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SUMMARY	
  

	
  

I	
   have	
   studied	
   the	
   role	
   of	
   Damaged	
   DNA	
   binding	
   protein	
   2	
   (DDB2)	
   as	
   a	
   tumor	
  

suppressor.	
   DDB2	
   is	
   a	
   DNA	
   repair	
   protein	
   that	
   is	
   involved	
   in	
   the	
   repair	
   of	
   UV	
  

induced	
   DNA	
   damage	
   lesions,	
   cyclobutane	
   pyrimidine	
   dimers	
   and	
   6-­‐4	
  

photoproducts.	
   Consistent	
   with	
   that	
   DDB2-­‐/-­‐	
   mice	
   exhibit	
   increased	
   skin	
  

tumorigenesis	
  in	
  response	
  to	
  UV	
  irradiation.	
  These	
  mice	
  also	
  develop	
  spontaneous	
  

malignant	
  tumor	
  at	
  a	
  high	
  frequency.	
  My	
  work	
  revealed	
  two	
  new	
  tumor	
  suppressor	
  

functions	
   of	
   DDB2:	
   a	
   role	
   in	
   senescence	
   and	
   as	
   an	
   inhibitor	
   of	
   epithelial	
   to	
  

mesenchymal	
  transition	
  (EMT).	
  These	
  new	
  tumor	
  suppressor	
  functions	
  are	
  related	
  

to	
  the	
  role	
  of	
  DDB2	
  as	
  a	
  transcriptional	
  repressor.	
  I	
  showed	
  that	
  DDB2	
  deficient	
  cells	
  

do	
   not	
   undergo	
   premature	
   senescence	
   after	
   culture	
   shock,	
   exogenous	
   oxidative	
  

stress,	
  oncogenic	
  stress	
  or	
  DNA	
  damage.	
  The	
  deficiency	
  in	
  senescence	
  results	
  from	
  

lack	
   of	
   ROS	
   accumulation.	
   Further	
   investigation	
   revealed	
   that	
   DDB2	
   causes	
   ROS	
  

accumulation	
  by	
  epigenetically	
  inhibiting	
  expression	
  of	
  two	
  important	
  anti-­‐oxidant	
  

genes,	
  MnSOD	
  and	
  Catalase.	
   	
  These	
  findings	
  were	
  further	
  substantiated	
   in	
  mice	
  by	
  

using	
   CCl4	
   induced	
   liver	
   fibrosis	
   and	
   UV	
   induced	
   skin	
   carcinogenesis.	
   As	
   an	
  

extension	
  of	
  my	
  work	
  on	
  delineating	
  tumor	
  suppressive	
  role	
  of	
  DDB2,	
  I	
  investigated	
  

the	
   role	
   of	
   DDB2	
   in	
   colon	
   cancer,	
   as	
   reduced	
   DDB2	
   expression	
   correlates	
   with	
  

aggressive	
   progression	
   of	
   colon	
   carcinoma.	
   Loss	
   of	
   DDB2	
   expression	
   increases	
  

tumorigenecity	
  of	
  colon	
  cancer	
  cells	
  in	
  vitro	
  and	
  in	
  vivo.	
  A	
  closer	
  analysis	
  attributed	
  

this	
   increased	
   tumorigenecity	
  phenotype	
   to	
  a	
   regulation	
  of	
  EMT	
  and	
   resistance	
   to	
  

anoikis.	
  Further	
  findings	
  indicated	
  that	
  the	
  EMT	
  regulation	
  by	
  DDB2	
  is	
  related	
  to	
  	
  



	
   x	
  

SUMMARY	
  (continued)	
  	
  

transcriptional	
  repression	
  of	
  VEGF,	
  Snail1	
  and	
  Zeb1.	
  Concordantly,	
  DDB2	
  deficient	
  

colon	
  carcinoma	
  cells	
  are	
  more	
  metastatic.	
  Thus,	
  loss	
  of	
  DDB2	
  expression	
  results	
  in	
  

a	
   deficiency	
   in	
   senescence	
   and	
   increased	
   EMT	
   leading	
   to	
   an	
   aggressive	
   cancer	
  

progression.	
   Hence,	
   targeting	
   DDB2	
   expression	
   would	
   be	
   beneficial	
   from	
  

therapeutic	
  perspective.	
  Towards	
  that,	
  I	
  have	
  used	
  a	
  naturally	
  occurring	
  compound	
  

Phenethyl	
   Isothiocyanate	
   (PEITC)	
   to	
   elevate	
   expression	
   of	
   DDB2	
   and	
   inhibit	
  

tumorigenesis	
  in	
  mice.	
  Together,	
  my	
  observation	
  provide	
  new	
  insights	
  on	
  the	
  role	
  of	
  

DDB2	
   as	
   a	
   tumor	
   suppressor	
   through	
   its	
   regulation	
   of	
   senescence	
   and	
  metastasis	
  

related	
  to	
  EMT.	
  Also,	
  my	
  work	
  shows	
  how	
  DDB2	
  can	
  be	
  therapeutically	
  targeted	
  for	
  

the	
  treatment	
  of	
  colon	
  cancer.	
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1.INTRODUCTION	
  

1.1	
  DDB2	
  IS	
  MUTATED	
  IN	
  XERODERMA	
  PIGMENTOSUM	
  GROUP	
  E	
  (XPE)	
  

Xeroderma	
  Pigmentosum	
  is	
  a	
  rare	
  autosomal	
  hereditary	
  disorder	
  characterized	
  by	
  

hypersensitivity	
   to	
   sunlight	
   and	
   predisposition	
   to	
   skin	
   tumor	
   development	
   upon	
  

exposure	
  to	
  Ultraviolet	
  light	
  (UV)[1].	
  The	
  UV	
  rays	
  in	
  sunlight	
  causes	
  variety	
  of	
  DNA	
  

damage	
   lesions	
   such	
   as	
   cyclobutane	
   pyrimidine	
   dimers	
   (CPD)	
   and	
   6-­‐4	
  

photoproducts	
   (6-­‐4	
   PPs).	
   Cell	
   constantly	
   repairs	
   these	
   damages	
   to	
   prevent	
  

accumulation	
   of	
   unwanted	
   mutations.	
   Nucleotide	
   excision	
   repair	
   (NER)	
   is	
   a	
  

particularly	
  important	
  mechanism	
  by	
  which	
  cell	
  is	
  able	
  to	
  repair	
  aforementioned	
  UV	
  

induced	
   DNA	
   damage	
   lesions	
   (Fig.	
   1)	
   [2].	
   NER	
   is	
   a	
   multi-­‐step	
   process	
   requiring	
  

involvement	
   of	
   several	
   proteins.	
   Xeroderma	
   Pigmentosum	
   is	
   a	
   genetic	
   defect	
   in	
  

which	
  NER	
  enzymes	
  are	
  mutated	
  resulting	
  deficiency	
  in	
  the	
  repair	
  pathway,	
  leading	
  

to	
  high	
  frequency	
  skin	
  carcinoma	
  development	
  upon	
  UV	
  exposure	
  [3,	
  4].	
  Based	
  on	
  

somatic	
   cell	
   fusion	
   experiments	
   8	
   complementation	
   groups	
   (XPA,	
   XPB,	
   XPC,	
   XPD,	
  

XPE,	
  XPF,	
  XPG	
  AND	
  XPV)	
  for	
  XP	
  have	
  been	
  characterized.	
  XPA	
  through	
  XPG	
  encode	
  

proteins	
  directly	
   involved	
   in	
  NER.	
  Unlike	
   these	
  Xeroderma	
  Pigmentosum	
  variants,	
  

XP-­‐V	
  cells	
  execute	
  normal	
  NER	
  but	
  are	
  defective	
   in	
   the	
  replication	
  of	
  UV	
  damaged	
  

DNA.	
  Later	
  studies	
  revealed	
  DNA	
  polymerase	
  eta	
  as	
  the	
  XPV	
  gene	
  product	
  [5].	
  	
  

	
  

The	
  XPE	
  gene	
  encodes	
  Damaged	
  DNA	
  binding	
  protein	
  2	
  (DDB2),	
  the	
  smaller	
  subunit	
  

of	
  the	
  damaged	
  DNA	
  binding	
  protein	
  DDB.	
  DDB	
  is	
  a	
  heterodimeric	
  protein	
  complex	
  

that	
   possesses	
   a	
   very	
   high	
   affinity	
   for	
   CPDs	
   and	
   6-­‐4	
   PPs.	
   DDB	
   recognizes	
   UV	
  

damaged	
  DNA	
  as	
  well	
   as	
  DNA	
  damage	
   caused	
  by	
  Cisplatin,	
   abasic	
   sites	
   and	
   single	
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stranded	
   DNA	
   [1].	
   The	
   DDB1	
   gene	
   is	
   strongly	
   conserved	
   among	
   the	
   eukaryotes.	
  

Homologs	
   of	
   DDB1	
   are	
   found	
   in	
   the	
   plant	
   Arabidopsis	
   thaliana,	
   the	
   slime	
   mold	
  

Dictyostelium	
   discoideum,	
   the	
   fission	
   yeast	
   Schizosaccharomyces	
   pombe,	
   fruit	
   fly	
  

Drosophila	
   melanogaster	
   and	
   the	
   nematode	
   Caenorhabditis	
   elegans.	
   However,	
  

homologs	
   of	
   human	
   DDB2	
   are	
   found	
   only	
   in	
   other	
   mammals.	
   DDB2	
   amino	
   acid	
  

sequences	
   between	
   human	
   and	
   mice	
   are	
   only	
   73%	
   identical.	
   DDB2	
   is	
   expressed	
  

ubiquitously	
  in	
  human	
  tissue	
  with	
  higher	
  expression	
  in	
  testes,	
  liver,	
  kidney,	
  corneal	
  

endothelium	
  and	
  lower	
  expression	
  in	
  brain,	
  skin,	
  lung,	
  muscle	
  and	
  heart.	
  	
  

	
  

Cells	
   from	
   individuals	
   suffering	
   from	
   XPE	
   exhibit	
   deficient	
   NER	
   [6,	
   7].	
   The	
   NER	
  

defect	
  can	
  be	
  restored	
  in	
  XPE	
  cells	
  by	
  microinjection	
  of	
  purified	
  DDB,	
  demonstrating	
  

that	
   DDB,	
   and	
   thus	
   DDB2,	
   is	
   necessary	
   to	
   carry	
   out	
   efficient	
   NER	
   [8].	
   The	
   cDNAs	
  

encoding	
   the	
   DDB	
   complex	
   were	
   isolated,	
   cloned	
   and	
   characterized.	
   DNA	
  

sequencing	
   analysis	
   revealed	
   that	
   DDB2	
   is	
   mutated	
   in	
   the	
   XPE	
   patients.	
   These	
  

individuals	
  have	
  mutation	
  in	
  DDB2	
  that	
  leads	
  to	
  single	
  amino	
  acid	
  substitution	
  or	
  c-­‐

terminal	
   truncation.	
  Naturally	
  occurring	
  mutants	
  of	
  DDB2	
  carry	
   single	
  amino	
  acid	
  

substitution	
  in	
  the	
  DDB2	
  WD	
  motif,	
  a	
  short	
  motif	
  of	
  approximately	
  40	
  amino	
  acids	
  

involved	
   in	
  protein-­‐	
  protein	
   interaction	
  often	
   terminating	
   in	
  Tryptophan-­‐	
  Aspartic	
  

Acid	
  (Trp-­‐Asp)	
  dipeptide.	
  

	
  

To	
  characterize	
  the	
  role	
  of	
  DDB2	
  in	
  NER,	
  several	
  labs	
  generated	
  mice	
  lacking	
  DDB2	
  

expression.	
   Consistent	
   with	
   the	
   phenotype	
   of	
   XPE	
   patients,	
   DDB2-­‐/-­‐	
   mice	
   are	
  

predisposed	
  to	
  UV	
  induced	
  skin	
  carcinoma	
  formation	
  [9-­‐11].	
   It	
   is	
  noteworthy	
  that,	
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of	
  all	
  the	
  XP	
  groups,	
  XPE	
  subgroup	
  patients	
  exhibit	
  mildest	
  phenotype	
  with	
  regard	
  

to	
   sun	
   sensitivity.	
   [1].	
   Enhanced	
   expression	
   of	
  DDB2	
   in	
  mice	
   reduced	
  UV	
   induced	
  

skin	
   carcinogenesis	
   by	
   both	
   delaying	
   the	
   onset	
   of	
   tumor	
   development	
   and	
   by	
  

attenuating	
   the	
   number	
   of	
   tumor	
   occurrence	
   in	
   each	
   mouse	
   [11].	
   This	
   provides	
  

further	
  evidence	
  that	
  DDB2	
  is	
  necessary	
  to	
  inhibit	
  UV	
  induced	
  skin	
  carcinogenesis.	
  

Interestingly,	
  the	
  DDB2-­‐/-­‐	
  mice	
  also	
  develop	
  spontaneous	
  malignant	
  tumor	
  at	
  a	
  very	
  

high	
   frequency.	
   Tumors	
   are	
   of	
   wide	
   spectrum	
   with	
   frequent	
   incidence	
   of	
  

hematopoietic	
  neoplasms	
  and	
  lymphomas	
  [10,	
  12].	
  	
  

	
  

1.2	
  ROLE	
  OF	
  DDB2	
  IN	
  NER	
  

DDB2,	
  along	
  with	
  DDB1,	
  associates	
  with	
  Cul4a,	
  an	
  E3	
   ligase	
  of	
  Ubiquitin	
  mediated	
  

proteasomal	
   degradation	
   pathway.	
   Cul4	
   utilizes	
   WD40-­‐like	
   repeat	
   containing	
  

proteins	
  as	
  an	
  adapter	
  molecule.	
  DDB2,	
  also	
  a	
  WD40	
  repeat	
  containing	
  protein,	
  acts	
  

as	
  a	
  substrate	
  receptor	
  molecule	
  for	
  Cul4a	
  E3	
  ligase	
  complex,	
  in	
  which	
  DDB1	
  serves	
  

as	
   the	
   linker	
   protein	
   [13].	
   Interestingly,	
   XPE	
  mutants	
   are	
   unable	
   to	
   bind	
   to	
   Cul4a	
  

suggesting	
   role	
   of	
   the	
   Cul4a-­‐DDB2	
   complex	
   in	
   NER	
   [14].	
   The	
   well-­‐characterized	
  

targets	
   of	
   Cul4a-­‐DDB1-­‐DDB2	
   complex	
   are	
   XPC,	
   p21	
   and	
   DDB2,	
   which	
   are	
   all	
  

involved	
  in	
  the	
  repair	
  pathway	
  further	
  underscoring	
  the	
  importance	
  of	
  the	
  protein	
  

ubiquitination	
  activity	
  of	
  DDB2	
  [15-­‐17].	
  

