   of	   newly	   synthesized	   DNA	   tracks	   in	   individual	  

molecules.	   To	   do	   so,	   cells	   were	   sequentially	   pulse-‐labeled	   with	   halogenated	   nucleosides	  

chlorodeoxyuridine	   (CldU)	   and	   iododeoxyuridine	   (IdU)	   after	   which	   genomic	   DNA	   was	  

extracted	  and	  stretched	  on	  glass	  slides,	  stained	  with	  IdU-‐	  and	  CldU-‐specific	  antibodies,	  and	  

visualized	  by	  IF	  (see	  Materials	  and	  Methods).	  	  
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Figure	   26.	   Replication	   structures	   detected	   by	   DNA	   fiber	   spreading.	   A.	   Schematic	   representation	   of	   the	  
structures	   generated	  by	   sequential	   pulse	   labelling	  of	   cells	  with	  CldU	   (red)	   and	   IdU	   (green),	   depending	  on	   the	  
timing	  of	  origin	   firing	  during	   the	   labelling	  period.	  B.	  The	  upper	  part	   shows	  a	  single	  DNA	   fiber	  with	   two	  active	  
origins	  that	  allows	  the	  measurement	  of	  the	  inter-‐origin	  distance	  (IOD).	  Fork	  rate	  (FR)	  is	  calculated	  with	  second-‐
labeled	   tracks.	   The	   bottom	   part	   shows	   representative	   pictures	   of	   the	   structures	   depicted	   in	   A	   plus	   a	   re-‐
replicated	  track.	  	  	  
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The	   configuration	   of	   replication	   tracks	   on	   single	   DNA	   molecules	   allows	   the	  

identification	  of	  origins,	  ongoing	  forks,	  terminating	  forks	  and	  even	  re-‐replication	  events	  (Fig.	  

26A-‐B).	   To	   estimate	   the	   frequency	   of	   fired	   origins,	  we	  measured	   the	   inter-‐origin	   distance	  

(IOD).	  Shorter	  IODs	  correlate	  with	  higher	  origin	  activity	  (Conti	  et	  al.,	  2007;	  Maya-‐Mendoza	  et	  

al.,	   2007).	   Fork	   progression	   rate	  was	  monitored	   in	   second-‐labeled	   tracks,	  whose	   length	   is	  

divided	   by	   the	   duration	   of	   the	   pulse	   (Fig.	   26B).	   The	   same	   parameters	   can	   be	   measured	  

under	  conditions	  of	  replicative	  stress.	  Here,	  cells	  were	  subjected	  either	  to	  a	  short	  (2	  h),	  low-‐

dose	  aphidicolin	  treatment	  (0.1	  µM)	  or	  to	  a	   longer	  (24	  h),	  higher	  dose	  treatment	  (0.5	  µM)	  

(Fig.	  27A).	  

	  

Interestingly,	   cells	   treated	   with	   dox	   for	   24	   h	   showed	   a	   1.5-‐fold	   reduction	   in	   IOD,	  

which	   suggests	   that	  Cdc6-‐overexpressing	   cells	   fired	  more	  origins	   in	  a	  normal	   S-‐phase	   (Fig.	  

27B).	  A	  similar	  effect	  was	  observed	  upon	  48	  h	  of	  dox	  treatment	   (1.8-‐fold	  decrease	   in	   IOD;	  

Fig.	   27C).	  We	   ruled	   out	   non-‐specific	   effects	   of	   dox	   by	   performing	   similar	   experiments	  wt	  

MEFs	   (data	   not	   shown).	   The	   higher	   frequency	   of	   origin	   usage	   should	   in	   principle	   lead	   to	  

faster	  DNA	  replication	  and	  shorter	  S-‐phase,	  but	   these	  effects	  were	  not	  observed	   (Fig.	  22).	  

This	  is	  probably	  because	  the	  increase	  in	  origin	  firing	  was	  accompanied	  by	  a	  parallel	  decrease	  

in	  fork	  rate	  progression	  (Fig.	  27	  C	  and	  27	  E,	  left	  lanes).	  This	  ‘slowing’	  of	  forks	  after	  excessive	  

origin	  activity	  could	   indicate	  the	  existence	  of	   limiting	  factors	   for	   fork	  activity	   (Zhong	  et	  al.,	  

2013;	  reviewed	  by	  Petermann	  and	  Helleday,	  2010).	  

	  

As	  expected,	  when	  control	  cells	  were	  treated	  for	  2	  h	  with	  aphidicolin,	  they	  activated	  

more	   (approximately	  3-‐fold)	   compared	   to	  a	   regular	   S-‐phase	   (Fig.	   27B,	   lanes	  1	  and	  3).	   The	  

fork	  rate	  was	  reduced	  to	  a	  similar	  extent	  (Fig.	  27C,	  lanes	  1-‐3).	  In	  contrast,	  dox-‐treated	  cells	  

only	  increased	  origin	  firing	  by	  1.4-‐fold	  upon	  aphidicolin	  with	  a	  proportional	  decrease	  in	  the	  

fork	   progression	   rate	   (Fig.	   27B,	   8C	   lanes	   2-‐4).	   This	   result	   suggests	   that	   replication	   stress-‐

induced	  new	  origin	  firing	  is	  partially	   inhibited	  in	  Cdc6-‐overexpressing	  cells	  (Figs.	  27B,	   lanes	  

3-‐4).	  This	  observation	  was	  more	  apparent	  under	  conditions	  of	  continued	  replicative	  stress.	  	  

After	  24	  h	  of	  aphidicolin,	  control	  cells	  increased	  origin	  firing	  by	  2-‐fold,	  Cdc6-‐overexpressing	  

cells	   showed	   the	   same	   IOD	   independently	   of	   aphidicolin,	   indicating	   that	   they	   had	   already	  

fired	  all	  available	  origins,	  i.e.	  that	  virtually	  no	  origin	  was	  left	  dormant	  under	  these	  conditions	  

(Figs.	  27D).	  	  
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Figure	  27.	  DNA	  fiber	  analysis	  shows	  increased	  origin	  activity	  in	  Cdc6	  overexpressing	  cells.	  A.	  Outline	  of	  the	  
experiment.	  Two	  different	  conditions	  of	  aphidicolin	  were	  used:	  0.1	  μM	  of	  aphidicolin	  during	  2	  h	  (part	  B,	  C)	  and	  
0.5	  μM	  for	  24	  h	  (part	  D,	  E).	  Cells	  were	  sequentially	  pulsed-‐labeled	  for	  20	  min	  with	  CldU/IdU	  and	  subjected	  to	  
DNA	  fiber	  spreading.	  B.	  Inter-‐origin	  distantance	  (IOD)	  and	  fork	  progression	  rate	  measurements	  (FR)	  (part	  C)	  for	  
dox-‐treated	  and	  control	   cells	   in	  a	  normal	  S-‐phase	  and	  upon	  short	  aphidicolin	   treatment	   (n=3	  clones;	   IOD,	  ≅	  
100	  measurements/condition;	   FR,	   >	  900	  measurements/condition).	  D-‐E.	   Same	  as	   in	  parts	  B	  and	  C	  but	  upon	  
long	   aphidicolin	   treatment	   (n=2	   clones;	   IOD	   >100	   measurements/conditon;	   FR	   >	   500	  
measurements/condition).	  Statistically	  significant	  p	  values	  calculated	  using	  Mann-‐Whitney	  test	  ***=	  p<0.001;	  
**	  p<0.0055;	  n.s.	  no	  significant.	  	  
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2.5.	  Spatio-‐temporal	  regulation	  of	  DNA	  replication	  is	  not	  affected	  by	  Cdc6	  overexpression	  

DNA	  replication	  follows	  a	  spatio-‐temporal	  program,	  by	  which	  large	  segments	  of	  the	  

genome	   are	   coordinately	   replicated	   through	   the	   nearly	   synchronous	   firing	   of	   clusters	   of	  

replication	   origins	   (reviewed	   by	  Gilbert,	   2010;	   Aparicio,	   2013).	   The	  molecular	   and	   genetic	  

mechanisms	  that	  define	  this	  spatio-‐temporal	  coordination	  are	  not	  fully	  understood,	  and	  one	  

hypothesis	  postulates	  the	  existence	  of	  rate-‐limiting	  proteins	  for	  origin	  firing	  (Mantiero	  et	  al.,	  

2011).	   To	   check	   whether	   Cdc6	   might	   alter	   the	   spatio-‐temporal	   replication	   program,	   we	  

analyzed	  the	  distribution	  of	  the	  different	  EdU	  patterns	  observed	  during	  S-‐phase	  (Dimitrova	  

and	  Berezney,	  2002).	  No	  differences	  in	  the	  distribution	  of	  early,	  mid-‐	  and	  late	  S-‐phase	  EdU	  

patterns	  between	  control	  and	  dox-‐treated	  cells	  were	  observed	  (Fig.	  28),	  indicating	  that	  Cdc6	  

overexpression	  did	  not	  affect	  the	  large-‐scale	  replication	  timing	  programme.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	   28.	   Cdc6	   overexpression	   did	   not	   affect	   the	   distribution	   of	   replication	   foci	   during	   S-‐phase.	   A.	  
Representative	   images	  of	  S-‐phase	  EdU	  patterns.	  Cdc6	  overexpression	  was	   induced	  with	  dox	   for	  48	  h	  before	  
EdU	  pulse-‐labeling	  for	  30	  min.	  EdU	  (green),	  DAPI	  (blue).	  B.	  Quantification	  of	  replication	  patters	  (n=	  3	  clones,	  
150-‐200	  nuclei	  per	  clone	  were	  counted).	  Error	  bars	  represent	  SD.	  C.	  Immunoblot	  showing	  Cdc6	  overexpression	  
levels.	  Mek2,	  loading	  control.	  
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2.6.	  Cdc6	  overexpressing-‐cells	  do	  not	  show	  signs	  of	  replicative	  stress	  	  

Promiscuous	  origin	  activity	  may	  lead	  to	  stress	  and	  activation	  of	  the	  DDR	  (Syljuasen	  

et	   al.,	   2005;	   DiMicco	   et	   al.,	   2006;	   Maya-‐Mendoza	   et	   al.,	   2007).	   Given	   that	   Cdc6-‐

overexpressing	  cells	  activate	  more	  origins	  in	  a	  normal	  S-‐phase,	  we	  checked	  for	  the	  activation	  

of	   DDR	  markers.	   No	   changes	   were	   observed	   for	   the	   nuclear	   intensity	   and	   percentage	   of	  

positive	   cells	   for	   chromatin-‐bound	   RPA	   (Fig.	   29A-‐B)	   and	   γH2AX	   (Fig.	   29C-‐D)	   upon	   Cdc6	  

overexpression.	   As	   a	   control,	   cells	   treated	   with	   HU	   displayed	   RPA	   foci	   and	   γH2AX	  

fluorescence.	  Still,	  no	  differences	  were	  found	  by	  Cdc6	  overexpression	  in	  the	  presence	  of	  HU.	  

Similar	  results	  were	  obtained	  with	  aphidicolin	  (data	  not	  shown).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	   	  

Figure	   29.	   No	   signs	   of	   replicative	   stress	   in	   Cdc6-‐overxpressing	   MEFs.	   A.	   HTM-‐mediated	   quantification	   of	  
nuclear	   signal	   intensity	   of	   RPA	   in	   normal	   conditions	   and	   upon	   a	   3	   h	   treatment	   with	   0.5	   mM	   HU.	   Cdc6	  
overexpression	  was	   induced	  with	   dox	   24	   h	   before	   the	   experiment	   (500	   nuclei	   per	   condition	   are	   shown).	   B.	  
Upper	  part:	  quantification	  of	  cells	  positive	  for	  RPA	  foci	  in	  normal	  and	  upon	  HU	  treatment	  as	  in	  part	  A	  (300-‐400	  
nuclei/condition).	   Bottom	  part:	   representative	  pictures	  of	  RPA	   IF	   (red)	  before	   and	  after	  HU	   treatment.	  DNA	  
stained	  with	  DAPI	  (blue).	  C.	  HTM-‐mediated	  quantification	  of	  γH2AX	  nuclear	  intensity	  in	  normal	  conditions	  and	  
upon	  a	  3	  h	  treatment	  with	  different	  HU	  concentrations	  (high;	  0.5	  mM;	  low:	  0.1	  mM).	  Cdc6	  overexpression	  was	  
induced	   24	   h	   before	   the	   experiment.	   Data	   are	   representative	   of	   2	   independent	   analyses	   (1000	   nuclei	   per	  
condition).	   D.	   Quantification	   of	   γH2AX-‐positive	   cells	   under	   the	   same	   experimental	   conditions	   (n=2	   clones;	  
>1000	  nuclei	  per	  condition).	  Error	  bars	  represent	  SD.	  	  
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Replicative	   stress-‐inducing	   agents	   increase	   the	   frequency	   of	   double	   strand	   breaks	  

(DSB)	  (Saintigny	  et	  al.,	  2001;	  Lundin	  at	  al.,	  2002)	  that	  can	  be	  visualized	  by	  the	  colocalization	  

of	  53BP1	  and	  γH2AX	  foci	  (Shultz	  et	  al.,	  2000)	  (Fig.	  30A).	  As	  expected,	  aphidicolin	  increased	  

the	  number	  of	   cells	   positive	   for	   53BP1	  and	  γH2AX	   foci,	   but	  no	  differences	  were	  observed	  

between	  control	  and	  dox-‐treated	  cells	  (Fig.	  30B).	  	  

DNA	   replication	   problems	   induced	   by	   long	   aphidicolin	   treatments	   can	   also	   be	  

visualized	   in	   the	   form	   of	   chromatid	   breaks	   on	  metaphase	   spreads	   (Fig.	   30C).	   TetON-‐CDC6	  

MEFs	  were	  treated	  with	  aphidicolin	  for	  24	  h	  and	  the	  number	  of	  breaks	  per	  chromosome	  was	  

quantified	  in	  metaphase	  spreads.	  Without	  aphidicolin,	  the	  number	  of	  breaks	  was	  very	  low,	  

	  

Figure	   30.	   Cdc6	   overexpression	   does	   not	   induce	   DSB.	  A.	   Confocal	  microscopy	   IF	   images	   for	   γH2AX	   IF	   (red),	  
53BP1	   IF	   (green)	   and	  nuclear	  DNA	   stained	  with	  DAPI	   (blue).	  B.	  Quantification	  of	   positive	   cells	   for	   γH2AX	  and	  
53BP1	   foci	   in	   normal	   conditions	   and	   upon	   aphidicolin	   treatment	   (0.5	   μM	   for	   24	   h).	   Cells	   with	   >2	   foci	   were	  
considered	  positive	  (n=2	  clones;	  ≈	  700	  nuclei	  per	  condition).	  Error	  bars	  represent	  SD.	  C.	  Representative	  pictures	  
of	   metaphase	   chromosomes	   obtained	   after	   aphidicolin	   treatment.	   Arrowheads	   mark	   chromatid	   breaks	   (see	  
insets)	   Scale	   bar	   25	   μm.	   D.	   Quantification	   of	   chromatid	   breaks	   per	   chromosome	   after	   48	   h	   of	   Cdc6	  
overexpression.	   During	   the	   last	   24	   h,	   0.5	   μM	   aphidicolin	   was	   added.	   Variations	  were	   just	   under	   the	   limito	   f	  
significance	  (p	  =	  0.056)	  using	  Student	  t-‐test	  test	  (n=4	  clones;	  >30	  metaphases	  quantified	  per	  condition).	  E.	  Ploidy	  
quantification	  on	  metaphase	  spreads.	  No	  differences	  were	  observed	  between	  control	  and	  dox-‐treated	  cells	  48	  h	  
post-‐induction	  (n=4	  clones;	  >50	  metaphases	  were	  counted	  per	  condition).	  Error	  bars	  represent	  SD.	  
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and	  no	  differences	  were	  observed	  between	  control	  and	  dox-‐treated	  cells.	  In	  the	  presence	  of	  

aphidicolin,	   a	   modest	   increase	   in	   the	   frequency	   of	   breaks	   was	   observed	   in	   Cdc6-‐

overexpressing	   cells,	   which	  was	   very	   close	   to	   the	   threshold	   of	   statistitcal	   significance	   (p=	  

0.056;	  Fig.	  30D).	  No	  changes	  in	  ploidy	  between	  control	  and	  dox-‐treated	  cells	  were	  observed	  

(Fig.	  30E).	  