	
  

The	
   precise	
   role	
   DDB2	
   plays	
   in	
   NER	
   is	
   a	
   point	
   of	
   controversy.	
   There	
   are	
   several	
  

models.	
   Many	
   of	
   the	
   suggested	
   models	
   involve	
   the	
   role	
   of	
   DDB2	
   in	
   protein	
  

ubiquitination.	
  Initial	
  reports	
  suggested	
  that	
  DDB2	
  recruits	
  DDB1	
  to	
  the	
  nucleus	
  and	
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Figure	
   1:	
  Model	
   depicting	
   the	
   factors	
   involved	
   in	
   global	
   genomic	
   NER	
   and	
  
transcription	
  coupled	
  NER.	
  	
  
TC-­‐NER	
   and	
   GG-­‐NER	
   involves	
   three	
   steps:	
   1)	
   Damage	
   recognition	
   2)	
   Opening	
   of	
  
helix	
  containing	
  DNA	
  damage	
  lesion	
  3)	
  Repair	
  synthesis	
  and	
  ligation	
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DNA	
  binding	
  ability.	
  According	
  to	
  this	
  model,	
  DDB2	
  degradation	
  facilitates	
  XPC	
  poly-­‐	
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recognizes	
   the	
   UV	
   induced	
   DNA	
   damage	
   lesions	
   [18-­‐20].	
   Following	
   damage	
  

recognition,	
   the	
   Cul4a-­‐DDB1-­‐DDB2	
   complex	
   recruits	
   XPC	
   at	
   the	
   damage	
   site	
   and	
  

ubiquitinates	
   XPC	
   [17].	
   DDB2	
   itself	
   also	
   gets	
   ubiquitinated	
   in	
   the	
   process.	
  

Ubiquitination	
   of	
   DDB2	
   results	
   loss	
   of	
   its	
   DNA	
   binding	
   activity	
   followed	
   by	
  

proteasomal-­‐mediated	
   degradation.	
   However,	
   XPC	
   ubiquitination	
   potentiates	
   its	
  

binding	
  to	
  the	
  DNA	
  and	
  activates	
  the	
  repair	
  process	
  [17].	
  Other	
  studies	
  also	
  linked	
  

the	
  DNA	
  repair	
  activity	
  of	
  DDB2	
  to	
  its	
  protein	
  ubiquitination	
  function.	
  For	
  example,	
  

the	
   Cul4a-­‐DDB1-­‐DDB2	
   complex	
   has	
   been	
   shown	
   to	
   mono-­‐ubiquitinate	
   histones	
  

(H2A,	
  H3	
  and	
  H4)	
  at	
   the	
  DNA	
  damage	
  site,	
  modulating	
   the	
  chromatin	
  structure	
   to	
  

help	
   the	
   repair	
   factors	
   gain	
   access	
   to	
   the	
   lesion	
   [21,	
   22].	
   Moreover,	
   H3/	
   H4	
  

ubiquitination	
  has	
  been	
  found	
  also	
  to	
  play	
  an	
  important	
  role	
  in	
  recruiting	
  XPC	
  to	
  the	
  

damaged	
  chromatin	
  [22].	
  DDB2	
  was	
  reported	
  also	
   to	
  associate	
  with	
  histone	
  acetyl	
  

transferase	
  CBP/	
  p300	
  [23].	
  Moreover,	
  DDB2	
  was	
  found	
  also	
  to	
  be	
  a	
  component	
  of	
  

histone	
   acetylating	
   transcriptional	
   co-­‐activator	
   STAGA	
   complex	
   [24],	
   which	
  

possesses	
   chromatin-­‐remodeling	
   activity.	
   A	
   recent	
   report	
   suggested	
   that	
   DDB2	
  

plays	
   role	
   in	
   chromatin	
  decondensation	
  at	
  UV	
   induced	
  DNA	
   lesion	
   independent	
  of	
  

the	
  protein	
  ubiquitination	
  activity	
  [25].	
  DDB2	
  was	
  found	
  to	
  attenuate	
  the	
  density	
  of	
  

core	
   histones	
   in	
   the	
   chromatin	
   containing	
   UV	
   induced	
   DNA	
   damage	
   lesions.	
   This	
  

function	
   of	
   DDB2	
   is	
   ATP	
   dependent	
   and	
   involves	
   poly(adenosine	
   diphosphate	
  

[ADP]-­‐ribose)	
   polymerase	
   1.	
   However,	
   no	
   genetic	
   evidence	
   is	
   available	
   for	
   these	
  

models.	
  	
  

	
  

Ataxia	
  telangiectasia	
  mutated	
  kinase	
  (ATM)	
  and	
  Ataxia	
  telangiectasia	
  RAD3	
  –related
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Figure	
  2:	
  Model	
  depicting	
  role	
  of	
  DDB2	
  in	
  NER.	
  	
  
Cul4a-­‐DDB1-­‐DDB2	
  complex	
  results	
  ubiquitin	
  mediated	
  proteasomal	
  degradation	
  of	
  
p21	
  and	
  p53S18	
  resulting	
   low-­‐level	
  accumulation	
  of	
  p21,	
  a	
  condition	
  conducive	
  to	
  
repair	
  synthesis.	
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kinase	
   (ATR)	
   are	
   activated	
   following	
   DNA	
   damage	
   and	
   recruited	
   to	
   the	
   damaged	
  

DNA	
  lesion	
  [26].	
  Activated	
  ATM	
  and	
  ATR	
  phosphorylate	
  downstream	
  effector	
  p53	
  at	
  

residues	
   Ser15	
   in	
   human/	
   Ser18	
   in	
  mouse	
   [27].	
   Ser18	
   phosphorylation	
   in	
  mouse	
  

does	
  not	
  augment	
  the	
  stability	
  of	
  p53,	
  but	
  rather	
  renders	
  p53	
  transcriptionally	
  more	
  

active	
  [28].	
   In	
   low	
  dose	
  UV	
  irradiated	
  cells,	
  DDB2	
  keeps	
  p53	
  Ser18P	
  level	
   low,	
  but	
  

does	
  not	
  regulate	
  the	
  cellular	
  level	
  of	
  total	
  p53	
  [29].	
  DDB2	
  mediated	
  degradation	
  of	
  

p53	
   Ser18P	
   involves	
   the	
   ubiquitin	
  mediated	
   proteasome	
   pathway.	
   DDB2	
   imports	
  

DDB1	
   from	
   the	
   cytoplasm	
   to	
   the	
  nucleus	
   following	
   low	
  dose	
  UV.	
  The	
  DDB1-­‐DDB2	
  

complex	
   in	
  association	
  with	
  Cul4a	
  causes	
  proteolysis	
  of	
  p53	
  Ser18P.	
  By	
  degrading	
  

p53Ser18P,	
  DDB2	
  regulates	
  the	
  level	
  of	
  p21,	
  which	
  is	
  a	
  direct	
  transcriptional	
  target	
  

of	
   p53	
   following	
  DNA	
  damage	
   [30].	
  Moreover,	
  DDB2	
   regulates	
   p21	
   at	
   the	
   protein	
  

level	
  through	
  its	
  ability	
  to	
  induce	
  proteolysis	
  of	
  p21	
  [16].	
  p21	
  has	
  been	
  reported	
  to	
  

impede	
   DNA	
   repair	
   by	
   sequestering	
   proliferating	
   cell	
   nuclear	
   antigen	
   (PCNA),	
   an	
  

important	
   factor	
   for	
   repair	
   synthesis.	
   PCNA	
   acts	
   as	
   a	
   DNA	
   clamp	
   to	
   recruit	
   DNA	
  

polymerase	
  δ	
  onto	
  the	
  DNA.	
  Thus,	
  by	
  attenuating	
  expression	
  of	
  p21,	
  DDB2	
  ensures	
  

efficient	
   DNA	
   repair	
   activity.	
   In	
   the	
   absence	
   of	
   functional	
   DDB2	
   expression,	
   high-­‐

level	
  p21	
  sequesters	
  PCNA	
  and	
  inhibits	
  the	
  repair	
  synthesis	
  function.	
  In	
  agreement	
  

with	
   that,	
   deletion	
   of	
   p21	
   in	
   the	
   DDB2-­‐/-­‐	
   background	
   eliminated	
   the	
   repair	
  

deficiency	
  of	
  DDB2-­‐/-­‐	
  cells.	
  These	
  observations	
  provide	
  clear	
  genetic	
  evidence	
  for	
  a	
  

role	
  of	
  DDB2	
  in	
  the	
  global	
  genomic	
  NER	
  pathway	
  through	
  its	
  regulation	
  of	
  p21	
  (Fig.	
  

2).	
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1.3	
  REGULATION	
  OF	
  DDB2	
  

DDB2	
   is	
   a	
   p53-­‐regulated	
   gene	
   in	
   human	
   [31].	
   Following	
   UV	
   irradiation,	
   p53	
  

transcriptionally	
   activates	
  DDB2	
   expression	
   [32].	
   Further	
   studies	
   identified	
   a	
   p53	
  

response	
   element	
   in	
   the	
   promoter	
   region	
   of	
   DDB2.	
   Interestingly,	
   DDB2	
   was	
  

reported	
  also	
   to	
  regulate	
  p53	
  expression	
  directly	
   [33].	
  Hence,	
  a	
  positive	
   feed	
  back	
  

loop	
  between	
  DDB2	
  and	
  p53	
  was	
  suggested,	
  where	
  p53	
  activates	
  DDB2	
  expression	
  

and	
   DDB2	
   regulates	
   activation	
   of	
   p53.	
   However,	
   in	
   murine	
   cells	
   there	
   is	
   no	
   p53	
  

response	
  element	
  in	
  the	
  DDB2	
  promoter	
  region	
  even	
  though	
  the	
  mouse	
  DDB2	
  gene	
  

shares	
   significant	
   sequence	
   identity	
   with	
   the	
   human	
   gene	
   [32].	
   Accordingly,	
   p53	
  

failed	
  to	
  transactivate	
  DDB2	
  expression	
  following	
  UV	
  irradiation	
  in	
  murine	
  cells.	
  	
  

	
  

p38MAPK	
  has	
  been	
  shown	
  to	
  regulate	
  DDB2	
  expression	
  [34].	
  Moreover,	
  p38MAPK	
  

has	
   been	
   suggested	
   to	
   facilitate	
   NER	
   following	
   UV	
   irradiation	
   through	
  

phosphorylation	
  of	
  Histone	
  H3	
  at	
  serine	
  10	
  and	
  subsequent	
  alteration	
  of	
  chromatin	
  

structure.	
  That	
  study	
  also	
  indicated	
  that	
  p38MAPK	
  is	
  involved	
  in	
  UV-­‐induced	
  serine	
  

phosphorylation	
   of	
   DDB2.	
   Phosphorylation	
   of	
   DDB2	
   leads	
   to	
   ubiquitin	
   mediated	
  

proteasomal	
   degradation.	
   Degradation	
   of	
   DDB2	
   allows	
   subsequent	
   recruitment	
   of	
  

critical	
   pre-­‐incision	
   NER	
   factor	
   XPC	
   and	
   TFIIH.	
   Interestingly,	
   an	
   earlier	
   study	
  

reported	
   that	
   c-­‐Abl	
   tyrosine	
   kinase	
   phosphorylates	
   DDB2	
   and	
   inhibits	
   its	
   activity	
  

[35].	
  However,	
  IR,	
  but	
  not	
  UV	
  augments	
  the	
  tyrosine	
  kinase	
  activity	
  of	
  c-­‐Abl.	
  Hence,	
  

the	
  physiological	
  significance	
  of	
  this	
  regulation	
  is	
  unclear.	
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DDB2	
   is	
  a	
  cell	
   cycle	
  regulated	
  gene.	
   It	
   is	
  present	
  at	
  a	
   low	
   level	
   in	
  growth	
  arrested	
  

primary	
  human	
  fibroblasts.	
  Following	
  serum	
  addition,	
  DDB2	
  level	
  peaks	
  at	
  the	
  G1/S	
  

boundary[15].	
  The	
  cell	
  cycle	
  regulation	
  of	
  DDB2	
  partly	
  involves	
  post-­‐transcriptional	
  

mechanism.	
   It	
   is	
   degraded	
   in	
   S	
   phase	
   by	
   the	
   Cul4a-­‐DDB1	
   complex.	
   Interestingly,	
  

DDB2	
   also	
   associates	
   with	
   COP9	
   signalosome	
   complex,	
   which	
   participates	
   in	
  

proteolysis	
  through	
  ubiquitin-­‐proteasome	
  pathway	
  [36,	
  37].	
  	
  

	
  

Analysis	
   of	
   transcriptional	
   regulatory	
   region	
   of	
   DDB2	
   revealed	
   core	
   promoter	
  

region	
  associated	
  with	
   cell	
   cycle	
   regulating/	
   regulated	
  genes:	
  no	
  TATA	
  box,	
   a	
  G/C	
  

rich	
  region,	
  a	
  NF-­‐1	
  element	
  and	
  multiple	
  Sp1	
  elements	
  [38].	
  Furthermore,	
  an	
  active	
  

E2F	
  element	
  was	
  also	
  identified	
  on	
  the	
  DDB2	
  promoter.	
  	
  

	
  

1.4	
  INVOLVEMENT	
  OF	
  DDB2	
  IN	
  APOPTOSIS	
  

Recent	
   studies	
   also	
   implicated	
   DDB2	
   in	
   biochemical	
   pathways	
   other	
   than	
   DNA	
  

repair.	
  The	
  spontaneous	
  tumor	
  development	
  with	
  DDB2-­‐/-­‐	
  mice	
  strongly	
  suggested	
  

other	
  important	
  tumor	
  suppressor	
  functions	
  of	
  DDB2.	
  In	
  agreement	
  with	
  that,	
  DDB2	
  

was	
  found	
  to	
  be	
  an	
  important	
  mediator	
  of	
  apoptosis	
  following	
  DNA	
  damage	
  [16,	
  39].	
  

The	
   XPE	
   cells	
  were	
   found	
   to	
   be	
   deficient	
   in	
   UV	
  mediated	
   apoptosis	
   response	
   [9].	
  

Later	
  studies	
  revealed	
  that	
  the	
  DDB2	
  deficient	
  MEFs	
  or	
  human	
  carcinoma	
  cells	
  are	
  

resistant	
  to	
  apoptosis	
  induced	
  by	
  a	
  variety	
  of	
  agents,	
  including	
  IR,	
  chemotherapeutic	
  

drugs	
  and	
  E2F1	
  [16].	
  Also,	
  keratinocytes	
  from	
  the	
  DDB2-­‐/-­‐	
  mice	
  are	
  resistant	
  to	
  UV	
  

induced	
  apoptosis.	
  Further	
  studies	
  revealed	
  that	
  the	
  apoptosis	
  promoting	
  function	
  

of	
  DDB2	
  is	
  linked	
  to	
  its	
  ability	
  to	
  regulate	
  expression	
  of	
  p21.	
  p21	
  has	
  been	
  shown	
  to
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  Figure	
  3:	
  Role	
  of	
  DDB2	
  in	
  apoptosis.	
  	