	  

2.7.	  Cdc6	  overexpression	  does	  not	  affect	  homologous	  recombination	  rate	  	  

As	  indicated	  above,	  fork	  progression	  was	  slower	  after	  Cdc6	  overexpression	  (Fig.	  27).	  

Short-‐labeled	  tracks	  could	  also	  indicate	  a	  higher	  frequency	  of	  stalled	  or	  collapsed	  replication	  

forks.	   Upon	   fork	   collapse,	   replication	   can	   be	   rescued	   through	   the	   homologous	  

recombination	  (HR)-‐mediated	  replication	  fork	  restart,	  which	  involves	  template	  switching	  to	  

the	   undamaged	   sister	   chromatid	   (reviewed	   by	   Petermann	   and	   Helleday,	   2010;	   Branzei,	  

2011).	  The	  resulting	  crossover	  events	  can	  be	  visualized	  as	  sister	  chromatid	  exchanges	  (SCE)	  

on	  metaphase	  chromosomes	  (Sonoda	  et	  al.,	  1999).	  	  

	  

	  

	  

	  

For	   this	   reason,	   we	   analyzed	   the	   frequency	   of	   HR	   events	   in	  MEFs	   overexpressing	  

Cdc6	   under	   normal	   growth	   conditions	   or	   in	   the	   presence	   of	   aphidicolin	   or	   camptothecin	  

	  
Figure	  31.	  Sister-‐chromatid	  exchange	  analysis	  (SCE)	  showed	  similar	  HR	  events	  in	  dox-‐treated	  and	  control	  cells.	  
A.	  Protocol	  for	  SCE	  analysis	  upon	  aphidicolin	  (0.5	  μM)	  or	  CPT	  (CPT,	  2.5	  nM).	  B.	  Representative	  pictures	  of	  BrdU	  IF	  
to	   detect	   HR	   events	   on	   metaphase	   chromosomes.	   Scale	   bar	   25	   μm.	   C.	   Cuantification	   of	   HR	   events	   per	  
chromosome.	   No	   statistically	   significant	   values	   were	   obtained	   using	   Mann-‐Whitney	   test	   (n=3	   clones	   for	  
aphidicolin;	  CPT	  n=1	  clone;	  >	  600	  chromosomes/condition).	  Error	  bars	  represent	  SD.	  
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(CPT),	  two	  DNA	  replication	  inhibitors	  known	  to	  induce	  SCEs	  (Fig.	  31A).	  Cells	  were	  labeled	  for	  

48	  h	  with	  BrdU	  and	  its	  incorporation	  was	  visualized	  on	  metaphase	  chromosomes	  by	  IF	  (Fig.	  

31B).	   The	   frequency	  of	  HR	  events	  was	   similar	   in	   control	  and	  dox-‐treated	  cells.	  Aphidicolin	  

and	  CPT	  induced	  a	  moderate	  increase	  in	  cells	  overexpressing	  Cdc6,	  although	  the	  differences	  

were	  not	  statistically	  significant	  (Fig.	  31C).	  	  

	  

2.8.	  No	  effect	  of	  Cdc6	  overexpression	  on	  cell	  growth	  or	  viability	  

The	  results	  shown	  in	  figures	  29-‐31	   indicate	  that	  short-‐term	  Cdc6	  overexpression	   in	  

MEFs	  did	  not	  have	  a	  negative	  impact	  on	  genomic	  integrity.	  	  

	  

	  

Next	  we	  considered	  the	  alternative	  possibility,	  namely	  that	  higher	  Cdc6	  levels	  could	  

have	   a	   protective	   effect	   in	   situations	   of	   replicative	   stress.	   However,	   Cdc6-‐overexpressing	  

cells	  proliferated	  at	   the	   same	   rate	   than	   control	   cells	   in	   the	  presence	  of	  different	  doses	  of	  

	  
Figure	  32.	  Cell	  proliferation	  under	  conditions	  of	  replicative	  stress.	  A.	  Outline	  of	  the	  cell	  proliferation	  assay.	  B.	  
Proliferation	  curve.	  Circles	  represent	  control	  cells.	  Squares	  represent	  dox-‐treated	  cells.	  The	  colors	  correspond	  
to	  control	  (blue	  lines)	  and	  different	  aphidicolin	  doses:	  green,	  0.05	  μM;	  yellow,	  0.1	  μM;	  red,	  0.3	  μM.	  This	  curve	  
is	   representative	  of	  7	   independent	  experiments.	  Error	  bars	   represent	  SD	  of	  duplicates	   in	   this	  experiment.	  C.	  
Western	  blot	  for	  Cdc6	  overexpression	  in	  cells	  at	  day	  5.	  Mek2,	  loading	  control.	  D.	  MTT-‐based	  colorimetric	  cell	  
proliferation	  assay.	  Cells	  were	  grown	  for	  three	  days	  in	  the	  presence	  of	  different	  doses	  of	  aphidicolin	  (D)	  or	  HU	  
(E).	  Cell	  viability	  is	  calculated	  relative	  to	  the	  absorbance	  of	  the	  untreated	  samples.	  Error	  bars	  represent	  SD	  of	  
duplicates	  in	  this	  experiment.	  
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aphidicolin	   (Fig.	   32).	   Furthermore	   no	   differences	   in	   cell	   viability	   were	   obtained	   using	   a	  

colorimetric	   MTT-‐based	   cell	   proliferation	   assay	   in	   the	   presence	   of	   other	   DNA	   damaging	  

agents	  such	  as	  UV,	  methyl	  methanesulfonate	  (MMS)	  and	  Neocarzinostatin	  (NCS).	  Again,	  no	  

differences	   in	   cell	  proliferation	  between	  control	   and	  dox-‐treated	  cells	  were	  observed	   (Fig.	  

33).	  	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

2.9.	  Cdc6	  overexpression	  does	  not	  facilitate	  transformation	  in	  MEFs	  

We	  also	   tested	  whether	  Cdc6	  overexpression	  could	  contribute	   to	  spontaneous	  cell	  

immortalization.	   Primary	   MEFs	   were	   subjected	   to	   a	   3T3	   protocol,	   in	   which	   cells	   grow	  

exponentially	  the	  first	  4-‐5	  passages	  after	  which	  they	  reach	  a	  ‘plateau’	  phase	  where	  further	  

growth	   is	   limited	  by	  senescence.	  Upon	  the	  occurrence	  of	  spontaneous	  mutations	   in	  tumor	  

suppressor	   genes	   such	   as	   p53	   (Harvey	   and	   Levine,	   1993)	   cells	   escape	   senescence	   and	  

exponential	   growth	   is	   recovered.	   Three	   different	   clones	   of	   Cdc6	   overexpressing	   MEFs	  

reached	   and	   exited	   the	   plateau	   phase	   with	   similar	   kinetics	   regardless	   of	   Cdc6	  

overexpression.	  A	  wt	  clone	  of	  MEFs	  was	  analyzed	  in	  parallel	  to	  rule	  out	  possible	  unspecific	  

	  
Figure	  33.	  MTT-‐based	  colorimetric	  proliferation	  assay	  upon	  different	  DNA	  damaging	  agents.	  A.	  Outline	  of	  the	  
experiment.	  Cells	  were	  given	  increasing	  doses	  of	  different	  insults	  for	  24	  hours,	  released	  the	  day	  after	  and	  kept	  
in	  culture	  for	  3	  more	  days.	  B,	  C	  and	  D.	  Cell	  viability	  in	  control	  and	  dox-‐treated	  cells	  after	  UV	  (B),	  MMS	  (C)	  and	  
NCS	  (D)	  treatment.	  Cell	  viability	  was	  calculated	  relative	  to	  the	  absorbance	  of	  the	  untreated	  samples.	  	  
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effects	   of	   dox	   addition	   (Fig.	   34A-‐B).	   	   We	   also	   checked	   that	   Cdc6	   did	   not	   increase	   the	  

efficiency	  of	  cell	  transformation	  mediated	  by	  H-‐RasV12	  and	  E1A	  (Fig.	  34	  C)	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

2.10.	  Cdc6	  overexpression	  increases	  MCM-‐content	  in	  proliferative	  tissues	  

The	   results	   presented	   in	   this	   chapter	   so	   far	   show	   that	   the	   TetON-‐CDC6	   strain	   is	  

functional,	   leading	  to	  significant	  overexpression	  of	  Cdc6	  and	  increased	  association	  of	  MCM	  

proteins	  with	  chromatin	   (Figs.	  20,	  21).	   In	  MEFs,	   in	  a	  higher	   frequency	  of	  origin	   firing	   in	  S-‐

phase	  but	  this	  was	  compensated	  by	  slower	  fork	  progression	  rate	  (Fig.	  27)	  and	  no	  effects	  on	  

cell	  viability	  or	  genetic	  integrity	  were	  observed	  (Figs.	  29-‐33).	  Next,	  we	  aimed	  at	  testing	  the	  

impact	  of	  long-‐term	  overexpression	  of	  Cdc6	  in	  vivo.	  	  

	  

To	   this	   aim,	   dox	   was	   supplied	   ad	   libitum	   in	   the	   mice	   diet.	   The	   levels	   of	   Cdc6	  

expression	   after	   4	  weeks	  were	   analyzed	   by	   RT-‐qPCR	  on	   total	   RNA	   isolated	   from	  all	  major	  

organs	  (Fig.	  35).	  The	  highest	  level	  of	  Cdc6	  overexpression	  was	  found	  in	  the	  intestine	  (>100-‐

	  

Figure	   34.	   Cdc6	   overexpression	   does	   not	   facilitate	   cell	   transformation.	   A.	   Western	   blot	   for	   Cdc6	  
overexpression	   for	   the	   different	   clones	   used	   in	   the	   3T3	   immortalization	   assay.	   B.	   Growth	   rate	   during	   the	  
immortalization	  process	  (n=3	  TetON-‐CDC6	  clones	  and	  1	  wt	  clone).	  Error	  bars	  represent	  SD	  between	  clones.	  C.	  
Foci	  quantification	  in	  the	  E1A/H-‐RasV12-‐infected	  plates	  (n=	  2	  clones).	  D.	  Cdc6	  overexpression	  was	  confirmed	  
by	  western	  blot.	  Mek2,	  loading	  control.	  
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fold),	   followed	   by	   the	   liver	   (averaged	   overexpression	  ≈50-‐fold),	   esophagous	   and	   stomach	  

(≈30-‐fold).	   10	   to	   20-‐fold	   increase	   in	   Cdc6	   expression	   levels	   were	   found	   in	   kidney,	   skin,	  

spleen	   and	   thymus	   and	   2	   to	   5-‐fold	   increase	   in	   lung,	   salival	   gland	   and	   heart.	   No	   Cdc6	  

overexpression	  was	  detected	  in	  brain	  or	  testis,	  likely	  due	  to	  the	  inability	  of	  dox	  to	  cross	  the	  

blood–brain	  and	  blood–testis	  barriers	  (Beard	  et	  al.,	  2006).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Histopathological	   analyses	   of	   the	   different	   organs	   after	   4	   weeks	   of	   Cdc6	  

overexpression	   did	   not	   reveal	   any	   histological	   abnormalities	   (not	   shown).	   Higher	   Mcm6	  

content	  was	  observed	  in	  the	  thymus,	  skin,	  intestine	  and	  spleen	  of	  dox-‐treated	  animals	  (Fig.	  

36A),	  which	  are	  the	  organs	  with	  higher	  proliferative	  index	  (Fig.	  36B).	  One	  striking	  example	  is	  

the	  thymic	  cortex,	  in	  which	  the	  Mcm6	  enrichment	  raised	  by	  4-‐fold	  (Fig.	  36C).	  In	  any	  case,	  cell	  

proliferation	  in	  the	  different	  organs	  was	  not	  affected	  by	  Cdc6	  overexpression,	  as	  quantified	  

by	  Ki-‐67	  IHC	  (Fig.	  36B).	  	  

	  

2.11.	  Increased	  tumor	  susceptibility	  in	  Cdc6-‐overexpressing	  mice	  	  

To	   study	   the	   impact	   of	   Cdc6	   overexpression	   in	   ageing	   and	   spontaneous	  

tumorigenesis,	   two	   cohorts	   of	   mice	   were	   established.	   One	   group	   (26	   mice)	   had	   dox-‐

supplemented	  diet	  since	  weaning	  and	  the	  other	  (25	  mice)	  was	  set	  as	  control	  in	  normal	  diet.	  

Mice	   were	   sacrificed	   when	   they	   showed	   signs	   of	   morbidity,	   according	   to	   the	   regulation	  

approved	  by	  Animal	  Experimental	  Ethics	  Committee	  of	  the	  Instituto	  de	  Salud	  Carlos	  III	  and	  

excluded	   from	   the	   study	  when	   they	   could	   not	   be	   histopathologically	   examined	   (i.e.	   upon	  

	  
Figure	   35.	   Cdc6	   overexpression	   in	   vivo.	  Cdc6	   expression	   levels	  were	   quantified	   by	   RT-‐qPCR	   on	   total	   RNA	  
isolated	   from	   the	   indicated	   organs.	   Cdc6	  mRNA	   levels	  were	   normalized	   to	   GAPDH	   gene	   expression.	   Fold-‐
change	  was	  calculated	  on	  the	  averaged	  Cdc6	  expression	  levels	  obtained	  in	  the	  untreated	  animals	  (n=4	  –dox	  
and	  4	  +dox	  animals).	  
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death	   in	   cage).	   Although	   the	   ageing	   experiment	   is	   not	   complete	   yet,	   the	   observations	   to	  

date	  are	  suggestive	  of	  a	  shorter	  lifespan	  in	  Cdc6-‐overexpressing	  mice	  (Fig.	  37).	  Most	  of	  the	  

mice	   analyzed	   displayed	   hematological	   neoplasias	   (histiocytic	   sarcomas	   and	   B-‐cell	  

lymphomas)	  combined	  in	  two	  cases	  with	  pulmonary	  (untreated)	  or	  hepatic	  adenomas	  (dox	  

treated),	  which	  are	  benign	  tumors	  (Table	  3).	  