  
DNA	
   damage	
   results	
   p53	
   mediated	
   up-­‐regulation	
   of	
   DDB2.	
   DDB2	
   in	
   turn	
   results	
  
ubiquitin	
  mediated	
  proteasomal	
  degradation	
  of	
  p21.	
  Low	
  p21	
  level	
  allows	
  the	
  cell	
  to	
  
undergo	
  apoptosis.	
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exhibit	
  anti-­‐apoptotic	
  effect	
  by	
  multiple	
  mechanisms	
  [40].	
  One	
  mechanism	
  involves	
  

p21	
  mediated	
  inhibition	
  of	
  S	
  phase	
  progression.	
  p21	
  may	
  also	
  inhibit	
  apoptosis	
  by	
  

interacting	
   with	
   pro-­‐apoptotic	
   molecules	
   pro-­‐caspase	
   3,	
   caspase	
   8,	
   ASK1.	
   In	
   the	
  

DDB2-­‐/-­‐	
  cells	
  there	
  is	
  high-­‐level	
  accumulation	
  of	
  p21	
  ,	
  which	
  inhibits	
  the	
  apoptosis	
  

response	
   (Fig.	
   3).	
   In	
   agreement	
  with	
   that	
   the	
   DDB2-­‐/-­‐	
   p21-­‐/-­‐	
   cells	
   show	
   efficient	
  

apoptosis	
   response	
   after	
   DNA	
   damage.	
   DDB2	
   has	
   also	
   been	
   implicated	
   in	
  

augmenting	
   apoptosis	
   response	
   by	
   chemotherapeutic	
   drug	
   Cisplatin	
   through	
  

attenuation	
   of	
   anti-­‐apoptic	
   protein	
   Bcl-­‐2	
   expression	
   [41].	
   In	
   contrast,	
   one	
   study	
  

implicated	
   DDB2	
   in	
   protecting	
   against	
   UV	
   induced	
   apoptotic	
   response	
   by	
   up-­‐

regulation	
  of	
  anti-­‐apoptotic	
  protein	
  cFLIP	
  [42].	
  

	
  

As	
  a	
  part	
  of	
  my	
  thesis	
  research,	
   I	
  observed	
  that	
  DDB2	
  plays	
  a	
  very	
   important	
  role	
  

during	
   oxidative	
   stress	
   induced	
   cellular	
   senescence.	
   Below,	
   I	
   have	
   included	
   an	
  

introduction	
  to	
  cellular	
  senescence.	
  

	
  

1.5	
  OXIDATIVE	
  STRESS	
  AND	
  SENESCENCE	
  

Cellular	
   senescence	
   is	
   defined	
   by	
   the	
   irreversible	
   inability	
   of	
   the	
   cell	
   to	
   divide.	
  

Senescent	
  cells	
  generally	
  undergo	
  growth	
  arrest	
  at	
  G1	
  phase	
  of	
  the	
  cell	
  cycle,	
  though	
  

they	
   are	
   metabolically	
   active	
   [43].	
   In	
   contrast	
   to	
   quiescent	
   cells,	
   which	
   undergo	
  

reversible	
   cell	
   cycle	
   arrest	
   at	
   G0	
   phase,	
   senescent	
   cells	
   essentially	
   undergo	
  

permanent	
   cell	
   cycle	
   arrest.	
   Except	
   for	
   a	
   few	
  experimental	
  manipulations,	
   general	
  

physiological	
  stimuli	
   fail	
   to	
  restore	
  cell	
  division	
   in	
  senescent	
  cells.	
  When	
  grown	
   in	
  

cell	
   culture	
   medium,	
   human	
   diploid	
   fibroblasts	
   undergo	
   60	
   to	
   80	
   population	
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doublings,	
  after	
  which	
  they	
  cease	
  proliferation	
  and	
  enter	
  into	
  the	
  stage	
  of	
  replicative	
  

senescence	
   characterized	
   by	
   enlarged	
   and	
   flattened	
   morphology,	
   increased	
  

granularity,	
  and	
  enhanced	
  senescence-­‐associated	
  β-­‐galactosidase	
  (SA-­‐β-­‐Gal)	
  activity	
  

[44].	
   Telomere	
   is	
   a	
   region	
   of	
   repetitive	
   nucleotide	
   sequence	
   at	
   the	
   end	
   of	
   the	
  

chromosome	
   that	
   protects	
   chromosomes	
   from	
   deterioration	
   and	
   end-­‐fusion	
   with	
  

neighboring	
  chromosomes.	
  With	
  the	
  proliferation	
  of	
  somatic	
  cells,	
  there	
  is	
  a	
  gradual	
  

loss	
  of	
   telomere	
  sequences.	
  The	
  progressive	
   loss	
  of	
   telomere	
   length	
  contributes	
   to	
  

induction	
  of	
  senescence	
  in	
  normal	
  cells.	
  Dysfunctional	
  telomere	
  causes	
  activation	
  of	
  

DNA	
   damage	
   checkpoint	
   response	
   that	
   triggers	
   downstream	
   effector	
   proteins	
   to	
  

induce	
   senescence.	
   Senescent	
   human	
   fibroblasts	
   display	
   molecular	
   markers	
  

characteristic	
   of	
  DNA	
  double	
   stranded	
   break,	
   such	
   as	
   phosphorylated	
  H2AX;	
  DNA	
  

damage	
   checkpoint	
   factors	
   53BP1,	
   MDC1	
   and	
   NBS1	
   [43].	
   Furthermore,	
   there	
   is	
  

activation	
  of	
  DNA	
  damage	
  checkpoint	
  proteins	
  Chk1	
  and	
  Chk2	
  that	
  further	
  supports	
  

the	
  notion	
  that	
  telomere	
  dysfunction	
  initiates	
  a	
  DNA	
  damage	
  response	
  that	
  leads	
  to	
  

senescence.	
   In	
   contrast,	
   cancer	
   cells	
   maintain	
   their	
   immortality	
   by	
   up-­‐regulating	
  

expression	
   of	
   the	
   telomere-­‐maintaining	
   enzyme	
   telomerase.	
   Also,	
   expression	
   of	
  

oncoproteins	
  in	
  pre-­‐senescent	
  cells	
  inactivates	
  p53	
  and	
  Rb,	
  two	
  critical	
  regulators	
  of	
  

senescence.	
   Thus,	
   cancer	
   cells	
   circumvent	
   the	
   process	
   of	
   senescence	
   to	
   become	
  

immortalized.	
  

	
  

Senescence	
   can	
   be	
   triggered	
   also	
   by	
   external	
   stimuli,	
   such	
   as	
   oncogene,	
   DNA	
  

damage,	
   oxidative	
   stress	
   or	
   culture	
   shock	
   (Fig.	
   4)	
   [45,	
   46].	
   This	
   type	
   of	
   telomere	
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Figure	
  4:	
  Critical	
  pathways	
  regulating	
  senescence.	
  	
  
Senescence	
  can	
  be	
  triggered	
  by	
  different	
  internal	
  and	
  external	
  stimuli.	
  These	
  stimuli	
  
induce	
   expression	
   of	
   p16INK4a	
   and/or	
   p19Arf	
   that	
   targets	
   downstream	
   effector	
  
molecules	
  such	
  as	
  p53	
  and	
  Rb	
  to	
  induce	
  senescence	
  response.	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



17	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



18	
  

independent	
   senescence	
   has	
   been	
   termed	
   premature	
   senescence,	
   which	
  

recapitulates	
  molecular	
   features	
  of	
   replicative	
   senescence	
   (Fig.	
  4)	
   [47].	
  Premature	
  

senescence	
  can	
  result	
  from	
  adverse	
  culture	
  condition,	
  commonly	
  known	
  as	
  culture	
  

shock.	
   For	
   example,	
  MEFs	
   can	
   be	
   cultured	
   for	
   limited	
   number	
   of	
   passages	
   before	
  

they	
   succumb	
   to	
   senescence.	
   Studies	
   revealed	
   that	
   supra-­‐physiological	
   oxygen	
  

concentration	
  at	
  the	
  cell	
  culture	
  condition	
  induces	
  premature	
  senescence	
  response	
  

in	
  MEFs	
   [45].	
   In	
   agreement	
  with	
   that,	
   when	
   cultured	
   under	
   physiological	
   oxygen	
  

concentration,	
  MEFs	
  exhibit	
   longer	
   life	
   span.	
  Consistent	
  with	
   this,	
   oxidative	
   stress	
  

results	
   cessation	
   of	
   replication	
   in	
   human	
   cells	
   cultured	
   in	
   vitro	
   [48].	
   Premature	
  

senescence	
   can	
  be	
   induced	
  by	
   oncogenes	
   as	
  well.	
   For	
   example,	
   oncogenic	
  RasV12	
  

induces	
  premature	
  senescence	
  of	
  primary	
  murine	
  cells	
  [49].	
  But,	
  inactivation	
  of	
  p53	
  

or	
   its	
  upstream	
  activator	
  p19Arf	
  abrogates	
  ability	
  of	
  RasV12	
  to	
   induce	
  senescence	
  

[49,	
  50].	
   In	
  human	
  cells,	
   inactivation	
  of	
  p16Ink4a	
  is	
  sufficient	
  to	
  bypass	
  oncogene-­‐

induced	
   senescence	
   [51].	
   One	
   important	
   common	
   effector	
   for	
   culture	
   shock,	
   DNA	
  

damage	
  or	
  oncogene	
  induced	
  senescence	
  is	
  reactive	
  oxygen	
  species	
  (ROS)	
  [47].	
  ROS	
  

levels	
   increase	
   in	
   both	
   replicative	
   senescence	
   and	
   oncogene-­‐induced	
   senescence	
  

[52,	
  53].	
  Moreover,	
  lowering	
  oxygen	
  tension	
  inhibits	
  oncogene-­‐induced	
  senescence	
  

of	
   human	
   diploid	
   fibroblasts	
   and	
   culture	
   shock	
   induced	
   senescence	
   of	
   mouse	
  

embryonic	
   fibroblasts	
   [45,	
   47].	
   ROS	
   have	
   been	
   suggested	
   to	
   induce	
   either	
   p53	
   or	
  

p16INK4a-­‐Rb	
  pathway	
  to	
  trigger	
  senescence	
  response	
  [54,	
  55].	
  

	
  

Senescent	
  cells	
  display	
  striking	
  change	
  in	
  their	
  gene	
  expression	
  profile.	
  Most	
  of	
  the	
  

genes	
   displaying	
   change	
   in	
   their	
   expression	
   profile	
   play	
   roles	
   in	
   the	
   cell	
   cycle,	
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inflammation	
  and	
  DNA	
  repair.	
  The	
  three	
  cell	
  cycle	
  genes,	
  which	
  often	
  get	
  expressed	
  

at	
   a	
   higher	
   level,	
   are	
   p21,	
   p16INK4a	
   and	
   p14	
   Arf	
   (Fig.	
   4)	
   [43].	
   p53	
   exerts	
   its	
  

senescence	
   function	
   through	
   p21	
   resulting	
   cell	
   cycle	
   arrest	
   at	
   G1/S	
   phase.	
   Rb	
   is	
  

being	
   activated	
   by	
   p16	
   INK4a	
   that	
   inhibits	
   CDK4/6	
   to	
   keep	
   Rb	
   in	
   its	
   active	
  

hypophosphorylated	
  state.	
  Rb	
  stalls	
  cell	
  proliferation	
  by	
  forming	
  repressor	
  complex	
  

with	
  E2F,	
  a	
  transcription	
  factor	
  that	
  stimulates	
  genes	
  required	
  for	
  cell	
  proliferation.	
  

p14	
  Arf	
   (p19	
  Arf	
   in	
  murine)	
   activates	
  p53	
  by	
   inhibiting	
  MDM2	
   [56].	
  On	
   the	
  other	
  

hand,	
  p21	
  inhibits	
  CDKs	
  to	
  suppress	
  phosphorylation	
  and	
  inactivation	
  of	
  Rb.	
  Hence;	
  

there	
   is	
   a	
   critical	
   interplay	
   between	
   the	
   p53	
   and	
   the	
   Rb	
   pathways	
   that	
   induces	
  

senescence.	
  	
  

	
  

As	
  a	
  part	
  of	
  my	
  thesis	
  research,	
  I	
  have	
  observed	
  an	
  important	
  role	
  of	
  DDB2	
  also	
  in	
  

inhibiting	
   epithelial	
   to	
   mesenchymal	
   transition	
   (EMT)	
   in	
   colon	
   carcinoma	
   cells.	
  

Therefore,	
  below,	
  I	
  have	
  provided	
  an	
  introduction	
  to	
  EMT.	
  

	
  

1.6	
  EPITHELIAL	
  TO	
  MESENCHYMAL	
  TRANSITION	
  

Epithelial	
   to	
   mesenchymal	
   transition	
   (EMT)	
   is	
   an	
   evolutionary	
   conserved	
  

developmental	
  process	
  that	
  is	
  usurped	
  often	
  by	
  epithelial	
  tumors	
  during	
  metastatic	
  

progression.	
   EMT	
   involves	
   polarized	
   epithelial	
   cells	
   to	
   lose	
   their	
   apical-­‐basal	
  

polarity,	
   characteristic	
   cell-­‐cell	
   contact,	
   and	
   numerous	
   biochemical	
   changes	
   that	
  

result	
   in	
   a	
   conversion	
   of	
   the	
   epithelial	
   cells	
   to	
   mesenchymal	
   cells	
   with	
   invasive	
  

properties,	
  allowing	
  them	
  to	
  migrate	
  through	
  the	
  extracellular	
  matrix	
  (Fig.	
  5)	
  [57].	
  

EMT	
   is	
   characterized	
   by	
   loss	
   of	
   markers	
   for	
   epithelial	
   cells	
   including	
   E-­‐cadherin,	
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beta-­‐catenin,	
   and	
  gain	
  of	
  mesenchymal	
  markers	
   such	
  as	
   vimentin,	
   fibronectin	
   and	
  

smooth	
  muscle	
  actin	
  (Fig.	
  5)	
  [57].	
  Several	
  oncogenic	
  pathways	
  activated	
  by	
  Src,	
  Ras,	
  

Ets,	
   Integrin,	
  Wnt,	
  Notch,	
  hypoxia	
  and	
  TGF-­‐β	
   signaling	
  have	
  been	
  shown	
  to	
   induce	
  

EMT	
  [58,	
  59].	
  Moreover,	
  a	
  number	
  of	
  transcriptional	
  regulators	
  such	
  as	
  Snail1,	
  Slug,	
  

Twist,	
   Zeb1	
   and	
   Zeb2,	
   which	
   are	
   downstream	
   of	
   the	
   aforementioned	
   signaling	
  

pathways,	
   have	
   been	
   shown	
   to	
   stimulate	
   EMT	
   [60-­‐66].	
   These	
   transcriptional	
  

regulators	
  inhibit	
  expression	
  of	
  E-­‐cadherin,	
  which	
  is	
  considered	
  to	
  be	
  a	
  key	
  event	
  in	
  

the	
   EMT	
   of	
   epithelial	
   cancer	
   cells	
   [64].	
   For	
   example,	
   the	
   TGF-­‐β	
   effectors	
   Smads	
  

associate	
   with	
   the	
   Zeb	
   proteins	
   to	
   repress	
   expression	
   of	
   E-­‐cadherin	
   [62,	
   67-­‐70].	
  