	  

	  	  	  	  	  	  	  	  	  	  	  

	  

Figure	   36.	   Increased	   Mcm6	   content	   in	   proliferative	   tissues	   upon	   Cdc6	   overexpression	   and	   normal	  
proliferation	  rate.	  A.	  Mcm6	  positive	  area	  was	  quantified	  with	  AxioVision	  software.	  The	  percentage	  of	  positive	  
area	  is	  calculated	  over	  the	  total	  area	  in	  the	  indicated	  tissues	  (n=4	  –dox	  and	  4	  +dox	  mice).	  Error	  bars	  represent	  
SD.	  B.	  Ki-‐67	  IHC	  quantification	  was	  performed	  as	  in	  A.	  C.	  Representative	  pictures	  of	  thymus	  in	  control	  and	  dox-‐
treated	  animals.	   IHC	   for	  HA-‐tag	   (only	  positive	   in	  +dox	  animals),	  Ki-‐67	  and	  Mcm6.	  Thymic	  cortex	   (C);	  Medulla	  
(M).	  
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Although	   the	  numbers	   are	   still	   low,	  Cdc6-‐overexpressing	  mice	   seem	   to	  have	  more	  

organs	   affected	   with	   tumors	   than	   age-‐matched	   untreated	   ones.	   If	   confirmed,	   this	   result	  

would	  indicate	  that	  tumors	  behave	  more	  aggressively	  upon	  Cdc6	  overexpression	  (Table	  4).	  

After	   the	  observation	   in	  K5-‐CDC6tg	  mice,	   it	   is	  possible	   that	  old	  dox-‐treated	  animals	  display	  

some	  ageing-‐related	  phenotype	  in	  the	  skin	  or	  an	  effect	  on	  the	  hair	  growth	  cycle.	  However	  it	  

may	  be	  difficult	  to	  address	  this	  possibility	  considering	  their	  shorter	  lifespan.	  

	  

Table	  3.	  Pathologies	  found	  after	  histological	  examination.	  

Pathology	   -‐dox	   +dox	  

Hematological	  neoplasias	   	   	  
2	  (28.6%)	   3	  (21%)	  
3	  (43%)	   10	  (71%)	  

	  	  Histiocytic	  sarcoma	  
	  	  B-‐cell	  lymphoma	  
	  	  Histiocytic	  sarcoma	  or	  B-‐cell	  lymphoma	   2	  (28.6)	   	  
Seminal	  gland	  hyperplasia	  (tumor-‐free)	   	   1	  
Total	  analyzed	  mice	   7	  	   14	  

	  

	  

	  

	  

	  

Figure	  37.	  Reduced	   lifespan	  after	  continued	  Cdc6	  overexpression	   in	  vivo.	  A.	  Survival	   (Kaplan-‐Meier)	  curves	  
for	  dox-‐treated	  animals	  (blue	  line)	  and	  control	  animals	  (black	  line).	  25	  mice	  are	  included	  in	  the	  control	  group	  
(13	  males;	   12	   females)	   and	  26	  mice	   in	   the	  dox-‐treated	   group	   (12	   females;	   12	  males).	   Breslow	   statistic	   test	  
indicates	  that	  -‐/+	  dox	  survival	  curves	  are	  different	  p	  value	  =0.023.	  	  
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Table	  4.	  Spreading	  of	  B-‐cell	  lymphomas	  in	  -‐/+	  dox	  mice.	  

-‐dox	  mice	   +dox	  mice	  

Age	  (weeks)	   Organs	  affected	   Age	  (weeks)	   Organs	  affected	  

66	   Spleen,	  Int,	  lymph	  nodes	   67	  
Spleen,	  pancreas,	  kidney,	  

liver	  lung,	  intestine,	  
lymph	  nodes	  

75	   Spleen,	  lymph	  nodes	   77	   Spleen,	  thymus,	  lung	  

82	   Spleen,	  intestine	   78	  
Spleen,	  lymph	  nodes,	  

heart,	  lung	  
	   	   81	   Spleen,	  lymph	  nodes	  
	   	   81	   Spleen,	  pancreas,	  lung	  
	   	   85	   Spleen	  

	   	   86	  
Spleen,	  stomach,	  

intestine,	  lung,	  thymus	  
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Chapter	  3.	  TetON-‐CDC6/CDT1	  mouse	  model	  
	  
3.1.	  Cdt1	  overexpression	  by	  itself	  does	  not	  enhance	  MCM	  chromatin	  association	  

In	  order	  to	  generate	  a	  mouse	  model	  for	  the	  combined	  overexpression	  of	  Cdc6	  and	  

Cdt1,	  we	  first	  generated	  an	  inducible	  mouse	  for	  Cdt1	  following	  the	  same	  strategy	  described	  

for	   Cdc6	   (Materials	   and	  Methods)	   In	   this	   case,	   a	   Flag	   tag	   in	   the	   C-‐terminus	   of	   Cdt1	   was	  

included	  (Fig.	  38A).	  The	  new	  mouse	  strain	  TetON-‐CDT1	  was	  generated	  in	  the	  CNIO	  Transgenic	  

Mice	  Unit.	  Upon	  dox	  addition,	  Cdt1	  is	  overexpressed	  by	  >	  10-‐fold	  in	  MEFs	  (Fig.	  38B).	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
Figure	  38.	  Cdt1	  overexpression	  does	  not	  increase	  MCM	  chromatin	  association	  .	  A.	  Schematic	  representation	  of	  
the	   transgenes	   used	   to	   produce	   inducible	   mice	   for	   Cdt1	   overexpression.	   A	   Flag	   tag	   was	   included	   in	   the	   C-‐
terminus	  part	  of	  Cdt1.	  SA,	  splice	  acceptor;	  pA,	  polyadenylation	  signal;	  TetOP,	  tetracycline/doyxycline	  responsive	  
operator.	  B.	  Cdt1	  overexpression	   levels	  were	  determined	  by	  western	  blot	   in	  MEFs	   treated	   for	  24	  h	  with	  dox.	  
Cdt1	  is	  overexpressed	  by	  >	  10-‐fold.	  C.	  BrdU	  incorporation	  and	  cell	  cycle	  profiles	  24	  and	  48	  h	  after	  addition.	  DNA	  
stained	  with	  PI.	  D.	  Western	  blot	  for	  the	  indicated	  proteins	  after	  biochemical	  fractionation	  of	  MEFs	  treated	  for	  
24	  or	  48	  h	  with	  dox.	  Total	  cell	  extracts,	  soluble	  (Cyt)	  and	  chromatin-‐bound	  (Chr)	  fractions	  were	  analyzed.	  Mek2	  
and	  H3	  serve	  as	  markers	  of	  cytosolic	  and	  chromatin-‐bound	  proteins,	  respectively.	  
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The	  cell	  cycle	  profile	  and	  BrdU	  incorporation	  rate	  in	  primary	  MEFs	  were	  not	  affected	  

by	   Cdt1	   overexpression	   (Fig.	   38C).	  We	   next	   analyzed	   if	   Cdt1	   overexpression	   affects	  MCM	  

loading.	  MEFs	  treated	  with	  dox	  for	  24	  and	  48	  h	  were	  subjected	  to	  biochemical	  fractionation.	  

No	   increased	   MCM-‐chromatin	   association	   was	   observed	   upon	   Cdt1	   overexpression	   (Fig.	  

38D).	   Therefore,	   in	   contrast	   to	   Cdc6,	   Cdt1	   overexpression	   by	   itself	   is	   not	   sufficient	   to	  

increase	  MCM	  loading	  efficiency.	  	  

	  

The	  detailed	  characterization	  of	  the	  TetON-‐CDT1	  strain	  falls	  beyond	  the	  scope	  of	  this	  

work.	  However,	  we	  used	  it	  to	  generate	  another	  strain	  in	  which	  both	  Cdc6	  and	  Cdt1	  could	  be	  

overexpressed	  simultaneously.	  To	  this	  end,	  each	  TetON-‐CDC6	  and	  TetON-‐CDT1	  mice	  were	  first	  

crossbred	   to	   generate	   homozygous	   Col1a1	   CDC6/CDC6	   and	   Col1a1	   CDT1/CDT1	   offspring.	  

Subsequently,	  homozygous	  mice	  were	  crossbred	  to	  obtain	  TetON-‐CDC6/CDT1	  descendants.	  In	  

all	   the	  experiments	  performed	  with	  this	  new	  mouse	  strain,	   the	  ROSA26-‐M2rTtA	  allele	  was	  

kept	  in	  heterozygosis	  (Fig.	  39A).	  Mice	  were	  obtained	  at	  the	  expected	  Mendelian	  ratio.	  24	  h	  

after	  dox,	  Cdc6	  and	  Cdt1	  were	  efficiently	  overexpressed	  in	  primary	  MEFs(Fig.	  39B).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  39.	  TetON-‐CDC6/CDT1	  mouse	  model.	  A.	  Mating	  strategy	  for	  the	  obtention	  of	  TetON-‐CDC6/CDT1	  mice.	  B.	  
Cdc6	  and	  Cdt1	  overexpression	  levels	  were	  determined	  by	  western	  blot	  in	  MEFs	  treated	  for	  24	  h	  with	  dox.	  Both	  
transgenes	  e	  overexpressed	  by	  >	  10-‐fold.	  
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3.2.	   Cdc6	   and	   Cdt1	   overexpression	   increases	   MCM	   chromatin-‐association	   to	   a	   similar	  

extent	  than	  Cdc6	  overexpression	  alone	  

Since	  both	  Cdc6	  and	  Cdt1	  participate	  in	  origin	  licensing,	  the	  overexpression	  of	  both	  

factors	   could	   cooperate	   to	   increase	  MCM-‐chromatin	   association.	   To	   check	   this	   possibility,	  

MEFs	  from	  TetON-‐CDC6,	  TetON-‐CDT1	  and	  TetON-‐CDC6/CDT1	  mice	  were	  treated	  for	  24	  h	  with	  

dox	  to	  compare	  the	  levels	  of	  MCM	  subunits	  in	  soluble	  vs	  chromatin	  fractions	  (Fig.	  40A).	  First	  

we	  noted	  that	  Cdc6	  and	  Cdt1	  bind	  to	  chromatin	  independently	  of	  each	  other.	  Cdc6	  or	  Cdt1	  

overexpression	   did	   not	   increase	   endogenous	   Cdt1	   or	   Cdc6	   chromatin	   association	  

respectively.	   As	   shown	   before,	   Cdc6	   overexpression,	   but	   not	   Cdt1,	   increased	   MCM	  

chromatin	   loading.	   Interestingly,	   simultaneous	   overexpression	   of	   Cdc6	   and	   Cdt1	   did	   not	  

increase	  MCM	  association	  any	  further,	  which	  suggests	  that	  Cdc6	  is	  the	  limiting	  factor	  in	  this	  

assay	  (Fig.	  40B).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	   	  

Figure	  40.	  MCM	  loading	  upon	  Cdc6	  and	  Cdt1	  overexpression.	  A.	  Western	  blot	  for	  the	  indicated	  proteins	  after	  
biochemical	   fractionation	   of	   Cdc6-‐,	   Cdt1-‐	   and	   Cdc6/Cdt1-‐	   overexpressing	   MEFs	   -‐/+	   dox	   (24	   h).	   Total	   cell	  
extracts,	  soluble	  and	  chromatin-‐bound	  fractions	  were	  analyzed.	  Mek2	  and	  Smc1	  serve	  as	  markers	  of	  cytosolic	  
and	   chromatin-‐bound	   proteins,	   respectively.	   B.	   Chromatin-‐bound	   and	   cytosolic	   fractions	   of	   the	   indicated	  
proteins	   in	   the	   different	   cell	   lines	   were	   quantified	   using	   LI-‐COR.	   Each	   protein	   was	   normalized	   to	   its	  
corresponding	  Smc1	  or	  Mek2	  signal.	  Fold-‐change	  was	  calculated	  relative	  to	  its	  corresponding	  untreated	  control.	  	  
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3.3.	  Cdc6	  and	  Cdt1	  overexpression	  leads	  to	  a	  slight	  increase	  in	  cells	  with	  >G2	  DNA	  content	  

The	  cell	   cycle	  profiles	  of	  TetON-‐CDC6/CDT1	  MEFs	   revealed	  a	  2-‐fold	   increase	   in	  cells	  

with	  >	  than	  2C	  content	  upon	  Cdc6/Cdt1	  overexpression	  (Fig.	  41A	  left	  panels).	  This	  result	  was	  

clear	  at	  24	  h	  but	  at	  later	  time	  points	  (48-‐72	  h)	  decreased	  suggesting	  that	  these	  cells	  are	  not	  

viable	   and	   eliminated	   from	   the	   population.	   No	   differences	   in	   cells	  with	   >2C	  DNA	   content	  

were	  detected	  upon	   individual	   overexpression	  of	   Cdc6	  or	   Cdt1	   (Fig.	   41A	  middle	   and	   right	  

panels).	  A	  quantification	  is	  shown	  in	  figure	  41B.	  
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Figure	  41.	  Cdc6/Cdt1	  overexpression	  leads	  to	  a	  slight	  increase	  in	  the	  number	  of	  cells	  with	  >G2	  DNA	  content.	  
A.	  Cell	  cycle	  profiles	  obtained	  in	  Cdc6/Cdt1-‐	  (left),	  Cdc6-‐	  (middle)	  and	  Cdt1-‐	  (right)	  overexpressing	  MEFs	  treated	  
for	  24,	  48	  and	  72	  h	  with	  dox.	  DNA	  stained	  with	  PI.	  B.	  Quantification	  of	  >G2	  cell	  population	  (n=	  3	  clones	  per	  cell	  
line).	  Error	  bars	  represent	  SD.	  Statistically	  significant	  p-‐values	  calculated	  using	  Student	  t	  -‐test	  are	  indicated	  with	  
asterisks	  (*p<0.05).	  	  
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3.4.	  Cdc6	  and	  Cdt1	  overexpression	  activates	  the	  DNA-‐damage	  response	  	  

Checkpoint	  activation	  through	  the	  DDR	  has	  been	  previously	  shown	  to	  occur	  in	  cells	  

undergoing	   re-‐replication	   upon	   geminin	   inactivation	   or	   Cdt1	   overexpression	   and	   this	  

checkpoint	   induction,	   is	   associated	  with	   the	   appearance	   of	   single-‐stranded	  DNA	   and	  DNA	  

breaks	   (Mihaylov	   et	   al.,	   2002,	   Vaziri	   et	   al.,	   2003	   Archambault	   et	   al.,	   2005;	   Green	   and	   Li,	  

2005;	  Melixetian	  et	  al.,	  2004;	  Zhu	  et	  al.,	  2004).	  After	  24	  h	  of	  Cdc6/Cdt1	  overexpression,	  the	  

number	  of	  cells	  containing	  RPA	  foci	  was	  increased	  by	  5-‐fold	  indicating	  a	  higher	  presence	  of	  

ssDNA	   stretches	   (Fig.	   42A).	   Accordingly,	   virtually	   no	   control	   cells	   but	   up	   to	   13%	   of	   dox-‐

treated	   cells	   showed	   BrdU	   foci	   without	   DNA	   denaturation.	   In	   the	   presence	   of	   HU,	   this	  

indicator	  was	  increased	  by	  2-‐fold	  in	  Cdc6/Cdt1-‐overexpressing	  cells	  (Fig.	  42B).	  	  