TGF-­‐β	
   and	
  Wnt/β-­‐catenin	
  mediated	
   EMT	
   also	
   involves	
   activation	
   of	
   Snail1,	
  which	
  

represses	
   expression	
   of	
   E-­‐cadherin	
   [64,	
   70-­‐72].	
   Likewise,	
   the	
   hypoxia	
   activated	
  

transcription	
  factor	
  HIF-­‐1	
  induces	
  EMT	
  by	
  activating	
  expression	
  of	
  Twist,	
  Snail	
  and	
  

VEGF-­‐A	
   [73-­‐76].	
   Moreover,	
   extracellular	
   matrix	
   (ECM)	
   degrading	
   matrix	
  

metalloproteinases	
   (MMPs)	
   also	
   have	
   been	
   found	
   to	
   alter	
   intracellular	
   signaling	
  

pathway	
   to	
   initiate	
   the	
   EMT	
   process.	
   For	
   instance,	
   MMP3	
   has	
   been	
   shown	
   to	
  

facilitate	
  EMT	
  of	
  epithelial	
  tumor	
  cells	
  in	
  culture	
  by	
  increasing	
  expression	
  of	
  Snail1	
  

[77].	
   Thus,	
   the	
   pathways	
   that	
   lead	
   to	
   the	
   activation	
   of	
   the	
   EMT-­‐inducing	
  

transcription	
   factors	
   (Snail1,	
   Zeb1,	
   Zeb2	
   and	
  Twist)	
   have	
   been	
   characterized,	
   and	
  

they	
  have	
  been	
   implicated	
   in	
  metastasis	
   of	
   epithelial	
   tumors.	
  However,	
   except	
   for	
  

some	
   microRNA	
   studies,	
   the	
   regulators	
   that	
   inhibit	
   expression	
   of	
   these	
   EMT-­‐

inducing	
  transcription	
  factors	
   in	
  the	
  epithelial	
   tumor	
  cells	
  and	
  block	
  mesenchymal	
  

transition	
   remain	
   poorly	
   understood	
   [78,	
   79].
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Figure	
  5:	
  Epithelial	
  to	
  mesenchymal	
  transition.	
  	
  
EMT	
   is	
   a	
   developmental	
   process	
   that	
   is	
   usurped	
   by	
   the	
   tumor	
   cells	
   in	
   order	
   to	
  
undergo	
  metastasis.	
  Cuboidal	
  shaped	
  epithelial	
  cells	
  undergo	
  change	
  in	
  morphology	
  
to	
  become	
  elongated	
  mesenchymal	
  cells.	
  This	
  process	
  is	
  accompanied	
  by	
  change	
  in	
  
gene	
  expression	
  profile.	
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1.7	
  THESIS	
  PROJECT	
  

DDB2-­‐/-­‐	
   cells	
   accumulate	
   p21	
   at	
   a	
   high	
   level.	
   p21	
   has	
   been	
   implicated	
   to	
   induce	
  

senescence.	
  Hence,	
  I	
  was	
  interested	
  to	
  see	
  whether	
  DDB2	
  mediated	
  p21	
  	
  regulation	
  

plays	
  any	
  part	
   in	
  senescence.	
  Surprisingly,	
  despite	
  high-­‐level	
  accumulation	
  of	
  p21,	
  

the	
  DDB2	
   deficient	
  MEFs	
   are	
   deficient	
   in	
   replicative	
   senescence.	
  Moreover,	
   DDB2	
  

deficient	
   MEFs	
   or	
   human	
   carcinoma	
   cells	
   are	
   refractory	
   to	
   DNA	
   damage	
   (UV,	
  

Cisplatin	
   or	
   Aclarubicin)	
   induced	
   or	
   oncogene	
   induced	
   senescence.	
   Further	
  

investigation	
  revealed	
   that	
  DDB2	
  deficiency	
   results	
   impaired	
  accumulation	
  of	
  ROS	
  

in	
   the	
   cell	
   following	
   DNA	
   damage.	
   I	
   also	
   provide	
   evidence	
   that	
   DDB2	
   is	
   a	
  

transcriptional	
  repressor	
  of	
  SOD2	
  and	
  catalase,	
  two	
  important	
  anti-­‐oxidant	
  genes.	
  In	
  

the	
   absence	
   of	
   DDB2,	
   high-­‐level	
   expression	
   of	
   SOD2	
   and	
   catalase	
   inhibits	
   ROS	
  

accumulation	
   and	
   prevents	
   the	
   senescence	
   response.	
   My	
   findings	
   also	
   show	
   that	
  

ROS	
   activates	
   DDB2	
   expression.	
   Thus,	
   ROS	
   augments	
   DDB2	
   expression.	
   DDB2	
   in	
  

turn,	
   in	
   a	
   positive	
   feedback	
   loop,	
   maintains	
   the	
   ROS	
   level	
   high	
   by	
   attenuating	
  

expression	
  of	
  SOD2/	
  catalase	
  and	
  induce	
  senescence.	
  

	
  

DDB2	
   mediated	
   senescence	
   plays	
   an	
   important	
   role	
   in	
   its	
   function	
   as	
   tumor	
  

suppressor.	
  I	
  provide	
  evidence	
  that	
  DDB2-­‐/-­‐	
  mice	
  display	
  increased	
  hepatic	
  fibrosis	
  

response	
   following	
   chronic	
   liver	
   damage,	
   which	
   is	
   related	
   to	
   deficiency	
   in	
  

senescence	
   of	
   hepatic	
   stellate	
   cells.	
   Moreover,	
   DDB2	
   mediated	
   induction	
   of	
  

premature	
  senescence	
  plays	
  a	
  major	
  part	
  in	
  its	
  role	
  in	
  suppressing	
  UV	
  induced	
  skin	
  

carcinoma.	
  My	
  observations	
  revealed	
  that	
  in	
  the	
  context	
  of	
  UV	
  induced	
  skin	
  cancer
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Figure	
  6:	
  Role	
  of	
  DDB2	
  in	
  EMT	
  and	
  senescence.	
  	
  
DDB2	
   acts	
   as	
   a	
   transcriptional	
   inhibitor	
   of	
   SOD2	
   and	
   catalase	
   and	
   thus	
   inducing	
  
senescence.	
   DDB2	
   mediated	
   inhibition	
   of	
   EMT	
   is	
   related	
   to	
   its	
   role	
   as	
   a	
  
transcriptional	
  inhibitor	
  of	
  VEGF,	
  Snail	
  and	
  Zeb1.	
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development,	
  DDB2	
  and	
  p21	
  co-­‐operate	
  with	
  each	
  other	
  to	
  suppress	
  tumorigenesis	
  

by	
  inducing	
  accumulation	
  of	
  ROS	
  and	
  thereby	
  triggering	
  senescence.	
  	
  

	
  

Several	
   transcription	
   factors	
   have	
   been	
   shown	
   to	
   have	
   opposing	
   effects	
   on	
  

senescence	
   and	
   epithelial	
   to	
  mesenchymal	
   transition	
   (EMT).	
   For	
   example,	
   Twist/	
  

Zeb1	
   induces	
   EMT	
  but	
   inhibits	
   cellular	
   senescence.	
   Conversely,	
   p53/	
   p21	
   induces	
  

senescence	
   but	
   inhibits	
   EMT.	
   Similarly,	
   my	
   observations	
   revealed	
   that	
   DDB2,	
   an	
  

inducer	
   of	
   premature	
   senescence,	
   inhibits	
   EMT.	
   I	
   found	
   that,	
   loss	
   of	
   DDB2	
  

expression	
  in	
  colon	
  carcinoma	
  cells	
  results	
  EMT.	
  This	
  is	
  accompanied	
  by	
  increased	
  

motility,	
  aggressiveness	
  and	
  tumorigenicity	
  of	
  these	
  cells	
  both	
  in	
  vitro	
  and	
  in	
  vivo.	
  

Moreover,	
  DDB2	
  deficient	
  cells	
  are	
  also	
  resistant	
   to	
  anoikis	
   that	
  makes	
   these	
  cells	
  

proficient	
  to	
  metastasize	
  to	
  lung	
  and	
  liver.	
  Further	
  examination	
  revealed	
  that	
  DDB2	
  

inhibits	
  EMT	
  by	
  attenuation	
  of	
  VEGF,	
  Snail	
  and	
  Zeb1	
  transcription.	
  I	
  also	
  examined	
  

DDB2	
  status	
  in	
  colon	
  carcinoma	
  patient	
  samples.	
  My	
  observation	
  revealed	
  that	
  low	
  

DDB2	
   expression	
   is	
   poor	
   prognosis	
   for	
   colon	
   carcinoma	
   patients,	
   which	
   is	
   likely	
  

related	
  to	
  increased	
  metastatic	
  potential	
  of	
  primary	
  cells.	
  

	
  

My	
  observations	
  suggest	
  that	
  activation	
  of	
  DDB2	
  would	
  be	
  potentially	
  significant	
  in	
  

therapy.	
   Augmenting	
   DDB2	
   expression	
   will	
   induce	
   senescence	
   and	
   inhibit	
   EMT.	
  

Hence,	
   it	
   will	
   stop	
   the	
   proliferation	
   of	
   primary	
   tumor	
   cells	
   and	
   inhibit	
   their	
  

dissemination	
   to	
   a	
   distant	
   organ.	
   Towards	
   that,	
   I	
   have	
   used	
   PEITC	
   (Phenethyl	
  

Isothiocyanate),	
  a	
  naturally	
  occurring	
  compound	
  to	
  induce	
  DDB2	
  expression.	
  PEITC	
  

is	
  currently	
   in	
  clinical	
   trial.	
   I	
   show	
  that	
  PEITC	
  mediated	
  apoptosis	
  and	
  senescence	
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requires	
  expression	
  of	
  DDB2.	
  Moreover,	
  PEITC	
  mediated	
   tumor	
  regression	
   in	
  vivo	
  

involves	
  DDB2.	
   Taken	
   together,	
   I	
   provide	
   genetic	
   basis	
   and	
  molecular	
  mechanism	
  

deciphering	
   new	
   roles	
   of	
   DDB2	
   as	
   a	
   tumor	
   suppressor	
   (Fig.	
   6).	
   I	
   also	
   provide	
  

evidence	
   that	
   DDB2	
   can	
   be	
   targeted	
   therapeutically	
   to	
   inhibit	
   tumorigenesis.
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2.MATERIALS	
  AND	
  METHODS	
  

2.1	
  MICE	
  

Ddb2−/−	
  mice	
   were	
   generated	
   in	
   our	
   laboratory.	
  p21+/−	
  mice	
   were	
   crossed	
  

with	
  Ddb2+/−	
  mice	
  to	
  produce	
  Ddb2+/−p21+/−progeny,	
  which	
  were	
  crossed	
  further	
  to	
  

obtain	
   	
   the	
  Ddb2+/−	
   p21−/−	
  mice.	
   TheDdb2+/−	
   p21−/−	
  were	
   crossed	
   with	
  Ddb2+/−	
  

p21−/−	
  to	
   obtain	
  p21−/−	
  and	
   Ddb2−/−	
   p21−/−	
  mice.	
  Ddb2+/−	
  mice	
   were	
   crossed	
  

with	
  Ddb2+/−	
  mice	
  to	
  obtain	
  Ddb2−/−	
  and	
  wild	
  type	
  mice.	
  	
  

	
  

2.2	
  ISOLATION	
  OF	
  MEF	
  

MEFs	
  were	
  obtained	
  from	
  13.5-­‐day	
  WT	
  or	
  DDB2−/−	
  sibling	
  embryos	
  and	
  were	
  grown	
  

in	
  Dulbecco's	
  modified	
  Eagle's	
  medium	
  (DMEM)	
  containing	
  10%	
  fetal	
  bovine	
  serum	
  

(FBS).	
  

	
  

2.3	
  DRUG	
  TREATMENTS	
  AND	
  UV	
  IRRADIATION	
  

UV	
   irradiation	
   (50	
   J/m2)	
   of	
   cells	
   was	
   carried	
   out	
   with	
   a	
   Stratalinker	
   (Fisher	
  

Scientific)	
   adjusted	
   to	
   UV-­‐C	
   irradiation.	
   The	
   cells	
   were	
   washed	
   with	
   phosphate-­‐

buffered	
   saline	
   (PBS)	
   before	
   irradiation	
   in	
   the	
   absence	
   of	
   any	
  medium.	
   Following	
  

irradiation,	
  cells	
  were	
  supplemented	
  with	
  culture	
  medium.	
  Cisplatin	
  (Sigma;	
  P4394)	
  

was	
   used	
   at	
   a	
   final	
   concentration	
   of	
   30	
   μM,	
   and	
   aclarubicin	
   (Sigma;	
   A8959)	
   was	
  

used	
   at	
   a	
   final	
   concentration	
   of	
   0.5	
   μM.	
   Cells	
  were	
   treated	
  with	
   the	
  drugs	
   for	
   8	
   h	
  

followed	
  by	
  washing	
  with	
  PBS	
  and	
  supplementation	
  with	
  culture	
  medium.	
  

	
  



29	
  

PEITC	
  was	
  used	
  at	
  a	
  final	
  concentration	
  of	
  10uM	
  for	
  indicated	
  time	
  points	
  for	
  DDB2	
  

expression	
  analysis.	
  For	
  TUNEL	
  assay,	
  cells	
  were	
  treated	
  at	
  a	
  final	
  concentration	
  of	
  

50uM	
  for	
  8	
  hrs.	
  For	
  SA-­‐beta-­‐gal	
  assay,	
  cells	
  were	
  treated	
  at	
  a	
  final	
  concentration	
  of	
  

20uM	
  for	
  6	
  hrs.	
  

	
  

p38MAPK	
   inhibitor	
   (SB	
   203580)	
   and	
   JNK	
   inhibitor	
   (SP600125)	
   were	
   purchased	
  

from	
   calbiochem.	
   They	
   were	
   used	
   at	
   a	
   final	
   concentration	
   of	
   20uM	
   and	
   50	
   uM	
  

respectively	
  as	
  described	
  previously	
  [80].	
  