	  

	  

	  

	  

	  

	  
Figure	  42.	  Cdc6/Cdt1	  accumulate	  ssDNA.	  A.	  Left,	  representative	  images	  of	  RPA	  foci	  (red).	  DNA	  is	  stained	  with	  
DAPI	  (blue).	  Right,	  quantification	  of	  cells	  positive	  for	  RPA	  foci.	  Cells	  were	  induced	  for	  24	  h	  with	  dox	  (n=5	  clones;	  
500	  cells	  per	  clone	  were	  counted).	  Scale	  bar	  50	  μm.	  Statistically	   significant	  p-‐value	   (Fisher’s	   test)	   is	   indicated	  
with	  asterisks	  (***	  p<0.001).	  B.	  BrdU	  IF	  under	  native	  conditions.	  Cells	  were	  induced	  for	  24	  h	  with	  dox.	  BrdU	  was	  
added	  to	  the	  medium	  for	  24	  h	  hours.	  1	  mM	  HU	  was	  added	  for	  6	  h.	  BrdU	  is	  shown	  in	  green.	  Nuclei	  are	  stained	  
with	  DAPI	  (blue).	  Scale	  bar	  50	  μm.	  BrdU-‐positive	  cells	  quantification	  (500	  nuclei	  per	  condition	  were	  counted).	  	  
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The	   appearance	   of	   RPA	   foci	   in	   close	   proximity	   to	   53BP1	   foci	   suggests	   that	   DNA	  

replication	  problems	  likely	  results	  in	  DSBs	  (Fig.	  43A	  and	  B).	  Nuclear	  intensity	  and	  percentage	  

of	  γH2AX	  positive	  cells	  were	  increased	  in	  Cdc6/Cdt1-‐overexpressing	  cells	  24	  h	  after	  dox	  and	  

further	  increased	  upon	  HU	  and	  aphidicolin	  treatment	  (Fig.	  43C	  and	  D).	  In	  addition,	  activation	  

of	  the	  DDR	  was	  also	  observed	  by	  the	  levels	  of	  γH2AX	  and	  phosphorylation	  of	  p53	  in	  Serine	  

15	  (Fig.	  43E).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	   	  

Figure	   43.	   RPA	   and	   53BP1	  partial	   co-‐localization	   and	  DDR	  activation	   in	   Cdc6/Cdt1-‐overexpressing	   cells.	   A.	  
Representative	  images	  of	  RPA	  (red)	  and	  53BP1	  (green)	  IF.	  DNA	  was	  stained	  with	  DAPI	  (blue).	  B.	  Quantification	  
of	   positive	   cells	   for	   RPA	   and	   53BP1	   foci	   after	   24	   h	   of	   dox	   (500	   nuclei	   per	   condition).	   C.	   HTM-‐mediated	  
quantification	  of	  γH2AX	  nuclear	  intensity	  in	  normal	  conditions	  and	  upon	  a	  3	  h	  treatment	  with	  5	  μM	  aphidicolin	  
or	  0.5	  mM	  HU.	  Cdc6/Cdt1	  overexpression	  was	  induced	  24	  h	  before	  the	  experiment.	  Data	  are	  representative	  of	  
results	  obtained	  with	  3	  different	  clones	  (600	  nuclei	  per	  condition).	  Red	  bars	  represent	  average	  γH2AX	  nuclear	  
intensity.	   Statistically	   significant	   p-‐values	   calculated	   (Mann-‐Whitney	   test)	   are	   indicated	   (***=	   p<0.001).	   D.	  
Quantification	   of	   γH2AX-‐positive	   cells	   under	   the	   same	   experimental	   conditions	   (n=3	   clones;	   600	   nuclei	   per	  
condition).	   Error	   bars	   represent	   SD.	   Statistically	   significant	   p-‐values	   (Fisher’s	   exact	   test)	   are	   indicated	   (***	  
p<0,001).	  E.	  Western	  blot	  for	  the	  indicated	  proteins	  in	  Cdc6/Cdt1	  overexpressing-‐MEFs	  treated	  for	  24,	  48	  and	  
72	  h	  with	  dox.	  Mek2,	  loading	  control.	  
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	  We	  confirmed	  the	  presence	  of	  DSB	  by	   IF	   simultaneous	  visualization	  of	  γH2AX	  and	  

53BP1	   (Fig.	   44A).	   The	   percentage	   of	   cells	  with	   γH2AX	   and	   53BP1	   foci	   increased	   by	   3-‐fold	  

after	  24	  h	  of	  dox	  and	  was	   further	   increased	  upon	  HU	  or	  aphidicolin	   treatments	   (Fig.	  44B).	  

Nevertheless,	   the	   number	   of	   breaks	   on	   metaphase	   spreads	   was	   similar	   in	   control	   and	  

Cdc6/Cdt1	   overexpressing-‐cells,	   indicating	   that	   cells	   with	   unrepaired	   DSB	  were	   prevented	  

from	  entering	  mitosis	  by	  the	  active	  checkpoint	  (data	  not	  shown).	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	   44.	   Cdc6/Cdt1-‐overexpressing	   cells	   accumulate	   DSB.	   A.	   Representative	   images	   of	   γH2AX	   (red)	   and	  
53BP1	  (green)	  IF.	  Nuclei	  are	  stained	  with	  DAPI	  (blue).	  B.	  Quantification	  of	  positive	  cells	  for	  γH2AX	  and	  53BP1	  foci	  
in	   normal	   conditions,	   0.5	   μM	   aphidicolin	   and	   0.5	  mM	  HU	   for	   3	   h.	   Cells	  were	   considered	   positive	  when	   they	  
presented	  >2	   foci	   (n=3	  clones;	  >	  500	   	  nuclei	  per	  clone	  and	  condition	  were	  counted).	  Error	  bars	   represent	  SD.	  
Scale	  bar	  25	  µm.	  
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3.5.	  Cdc6	  and	  Cdt1	  overexpression	  promotes	  re-‐replication	  in	  primary	  MEFs.	  

When	  the	   rate	  of	  BrdU	   incorporation	  was	  analyzed	  after	  24h	  of	  dox,	  we	  observed	  

that	  Cdc6/Cdt1-‐overexpressing	  cells	  accumulated	  a	  BrdU-‐negative	  population	  with	  aberrant	  

DNA	  content	   (between	  2C	  and	  4C)	   (Fig.	   45A,	   left	   panels).	   This	  observation	  along	  with	   the	  

increase	   in	   cells	  with	  >2C,	   suggested	   that	  a	   fraction	  of	   cells	  undergo	  partial	   re-‐replication.	  

This	   cell	   population	   was	   also	   detected	   after	   48	   and	   72	   h	   of	   Cdc6/Cdt1	   overexpression	  

	  

Figure	  45.	  Cdc6/Cdt1-‐overexpressing	  cells	  accumulate	  aberrant	  DNA	  content.	  A.	  Cdc6/Cdt1	  (left),	  Cdc6	  (middle)	  
and	  Cdt1	  (right)	  overexpressing-‐MEFs	  were	  treated	  for	  24,	  48	  and	  72	  h	  with	  dox,	  pulse-‐labeled	  for	  30	  min	  with	  
BrdU	  and	  subjected	  to	  flow	  cytometry.	  Gates	  show	  a	  BrdU-‐negative	  population	  that	  accumulates	  aberrant	  DNA	  
content	   (2C-‐4C).	  B.	  Quantification	  of	   the	  gated	  population	   in	  A	   for	   three	   independent	  experiments.	  Error	  bars	  
represent	   SD	   (n=3	   clones	   per	   cell	   line).	   Statistically	   significant	   p-‐values	   calculated	   using	   Student	   t-‐test	   (**	  
p<0,002;	  *p<0,05).	  C.	  Cdc6	  and	  Cdt1	  overexpression	  levels	  throughout	  the	  timecourse.	  Mek2,	  loading	  control.	  
	  



	   87	  

although	  it	  did	  not	  accumulate	  with	  time,	  suggesting	  that	  these	  cells	  are	  not	  viable	  (Fig.	  45A,	  

left	  panels).	  This	  type	  of	  analysis	  was	  repeated	  with	  three	  different	  clones	  per	  cell	   line	  and	  

the	   aberrant	   cell	   population	   was	   consistently	   detected	   in	   Cdc6/Cdt1	   overexpressing-‐cells	  

(Fig.	  45B)	  but	  not	  upon	  Cdc6	  or	  Cdt1	   individual	  overexpression	   (Fig.	  45A	  middle	  and	   right	  

panels).	  	  

	  

The	   appearance	   of	   cells	   with	   >	   2C	   DNA	   content	   was	   reproducible	   but	   not	   a	   very	  

frequent	  event	  (5%	  in	  most	  cases).	  In	  order	  to	  confirm	  the	  presence	  of	  re-‐replication	  events	  

by	  a	  different	  method,	  we	  turned	  to	  the	  DNA	  fiber-‐spreading	  assay,	  previously	  shown	  to	  be	  

more	   sensitive	   than	   flow	   cytometry	   in	   the	   detection	   of	   re-‐replication	   events	   (Dorn	   et	   al.,	  

2009).	   In	   this	   case,	   cells	   are	   sequentially	   pulse-‐labeled	  with	   CldU	   (first	   label,	   visualized	   in	  

red)	   and	   IdU	   (second	   label,	   visualized	   in	   green).	   Ongoing	   replication	   forks	   produce	   tracks	  

with	   the	   first	   label	   adjoining	   the	   second	   label	   (red-‐green	   tracks),	   forks	   that	   terminated	  or	  

stalled	   during	   the	   first	   incubation	   contain	   only	   the	   first	   label	   (red	   tracks)	   and	   origins	   that	  

fired	  during	  the	  second	  incubation	  contain	  only	  the	  second	  label	  (green	  tracks).	  However,	  if	  

an	  origin	   that	  has	  been	   fired	  during	   the	   first	   labeling	  period	  were	   to	   fire	  again	  during	   the	  

second	   one,	   yellow	   tracks	   (red+green)	  would	   be	   generated	   (Fig.	   46A).	   Analysis	   of	   several	  

hundreds	   of	   replication	   tracks	   revealed	   a	   2	   fold-‐increase	   in	   the	   number	   of	   yellow	   tracks	  

upon	  Cdc6	  and	  Cdt1	  overexpression	  (Fig.	  46B).	  Some	  tracks	  had	  nearly	  complete	  overlap	  of	  

the	  red	  and	  green	  signals	  and	  others	  had	  flanking	  single-‐labeled	  regions.	  Presumably	  these	  

differences	  are	  related	  to	  the	  timing	  of	  the	  first	  and	  second	  replication	  events.	  We	  tried	  to	  

determine	   whether	   re-‐replication	   induced	   by	   Cdc6	   and	   Cdt1	   overexpression	   occurred	   at	  

preferential	  genomic	  sites	  by	  comparative	  genomic	  hybridization	  (CGH).	  S-‐phase	  cells	  were	  

sorted	  based	  on	  DNA	  content	  from	  two	  different	  Cdc6/Cdt1	  clones	  (-‐/+	  dox	  for	  24	  h).	  DNA	  

from	   both	   populations	  was	   isolated,	   differentially	   labeled	  with	   Cy5	   and	   Cy3	   fluorophores	  

and	  hybridized	  to	  an	  array	  that	  contained	  170,000	  oligonucleotides	  representing	  the	  mouse	  

genome.	  CGH	  did	  not	  show	  statistically	  significant	  DNA	  gains	  or	  losses	  in	  any	  specific	  region	  

(data	  not	  shown).	  
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3.6.	  Cdc6	  and	  Cdt1	  overexpressing-‐	  cells	  undergo	  apoptosis	  but	  not	  senescence	  

It	   has	   been	   previously	   shown	   that	   re-‐replicating	   cells	   may	   undergo	   apoptosis	  

(Melixetian	  et	  al.,	  2004;	  Zhu	  et	  al.,	  2004).	  On	  the	  other	  hand,	  DNA	  hyperreplication	  has	  been	  

associated	   to	   persistent	   activation	   of	   DDR	   and	   induction	   of	   senescence	   (DiMicco	   et	   al.,	  

2006).	  Given	  that	  cells	  overexpressing	  Cdc6	  and	  Cdt1	  re-‐replicate	  and	  activate	  the	  DDR	  we	  

evaluated	  whether	  apoptosis	  and/or	  senescence	  were	  promoted.	  	  

	  

Analysis	  of	   TMRE	   (tetramethylrhodamine	  ethyl	   ester)	  dye	   retention	  was	  used	  as	   a	  

readout	   of	   apoptosis	   after	   Cdc6,	   Cdt1	   and	   Cdc6/Cd1	   overexpression	   for	   24,	   48	   and	   72	   h.	  

Dead	  cells	  were	  also	  quantified	  by	  monitoring	  cell	  permeability	  to	  DAPI.	  Increased	  apoptosis	  

was	   detected	   at	   all	   time	  points	   in	   Cdc6/Cdt1	   overexpressing	   cells	   after	   dox	   (Fig.	   47A,	   left	  

	  

Figure	   46.	   Cdc6	   and	  Cdt1	  overexpression	   increase	   re-‐replication	   events	   by	  DNA	   fiber	   analysis.	  A.	  Schematic	  
representation	  of	  the	  replication	  structures	  obtained	  by	  DNA	  fiber	  spreading	  during	  normal	  replication	  (left)	  and	  
if	   re-‐replication	  occurs	  during	   the	  second	   labeling	  period	   (right).	  B.	  Quantification	  of	  yellow	  tracks	   in	  –/+	  dox-‐
treated	  cells.	  Percentage	  of	  re-‐replicated	  tracks	  (yellow)	  were	  calculated	  over	  all	  the	  second	  label	  tracks	  (green).	  
Fold-‐change	   is	  calculated	  over	   the	  untreated	  sample,	  which	  also	  present	  certain	  degree	  of	  yellow	  tracks	   (n=	  2	  
clones;	  >	  150	  replication	  tracks	  per	  condition	  were	  analyzed).	  Error	  bars	  represent	  SD.	  Statistically	  significant	  p-‐
value	  (Fisher’s	  exact	  test)	  is	  indicated	  (***	  p<0,001).	  C.	  Cdc6	  and	  Cdt1	  overexpression	  levels	  in	  the	  experiment.	  
Mek2,	  loading	  control.	  	  	  
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panels)	   but	   not	   in	   cells	   expressing	   Cdc6	   or	   Cdt1	   individually	   (Fig.	   47A	   middle	   and	   right	  

panels).	  Fold-‐changes	   in	  apoptotic	  and	  dead	  cell	  populations	  for	  the	  different	  cell	   lines	  are	  

shown	   in	   figure	   47B.	   On	   the	   other	   hand,	   no	   differences	   in	   senescence-‐associated	   β-‐

galactosidase	  activity	  (SA-‐β-‐gal)	  were	  observed	  for	  any	  of	  the	  cell	  lines	  tested	  after	  7	  days	  of	  

overexpression.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
	  

Figure	  47.	  Increased	  apoptosis	  in	  Cd6/Cdt1	  overexpressing-‐cells.	  A.	  Flow	  cytometry	  analysis	  for	  loss	  of	  TMRE	  
retention	  (bottom	  left	  gates,	  apoptotic	  cells),	  DAPI	  cell	  permeability	  (top	  gates,	  dead	  cells)	  in	  Cdc6/Cdt1-‐	  (left),	  
Cdc6-‐	  (middle)	  and	  Cdt1-‐	  (right)	  overexpressing	  MEFs	  aftter	  24,	  48	  and	  72	  h	  of	  dox.	  Green	  gates	  (bottom	  right)	  
contain	  alive	  cells.	  B.	  Quantification	  of	  the	  populations	  gated	  in	  A	  for	  apoptotic	  cells	  (left)	  and	  dead	  cells	  (right).	  
Three	   independent	  experiments	  were	  performed	  with	  different	  clones	   for	  each	  cell	   line.	  Error	  bars	  represent	  
SD.	  C.	  Left,	  representative	  images	  after	  assaying	  SA-‐β-‐gal	  activity	  (blue).	  Right,	  percentage	  of	  positive	  cells	  for	  
SA-‐β-‐gal	   activity	   in	   Cdc6/Cdt1,	   Cdc6	   and	   Cdt1	   o/e	   cells	   after	   7	   days	   of	   dox	   (300	   cells	   per	   condition	   were	  
quantified).	  Scale	  bar	  100	  μm.	  
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3.7.	  Overexpression	  of	  Cdc6	  and	  Cdt1	  is	  lethal	  in	  vivo	  