	
  

2.4	
  WESTERN	
  BLOT	
  ANALYSIS	
  

Cells	
  were	
  harvested	
  following	
  washing	
  with	
  PBS.	
  Cells	
  were	
  lysed	
  by	
  suspension	
  in	
  

2	
  volumes	
  of	
  buffer	
  containing	
  0.02	
  M	
  HEPES	
  (pH	
  7.9),	
  0.4	
  M	
  NaCl,	
  0.1%	
  NP-­‐40,	
  10%	
  

(vol/vol)	
  glycerol,	
  1	
  mM	
  NaF,	
  1	
  mM	
  sodium	
  orthovanadate,	
  and	
  a	
  protease	
  inhibitor	
  

cocktail.	
   Extracts	
   were	
   subjected	
   to	
   sodium	
   dodecyl	
   sulfate	
   (SDS)-­‐polyacrylamide	
  

gel	
   electrophoresis,	
   followed	
   by	
   blotting	
   to	
   nitrocellulose.	
   The	
   blots	
  were	
   probed	
  

with	
  antibodies	
   to	
  p19Arf	
   (Abcam),	
  Cdk2	
  (Santa	
  Cruz),	
  human	
  DDB2	
  (Santa	
  Cruz/	
  

Cell	
   signaling),	
   mouse	
   DDB2	
   (Cell	
   signaling),	
   H-­‐Ras	
   (Santa	
   Cruz),	
   T7	
   monoclonal	
  

antibody	
   (Novagen),	
   catalase	
   (Calbiochem),	
   manganese	
   superoxide	
   dismutase	
  

(MnSOD)	
   (Stressgen),	
   FoxM1	
   (Santa	
   Cruz),	
   p21	
   Waf1/	
   Cip1	
   (BD	
   Biosciences),	
   E-­‐

cadherin	
   (BD	
   Biosciences),	
   Vimentin	
   (Sigma),	
   P-­‐ERK	
   (Cell	
   signaling),	
   p-­‐AKT	
   (Cell	
  

signaling),	
   total	
   ERK	
   (Cell	
   signaling),	
   total	
   AKT	
   (Cell	
   signaling),	
   cleaved	
   caspase	
   3	
  

(Santa	
   cruz),	
   Actin	
   (Sigma),	
   Tubulin	
   (Sigma),	
   HIF-­‐1	
   (Abcam),	
   Zeb1	
   (Santa	
   cruz),	
  

Snail	
  (Santa	
  cruz).	
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2.5	
  SENESCENCE	
  ASSOCIATED	
  β	
  GAL	
  ASSAY	
  

MEFs	
  (WT	
  or	
  DDB2−/−)	
  and	
  HCT116	
  cells	
  (with	
  short	
  hairpin	
  RNA	
  [shRNA]	
  targeting	
  

LacZ	
  or	
  DDB2)	
  were	
  plated	
  at	
   low	
  density.	
   Cells	
  were	
  washed	
   twice	
  with	
   ice-­‐cold	
  

PBS	
  and	
   fixed	
   in	
  2%	
  formaldehyde	
  and	
  0.2%	
  glutaraldehyde	
  solution	
   in	
  PBS.	
  Cells	
  

were	
  incubated	
  overnight	
  at	
  37°C	
  in	
  staining	
  solution	
  containing	
  1	
  mg/ml	
  X-­‐Gal	
  (5-­‐

bromo-­‐4-­‐chloro-­‐3-­‐indolyl-­‐β-­‐D-­‐galactopyranoside),	
   40	
   mM	
   citric	
   acid-­‐sodium	
  

phosphate	
   (pH	
   6.0),	
   5	
  mM	
  potassium	
   ferrocyanide,	
   5	
  mM	
  potassium	
   ferricyanide,	
  

150	
  mM	
  NaCl,	
  and	
  2	
  mM	
  MgCl2.	
  They	
  were	
  photographed	
  thereafter	
  and	
  scored	
  by	
  

assessing	
  15	
  random	
  fields/plate	
  in	
  triplicate.	
  

	
  

Frozen	
  skin	
  sections	
  were	
   fixed	
   in	
  3%	
   formaldehyde	
   in	
  1×	
  PBS	
   for	
  5	
  min	
  at	
   room	
  

temperature.	
   Sections	
   were	
   washed	
   two	
   times	
   with	
   1×	
   PBS,	
   pH	
   7.2,	
   with	
   1	
  

mMMgCl2	
  and	
   further	
   incubated	
   with	
   X-­‐gal	
   staining	
   solution	
   overnight	
   at	
   37	
   °C.	
  

Nuclei	
  were	
  counterstained	
  with	
  Nuclear	
  Fast	
  Red.	
  Pictures	
  of	
  random	
  fields	
  were	
  

taken	
  with	
  Nikon	
  microscope	
  at	
  ×10.	
  SA-­‐β-­‐galactosidase-­‐positive	
  cells	
  per	
  field	
  were	
  

counted.	
  

	
  

2.6	
  POPULATION	
  DOUBLING	
  ASSAY	
  

MEFs	
   (WT	
   or	
   DDB2−/−)	
   were	
   grown	
   for	
   3	
   days	
   (1	
   ×	
   106	
  cells/60-­‐mm	
   plate).	
   The	
  

MEFs	
  were	
  split	
  every	
  3	
  days	
  and	
  replated	
  at	
  the	
  same	
  density.	
  This	
  3T3	
  cultivation	
  

was	
   repeated	
   for	
   9	
   passages	
   for	
   WT	
   MEFs	
   and	
   20	
   passages	
   for	
   DDB2−/−	
  MEFs.	
  

Population	
   doublings	
   were	
   calculated	
   according	
   to	
   the	
   formula	
   log(final	
   cell	
  

number/plated	
  cell	
  number)/log2.	
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2.7	
  SEMI-­‐QUANTITATIVE	
  REVERSE	
  TRANSCRIPTION	
  PCR	
  

Total	
  RNA	
  was	
  extracted	
  from	
  the	
  cells	
  with	
  Trizol.	
  One	
  microgram	
  of	
  total	
  RNA	
  was	
  

then	
  subjected	
  to	
  DNase	
  I	
  treatment	
  using	
  RQ1	
  RNase-­‐free	
  DNase	
  I	
  (Invitrogen).	
  The	
  

DNase	
  I-­‐treated	
  RNA	
  was	
  reverse	
  transcribed	
  using	
  an	
  iScript	
  cDNA	
  synthesis	
  kit	
  

(Bio-­‐Rad)	
  according	
  to	
  the	
  manufacturer's	
  protocol.	
  PCR	
  amplification	
  was	
  carried	
  

out	
  with	
  the	
  following	
  primers:	
  	
  

Mouse	
  MnSOD	
  

Forward:	
  5′-­‐ATTAACGCGCAGATCATGCA-­‐3′	
  

Reverse:	
  5′-­‐TGTCCCCCACCATTGAACTT-­‐3′	
  

Mouse	
  catalase	
  

Forward:	
  5′-­‐CCGACCAGGGCATCAAAA-­‐3′	
  

Reverse:	
  5′-­‐GAGGCCATAATCCGGATCTTC-­‐3′	
  

Mouse	
  glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase	
  (GAPDH)	
  	
  

Forward:	
  5′-­‐AACTTTGGCATTGTGGAAGG-­‐3′	
  

Reverse:	
  5′-­‐CCATCCACAGTCTTCTGGGT-­‐3′	
  	
  

Mouse	
  DDB2	
  	
  

Forward:	
  5′-­‐GCTCCAAAGGGGGAGATATT-­‐3′	
  

Reverse:	
  5′-­‐CTTCTTGTGCATTCGGAGGT-­‐3	
  

p19Arf	
  	
  

Forward:	
  5′-­‐CCCACTCCAAGAGAGGGTTT-­‐3′	
  	
  

Reverse:	
  5′-­‐TCTGCACCGTAGTTGAGCAG-­‐3′	
  

Human	
  MnSOD	
  	
  

Forward:	
  5′-­‐GGCTTGGTTTCAATAAGGAACGG-­‐3′	
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Reverse:	
  5′-­‐ATCCCCAGCAGTGGAATAAGG-­‐3′	
  

Human	
  catalase	
  

Forward:	
  5′-­‐TGATTACACTCCAGCGTGGTGAG-­‐3′	
  	
  

Reverse:	
  5′-­‐CATAGATGCCCTCTGAGACTCTGC-­‐3′	
  

Human	
  cyclophilin	
  

	
  Forward:	
  5′-­‐GCAGACAAGGTCCCAAAGACAG-­‐3′	
  	
  

Reverse:	
  5′-­‐CACCCTGACACATAAACCCTGG-­‐3′	
  

Human	
  DDB2	
  	
  

Forward:	
  5′-­‐CCAACCAGTTTTACGCCTCCTC-­‐3′	
  	
  

Reverse:	
  5′-­‐TGTCTCCTGTGACCACCATTCG-­‐3′	
  

p14Arf	
  	
  

Forward:	
  5′-­‐GAACATGGTGCGCAGGTTCT-­‐3′	
  

Reverse:	
  5′-­‐CCTCAGCCAGGTCCACGGG-­‐3′  

E-­‐cadherin	
  

Forward:	
  5’-­‐	
  GTCATCCAACGGGAATGCA-­‐3’	
  

Reverse:	
  5’-­‐	
  TGATCGGTTACCGTGATCAAAA	
  -­‐3’	
  

Cytokeratin	
  18	
  

Forward:	
  5’-­‐	
  TGGTCACCACACAGTCTGCT	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  CCAAGGCATCACCAAGATTA	
  -­‐	
  3’	
  

Cytokeratin	
  19	
  

Forward:	
  5’-­‐	
  AGGTGGATTCCGCTCCGGGCA	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  ATCTTCCTGTCCCTCGAGCA	
  -­‐3’	
  

Vimentin	
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Forward:	
  5’-­‐	
  GACACTATTGGCCGCCTGCAGGATGAG	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  ACTGCAGAAAGGCACTTGAAAGC	
  -­‐3’	
  

N-­‐cadherin	
  

Forward:	
  5’-­‐	
  CACCCAACATGTTTACAATCAACAATGAGAC	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  CTGCAGCAACAGTAAGGACAAACATCCTATT	
  -­‐3’	
  

Snail	
  

Forward:	
  5’-­‐	
  TTCAACTGCAAATACTGCAACAAG	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  CGTGTGGCTTCGGATGTG	
  -­‐3’	
  

Twist	
  

Forward:	
  5’-­‐	
  CGGACAAGCTGAGCAAGATT	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  CCTTCTCTGGAAACAATGAC	
  -­‐3’	
  

Zeb1	
  

Forward:	
  5’-­‐	
  AACGCTTTTCCCATTCTGGC	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  GAGATGTCTTGAGTCCTGTTCTTGG	
  -­‐3’	
  

MMP3	
  

Forward:	
  5’-­‐	
  ATTCCATGGAGCCAGGCTTTC	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  CATTTGGGTCAAACTCCAACTGTG	
  -­‐3’	
  

VEGF	
  

Forward:	
  5’-­‐	
  CTACCTCCACCATGCCAAGT	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  GCAGTAGCTGCGCTGATAGA	
  -­‐3’	
  

Hif-­‐1	
  

Forward:	
  5’-­‐	
  CTCAAAGTCGGACAGCCTCA	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  CCCTGCAGTAGGTTTCTGCT	
  -­‐3’	
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Pinch1	
  

Forward:	
  5’-­‐	
  CCGCTGAGAAGATCGTGAAC	
  -­‐3’	
  

Reverse:	
  5’-­‐	
  GGGCAAAGAGCATCTGAAAG	
  -­‐3’	
  

Each	
  PCR	
  mix	
  contained	
  5	
  μl	
  5×	
  PCR	
  mix,	
  0.5	
  μl	
  deoxynucleoside	
  triphosphate	
  

(dNTP),	
  1.5	
  μl	
  MgCl2,	
  0.125	
  μl	
  Taq	
  polymerase	
  (Promega),	
  2	
  μl	
  cDNA,	
  13.875	
  μl	
  

water,	
  and	
  1	
  μl	
  (each)	
  forward	
  and	
  reverse	
  primer.	
  

	
  

2.8	
  CHROMATIN	
  IP	
  ASSAY	
  

Cells	
   were	
   either	
   left	
   untreated	
   or	
   infected	
   with	
   LacZ/DDB2-­‐T7-­‐expressing	
  

adenovirus.	
   Infected	
   cells	
   were	
   processed	
   after	
   18	
   h	
   for	
   chromatin	
  

immunoprecipitation	
  (ChIP)	
  assay.	
  Cells	
  were	
  first	
  cross-­‐linked	
  by	
  addition	
  of	
  37%	
  

formaldehyde	
  (Fisher)	
  to	
  a	
  final	
  concentration	
  of	
  1%	
  and	
  incubated	
  for	
  10	
  min	
  with	
  

gentle	
  swirling	
  at	
  room	
  temperature.	
  Cross-­‐linking	
  was	
  stopped	
  by	
  addition	
  of	
  2.5	
  M	
  

glycine	
   at	
   a	
   final	
   concentration	
  of	
   0.125	
  M	
  glycine	
   for	
   5	
  min	
  with	
   gentle	
   swirling.	
  

Cells	
  were	
  washed	
  twice	
  with	
  ice-­‐cold	
  sterile	
  PBS	
  and	
  then	
  collected	
  by	
  adding	
  1	
  ml	
  

of	
   ice-­‐cold	
  sterile	
  PBS	
  containing	
  1	
  mM	
  phenylmethylsulfonyl	
   fluoride	
  (PMSF)	
  and	
  

protease	
  inhibitors	
  (Roche).	
  Cells	
  were	
  scraped,	
  transferred	
  into	
  an	
  Eppendorf	
  tube,	
  

and	
  centrifuged	
  at	
  2,000	
  rpm	
  for	
  5	
  min.	
  The	
  cell	
  pellet	
  was	
  then	
  resuspended	
  in	
  a	
  2×	
  

pellet	
  volume	
  of	
  sodium	
  dodecyl	
  sulfate	
  (SDS)	
   lysis	
  buffer	
  (1%	
  SDS,	
  10	
  mM	
  EDTA,	
  

50	
   mM	
   Tris,	
   pH	
   8.1)	
   and	
   placed	
   on	
   ice	
   for	
   10	
   min.	
   The	
   resulting	
   extract	
   was	
  

sonicated	
   and	
   precleared,	
   and	
   immunoprecipitation	
  was	
   carried	
   out	
  with	
   2	
   μg	
   of	
  

antibody	
   (DDB2,	
   Santa	
   Cruz;	
   T7,	
   Novagen;	
   H3K9Me3,	
   Upstate;	
   Suv39h,	
   Upstate;	
  

immunoglobulin	
   G	
   [IgG],	
   Santa	
   Cruz;	
   XPC,	
   Santa	
   Cruz;	
   Cul4a,	
   DDB1).	
   Cross-­‐links	
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were	
  reversed	
  on	
  all	
  samples,	
  including	
  input,	
  by	
  addition	
  of	
  100	
  μl	
  Tris-­‐EDTA	
  (TE)	
  

containing	
   200	
   mM	
   NaCl	
   and	
   0.1	
   mg	
   proteinase	
   K/ml,	
   and	
   then	
   samples	
   were	
  

incubated	
   overnight.	
   DNA	
   was	
   extracted	
   from	
   the	
   digested	
   samples	
   using	
   a	
   PCR	
  

purification	
  kit	
  (Qiagen).	
  Extracted	
  DNA	
  was	
  amplified	
  by	
  PCR	
  alongside	
  0.1%	
  of	
  the	
  

input	
   chromatin	
   used	
   to	
   carry	
   out	
   the	
   immunoprecipitation.	
   PCR	
  primers	
   used	
   to	
  

carry	
  out	
  PCR	
  are	
  as	
  follows.	
  

Human	
  MnSOD	
  promoter-­‐specific	
  primers	
  	
  

Forward:	
  5′-­‐GGCAGGAATCTGAGAATTGG	
  

Reverse:	
  5′-­‐TTCTGACTGTGAAGGGACCA-­‐3′	
  	
  

Human	
  catalase-­‐specific	
  primers	
  	
  

Forward:	
  5′-­‐CATTTTTCCCATCACAAGGG-­‐3′	
  	
  

Reverse:	
  5′-­‐TTTGCAACCAAAGGATGGAT-­‐3′	
  	
  

Human	
  VEGF	
  promoter	
  specific	
  primers	
  I	
  

Forward:	
  5’-­‐AGACCTTGTCCCTGCTGCT-­‐3’	
  

Reverse:	
  5’-­‐GCTGGTTTCTGACCTGGCTA-­‐3’	
  	
  

Human	
  VEGF	
  promoter	
  specific	
  primers	
  II	
  

Forward:	
  5’-­‐AAGGTGAGGCCCTCCAAG-­‐3’;	
  	
  

Reverse:	
  5’-­‐TGTACTCTTAAGGACTCAGCCAGTG-­‐3’	
  

	
  Human	
  Snail	
  specific	
  primers	
  	
  

Forward:	
  5’-­‐AGGAACGAGGGTACAATGAA-­‐3’	
  

Reverse-­‐5’-­‐CTCCCTGTCTGTCCTCAAGC-­‐3’	
  

	
  Human	
  Zeb1	
  specific	
  primers	
  	
  

Forward:	
  5’-­‐GCAAATAGGTGCAAAAGGGTTT-­‐3’	
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Reverse:	
  5’-­‐	
  CAAATCAAACGGTAGGGGATA-­‐	
  3’	
  

Human	
  DDB2	
  specific	
  Primer	
  I	
  (-­‐431	
  site)	
  

Forward:	
  5’-­‐	
  CCTGTAGGGACCAGCCAAT-­‐3’	
  

Reverse:	
  5’-­‐GCCCGGCTAATTTCTCTCTC-­‐3’	
  

Human	
  DDB2	
  specific	
  Primer	
  II	
  (-­‐1581	
  site)	
  

Forward:	
  CACGCCTATAATCCCAGCAT	
  

Reverse:	
  CAGCCTCCTCACTGCTTTTT	
  

Human	
  RARβ	
  Primer	
  

Forward:	
  TGGTGATGTCAGACTAGTTGGGTC	
  

Reverse:	
  GCTCACTTCCTACTACTTCTGTCAC	
  

The	
   PCR	
   products	
   were	
   separated	
   on	
   agarose	
   gels	
   and	
   visualized	
   by	
   ethidium	
  

bromide	
   staining.	
   For	
   re-­‐ChIP	
   analysis,	
   complexes	
   from	
   the	
   primary	
   ChIP	
   were	
  

eluted	
   with	
   10	
  mmol/liter	
   of	
   dithiothreitol	
   (DTT)	
   for	
   30	
  min	
   at	
   37°C,	
   diluted	
   10	
  

times	
  with	
  ChIP	
  dilution	
  buffer	
  (0.01%	
  SDS,	
  1.1%	
  Triton	
  X-­‐100,	
  1.2	
  mM	
  EDTA,	
  16.7	
  

mM	
   Tris,	
   pH	
   8.0,	
   167	
   mM	
   NaCl)	
   followed	
   by	
   reimmunoprecipitation	
   with	
   the	
  

indicated	
  second	
  antibodies,	
  and	
  subjected	
  to	
  the	
  ChIP	
  procedure.	
  

	
  

2.9	
  ROS	
  MEASUREMENT	
  

Cells	
   were	
   incubated	
   with	
   5	
   mM	
   dichlorodihydrofluorescein	
   diacetate	
   (DCFDA;	
  

Molecular	
  Probes)	
   for	
  30	
  min.	
  Cells	
  were	
   then	
  washed	
  with	
  PBS	
  and	
   immediately	
  

mounted	
   on	
   slides	
   with	
   mounting	
   medium	
   containing	
   DAPI	
   (4′,6-­‐diamidino-­‐2-­‐

phenylindole;	
  Vector	
  Laboratories)	
  and	
  viewed	
  with	
  a	
  Nikon	
  microscope.	
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Harvested	
  skin	
  sections	
  were	
  embedded	
  and	
   frozen	
   in	
  OCT	
  compound,	
  and	
   frozen	
  

sections	
   were	
   prepared.	
   Sections	
   were	
   stained	
   with	
   10	
   μM	
  5-­‐(6)-­‐chloromethyl-­‐2-­‐

dichlorodihydrofluorescein	
  diacetate	
  (CM-­‐H2DCFDA)	
  (Invitrogen)	
   for	
  45	
  min	
  at	
  37	
  

°C.	
  Images	
  were	
  taken	
  using	
  a	
  fluorescent	
  microscope	
  at	
  ×20	
  magnification.	
  Three	
  to	
  

five	
  randomly	
  selected	
  areas	
  were	
  photographed	
  with	
  the	
  same	
  exposure	
  time.	
  The	
  

images	
  were	
  processed	
  using	
  the	
  same	
  fixed	
  threshold	
  in	
  all	
  samples	
  by	
  Photoshop	
  

software,	
  and	
  representative	
  images	
  are	
  shown.	
  

	
  

2.10	
  siRNA	
  TRANSFECTION	
  

A	
   short	
   interfering	
   RNA	
   (siRNA)	
   duplex	
   targeting	
   the	
   human	
   DDB2	
   gene	
   (5′-­‐

GAGCGAGAUCCGAGUUUAC-­‐3′)	
  was	
  synthesized	
  (Dharmacon	
  Research).	
  This	
  siRNA	
  

duplex	
   (50	
  nM)	
  was	
   transfected	
  using	
  Lipofectamine	
  2000	
  reagent	
   (Invitrogen)	
   in	
  

serum-­‐free	
   medium	
   following	
   the	
   manufacturer's	
   protocol.	
   Four	
   hours	
   after	
  

transfection,	
  medium	
  containing	
  10%	
  FBS	
  was	
  added.	
  Cells	
  were	
  split	
  1:3	
  next	
  day	
  

and	
  used	
  for	
  experiments	
  thereafter.	
  

	
  

2.11	
  CARBON	
  TETRACHLORIDE	
  INJECTION	
  

WT	
   or	
   DDB2−/−	
  mice,	
   6	
   to	
   8	
   weeks	
   old,	
   were	
   treated	
   once	
   a	
   week	
   with	
  

intraperitoneal	
  injections	
  of	
  1	
  ml	
  CCl4/kg	
  of	
  body	
  weight	
  for	
  2	
  weeks	
  to	
  induce	
  liver	
  

damage.	
  Animals	
  were	
  sacrificed	
  72	
  h	
  after	
  the	
  last	
  injection,	
  and	
  their	
  livers	
  were	
  

used	
   for	
   SA-­‐β-­‐Gal	
   assay.	
   Briefly,	
   liver	
   tissues	
  were	
   snap-­‐frozen	
   and	
   sections	
  were	
  

made.	
   Sections	
  were	
   fixed	
  with	
  2%	
   formaldehyde-­‐0.2%	
  glutaraldehyde	
   in	
  PBS	
   for	
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15	
   min,	
   washed	
   with	
   PBS,	
   and	
   stained	
   as	
   mentioned	
   previously.	
   Sections	
   were	
  

counterstained	
  with	
  nuclear	
  fast	
  red.	
  

	
  

For	
   chronic	
   damage,	
  WT	
  or	
  DDB2−/−	
  mice,	
   6	
   to	
   8	
  weeks	
   old,	
  were	
   treated	
   twice	
   a	
  

week	
  with	
  intraperitoneal	
  injections	
  of	
  1	
  ml	
  CCl4/kg	
  of	
  body	
  weight	
  for	
  6	
  weeks	
  to	
  

induce	
  liver	
  damage.	
  Animals	
  were	
  sacrificed	
  5,	
  10	
  and	
  20	
  days	
  time-­‐point	
  after	
  the	
  

last	
  injection,	
  and	
  their	
  livers	
  were	
  used	
  for	
  further	
  analysis	
  [81].	
  

	
  

2.12	
  IRRADIATION	
  OF	
  MICE	
  

10	
   to	
   15	
  mice	
   each	
   genotype	
  were	
   subjected	
   to	
   UV-­‐B	
   irradiation.	
   Irradiation	
  was	
  

carried	
  out	
  with	
  FB-­‐UVXL1000	
  UV	
  cross-­‐linker	
  (Fisher)	
  with	
  UV-­‐B	
  tubes.	
  Mice	
  were	
  

exposed	
  to	
  UV	
  light	
  for	
  42	
  weeks,	
  starting	
  with	
  2	
  kJ/m2	
  twice	
  a	
  week.	
  The	
  dose	
  of	
  UV	
  

light	
  was	
  gradually	
  increased	
  to	
  6	
  kJ/m2	
  five	
  times	
  per	
  week.	
  Mice	
  were	
  shaved	
  once	
  

a	
  week.	
  The	
  dorsal	
  area	
  of	
  the	
  mice	
  was	
  exposed	
  to	
  UV-­‐B.	
  

	
  

2.13	
  BrdU	
  INCORPORATION	
  ASSAY	
  

Mice	
  were	
  injected	
  intraperitoneally	
  at	
  100	
  μg	
  of	
  BrdU/g	
  of	
  body	
  weight	
  4	
  h	
  prior	
  

sacrificing.	
  Skin	
  sections	
  were	
  fixed,	
  and	
  immunostaining	
  was	
  performed	
  with	
  BrdU	
  

monoclonal	
  antibody.	
  

	
  

MEFs	
  were	
  pulse-­‐labeled	
  with	
  3	
  μg/ml	
  BrdU	
  for	
  1	
  h	
  and	
  30	
  min	
  and	
  fixed	
  with	
  ice-­‐

cold	
  70%	
  ethanol.	
  Cells	
  were	
  kept	
  with	
  Denaturing	
  solution	
  (2	
  M	
  HCl,	
  0.5%	
  Triton	
  X-­‐

100)	
   for	
   1	
   h	
   followed	
   by	
   10	
   min	
   of	
   incubation	
   with	
   Neutralization	
   solution	
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(0.1	
  M	
  sodium	
  borate).	
  Cells	
  were	
  incubated	
  with	
  BrdU	
  monoclonal	
  antibody	
  (Dako;	
  

1:500	
  dilution)	
  overnight	
  at	
  4	
  °C.	
  After	
  rinsing	
  with	
  PBS,	
  cells	
  were	
  incubated	
  with	
  

TRITC-­‐conjugated	
   polyclonal	
   rabbit	
   anti-­‐mouse	
   antibody	
   for	
   2	
   h	
   at	
   room	
  

temperature	
  and	
  counterstained	
  with	
  DAPI.	
  

	
  

2.14	
  IMMUNOHISTOCHEMISTRY	
  

Tumor	
   tissues	
   were	
   fixed	
   in	
   10%	
   buffer	
   formalin	
   and	
   paraffin	
   embedded.	
   Serial	
  

sections	
   of	
   5	
   um	
   thicknesses	
   were	
   de-­‐paraffinized	
   in	
   xylene,	
   followed	
   by	
   re-­‐

hydration	
   in	
   100%,	
   95%	
   and	
   70%	
   ethanol,	
   respectively.	
   Sections	
   were	
   further	
  

treated	
   for	
   antigen	
   retrieval	
   with	
   citrate	
   buffer	
   pH	
   6.0	
   at	
   95O	
   C	
   for	
   20	
   minutes.	
  

Blocking	
   was	
   performed	
   using	
   mouse	
   on	
   mouse	
   blocking	
   reagents	
   following	
  

manufacturer’s	
  protocol	
  (VectorLabs	
  BMK-­‐2202).	
  The	
  sections	
  were	
  incubated	
  with	
  

the	
  DDB2	
  (Abcam),	
  PCNA	
  (Santa	
  Cruz),	
  Ki67	
  (Santa	
  Cruz),	
  SMA	
  (Sigma)	
  or	
  cleaved	
  

caspase	
  3	
  (	
  Cell	
  signaling)	
  antibody	
  1:200	
  dilution	
  overnight.	
  Sections	
  were	
  washed	
  

three	
  times	
  with	
  1xPBS	
  and	
  incubated	
  with	
  anti-­‐mouse/	
  rabbit	
  AP	
  (VectorLabs	
  AP-­‐

2000)	
  and	
  further	
  developed	
  with	
  Alkaline	
  Phosphatase	
  Substrate	
  (VectorLabs	
  SK-­‐

5300)	
   following	
   manufacturer	
   protocol.	
   Nuclei	
   were	
   counterstained	
   with	
  

hematoxylin.	
  	
  

	
  

2.15	
  TISSUE	
  MICROARRAY	
  

Human	
  tissue	
  microarray	
  of	
  normal	
   	
  and	
  basal	
  cell	
  carcinoma	
  (BCC)	
  samples	
  were	
  

obtained	
   from	
   US	
   Biomax	
   (SK482	
   and	
   SK484).	
   Immunohistochemical	
   assay	
   was	
  

performed	
   as	
   described	
   above	
   with	
   antibodies	
   against	
   p21	
   (BD	
   Biosciences)	
   or	
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against	
  DDB2	
  (Abcam).	
  Tissues	
  were	
  counterstained	
  with	
  hematoxylin.	
  Intensity	
  of	
  

staining	
  was	
  blind-­‐scored	
   from	
  0	
   (no	
  staining)	
   to	
  4	
   (highest	
   intensity	
  of	
   staining).	
  

Graphs	
  represent	
  the	
  average	
  intensity	
  of	
  staining	
  and	
  paired	
  t	
  test	
  of	
  BCC	
  versus	
  NL	
  

scores	
  of	
  intensity	
  of	
  the	
  staining.	
  

	
  

Human	
   tissue	
  microarray	
   of	
   normal	
   and	
   colon	
   carcinoma	
   samples	
  were	
   obtained	
  

from	
   US	
   Biomax	
   (CO811,	
   CO801,	
   CO482,	
   CO701,	
   BC050112,	
   CO726,	
   CO802	
   and	
  

CO805).	
   Immunohistochemical	
   assay	
   was	
   performed	
   as	
   described	
   above	
   with	
  

antibodies	
   against	
  DDB2	
   (Abcam).	
  Tissues	
  were	
   counterstained	
  with	
  hematoxylin.	
  

Intensity	
  of	
  staining	
  was	
  blind	
  scored	
  from	
  0	
  (no	
  staining)	
  to	
  4	
  (highest	
  intensity	
  of	
  

staining).	
   Graphs	
   represent	
   the	
   average	
   intensity	
   of	
   staining	
   and	
   paired	
   T-­‐test	
   of	
  

colon	
  carcinoma	
  versus	
  normal	
  colon	
  scores	
  of	
  intensity	
  of	
  the	
  staining. 