Finally,	   to	  study	  the	  effects	  of	  simultaneous	  Cdc6	  and	  Cdt1	  overexpression	   in	  vivo,	  

dox	  was	  supplied	  ad	  libitum	  with	  the	  TetON-‐CDC6/CDT1	  mice	  diet.	  Interestingly,	  dox-‐treated	  

animals	  displayed	  strong	  signs	  of	  morbidity	  between	  7-‐15	  days	  after	  the	  start	  of	  treatment	  

and	  had	  to	  be	  sacrificed	  due	  to	  their	  severe	  weight	  loss	  (>30%)	  and	  lethargic	  appearance.	  In	  

these	  mice,	  the	  levels	  of	  Cdc6	  and	  Cdt1	  overexpression	  were	  confirmed	  by	  RT-‐pPCR	  on	  total	  

RNA	   isolated	   from	   different	   organs	   (Fig.	   48).	   The	   organs	   with	   maximal	   Cdc6	   and	   Cdt1	  

overexpression	  were	  the	  same	  that	  displayed	  the	  highest	  Cdc6	  overexpression	  in	  TetON-‐CDC6	  

mice	  (Fig.	  35).	  
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Figure	   48.	   Cdc6	   and	   Cdt1	   overexpression	   levels	   in	   vivo.	   Cdc6	   (A)	   and	   Cdt1	   (B)	   overexpression	   levels	   were	  
quantified	   by	   RT-‐qPCR	   on	   total	   RNA	   isolated	   from	   the	   indicated	   organs.	   Cdc6	   and	   Cdt1	   mRNA	   levels	   were	  
normalized	  to	  GAPDH	  gene	  expression.	  Fold-‐change	  was	  calculated	  on	  the	  averaged	  Cdc6	  and	  Cdt1	  expression	  
levels	  obtained	  in	  the	  untreated	  animals	  (n=4	  –dox	  and	  4	  +dox	  animals).	  
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Histological	  analyses	  of	  the	  different	  organs	  were	  carried	  out	  to	  address	  the	  cause	  of	  

morbidity	  7	  days	  after	  dox.	  It	  was	  immediately	  apparent	  that	  several	  organs	  with	  active	  cell	  

proliferation	  were	  affected	  by	  Cdc6	  and	  Cdt1	  overexpression.	  For	   instance,	  both	  small	  and	  

large	   intestine	   presented	   structural	   and	   cytological	   abnormalities	   with	   loss	   of	   the	  

characteristic	   parallel	   arrangement	   of	   crypts,	   irregular	   lumens,	   increased	   cellularity	   and	   a	  

marked	  stromal	   inflammatory	  component	   (Fig.	  49	  A	  and	  B).	   Increased	  mitotic	  activity	  and	  

apoptosis	   were	   also	   observed.	   Some	   regions	   of	   the	   intestine	   presented	   ulcers	   due	   to	   a	  

complete	   loss	   of	   the	   intestinal	   epithelium.	   These	   tissue	   abnormalities	   impair	   nutrient	  

absorption,	  explaining	  the	  weight	  loss	  and	  morbidity	  of	  dox-‐treated	  animals.	  	  

	  

	  

Figure	   49.	   The	   gastrointestinal	   tract	   of	   dox-‐treated	   animals	   is	   severely	   affected	   by	   Cdc6	   and	   Cdt1	  
overexpression.	   A.	   H-‐E-‐stained	   tissue	   sections	   of	   ileum	   (small	   intestine)	   for	   control	   (left)	   and	   dox-‐treated	  
animals	   (right).	   Cdc6/Cdt1-‐overexpressing	   animals	   lose	   intestinal	   cryps,	   develop	   ulcers,	   present	   inflammation	  
(asterisks)	  and	  cryps	  with	   irregular	   lumens	  and	   increased	  cellularity	   (arrows).	   Increased	  mitotic	  activity	   (black	  
arrowheads)	  and	  apoptosis	  (red	  arrowheads)	  are	  also	  observed	  (inset).	  A	  similar	  phenotype	  is	  found	  in	  the	  colon	  
of	  Cdc6/Cdt1-‐	  overexpressing	  mice	  (B).	  C.	  The	  stomach	  of	  dox-‐treated	  animals	  showed	  dysplasia	  and	  increased	  
mitosis	  (black	  arrowheads	  and	  apoptotic	  activity	  (red	  arrowheads)(insets).	  	  
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In	   the	   stomach,	   the	   glandular	   portion	   showed	   dysplasia,	   increased	   apoptosis	   and	  

mitotic	  activity	  (Fig.	  49C).	  Other	  tissues	  such	  as	  skin	  and	  thymus	  became	  atrophic.	  The	  skin	  

suffered	  loss	  of	  the	  subcutaneous	  adipose	  layer,	  thinner	  epidermis	  and	  almost	  complete	  loss	  

of	  sebaceous	  glands	  compared	  to	  untreated	  animals	  (Fig.	  50A).	  Thymic	  atrophy	  was	  mostly	  

observed	  in	  the	  medullar	  region	  (Fig.	  50B).	  	  

	  

Despite	  the	  important	  cytoarchitectural	  abnormalities	  in	  the	  gastrointestinal	  tract	  of	  

dox-‐treated	  animals,	  cells	  continued	  to	  proliferate,	  as	  shown	  by	  Ki-‐67	  marker.	  One	  exception	  

could	   be	   the	   skin,	   which	   became	   atrophic	   upon	   dox	   treatment	   and	   presented	   less	   Ki-‐67-‐

positive	  cells	  (Fig.	  51).	  	  

	  
	  
	  
	  
	  
	  

	  

Figure	   50.	   Skin	   and	   thymus	   become	   atrophic	   upon	   Cdc6	   and	   Cdt1	   overexpression.	   A.	   H-‐E-‐stained	   tissue	  
sections	  of	  back	  skin	  for	  control	  (left)	  and	  dox-‐treated	  animals	  (right).	  Epidermis	  of	  Cdc6/Cdt1-‐overexpressing	  
animals	   is	   thinner,	  with	  almost	  complete	   loss	  of	  sebaceous	  glands	  (indicated	  with	  arrows)	  and	  subcutaneous	  
fat	  (indicated	  with	  asterisks).	  B.	  Thymus	  become	  atrophic.	  Upon	  Cdc6/Cdt1	  overexpression	  the	  medullar	  region	  
of	  the	  thymus	  (M)	  is	  lost	  and	  only	  cortical	  thymus	  remains	  (C).	  	  
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Figure	  51.	  Proliferation	   in	  Cdc6/Cdt1-‐overexpressing	  animals.	  Ki-‐67	   IHC	   in	   tissue	  sections	  of	   ileum	  (A),	  colon	  
(B),	   glandular	   stomach	   (C)	   and	   skin	   (D).	   Tissues	  of	   dox-‐treated	   animals	  were	  proliferating	  despite	   the	   severe	  
cytoarchitectural	  abnormalities	  (A	  to	  C).	  D.	  The	  skin	  presented	  less	  Ki-‐67-‐positive	  cells.	  
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We	   also	   found	   a	   striking	   increase	   in	   the	   number	   of	   γH2AX	   positive	   cells	   in	   the	  

gastrointestinal	  tract	  as	  well	  as	  in	  the	  epidermis	  (Fig.	  52).	  Taking	  into	  account	  that	  in	  primary	  

tissue	  culture	  cells	  Cdc6	  and	  Cdt1	  overexpression	  led	  to	  partial	  DNA	  re-‐replication,	  activation	  

of	   the	   DDR	   and	   apoptosis,	   these	   phenotypes	   strongly	   suggest	   that	   these	   events	   are	   also	  

occurring	   in	   vivo	   and	   are	   sufficient	   to	   cause	   morbidity,	   due	   to	   the	   loss	   of	   correct	   tissue	  

homeostasis.	  

	  

	  
Figure	  52.	  Doxycycline-‐treated	  animals	  accumulate	  DNA-‐damage.	  γH2AX	   IHC	   in	   tissue	   sections	  of	   ileum	   (A),	  
colon	  (B),	  glandular	  stomach	  (C)	  and	  back	  skin	  (D).	  Dox-‐treated	  animals	  (left)	  showed	  in	  all	  cases	  increased	  DNA	  
damage	  compared	  to	  control	  animals.	  	  
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DISCUSSION	  
	  

1.	  Cdc6	  increases	  MCM	  loading	  efficiency	  
	  

We	  have	  demonstrated	  in	  vitro	  with	  MEFs	  and,	  more	  importantly,	  in	  vivo	  with	  skin-‐

isolated	   keratinocytes,	   that	   Cdc6	   protein	   levels	   are	   rate-‐limiting	   for	   MCM	   loading	   onto	  

chromatin.	   In	   both	   cases,	   an	   increase	   in	   Cdc6	  was	   sufficient	   to	   enhance	   the	   efficiency	   of	  

MCM	  association	  with	  chromatin.	  However,	  there	  is	  a	  likely	  limit	  in	  the	  amount	  of	  MCM	  that	  

can	  be	  engaged	  with	  DNA.	  When	  the	  K5-‐CDC6tg	  allele	  was	  introduced	  into	  a	  K5-‐Cre/loxCdh1	  

genetic	  background,	  Cdc6	  protein	  levels	  were	  markedly	  increased	  due	  to	  abrogation	  of	  the	  

APC/C-‐Cdh1-‐mediated	   Cdc6	   proteolysis	   (Petersen	   et	   al.,	   2000;	  Mailand	   and	   Diffley,	   2005;	  

García-‐Higuera	  et	  al.,	   2008).	  Nevertheless,	  no	   further	  MCM	  enrichment	  on	  chromatin	  was	  

observed,	   suggesting	   that	   Cdc6	   overexpression	   levels	   in	   the	   K5-‐CDC6tg	   strain	   already	  

promote	  maximal	  MCM	  chromatin	  association.	  	  

	  

In	  line	  with	  our	  findings,	  it	  was	  previously	  shown	  that	  Cdc6	  expression	  by	  adenoviral	  

infection	   in	   rat	  quiescent	   cells	   is	   sufficient	   to	   induce	  MCM	  chromatin	   association,	  but	  not	  

sufficient	  to	  induce	  initiation	  of	  DNA	  replication	  (Cook	  et	  al.,	  2002).	  We	  performed	  a	  similar	  

experiment	   in	   MEFs,	   but	   overexpressed	   Cdc6	   was	   efficiently	   degraded	   upon	   serum	  

deprivation	  most	  likely	  by	  APC/C-‐Cdh1-‐mediated	  proteolysis	  (Petersen	  et	  al.,	  2000;	  Mailand	  

and	  Diffley,	  2005).	   In	  a	  cell-‐free	  system,	  where	  3T3	  nuclei	  were	  released	  from	  quiescence,	  

overexpression	  of	  Cdc6	   in	  G1	  nuclei	   induced	  premature	  entry	   into	  S-‐phase	   (Stoeber	  et	  al.,	  

1998).	   In	  our	  own	  G0	  to	  S	  experiments,	  Cdc6	  overexpression	  only	  started	  to	  be	  detectable	  

15	  h	  after	  release	  from	  serum-‐deprivation	  release,	  when	  cells	  were	  entering	  S-‐phase.	  	  Both	  

control	  and	  Cdc6-‐overexpressing	  cells	  entered	  S-‐phase	  with	  similar	  kinetics.	  

	  	  

We	  also	  have	  shown	  that	  Cdt1	  overexpression	  did	  not	  increased	  MCM	  loading	  in	  the	  

TetON	  system,	  and	  combined	  Cdc6	  and	  Cdt1	  overexpression	  does	  not	  promote	  a	  cooperative	  

increase	   compared	   to	   Cdc6	   overexpression	   alone.	   From	   these	   experiments	   we	   conclude	  

that,	  rather	  than	  Cdt1,	  Cdc6	  protein	  levels	  are	  limiting	  for	  MCM	  initial	  chromatin	  association.	  

	  

The	  biochemical	   roles	  of	  Cdc6	  and	  Cdt1	   in	  the	   licensing	  process	  are	  very	  different.	  

Cdt1	  forms	  a	  heptameric	  complex	  with	  MCM2-‐7	  (Tanaka	  and	  Diffley,	  2002;	  Kawasaki	  et	  al.,	  

2006;	  Remus	  et	  al.,	  2009)	   that	   is	  only	   recruited	  when	  ORC	  and	  Cdc6	  are	  already	  bound	  to	  
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replication	  origins	  (Speck	  et	  al.,	  2005;	  Randell	  et	  al.,	  2006;	  Frijola	  et	  al.,	  2013;	  Fernández-‐Cid	  

et	  al.,	  2013).	  Cdc6	   is	  an	  ATPase	   that	   functions	  coordinately	  with	  ORC	   to	  engage	   the	  MCM	  

complex	   with	   the	   DNA,	   and	   Cdt1	   likely	   facilitates	   the	   opening	   and	   closing	   of	   the	   MCM	  

hexameric	  ring	  structure	  (Randell	  et	  al.,	  2006).	  Consistent	  with	  a	  ‘loading	  machine’	  analogy,	  

multiple	  MCM2-‐7	  hexamers	  are	   loaded	  at	  each	  origin	  (Edwards	  et	  al.,	  2002;	  Bowers	  et	  al.,	  

2004;).	   It	   has	   been	   shown	   that	   after	   being	   topologically	   engaged	   with	   the	   DNA,	   MCM	  

complexes	   can	   slide	   along	   dsDNA	   possibly	   facilitating	   the	   loading	   of	   additional	   hexamers	  

(Remus	  et	  al.,	  2009).	  	  