 

2.16	
  IMMUNOFLUOROSCENCE	
  

Cells	
   were	
   grown	
   on	
   coverslip	
   overnight.	
   Next	
   day,	
   cells	
   were	
   fixed	
   with	
   4%	
  

paraformaldehyde	
   in	
  PBS	
   for	
  20	
  minutes	
  at	
   room	
   temperature,	
  washed	
  once	
  with	
  

PBS	
   followed	
   by	
   permeabilization	
   for	
   5	
  minutes	
  with	
   0.1%	
  Triton-­‐X	
   in	
   PBS.	
   Cells	
  

were	
   then	
  washed	
  with	
   PBS	
   five	
   times	
   (five	
  minutes	
   each)	
   and	
   blocked	
  with	
   5%	
  

goat	
  serum	
  for	
  one	
  hour	
  at	
  room	
  temperature.	
  Cells	
  were	
  incubated	
  with	
  E-­‐cadherin	
  

(1:250),	
  vimentin	
  (1:200)	
  or	
  smooth	
  muscle	
  actin	
  (1:200)	
  antibody	
  overnight.	
  Next	
  

day,	
   cells	
   were	
   washed	
   for	
   five	
   times	
   with	
   PBS	
   (five	
   minutes	
   each)	
   followed	
   by	
  

incubation	
  with	
  FITC/	
  TRITC	
  tagged	
  goat	
  anti-­‐mouse	
  antibody	
  (1:500)	
  for	
  one	
  hour	
  

at	
  room	
  temperature.	
  Cells	
  were	
  washed	
  with	
  PBS	
  for	
  five	
  times	
  (five	
  minutes	
  each).	
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Cell	
   nuclei	
  were	
   labeled	
  with	
   DAPI	
   in	
   PBS	
   for	
   five	
  minutes	
   at	
   room	
   temperature.	
  

After	
  a	
  final	
  wash	
  with	
  PBS,	
  cells	
  were	
  mounted	
  on	
  slides	
  with	
  Vectashield	
  (Vector	
  

Labs)	
  mounting	
  medium	
  and	
  photographed	
  under	
  microscope.	
  

	
  

Skin/tumor	
   tissues	
  were	
   fixed	
   in	
   10%	
   buffered	
   formalin,	
   and	
   paraffin-­‐embedded.	
  

Serial	
   sections	
   of	
   5	
   μm	
   thickness	
   were	
   de-­‐paraffinized	
   in	
   xylene,	
   followed	
   by	
   re-­‐

hydration	
   in	
   100,	
   95,	
   and	
   70%	
   ethanol.	
   Sections	
  were	
   further	
   treated	
   for	
   antigen	
  

retrieval	
  with	
   citrate	
   buffer,	
   pH	
  6.0,	
   at	
   95	
   °C	
   for	
   20	
  min.	
  Blocking	
  was	
  performed	
  

using	
  5%	
  goat	
  serum	
  in	
  PBS	
  for	
  1	
  h	
  at	
  room	
  temperature.	
  Sections	
  were	
  incubated	
  

overnight	
   at	
   4	
   °C	
   using	
   the	
   following	
   primary	
   antibodies:	
   p19Arf	
   (5C3	
  Mab)	
   and	
  

p16INK4a	
  (SC-­‐1207)	
  or	
  mentioned	
  as	
  above.	
  After	
  washing	
  with	
  PBS,	
  sections	
  were	
  

incubated	
  with	
  anti-­‐rat,	
  mouse	
  or	
  rabbit	
   immunoglobulin	
  conjugated	
  with	
  FITC	
  or	
  

TRITC.	
   Coverslips	
   were	
   mounted	
   in	
   Vectashield	
   (Vector	
   Laboratories)	
   containing	
  

DAPI	
  to	
  stain	
  nuclei.	
  

	
  

2.17	
  CELL	
  CULTURE	
  

Human	
  colon	
  carcinoma	
  cell	
  lines	
  were	
  cultured	
  in	
  DMEM	
  (HCT	
  116)	
  or	
  RPMI	
  1640	
  

(SW	
   480	
   and	
   SW	
   620)	
   medium	
   supplemented	
   with	
   10%	
   FBS	
   and	
   Penicillin/	
  

Streptomycin.	
   Stable	
   clones	
   of	
   HCT	
   116	
   cells	
   expressing	
   control	
   shRNA	
   or	
  

DDB2shRNA	
   were	
   selected	
   using	
   Puromycin.	
   Stable	
   clones	
   of	
   SW620	
   cells	
  

expressing	
  empty	
  vector	
  or	
  vector	
  expressing	
  DDB2	
  were	
  selected	
  using	
  G418. 
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2.18	
  ANOIKIS,	
  SOFT	
  AGAR,	
  INVASION	
  AND	
  MIGRATION	
  ASSAYS 

For	
   anoikis	
   assays,	
   cells	
  were	
   trypsinized	
   and	
   1x105	
   cells	
  were	
   seeded	
   into	
   poly-­‐

HEMA	
   (Sigma)	
   coated	
   six-­‐well	
   plates.	
   At	
   24,	
   48	
   and	
   72	
   h	
   time	
   points,	
   cells	
   were	
  

harvested	
  and	
  western	
  blot	
  analysis	
  was	
  performed. 

 

For	
  soft	
  agar	
  assays,	
  25,000	
  cells	
  were	
  seeded	
  into	
  0.4%	
  low	
  melting	
  point	
  agarose	
  

on	
  top	
  of	
  1%	
  agarose	
  layer.	
  After	
  10	
  days,	
  pictures	
  were	
  taken	
  under	
  phase	
  contrast	
  

microscope.	
   For	
   quantification	
   ten	
   representative	
   pictures	
   were	
   taken	
   and	
   the	
  

number	
  of	
  colonies	
  was	
  counted. 

 

For	
   matrigel	
   invasion	
   assay,	
   experiment	
   was	
   performed	
   according	
   to	
   the	
  

manufacturers	
  protocol	
  (BD	
  Biosciences,	
  Cat	
  no:	
  354481). 

 

For	
   the	
   scratch-­‐healing	
   assay,	
   1x105	
   cells	
   were	
   seeded	
   into	
   12-­‐well	
   plates	
   and	
  

incubated	
  overnight	
  to	
  achieve	
  confluency.	
  Next	
  day,	
  the	
  cell	
  layer	
  in	
  each	
  well	
  was	
  

scratched	
   using	
   a	
   plastic	
   pipette	
   tip.	
   The	
  migration	
   of	
   the	
   cells	
   at	
   the	
   edge	
   of	
   the	
  

scratch	
   was	
   monitored	
   at	
   0,	
   18	
   and	
   24	
   h	
   later.	
   Cells	
   were	
   visualized	
   under	
  

microscope	
  and	
  photographed. 

 

2.19	
  TUMORIGENECITY	
  AND	
  METASTASIS	
  EXPERIMENT 

8	
  weeks	
  old	
  male	
  nude	
  mice	
  were	
  subcutaneously	
  injected	
  with	
  2	
  million	
  cells	
  into	
  

both	
   flanks.	
   Mice	
   were	
   inspected	
   thrice	
   a	
   week	
   for	
   tumor	
   formation	
   and	
   tumor	
  

volume	
  was	
  measured	
  with	
  caliper.	
  At	
  the	
  end	
  point	
  of	
  the	
  experiment,	
  mice	
  were	
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euthanized	
  by	
  CO2	
  followed	
  by	
  cervical	
  dislocation	
  and	
  tumor	
  mass	
  was	
  measured.	
  

Tumors	
  were	
  examined	
  by	
  hematoxylin	
  and	
  eosin	
  staining.	
  

	
  

To	
  study	
  lung	
  metastasis	
  1x106	
  cells	
  were	
  injected	
  into	
  the	
  tail	
  vein	
  of	
  8	
  weeks	
  old	
  

male	
   nude	
   mice.	
   Four	
   weeks	
   after	
   the	
   injection,	
   mice	
   were	
   euthanized	
   by	
   CO2	
  

followed	
  by	
  cervical	
  dislocation.	
  Lung	
  was	
   removed	
  and	
  were	
   fixed	
   in	
  10%	
  buffer	
  

formalin	
   and	
   paraffin	
   embedded.	
   Serial	
   sections	
   of	
   lung	
   tissue	
   was	
   made	
   and	
  

examined	
  by	
  hematoxylin	
  and	
  eosin	
  staining.	
  

	
  

To	
   study	
  metastasis	
  using	
  an	
  orthotopic	
  model,	
   1x106	
   cells	
  were	
   injected	
   into	
   the	
  

peritoneal	
  cavity	
  of	
  immunocompromised	
  SCID	
  Beige	
  mice.	
  The	
  cells	
  were	
  allowed	
  

to	
  grow	
  into	
  a	
  tumor	
  over	
  the	
  course	
  of	
  two	
  weeks.	
  This	
  allowed	
  a	
  tumor	
  of	
  roughly	
  

a	
   centimeter	
   to	
   grow	
   and	
   be	
   dissected.	
   Tumor	
   sections	
   were	
   then	
   taken	
   and	
  

implanted	
  against	
   the	
  cecum	
  of	
  another	
  SCID	
  beige	
  mouse	
  and	
  held	
   in	
  place	
  using	
  

surgical	
  glue.	
  As	
  the	
  liver	
  is	
  the	
  common	
  first	
  site	
  of	
  metastasis	
  of	
  colorectal	
  cancer,	
  

the	
   livers	
   were	
   examined	
   after	
   four	
   weeks	
   of	
   implantation.	
   Liver	
   sections	
   were	
  

stained	
   with	
   hematoxylin	
   and	
   eosin.	
   Micro-­‐metastases	
   were	
   then	
   counted	
   and	
  

statistically	
  evaluated.	
  

	
  

8	
   weeks	
   old	
  male	
   nude	
  mice	
   were	
   subcutaneously	
   injected	
  with	
   2	
  million	
   cells	
   (	
  

HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA)	
   into	
   both	
   flanks.	
   Mice	
  

were	
   equally	
   randomized	
   into	
   two	
   groups	
   for	
   PEITC	
   or	
   vehicle	
   treatment.	
   When	
  

tumors	
  reached	
  volume	
  of	
  10-­‐15	
  mm3,	
  mice	
  were	
  treated	
  with	
  PEITC	
  (35mg/	
  kg	
  of	
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body	
  weight)	
  for	
  5	
  days	
  a	
  week	
  for	
  4	
  weeks	
  by	
  intraperitoneal	
  injection	
  as	
  described	
  

previously	
   .	
   At	
   the	
   end	
   point	
   of	
   the	
   experiment,	
   mice	
   were	
   euthanized	
   by	
   CO2	
  

followed	
  by	
  cervical	
  dislocation	
  and	
  tumor	
  mass	
  was	
  measured.	
  	
  

	
  

2.20	
  HYPOXIA	
  AND	
  TGF-­‐β	
  TREATMENT	
  

For	
  hypoxia	
  experiment	
  cells	
  were	
  grown	
  in	
  hypoxia	
  chamber	
  (1%	
  CO2;	
  5%	
  O2)	
  for	
  

24	
  hours.	
  

	
  

For	
  TGF-­‐β	
  experiment	
  cells	
  were	
  incubated	
  with	
  TGF-­‐β	
  (5ng/ml;	
  Peprotech)	
  for	
  24-­‐

48	
  hrs.	
  

	
  

2.21	
  TUNEL	
  EXPERIMENT	
  

Cells	
  were	
   grown	
  on	
  glass	
   cover	
   slips	
   and	
   treated	
  with	
  PEITC.	
  Twenty-­‐four	
  hours	
  

after	
  treatment	
  cells	
  were	
  fixed	
  in	
  1%	
  paraformaldehyde	
  	
  pH	
  7.4.	
  The	
  ApopTag	
  Red	
  

In	
  situ	
  Apoptosis	
  Detection	
  Kit	
  (S7165)	
  was	
  used	
  following	
  manufacturer’s	
  protocol.	
  	
  

	
  

2.22	
  CLONOGENECITY	
  ASSAY	
  

Clonogenecity	
   assay	
   were	
   performed	
   as	
   described	
   previously	
   [82].	
   Briefly,	
   cells	
  

were	
  treated	
  with	
  Cisplatin,	
  Aclraubicin	
  or	
  PEITC.	
  After	
  being	
  rinsed	
  with	
  PBS,	
  fresh	
  

medium	
  was	
   added	
   and	
   they	
  were	
   allowed	
   to	
   grow	
   for	
   12	
   days	
   to	
   form	
   colonies.	
  

Colonies	
   were	
   stained	
   with	
   Crystal	
   Violet	
   (Sigma).



	
  

	
   45	
  

	
  

	
  

	
  

DDB2,	
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  senescence	
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3.RESULTS:	
  

3.1	
  ABSENCE	
  OF	
  DDB2	
  CAUSES	
  DEFICIENCY	
  IN	
  SENESCENCE	
  IN	
  MEF	
  

It	
  has	
  been	
  shown	
  previously	
  that	
  the	
  DDB2−/−MEFs	
  are	
  deficient	
  in	
  the	
  proteolysis	
  

of	
   p21	
   after	
   DNA	
   damage	
   [16].	
   Because	
   upregulation	
   of	
   p21	
   is	
   associated	
   with	
  

senescence,	
   I	
   compared	
   the	
   wild-­‐type	
   and	
   DDB2−/−	
  MEFs	
   obtained	
   from	
   embryos	
  

from	
  heterozygote	
  mating	
   for	
   senescence	
   in	
   culture.	
   Surprisingly,	
   I	
   observed	
   that,	
  

unlike	
   the	
   MEFs	
   from	
   the	
   wild-­‐type	
   littermates,	
   the	
   DDB2−/−	
  MEFs	
   continued	
   to	
  

grow	
  beyond	
  passages	
  9/10	
  (Fig.	
  7A).	
  Typically,	
  the	
  WT	
  MEFs	
  stopped	
  proliferating	
  

at	
  passages	
  6/7,	
  and	
  by	
  passage	
  9,	
  they	
  exhibited	
  all	
  the	
  morphological	
  phenotypes	
  

of	
   senescent	
   cells	
   (Fig.	
   7A).	
   The	
   DDB2−/−	
  MEFs	
   slowed	
   down	
   proliferation	
   at	
  

passages	
   6/7,	
   but	
   the	
   cells	
   exhibited	
   senescent	
   phenotypes	
   at	
   a	
   much	
   lower	
  

frequency	
   at	
   passages	
   9/10.	
   Moreover,	
   I	
   found	
   that	
   the	
   DDB2−/−	
  MEFs	
   could	
   be	
  

immortalized	
  very	
  easily	
  (Fig.	
  7A).	
  To	
  further	
   investigate	
  the	
   lack	
  of	
  senescence	
  in	
  

the	
   DDB2−/−	
  MEFs,	
   population-­‐doubling	
   studies	
   were	
   performed.	
   The	
   MEFs	
   were	
  

divided	
  every	
  3	
  days	
  and	
  counted	
  for	
  cell	
  number.	
  The	
  population	
  doublings	
  were	
  

plotted	
   against	
   days	
   in	
   culture.	
   As	
   expected,	
   the	
   wild-­‐type	
   MEFs	
   stopped	
  

proliferating	
  after	
  15	
  or	
  18	
  days.	
  The	
  DDB2−/−	
  MEFs	
  also	
  exhibited	
  crisis,	
  as	
  did	
  the	
  

wild-­‐type	
  MEFs,	
  between	
  passages	
  7	
  and	
  10,	
  but	
   they	
  escaped	
   the	
   crisis	
   at	
   a	
  very	
  

high	
  frequency	
  (Fig.	
  7B).	
  A	
  similar	
  lack	
  of	
  senescence	
  phenotype	
  was	
  found	
  for	
  the	
  

MEFs	
  derived	
  from	
  the	
  DDB2−/−	
  p21−/−	
  embryos,	
  whereas	
  the	
  p21−/−	
  MEFs	
  senesced	
  

similarly	
  to	
  the	
  wild-­‐type	
  MEFs.	
  Next,	
  I	
  assayed	
  for	
  the	
  senescence	
  marker	
  SA-­‐β-­‐Gal.	
  