	  

Different	  possibilities	  might	  be	  envisioned	  to	  understand	  how	  Cdc6	  overexpression	  

increases	   the	   efficiency	   of	   MCM	   chromatin	   association	   and	   promotes	   increased	   origin	  

activity.	  First,	   it	   is	  possible	   that	   increased	  Cdc6	   levels	  enhance	  the	  ATPase	  activity	  of	  ORC-‐

Cdc6	   leading	  to	  a	   faster	  MCM	  recruitment,	  and	  thus	   increased	  density	  of	  MCM	  complexes	  

on	  chromatin	  during	  the	   licensing	  period.	   In	  support	   for	  this	  notion,	  an	  orc5-‐1	  yeast	  strain	  

displays	  initiation	  defects	  that	  can	  be	  partially	  rescued	  by	  Cdc6	  in	  a	  dose-‐dependent	  manner	  

(Liang	  et	   al.,	   1995).	  Another	  possibility	   is	   that	   increased	  Cdc6	  protein	   levels	  may	   facilitate	  

the	  licensing	  of	  origins	  that	  would	  not	  be	  licensed	  in	  normal	  conditions	  because	  not	  all	  ORC	  

would	  have	  access	  to	  Cdc6	  (Fig.	  53).	  To	  figure	  out	  whether	  Cdc6-‐overexpressing	  cells	  license	  

a	  higher	  number	  of	  replication	  origins,	  a	  genome-‐wide	  analysis	  of	  MCM	  binding	  sites	  would	  

be	   required.	  Unfortunately,	   the	  determination	  of	  binding	   sites	   for	  MCM	  and	  other	  pre-‐RC	  

members	  in	  mammalian	  cells	  has	  been	  extremely	  difficult	  and	  it	  is	  possible	  that	  pre-‐RCs	  are	  

not	  highly	  enriched	  at	  the	  same	  sites	  in	  all	  cells	  in	  a	  population	  (reviewed	  by	  Gilbert,	  2010).	  

Alternatively	  (although	  not	  exclusive),	  MCM	  loading	  might	  be	  taking	  place	  out	  of	  schedule.	  

In	   fact,	   a	   Cdc6	   yeast	   mutant	   has	   been	   described	   that	   can	   promote	   promiscuous	   MCM	  

chromatin	   association	   throughout	   the	   cell	   cycle	   (Liang	   and	   Stillman,	   1997).	   In	   our	   study,	  

increased	  MCM-‐enrichment	  was	  observed	   in	  G1	  and	  G2/M	  upon	  Cdc6	  overexpression	  but	  

not	   in	  the	  S-‐phase	  fraction.	  The	   increased	  MCM	  chromatin	  association	   in	  G2/M	  cells	  could	  

be	  due	   to	   the	  mitotic	  cells,	   since	   the	  process	  of	   licensing	  starts	   in	   telophase	   (Méndez	  and	  

Stillman,	  2000).	  	  
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2.	  Cdc6	  overexpression	  increases	  origin	  firing	  efficiency	  	  
	  

The	   increase	   in	   MCM-‐chromatin	   association	   led	   us	   to	   consider	   that	   Cdc6-‐

overexpressing	  cells	  might	  have	  an	  increased	  number	  of	  functional	  replication	  origins.	  It	  has	  

been	   established	   that	   many	   more	   MCM	   complexes	   are	   loaded	   during	   licensing	   than	  

activated	   in	   a	   normal	   S-‐phase	   (reviewed	   by	   Hyrien	   et	   al.,	   2003).	   This	   ‘excess’	   of	   MCM	  

complexes	   becomes	   essential	   for	   genome	   stability	   through	   back-‐up	   origin	   activation	   in	  

situations	  of	  stress	  (Woodward	  et	  al.,	  2006;	  Ge	  et	  al.,	  2007;	  Ibarra	  et	  al.,	  2008;	  reviewed	  by	  

Blow	   et	   al.,	   2011).	   We	   first	   hypothesized	   that	   Cdc6	   overexpressing-‐cells	   might	   have	   an	  

	  

Figure	  53.	  Effect	  of	  Cdc6	  overexpression	  at	  replication	  origins.	  A.	  High	  protein	  levels	  of	  Cdc6	  might	  enhance	  
the	  efficiency	  of	  ORC-‐CDC6	   ‘loading	  machine’,	   thus	  more	  MCM	  complexes	  would	  be	  assembled	  from	  a	  given	  
ORC-‐CDC6	  complex	   in	  the	  repetitive	   loading	  reaction.	  B.	  ORC	  complexes	  might	  have	  a	   limited	  access	  to	  Cdc6	  
and	  only	  those	  that	  are	  Cdc6-‐bound,	  would	  load	  the	  MCM	  complex	  in	  coordination	  with	  Cdt1.	  In	  the	  presence	  
of	  higher	  Cdc6	  protein	   levels,	  more	  ORCs	  would	  become	   functionally	  active,	  and	   thus	  more	  potential	  origins	  
would	  be	  assembled.	  	  
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increased	  pool	  of	  back-‐up	  origins,	  and	  therefore,	  enhanced	  resistance	  to	  replicative	  stress.	  

In	  addition,	  the	  delayed	  ageing	  skin	  phenotype	  found	  in	  K5-‐CDC6tg	  mice	  could	  be	  related	  to	  

this,	   as	   replicative	   stress	   is	   linked	   to	   ageing	   (Ruzankina	   et	   al.,	   2007;	   Murga	   et	   al.,	   2009;	  

reviewed	  by	  Ruzankina	  and	  Brown,	  2008;	  Sperka	  et	  al.,	  2012).	  	  

	  

Using	   DNA	   fiber	   spreading,	   we	   found	   that	   Cdc6-‐overexpressing	   cells	   fired	   more	  

origins	   even	   in	   normal	   growth	   conditions.	   It	   was	   possible	   that	   Cdc6	   overexpression	  

somehow	  induced	  replicative	  stress,	  which	  in	  turn	  could	  be	  responsible	  for	  the	  activation	  of	  

back-‐up	   origins	   in	   the	   absence	   of	   aphidicolin.	   Nevertheless,	   no	   markers	   of	   DNA	   damage	  

(γH2AX	   or	   RPA-‐foci)	   were	   found.	   A	   short	   aphidicolin	   treatment,	   which	   induced	   a	   3-‐fold	  

increase	  in	  origin	  activation	  in	  control	  cells,	  only	  induced	  a	  1.4-‐fold	  increase	  in	  origin	  density	  

in	   Cdc6	   overexpressing	   cells,	   suggesting	   a	   reduced	   activation	   of	   back-‐up	   origins.	   One	  

possible	  interpretation	  would	  be	  that	  Cdc6	  overexpressing	  cells	  could	  be	  somehow	  resistant	  

to	   agents	   that	   induce	   replicative	   stress,	   reducing	   the	   need	   for	   back-‐up	   origin	   activation.	  

However,	   upon	   aphidicolin	   treatment,	   the	   DNA	   damage	   response	  was	   not	   attenuated,	   as	  

indicated	  by	   the	  presence	  of	  γH2AX	  or	  RPA-‐foci	   in	  HU-‐treated	   cells,	   suggesting	   that	   these	  

cells	  are	  equally	  susceptible	  to	  replication	  stress.	  After	  48	  h	  of	  Cdc6	  overexpression,	  origin	  

density	   in	   Cdc6	   overexpressing	   cells	   was	   slightly	   higher	   and	   in	   this	   case,	   aphidicolin	  

treatment	   did	   not	   induce	   any	   further	   origin	   activation.	   These	   results	   suggest	   that	   48	   h	   of	  

Cdc6	  overexpression	   leads	   to	   saturating	   levels	  of	  origin	  activity	   that	   cannot	   increase	  upon	  

aphidicolin	  addition.	  	  

	  

It	  has	  been	  shown	  that	   increased	   initiation	  events	   induced	  by	  Chk1	   inhibition	  may	  

promote	  DNA	  breakage	  and	  activate	  the	  ATR-‐dependent	  DNA	  damage	  response	  (Syljuasen	  

et	   al.,	   2005;	   Maya-‐Mendoza	   et	   al.,	   2007).	   In	   this	   view,	   increased	   origin	   firing	   could	   be	  

detrimental.	   Nevertheless	   Cdc6-‐overexpressing	   cells	   did	   not	   activate	   the	   DNA	   damage	  

response,	   suggesting	   that	   a	   compensatory	   mechanism	   alleviates	   the	   effects	   of	   increased	  

origin	  activity.	  In	  this	  regard,	  replication	  fork	  rate	  was	  reduced	  in	  parallel	  to	  the	  increase	  in	  

origin	  density.	  Origin	  density	  and	  fork	  rate	  have	  been	  shown	  to	  be	  mutually	  dependent.	  On	  

one	   hand,	   fork	   elongation	   inhibitors	   such	   as	   aphidicolin	   or	   HU	   promote	   increased	   origin	  

firing	  (Anglana	  et	  al.,	  2003;	  Ge	  et	  al.,	  2007;	  Courbet	  et	  al.,	  2008;	  Ibarra	  et	  al.,	  2008)	  and	  on	  

the	  other	  hand,	  increased	  origin	  firing	  (e.g.	  by	  Chk1	  inhibition)	  slows	  down	  fork	  progression	  

rate	  (Petermann	  et	  al.,	  2006).	  Upon	  Chk1	  downregulation,	  interfering	  with	  origin	  activation	  

by	  means	  of	  CDK2	  or	  Cdc7	  abrogation	  restores	  normal	  fork	  progression	  rate	  (Petermann	  et	  
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al.,	  2010).	  Similar	  results	  have	  been	  recently	  reported	  in	  yeast,	  where	  a	  ts	  mutant	  strains	  of	  

Cdc7	  or	  ORC1	  with	  reduced	  origin	  firing,	  display	  increased	  fork	  progression	  rates	  (Zhong	  et	  

al.,	  2013).	  One	  proposed	  explanation	  for	  reduced	  fork	  rates	  upon	  higher	  origin	  density	  is	  the	  

availability	  of	  limiting	  replication	  factors.	  In	  this	  regard,	  dNTP	  pools	  have	  been	  shown	  to	  be	  

limiting	  for	  fork	  progression	  because	  upregulation	  of	  ribonucleotide	  reductase	  (RNR)	  activity	  

increases	  elongation	  rates	  (Poli	  et	  al.,	  2012).	   It	  will	  be	   interesting	  to	  test	   if	   the	  slower	  fork	  

progression	  rate	  in	  Cdc6-‐overexpressing	  cells	  could	  be	  corrected	  by	  an	  external	  dNTP	  supply.	  

Slower	   fork	   progression	   in	   Cdc6-‐overexpressing	   cells	  may	   explain	  why	  despite	   of	   having	   a	  

higher	  number	  of	  active	  origins	  these	  cells	  do	  not	  progress	  faster	  in	  S-‐phase.	  

	  

Long	  treatments	  (>	  than	  6	  h)	  with	  HU	  or	  aphidicolin	  have	  been	  shown	  to	  generate	  

DSBs	  	  (Saintigny	  et	  al.,	  2001;	  Hanada	  et	  al.,	  2007).	  In	  our	  study,	  Cdc6	  overexpression	  did	  not	  

lead	  to	  statistically	  significant	  differences	  in	  chromatid	  breaks	  or	  HR-‐mediated	  DNA	  damage	  

repair	  neither	  under	  normal	  growth	  conditions	  nor	  in	  the	  presence	  of	  aphidicolin	  or	  CPT.	  Cell	  

proliferation	   was	   not	   affected	   either	   upon	   Cdc6	   overexpression	   when	   TetOn-‐CDC6	   MEFs	  

were	  challenged	  with	  UV-‐light,	  MMS	  or	  NCS.	  	  

	  

3.	  Cdc6	  and	  origin	  selection	  
	  

Replication	   origins	   are	   organized	   in	   clusters	   that	   give	   raise	   to	   large	   replication	  

domains,	   which	   are	   activated	   at	   different	   times	   throughout	   S-‐phase	   following	   a	   spatio-‐

temporal	  program	  (reviewed	  by	  Gilbert	  2010).	  Only	  a	  subset	  of	  replication	  origins	  are	  used	  

in	  each	  cluster	  and	  flexibility	   in	  the	  choice	  of	  origins	  is	  a	  general	  feature	  of	  both	  yeast	  and	  

metazoan	   replication	   (reviewed	   in	   Méchali	   et	   al.,	   2013).	   	   It	   has	   been	   estimated	   that	   a	  

replicon	   is	   composed	   of	   4-‐5	   potential	   origins	   of	   which	   only	   one	   fires	   during	   the	   S-‐phase	  

(Cayrou	  et	  al.,	  2011),	  and	  the	  rest	  remains	  dormant	  and	  may	  be	  activated	  under	  situations	  of	  

replicative	   stress	   (reviewed	   by	   Blow	   et	   al.,	   2011).	   The	  mechanism	   for	   regulating	   dormant	  

origins	   is	  unclear.	  A	  computational	  simulation	  has	  suggested	  that	  activation	  of	  origins	  may	  

be	   stochastic	   (Blow	   and	   Ge,	   2009).	   Most	   licensed	   origins	   are	   passively	   replicated	   by	  

oncoming	  forks	  before	  they	  have	  time	  to	  initiate.	  A	  reduction	  in	  fork	  elongation	  rate	  would	  

increase	   the	   length	   of	   time	   before	   inactivation	   of	   dormant	   origins,	   increasing	   their	  

probability	   of	   firing	   (Blow	   and	   Ge,	   2009).	   Nevertheless,	   inhibition	   of	   ATR,	   Chk1	   and	  

overexpression	  of	  Cdc6	   in	  our	   case,	   increases	  origin	  density	  even	   in	   the	  absence	  of	   stress	  
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(Maya-‐Mendoza	   et	   al.,	   2005;	   Petermann	   et	   al.,	   2006;	   Karnani	   and	   Dutta,	   2011),	   which	  

indicates	  that	  origin	  activity	  is	  also	  influenced	  by	  specific	  regulatory	  mechanisms.	  

	  

The	  fact	  that	  Cdc6	  overexpression	  induced	  increased	  origin	  firing	  could	  indicate	  that	  

Cdc6	  protein	   is	  somehow	   involved	   in	   the	  selection	  of	  origins	   for	  activation.	   In	  human	  cells	  

Cdc6	  is	  degraded	  after	  licensing	  by	  APC/C-‐mediated	  proteolytic	  degradation	  (Petersen	  et	  al.,	  

2000;	  Mailand	  and	  Diffley,	  2005)	  although	  it	  rapidly	  re-‐accumulates	  and	  progressively	  binds	  

to	  chromatin	  from	  S-‐phase	  to	  G2/M	  (Méndez	  and	  Stillman,	  2000;	  Petersen	  et	  al.,	  2000).	   It	  

has	  been	  proposed	  that	  Cdc6	  coordinates	  S-‐phase	  completion	  with	  mitosis	  (Lau	  et	  al.,	  2006).	  

Interestingly,	  when	  origin	  activity	  was	  monitored	  in	  S-‐phase	  HeLa	  cells	  depleted	  from	  Cdc6,	  

impaired	   late	  origin	   activation	  was	   found	   (Lau	  et	   al.,	   2006).	   Interestingly,	   a	   direct	   role	   for	  

Cdc6	  as	  a	  chromatin	  anchor	  for	  the	  cyclin	  E-‐CDK2	  complex	  has	  been	  proposed	  in	  X.laevis	  egg	  

extracts,	  and	   this	   interaction	  was	   required	   for	  efficient	  DNA	  replication	   (Furstenthal	  et	  al.,	  

2001).	   These	   studies,	   along	   with	   our	   own	   data	   suggest	   that	   Cdc6	   might	   facilitate	   DNA	  

replication	   initiation	   by	   promoting	   the	   recruitment	   of	   replication	   factors	   required	   for	  

efficient	  origin	  firing	  (Fig.	  54).	  

To	   date,	   no	   molecular	   signature	   has	   been	   reported	   to	   define	   which	   origins	   are	  

selected	   for	  activation	  and	  which	  are	   left	  dormant.	  We	  propose	   that	   the	  amount	  of	  MCM	  

proteins	  loaded	  at	  each	  origin	  could	  be	  one	  of	  the	  factors	  that	  determine	  firing	  probability	  

by	  promoting	  the	  recruitment	  of	  origin-‐activating	  factors	  such	  as	  GINS	  or	  Cdc45	  (Aparicio	  et	  

	  
Figure	  54.	   Cdc6	  and	  origin	   selection.	  Cdc6	  might	   promote	  origin	   activation	  by	   serving	   as	   a	   platform	   for	   the	  
recruitment	  of	  CycE/A-‐CDK2	  (Furstenthal	  et	  al.,	  2001).	  Hence,	  increased	  Cdc6	  levels	  could	  recruit	  the	  activating	  
kinases	  to	  a	  larger	  number	  of	  origins.	  
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al.,	  2012).	  In	  budding	  yeast,	  overexpression	  of	  replication	  factors	  Sld3,	  Sld7	  and	  Cdc45	  leads	  

to	  genome-‐wide	  changes	   in	  origin	  usage	  (Tanaka	  et	  al.,	  2011).	   In	  addition,	   in	   fission	  yeast,	  

the	  timing	  of	  ORC	  binding	  in	  mitosis	  and	  pre-‐RC	  assembly	  in	  G1	  correlates	  with	  the	  timing	  of	  

firing	  during	  S	  and	  the	  recruitment	  of	  Cdc45.	  Increasing	  the	  length	  of	  mitosis	  leads	  to	  a	  more	  

uniform	  ORC	  distribution	  between	  early	  (efficient)	  and	  late	  (inefficient)	  origins	  and	  changes	  

the	  dynamics	  of	  origin	   firing	   (Wu	  and	  Nurse,	  2009).	   In	   this	  view,	   increasing	  the	  amount	  of	  

MCM	  on	  chromatin	  by	  Cdc6	  overexpression	  might	  lead	  to	  certain	  origins	  with	  high	  amount	  

of	  MCM	  complexes	  that	  would	  more	  efficiently	  recruit	  other	  factors	  needed	  for	  origin	  firing	  

(Fig.	  55).	  	  

	  

	  
Figure	  55.	  Origin	  selection	  and	  MCM	  concentration:	  a	  model.	  A.	  Origin	  selection	  might	  result	  from	  differential	  
accumulation	   of	   MCM	   complexes	   on	   chromatin	   (Aparicio	   et.	   al.,	   2012).	   In	   normal	   conditions,	   origins	   that	  
accumulated	  more	  MCM	  hexamers	  could	  recruit	  activating	  factors	  more	  efficiently,	  while	  those	  with	  less	  MCM	  
content	  might	  remain	  dormant.	  B.	  Upon	  Cdc6	  overexpression,	  the	  differential	  accumulation	  of	  MCM	  complexes	  
at	  different	  origins	  might	  be	  attenuated,	  increasing	  the	  firing	  probability	  of	  normally	  dormant	  origins.	  
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4.	  Cdc6	  overexpression	  in	  vivo	  
	  

We	  have	  also	   studied	   for	   the	   first	   time	   the	  effects	  of	  Cdc6	  overexpression	   in	  vivo.	  

We	  have	  shown	  that	  high	  levels	  of	  Cdc6	  lead	  to	  increased	  MCM	  content	  in	  tissues	  from	  both	  

K5-‐CDC6tg	  and	  TetON-‐CDC6	  mice.	   In	   the	   latter,	  only	   the	  most	  proliferative	   tissues	  displayed	  

increased	   MCM	   chromatin	   content,	   indicating	   that	   MCM	   recruitment	   depends	   on	   cell	  

proliferation	  associated	   to	   tissue	   turnover.	   In	   spite	  of	   the	  accumulation	  of	  CDC6	  mRNA	   in	  

relatively	   quiescent	   organs	   such	   as	   liver	   or	   kidney,	   Cdc6	   protein	   is	   likely	   targeted	   for	  

proteolytic	   degradation	   by	   the	   APC/C	   complex	   in	   quiescent	   cells	   (Petersen	   et	   al.,	   2000;	  

Mailand	  and	  Diffley,	  2005).	   In	   fact,	  HA-‐Cdc6	  was	  barely	  detectable	  by	   IHC	   in	   these	   tissues	  

(data	  not	  shown).	  

	  

Cdc6	   overexpression	   seems	   to	   have	   different	   effects	   depending	   on	   the	   specific	  

tisular	  context.	  In	  general,	  cell	  proliferation	  was	  not	  affected	  in	  Cdc6	  overexpressing	  tissues.	  

However,	  Cdc6	  overexpression	  was	  not	  innocuous	  in	  the	  long	  term.	  First,	  we	  observed	  that	  

TetON-‐CDC6	  mice,	   in	  which	  Cdc6	  overexpression	   is	   induced	   in	  most	  of	   the	   tissues,	   showed	  

increased	   frequency	   of	   hematological	   neoplasias	   (histiocytic	   sarcomas	   and	   B-‐cell	  

lymphomas).	  Interestingly,	  Cdc6	  has	  been	  found	  to	  be	  overexpressed	  in	  human	  mantle	  cell	  

lymphomas,	  which	  is	  a	  subtype	  of	  B-‐cell	  lymphomas	  (Pinyol	  et	  al.,	  2006).	  B-‐lymphocytes	  may	  

be	  particularly	   sensitive	   to	   slight	   alterations	   in	  DNA	   replication	  because	  of	   the	   specialized	  

processed	   taking	   place	   at	   the	   germinal	   centers	   during	   antibody	   production	   (class	   switch	  

recombination,	  somatic	  hypermutation)	  (reviewed	  by	  Victora	  and	  Nussenzweig,	  2012).	  

	  

In	  contrast	  to	  TetON-‐CDC6	  mice,	  the	  lifespan	  of	  K5-‐CDC6tg	  animals	  was	  similar	  to	  wt	  

animals,	  even	  in	  a	  p53-‐null	  background,	  suggesting	  that	  any	  possible	  Cdc6	  oncogenic	  activity	  

in	  the	  K5-‐expressing	  tissues	  is	  not	  restrained	  by	  p53	  activity.	  K5-‐CDC6tg	  mice	  showed	  signs	  of	  

delayed	   ageing,	   as	   old	   transgenic	   animals	   retained	   a	   younger	   aspect	   of	   the	   hair	   shaft	   in	  

terms	  of	  density	  and	  graying.	   In	  collaboration	  with	  Cédric	  Blanpain’s	   lab,	   it	  was	  found	  that	  

transgenic	  animals	  had	  a	  slower	  hair	  growth	  cycle,	  suggesting	  that	  they	  might	  undergo	  less	  

hair	  cycles	  throughout	  their	   lifespan,	  resulting	   in	  better	  fitness	  of	  the	  hair	  follicle	  stem	  cell	  

compartment.	  Consistent	  with	  delayed	  ageing	  of	   the	  epidermis,	  p16	  and	  p19	  mRNA	   levels	  

were	   decreased	   in	   old	   K5-‐CDC6tg	   animals.	   It	   has	   been	   reported	   that	   Cdc6	   overexpression	  

promote	  the	  transcriptional	  repression	  of	  the	  INK4/ARF	  locus	  (Gonzalez	  et	  al.,	  2006),	  which	  

encode	   these	   aging	   molecular	   markers.	   Unfortunately,	   this	   effect	   could	   not	   be	   tested	   in	  

young	  mice	  because	  the	  mRNA	  levels	  of	  p16	  and	  p19	  are	  very	  low	  and	  were	  undetectable	  by	  
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RT-‐qPCR.	  Nevertheless,	  the	  repression	  of	  p16	  and	  p19	  in	  older	  mice	  is	  not	  mediated	  solely	  

through	  the	  transcriptional	  repression	  of	  the	  INK4/ARF	  locus,	  because	  old	  K5-‐CDC6tg	  animals	  

that	  showed	  an	  intermediate	  ageing	  phenotype	  showed	  normal	  mRNA	  levels	  of	  p16	  and	  p19	  

despite	   similar	   Cdc6	   overexpression	   levels	   as	   those	   detected	   in	   the	   K5-‐CDC6tg	   ‘fit	   group’.	  

Further	  experiments	  will	  be	  needed	  to	  characterize	  this	  skin-‐specific	  anti-‐ageing	  phenotype	  

in	  K5-‐CDC6tg	   animals.	   Ideally,	   epidermal	   stem	  cells	   should	  be	   isolated	   from	  old	  animals	   to	  

analyze	  in	  vitro	  their	  proliferation	  potential.	  

	  

Transcriptional	   repression	   of	   the	   E-‐Cadherin	   locus	   has	   been	   reported	   after	   Cdc6	  

overexpression	  (Sideridou	  et	  al.,	  2011).	   In	  our	  study,	  keratinocytes	  isolated	  from	  K5-‐CDC6tg	  

mice	   had	   normal	   E-‐Cadherin	   protein	   levels	   by	   western	   blot	   (data	   not	   shown).	   This	   is	   in	  

agreement	  with	  the	  fact	  that	  no	  skin	  architectural	  distortion	  has	  been	  detected	  in	  K5-‐CDC6tg	  

mice.	   It	   should	   be	   noted	   that	   that	   Sideridou	   and	   coworkers	   found	   the	   transcriptional	  

repression	   of	   E-‐Cadherin	   in	   a	   murine	   cell	   line	   derived	   from	   a	   papilloma	   while	   we	   have	  

checked	   E-‐Cadherin	   levels	   in	   primary	   keratinocytes.	   Interestingly,	   the	   authors	   found	   a	  

cryptic	   origin	   of	   replication	   upstream	   of	   the	   E-‐Cadherin	   locus	   that	   only	   is	   activated	   upon	  

Cdc6	  overexpression.	  This	  observation	  further	  suggests	  that	  Cdc6	  overexpression	  influences	  

origin	  selection.	  	  

	  

Cdc6	  over-‐expression	  has	  been	  shown	  to	  activate	  the	  DDR	  and	  promote	  senescence	  

in	  tissue	  culture	  cells	   (Bartkova	  et	  al.,	  2006).	  However,	  neither	  keratinocytes	   in	  the	  skin	  of	  

K5-‐CDC6tg	  mice	  nor	  TetON-‐CDC6	  MEFs	  show	  signs	  of	  activated	  DDR,	  and	  in	  the	  latter	  case,	  no	  

sign	   of	   senescence	   was	   detected	   after	   7	   days	   of	   Cdc6	   overexpression.	   Actually,	   Cdc6	  

overexpression	  (and	  higher	  MCM	  protein	  content)	  seems	  to	  cooperate	  with	  oncogenic	  Ras	  

in	   vivo,	   at	   least	   in	   epithelial	   cells.	   K5-‐CDC6tg	   mice	   developed	   more	   skin	   papillomas	   upon	  

DMBA-‐TPA	   treatment,	   which	   induces	   a	   specific	   H-‐Ras	   mutation	   in	   90%	   of	   the	   cases	  

(Quintanilla	  et	  al.,	  1986).	  Increased	  Cdc6	  might	  confer	  an	  initial	  proliferative	  advantage	  that	  

favors	   clonal	   outgrowth	   of	   H-‐Ras	   mutated	   cells,	   which	   will	   form	   papillomas.	   Of	   note,	   a	  

mouse	  model	   that	   overexpressed	  MCM7	   in	   the	   epidermis	   has	   been	   reported	   to	  develope	  

more	  papillomas	  upon	  DMBA-‐TPA	  treatment	  than	  wt	  counterparts	  (Honeycutt	  et	  al.,	  2006).	  

No	  progression	  towards	  squamous	  cell	  carcinomas	  (SCC)	  was	  observed	  even	  in	  wt	  mice,	  but	  

it	   should	   also	   be	   noted	   that	   the	   C57B/6	   background	   is	   particularly	   resistant	   to	  

transformation	   from	   papillomas	   to	   SCC	   skin	   carcinogenesis	   protocol	   (Woodworth	   et	   al.,	  

2004).	  	  
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5.	  Cdc6	  and	  Cdt1	  overexpression	  induces	  partial	  re-‐replication	  in	  primary	  
MEFs	  
	  

Previous	   studies	   have	   shown	   that	   overexpression	   of	   Cdt1	   or	   downregulation	   of	  

Geminin	   during	   S-‐phase	   and	   G2	   are	   sufficient	   to	   promote	   re-‐replication	   in	   tumoral	   and	  

primary	   tissue	   culture	   cells	   although	   the	   extent	   of	   re-‐replication	   is	   variable	   (Vaziri	   et	   al.,	  

2003;	  Melexetian	  et	  al.,	  2004;	  Zhou	  et	  al.,	  2004;	  Liu	  et	  al.,	  2007;	  Klotz-‐Noack	  et	  al.,	  2012).	  

Substantial	  re-‐replication	  in	  primary	  cells	  after	  geminin	  downregulation	  is	  only	  detected	  by	  

DNA	  content	  upon	  abrogation	  of	  the	  ATR-‐mediated	  S-‐phase	  checkpoint	  (Liu	  et	  al.,	  2007).	  In	  

contrast,	  here	  we	  show	  that	  a	  fraction	  of	  the	  primary	  MEFs	  overexpressing	  Cdc6	  and	  Cdt1	  

accumulate	  with	  >2C	  DNA,	  compatible	  with	  partial	  DNA	  re-‐replication	  as	  soon	  as	  24	  h	  after	  

dox.	  An	  increase	  of	  this	  aberrant	  cell	  population	  was	  not	  observed	  upon	  overexpression	  of	  

Cdc6	   or	   Cdt1	   alone.	   Interestingly,	   this	   effect	   did	   not	   require	   abrogation	   of	   the	   DDR.	   The	  

proportion	  of	  aberrant	  cells	  decreased	  in	  latter	  time	  points	  and	  we	  believe	  that	  this	  is	  due	  to	  

apoptosis	  activation,	  but	  also	  due	   to	  a	  higher	  cell	   confluency,	  as	   total	  BrdU	   incorporating-‐

cells	  also	  decrease	  with	  time.	  	  

	  

We	  tried	  to	  address	  whether	  DNA	  re-‐replication	  occurs	  at	  specific	  genomic	  locations	  

by	  detecting	  copy	  number	  variations	  in	  S-‐phase-‐sorted	  cells	  by	  CGH	  analysis.	  No	  differences	  

in	   copy	  number	  were	   found	  between	   control	   and	  Cdc6/Cdt1-‐overexpressing	   cells	   possibly	  

because	   the	  small	  proportion	  of	   cells	   that	  accumulate	   significant	  amounts	  of	   re-‐replicated	  

DNA.	   In	  any	  case,	   the	  existence	  of	   re-‐replication	  events	  was	  confirmed	  by	  single	  molecule	  

DNA	  fiber	  analysis.	  This	  technique	  has	  been	  shown	  to	  detect	  re-‐replication	  as	  soon	  as	  after	  

1h	  of	   release	   into	  S-‐phase	   in	  HeLa	  cells	  overexpressing	  Cdt1	  and	   in	  untransformed	  human	  

fibroblasts	  depleted	   from	  geminin,	   in	  which	   re-‐replication	   is	  undetectable	  by	  DNA	  content	  

but	  cell	  cycle	  checkpoints	  are	  activated	  (Dorn	  et	  al.,	  2009).	  Events	  of	  re-‐replication	  occurring	  

early	   in	  S-‐phase	  would	  never	  be	  detected	  by	  DNA	  flow	  cytometry	  because	  cells	  would	  still	  

have	  a	  DNA	  content	   less	   than	  4C.	  Apart	   from	  detecting	   re-‐replicating	   tracks	   in	  Cdc6/Cdt1-‐

overexpressing-‐cells,	   a	   small	   but	   quantifiable	   number	   of	   re-‐replicated	   tracks	   was	   also	  

observed	   in	  control	  cells.	  The	   reasons	   for	   this	   re-‐replication	  background	  are	  not	  clear,	  but	  

they	   may	   reflect	   a	   biological	   effect	   rather	   than	   an	   artifact.	   In	   fact,	   the	   observed	  

accumulation	  of	  nascent	  strands	  at	  certain	  replication	  origins	  is	  suggestive	  of	  re-‐replication	  

events	   (Gómez	   and	   Antequera,	   2008).	   It	   is	   possible	   that	   individual	   Cdc6	   or	   Cdt1	  

overexpression	  could	  induce	  a	  low	  level	  of	  re-‐replication,	  and	  we	  are	  currently	  exploring	  this	  

possibility.	   Future	   studies	   with	   individual	   Cdc6	   and	   Cdt1	   overexpression	  may	   address	   the	  
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influence	   of	   re-‐replication	   on	   genomic	   stability.	   It	   has	   been	   shown	   that	   low	   levels	   of	   re-‐

replication,	   which	   do	   no	   induce	   the	   DDR	   and	   cell	   death,	   may	   induce	   tandem	   gene	  

amplifications	  in	  yeast	  and	  a	  possible	  	  mechanism	  for	  the	  gene	  amplification	  frequently	  seen	  

in	  cancer	  (Green	  et	  al.,	  2010;	  Finn	  and	  Li,	  2013).	  

	  

6.	  Re-‐replication	  in	  Cdc6/Cdt1-‐overexpressing	  cells	  induces	  activation	  of	  the	  
DDR	  

	  
	  It	  has	  been	  shown	  that	  even	  in	  the	  absence	  of	  extensive	  re-‐replication,	  primary	  cells	  

overexpressing	  Cdt1	  or	  depleted	  from	  geminin	  activate	  the	  DDR	  (Liu	  et	  al.,	  2007;	  Tatsumi	  et	  

al.,	   2006).	   In	   our	   study,	   Cdc6/Cdt1-‐overexpressing	   cells	   accumulate	   markers	   of	   activated	  

DDR	   as	   soon	   as	   24	   h	   after	   dox	   induction,	   likely	   induced	   by	   DSB	   and	   ssDNA	   accumulation	  

(Melixetian	   et	   al.,	   2004;	   Zhou	   et	   al.,	   2004;	   Archambault	   et	   al.,	   2005;	   Green	   and	   Li,	   2005;	  

Davison	  et	  al.,	  2006;	  Liu	  et	  al.,	  2007).	  Indeed,	  higher	  amounts	  of	  ssDNA	  as	  measured	  by	  RPA-‐

foci	   accumulation	   and	   BrdU	   detection	   under	   native	   conditions	   were	   found	   in	   Cdc6/Cdt1-‐

overexpressing	  cells.	  In	  addition	  DSB	  frequency	  was	  increased	  and	  the	  physical	  proximity	  of	  

53BP1	  and	  RPA	  foci,	  suggested	  that	  DSB	  are	  caused	  by	  collapsed	  replication	  forks	  during	  the	  

process	  of	  re-‐replication.	  This	  is	  in	  agreement	  with	  a	  previous	  study	  carried	  out	  in	  X.	  laevis	  

egg	   extracts,	   in	   which	   a	   head-‐to-‐tail	   fork	   collision	   model	   was	   proposed	   to	   explain	   the	  

generation	  of	  DSBs	  upon	  DNA	  re-‐replication	  (Davison	  et	  al.,	  2006).	  This	  model	  suggests	  that	  

forks	   ‘chase’	   one	   another	   leading	   to	   fork	   collision	   and	   DNA	   fragmentation.	   The	   possible	  

mechanisms	  leading	  to	  generation	  of	  DNA	  lesions	  upon	  re-‐replication	  are	  depicted	  in	  figure	  

56.	  We	  propose	  that	  simultaneous	  overexpression	  of	  Cdc6	  and	  Cdt1	  induces	  re-‐licensing	  of	  

fired	  origins,	  increasing	  the	  chance	  of	  re-‐replication.	  In	  support	  for	  this,	  geminin	  depletion-‐

induced	  re-‐replication	  is	  strictly	  dependent	  on	  Cdc6	  and	  Cdt1,	  as	  downregulation	  of	  any	  of	  

both	  factors	  inhibited	  it	  (Melixetian	  et	  al.,	  2004).	  

	  

Metaphase	   spreads	   analysis	   of	   Cdc6/Cdt1-‐overexpressing	   cells	   did	   not	   reveal	  

increased	   frequency	   of	   chromatid	   breaks,	   suggesting	   that	   those	   cells	   undergoing	   DNA	  

damage	  either	  repair	   it	  before	  mitosis	  or	  undergo	  apoptosis.	  While	  persistent	  activation	  of	  

the	  DDR	  has	  also	  been	  reported	  to	  induce	  senescence	  (Bartkova	  et	  al.,	  2006;	  DiMicco	  et	  al.,	  

2006),	  this	  pathway	  was	  not	  preferentially	  activated	  upon	  Cdc6	  and	  Cdt1	  overexpression.	  	  
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Figure	  56.	  A	  model	  for	  DNA	  re-‐replication	  causing	  DSB	  and	  genetic	  damage.	  See	  text	  for	  details	  (Adapted	  from	  
Liu	  et	  al.,	  2007;	  Davison	  et	  al.,2006).	  
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7.	  Cdc6	  and	  Cdt1	  overexpression	  is	  lethal	  in	  vivo.	  

	  
To	   date,	   only	   two	   in	   vivo	   studies	   overexpressing	   pre-‐RC	   components	   in	   specific	  

tissues	  have	  been	   reported.	   Cdt1	  overexpression	   in	   thymocytes	  has	  been	   shown	   to	   cause	  

highly	  aneuploid	  lymphoblastic	  lymphomas	  only	  in	  a	  p53-‐null	  background	  (Seo	  et	  al.,	  2005).	  

Overexpression	  of	  MCM7	  in	  the	  skin	  increases	  the	  frequency	  of	  papillomas	  and	  progression	  

towards	   SCC	   (Honeycutt	   et	   al.,	   2006).	   In	   our	   case,	   simultaneous	   Cdc6	   and	   Cdt1	  

overexpression	   had	   a	   striking	   effect	   in	   vivo.	   As	   early	   as	   6	   days	   after	   the	   start	   of	   the	   dox	  

treatment,	  a	  significant	  weight	  loss	  and	  overall	  decline	  in	  health	  was	  observed	  bringing	  the	  

mice	  to	  the	  established	  humane	  endpoint.	  Upon	  histopathological	  analysis,	  it	  became	  clear	  

that	  the	  most	  proliferative	  tissues	  are	  severely	  affected	  particularly,	  the	  intestine,	  stomach,	  

spleen,	   skin	   and	   thymus.	   No	   histological	   alterations	   were	   found	   in	   organs	   with	   lower	  

proliferation	  rates	  such	  as	  liver,	  pancreas,	  kidney,	  lung	  or	  heart,	  suggesting	  that	  high	  levels	  

of	   cell	   proliferation	  are	   required	   for	   the	   toxic	   effects	  of	  Cdc6	  and	  Cdt1	  overexpression.	   In	  

fact,	   it	   is	   possible	   that	   proliferation	   rate	   influences	   the	   stability	   of	   at	   least	   Cdc6	  

overexpression	  as	  previously	  commented	  for	  the	  TetON-‐CDC6	  mouse	  strain,	  in	  which	  organs	  

like	  the	  liver,	  presented	  high	  CDC6	  mRNA	  levels,	  but	  HA-‐Cdc6	  was	  barely	  detected	  by	  IHC	  in	  

tissue	  sections.	  

	  

We	  hypothesize	  that	  Cdc6	  and	  Cdt1	  overexpression	  in	  vivo	  induces	  re-‐replication	  in	  

proliferating	   tissues	   to	  an	  extent	   sufficient	   to	  activate	   the	  DDR	  and	   induce	  apoptosis,	  as	  a	  

way	  to	  eliminate	  cells	  that	  could	  become	  genetically	  unstable.	  The	  high	  rate	  of	  apoptosis	  in	  

tissues	  such	  as	   the	   intestine	  prevents	  proper	   regeneration	  of	   the	  epithelia,	   creating	  ulcers	  

and	   diminishing	   functionality	   in	   terms	   of	   nutrient	   uptake.	   	   Nevertheless	   tissues	   are	   still	  

proliferating,	   probably	   in	   an	   unsuccessfully	   attempt	   to	   compensate	   tissue	   loss	   due	   to	  

apoptosis.	  

	  

In	  summary,	  in	  this	  study	  we	  have	  generated	  new	  mouse	  models	  for	  Cdc6,	  Cdt1	  and	  

combined	  overexpression	  of	  these	  two	  replication	  factors.	  We	  found	  that	  the	  effects	  of	  Cdc6	  

overexpression	  in	  vivo	  are	  tissue-‐dependent	  and	  the	  effects	  are	  milder	  than	  overexpressing	  

Cdc6	   and	   Cdt1	   in	   combination,	  which	  we	   have	   proven	   to	   be	   incompatible	  with	   life.	   Both	  

factors	   deregulate	   DNA	   replication	   at	   different	   levels	   but	   both	   Cdc6	   and	   Cdc6/Cdt1	  

overexpression	  contribute	  to	  genomic	  instability	  in	  vivo.	  
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CONCLUSIONS	  
	  

1. We	   have	   generated	   mouse	   models	   for-‐tissue	   specific	   (K5-‐CDC6tg)	   and	   inducible	  

(TetON-‐CDC6;	  TETON-‐CDT1	  and	  TetON-‐CDC6/CDT1)	  overexpression	  of	  Cdc6	  and	  Cdt1.	  

	  

2. Cdc6,	   but	   not	   Cdt1	   overexpression	   increases	   the	   efficiency	   of	   MCM	   loading	   on	  

chromatin,	  indicating	  that	  Cdc6	  is	  a	  limiting	  factor	  for	  the	  origin	  licensing	  reaction.	  

	  

3. K5-‐CDC6tg	   mice	   display	   a	   skin-‐specific	   delayed-‐ageing	   phenotype	   that	   correlated	  

with	  a	  slow	  progression	  of	  the	  hair	  growth	  cycle.	  

	  

4. K5-‐CDC6tg	  mice	  had	  a	  normal	  lifespan	  but	  are	  hypersensitive	  to	  chemically-‐induced	  

skin	  tumorigenesis.	  

	  

5. Cdc6	  overexpression	  in	  embryonic	  fibroblasts	  increased	  the	  efficiency	  of	  origin	  firing	  

and	   decreased	   the	   fork	   progression	   rate	   without	   activation	   of	   the	   DNA	   damage	  

response	  or	  impairment	  of	  cell	  proliferation	  in	  vitro.	  

	  

6. Upon	   conditions	   of	   replicative	   stress,	   Cdc6-‐overexpressing	   fibroblasts	   failed	   to	  

activate	  dormant	  origins.	  

	  

7. TetON-‐CDC6	   mice	   are	   more	   susceptible	   to	   spontaneous	   tumorigenesis,	   with	   a	  

prevalence	  of	  histiocytic	  sarcomas	  and	  B-‐cell	  lymphomas.	  	  

	  

8. Simultaneous	   Cdc6	   and	   Cdt1	   overexpression	   induces	   partial	   DNA	   re-‐replication,	  

activates	  the	  DNA-‐damage	  response	  and	  induces	  apoptosis.	  	  

	  

9. Cdc6	   and	   Cdt1	   overexpression	   is	   lethal	   in	   vivo.	   Activation	   of	   the	   DNA	   damage	  

response	  and	   increased	  apoptotic	  activity	   in	  proliferative	   tissues	   suggest	   that	  DNA	  

re-‐replication	  is	  also	  occurring	  in	  vivo.	  

	  



	   109	  

CONCLUSIONES	  
	  

1. Hemos	  generado	  modelos	  murinos	  que	  permiten	  la	  sobre-‐expresión	  de	  las	  proteínas	  

Cdc6	  y	  Cdt1	  en	  tejidos	  específicos	  (K5-‐CDC6tg)	  y	  de	  manera	  inducible	  y	  generalizada	  

en	  el	  animal	  (TetON-‐CDC6;	  TetON-‐CDT1;	  TetON-‐CDC6/CDT1).	  

	  

2. La	  sobre-‐expresión	  de	  Cdc6,	  pero	  no	  la	  de	  Cdt1,	  incrementa	  la	  eficiencia	  de	  carga	  de	  

MCM	  en	  cromatina,	  lo	  que	  indica	  que	  Cdc6	  es	  un	  factor	  limitante	  en	  la	  reacción	  de	  

“licenciamiento”	  de	  orígenes	  para	  la	  replicación.	  

	  

3. La	   piel	   de	   los	   ratones	   K5-‐CDC6tg	   muestra	   signos	   de	   envejecimiento	   atenuado	  

relacionados	  con	  la	  ralentización	  del	  ciclo	  de	  crecimiento	  del	  pelo.	  

	  

4. Los	  ratones	  K5-‐CDC6tg	  tienen	  una	  esperanza	  de	  vida	  normal	  y	  son	  más	  susceptibles	  a	  

la	  carcinogénesis	  inducida	  en	  la	  piel.	  

	  

5. La	   sobre-‐expresión	   de	   Cdc6	   en	   fibroblastos	   primarios	   incrementa	   la	   eficiencia	   de	  

activación	   de	   orígenes	   y	   disminuye	   la	   velocidad	   de	   progresión	   de	   la	   horquilla	  

replicativa	  sin	  activar	   la	   respuesta	  de	  daño	  al	  ADN	  ni	   interferir	  con	   la	  proliferación	  

celular	  in	  vitro.	  	  

	  

6. En	   presencia	   de	   estrés	   replicativo,	   las	   celulas	   TetON-‐CDC6	   no	   pueden	   activar	   los	  

orígenes	  latentes	  que	  sirven	  una	  función	  de	  rescate.	  

	  

7. Los	  ratones	  TetON-‐CDC6	  son	  más	  susceptibles	  a	  la	  aparición	  espontánea	  de	  tumores,	  

con	  prevalencia	  de	  sarcomas	  histiocíticos	  y	  linfomas	  de	  tipo	  B.	  

	  

8. La	  sobre-‐expresión	  simultánea	  de	  Cdc6	  y	  Cdt1	  induce	  re-‐replicación	  en	  fibroblastos	  

primarios,	  activa	  la	  respuesta	  de	  daño	  al	  ADN	  e	  induce	  apoptosis.	  

	  

9. La	  sobre-‐expresión	  de	  Cdc6	  y	  Cdt1	  es	  letal	   in	  vivo.	  La	  activación	  de	  la	  respuesta	  de	  

daño	  al	  ADN	  y	   la	  elevada	  actividad	  mitótica	  detectada	  en	   los	   tejidos	  proliferativos	  

sugiere	  que	  la	  re-‐replicación	  del	  ADN	  también	  ocurre	  in	  vivo.	  	  
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