MEFs	
   (WT	
  and	
  DDB2-­‐/-­‐)	
   at	
   various	
  passages	
  were	
   subjected	
   to	
   SA-­‐β-­‐Gal	
   staining.
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Figure	
  7:	
  DDB2−/−	
  MEFs	
  are	
  deficient	
  in	
  replicative	
  senescence.	
  	
  
(A)	
   Cells	
   were	
   grown	
   following	
   the	
   3T3	
   protocol	
   as	
   described	
   in	
   Materials	
   and	
  
Methods.	
   Representative	
   phase-­‐contrast	
   images	
   of	
   early-­‐passage	
   and	
   late-­‐passage	
  
WT	
   or	
   DDB2−/−	
  MEFs	
   are	
   shown.	
   (B)	
   For	
   population	
   doubling	
   assay	
   Cells	
   were	
  
counted	
  at	
  each	
  passage	
  every	
  3	
  days,	
  and	
  the	
  population	
  doubling	
  level	
  (PDL)	
  was	
  
calculated	
  for	
  WT	
  and	
  DDB2−/−	
  MEFs.	
  An	
  average	
  from	
  three	
  experiments	
  is	
  plotted	
  
with	
  the	
  bar	
  representing	
  the	
  standard	
  error.	
  (C)	
  WT	
  or	
  DDB2−/−	
  MEFs	
  were	
  stained	
  
for	
  SA-­‐β-­‐Gal	
  at	
   each	
  passage	
   from	
  2	
   to	
  7.	
   (Top)	
  Representative	
   images	
  of	
  WT	
  and	
  
DDB2−/−	
  MEFs	
   stained	
   for	
   SA-­‐β-­‐Gal	
   at	
   passage	
   5.	
   (Bottom)	
   SA-­‐β-­‐Gal-­‐positive	
   cells	
  
were	
  counted	
  in	
  at	
  least	
  10	
  fields	
  from	
  triplicate	
  plates.	
  A	
  quantification	
  of	
  SA-­‐β-­‐Gal-­‐
positive	
  WT	
  or	
  DDB2−/−	
  MEFs	
  is	
  shown	
  for	
  each	
  passage.	
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Figure	
  8:	
  Increased	
  DDB2	
  expression	
  with	
  passage	
  number	
  in	
  WT	
  MEFs.	
  
WT	
  MEFs	
  were	
  maintained	
   in	
   the	
   culture	
  medium	
  up	
   to	
  passage	
  7.	
  Total	
  RNA	
   for	
  
each	
  passage	
  was	
  analyzed	
  by	
  semi-­‐quantitative	
  PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  Western	
  
blot	
  analysis	
  of	
  DDB2	
  for	
  each	
  passage	
  was	
  done	
  using	
  protein	
   lysate	
  of	
  WT	
  MEFs	
  
from	
  passages	
  2	
  to	
  7.	
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DDB2−/−	
  MEFs	
  expressed	
  the	
  senescence	
  marker	
  at	
   lower	
   frequencies	
   than	
  did	
  the	
  

WT	
  MEFs	
   (Fig.	
   7C).	
   Also,	
   the	
   positive	
   cells	
   in	
   the	
   DDB2−/−	
  MEFs	
   had	
   less	
   intense	
  

staining	
  of	
  SA-­‐β-­‐Gal.	
  

	
  

Interestingly,	
   I	
   observed	
   that	
   the	
   expression	
   of	
   DDB2	
   in	
   the	
   wild-­‐type	
   MEFs	
  

increased	
   with	
   passage	
   numbers	
   (Fig.	
   8).	
   The	
   increased	
   expression	
   of	
   DDB2	
  

coincided	
  with	
   the	
   increase	
   in	
   senescence,	
   as	
   judged	
   by	
   SA-­‐β-­‐Gal	
   expression.	
  WT	
  

and	
   DDB2−/−	
  MEFs	
   at	
   various	
   passages	
   were	
   compared	
   for	
   the	
   levels	
   of	
   p19Arf,	
  

which	
   is	
  critical	
   for	
  senescence	
   in	
  the	
  MEFs.	
   I	
  consistently	
   found	
  a	
  decrease	
   in	
  the	
  

levels	
   of	
   p19Arf	
   mRNA	
   in	
   the	
   DDB2−/−	
  MEFs	
   (Fig.	
   9A).	
   A	
   detailed	
   analysis	
   of	
   the	
  

levels	
   of	
   p19Arf	
   was	
   carried	
   out.	
   The	
   mRNA	
   level	
   of	
   p19Arf	
   increased	
   in	
   the	
  

DDB2−/−	
  MEFs,	
  as	
  in	
  the	
  WT-­‐MEFs,	
  in	
  passages	
  5	
  and	
  6,	
  but	
  the	
  DDB2−/−	
  MEFs	
  failed	
  

to	
  maintain	
  expression	
  in	
  the	
  late	
  passages.	
  (The	
  plating	
  efficiency	
  of	
  the	
  WT	
  MEFs	
  

decreases	
  significantly	
  beyond	
  passage	
  7;	
  therefore,	
  they	
  were	
  not	
  analyzed	
  beyond	
  

passage	
   7.)	
   (Fig.	
   9A).	
   The	
   deficiency	
   in	
   senescence	
   did	
   not	
   involve	
   inactivation	
   of	
  

p53	
   or	
   deletion	
   of	
   p16Ink4a	
   (Fig.	
   9C).	
   On	
   the	
   other	
   hand,	
   expression	
   of	
   p19Arf	
  

restored	
  senescence	
  in	
  the	
  DDB2−/−	
  MEFs	
  (Fig.	
  9B),	
  indicating	
  that	
  the	
  deficiency	
  in	
  

senescence	
  is	
  related	
  to	
  a	
  lack	
  of	
  p19Arf	
  expression.	
  

	
  

3.2	
   DDB2	
   DEFICIENT	
   CELLS	
   ARE	
   RESISTANT	
   TO	
   OXIDATIVE	
   STRESS	
   INDUCED	
  

SENESCENCE	
  

It	
  was	
  shown	
  that	
  the	
  senescence	
  of	
  the	
  MEFs	
  in	
  culture	
  is	
  linked	
  to	
  reactive	
  oxygen	
  

species	
   (ROS)	
  and	
  oxidative	
  stress	
   [45].	
  Therefore,	
   I	
   investigated	
  whether	
   there	
   is
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  Figure	
  9:	
  Late-­passage	
  DDB2−/−	
  MEFs	
  are	
  deficient	
  in	
  p19Arf	
  expression.	
  	
  
(A)	
   WT	
   MEFs	
   were	
   maintained	
   in	
   the	
   culture	
   medium	
   up	
   to	
   passage	
   7,	
   and	
  
DDB2−/−	
  MEFs	
  were	
  maintained	
  up	
  to	
  passage	
  12.	
  Total	
  RNA	
  for	
  each	
  passage	
  was	
  
analyzed	
   by	
   semiquantitative	
   PCR	
   for	
   the	
   level	
   of	
   p19Arf.	
   (B)	
   Immortalized	
  
DDB2−/−	
  MEFs	
  were	
  infected	
  with	
  retrovirus	
  expressing	
  empty	
  pBabe	
  Puro	
  vector	
  or	
  
vector	
  expressing	
  p19Arf.	
  Cells	
  were	
  selected	
  with	
  puromycin	
  and	
  assayed	
  for	
  SA-­‐β-­‐
Gal	
   activity.	
   (Left)	
   Representative	
   images	
   of	
   SA-­‐β-­‐Gal-­‐positive	
   immortalized	
  
DDB2−/−	
  MEFs	
   infected	
  with	
  empty	
  vector	
  or	
  vector	
  with	
  p19Arf.	
   (Right)	
  Total	
  cell	
  
extracts	
   from	
   the	
   MEFs	
   infected	
   with	
   empty	
   vector	
   or	
   vector	
   expressing	
   p19Arf	
  
were	
   subjected	
   to	
   Western	
   blot	
   assay	
   with	
   p19Arf	
   antibody.	
   (C)	
   Immortalized	
  
DDB2−/−	
  MEFs	
  were	
  treated	
  with	
  UV	
  as	
  mentioned	
  in	
  Materials	
  and	
  Methods.	
  Total	
  
cell	
  extracts	
  were	
  subjected	
  to	
  Western	
  blot	
  assay	
  with	
  p53,	
  p21,	
  DDB1,	
  p16INK4a,	
  
or	
  beta-­‐actin	
  antibody.	
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Figure	
  10:	
  DDB2-­deficient	
  cells	
  are	
  resistant	
  to	
  oxidative	
  stress-­induced	
  
senescence.	
  	
  
(A)	
  WT	
  or	
  DDB2−/−	
  MEFs	
  were	
  treated	
  with	
  150	
  μM	
  hydrogen	
  peroxide	
  for	
  4	
  h.	
  After	
  
3	
  days,	
  cells	
  were	
  analyzed	
  for	
  the	
  SA-­‐β-­‐Gal	
  activity.	
  (Top)	
  Representative	
  images	
  of	
  
WT	
   and	
   DDB2−/−	
  MEFs	
   stained	
   for	
   SA-­‐β-­‐Gal	
   after	
   hydrogen	
   peroxide	
   treatment.	
  
(Bottom)	
   SA-­‐β-­‐Gal-­‐positive	
   cells	
  were	
   counted	
   from	
   at	
   least	
   10	
   fields	
   of	
   triplicate	
  
plates.	
  (B)	
  HCT116	
  cells	
  expressing	
  LacZ	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  treated	
  with	
  
150	
  μM	
  hydrogen	
  peroxide	
   for	
  4	
  h.	
  After	
  3	
  days,	
   cells	
  were	
  analyzed	
   for	
   SA-­‐β-­‐Gal	
  
activity.	
   (Top)	
   Representative	
   images	
   of	
   HCT116	
   cells	
   expressing	
   LacZ	
   shRNA	
   or	
  
DDB2	
  shRNA	
  stained	
  for	
  SA-­‐β-­‐Gal	
  after	
  hydrogen	
  peroxide	
  treatment.	
  (Bottom)	
  SA-­‐
β-­‐Gal-­‐positive	
   cells	
   were	
   counted	
   from	
   at	
   least	
   10	
   fields	
   of	
   triplicate	
   plates.	
   (C)	
  
HCT116	
  cells	
  expressing	
  LacZ	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  analyzed	
  for	
  the	
  level	
  of	
  
DDB2	
  expression.	
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Figure	
  11:	
  Oxidative	
  stress	
  increases	
  DDB2	
  expression.	
  
(A	
  and	
  B)	
  WT	
  MEFs	
  or	
  HCT116	
  cells	
  were	
  treated	
  with	
  150	
  μM	
  hydrogen	
  peroxide	
  
for	
  4	
  h	
  or	
  the	
  indicated	
  time	
  points.	
  (Top)	
  Extract	
  of	
  the	
  cells	
  was	
  analyzed	
  for	
  the	
  
level	
   of	
   DDB2	
   by	
   Western	
   blotting.	
   (Bottom)	
   Total	
   RNA	
   was	
   analyzed	
   by	
  
semiquantitative	
  PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  (C)	
  ARF−/−	
  MEFs	
  were	
  treated	
  with	
  150	
  
μM	
  hydrogen	
  peroxide	
  for	
  4	
  h.	
  (Top)	
  Extract	
  of	
  the	
  cells	
  was	
  analyzed	
  for	
  the	
  level	
  of	
  
DDB2	
  by	
  Western	
  blotting.	
   (Bottom)	
  Total	
  RNA	
  was	
  analyzed	
  by	
   semiquantitative	
  
PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  GAPDH	
  was	
  used	
  as	
  a	
  loading	
  control.	
  (D)	
  WT	
  MEFs	
  were	
  
maintained	
   in	
   the	
   culture	
   medium	
   either	
   in	
   3%	
   oxygen	
   or	
   in	
   20%	
   oxygen	
   up	
   to	
  
passage	
  5.	
  Total	
  RNA	
  for	
  each	
  passage	
  was	
  analyzed	
  by	
  semiquantitative	
  PCR	
  for	
  the	
  
level	
  of	
  DDB2.	
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Figure	
  12:	
  Overexpression	
  of	
  DDB2	
  sensitizes	
  the	
  cell	
  to	
  senescence.	
  	
  
HCT116	
   cells	
   were	
   transfected	
   with	
   DDB2.	
   On	
   the	
   next	
   day,	
   transfected	
   or	
  
nontransfected	
  cells	
  were	
  treated	
  with	
  50	
  μM	
  hydrogen	
  peroxide	
  for	
  4	
  h	
  followed	
  by	
  
change	
  of	
  medium.	
  After	
  36	
  h	
  cells	
  were	
  stained	
  for	
  SA-­‐β-­‐Gal expression.	
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any	
  deficiency	
   in	
  ROS-­‐induced	
  senescence	
   in	
   the	
  DDB2−/−MEFs.	
  Passage	
  1	
  WT	
  and	
  

DDB2−/−	
  MEFs,	
   obtained	
   from	
   heterozygote	
   mating,	
   were	
   treated	
   with	
   hydrogen	
  

peroxide	
   (150	
  μM)	
   for	
  4	
  h	
  and	
   then	
  maintained	
   in	
  culture	
   for	
  3	
  days.	
  To	
  measure	
  

oxidative	
  stress-­‐induced	
  premature	
  senescence,	
  the	
  cells	
  were	
  assayed	
  for	
  SA-­‐β-­‐Gal.	
  

Clearly,	
  there	
  was	
  a	
  significantly	
  lower	
  expression	
  of	
  SA-­‐β-­‐Gal	
  in	
  the	
  DDB2−/−	
  MEFs	
  

(Fig.	
   10A).	
   To	
   extend	
   the	
   observations	
   in	
   human	
   cells,	
   I	
   used	
   HCT116	
   cells	
   and	
  

generated	
   cell	
   lines	
   stably	
   expressing	
   DDB2	
   shRNA.	
   The	
  HCT116	
   cells	
   expressing	
  

the	
  lacZ	
  shRNA	
   were	
   compared	
   with	
   the	
   DDB2	
   shRNA-­‐expressing	
   clones	
   for	
  

response	
   to	
   oxidative	
   stress,	
   as	
   in	
   the	
   previous	
   experiment.	
   Consistent	
   with	
   the	
  

observations	
   in	
   the	
   MEFs,	
   the	
   HCT116	
   cells	
   expressing	
   DDB2	
   shRNA	
   exhibited	
   a	
  

similar	
  deficiency	
  in	
  the	
  expression	
  of	
  senescence	
  marker	
  following	
  treatments	
  with	
  

hydrogen	
   peroxide	
   (Fig.	
   10	
   B).	
   The	
   knockdown	
   of	
   DDB2	
   in	
   the	
   DDB2	
   shRNA-­‐

expressing	
   cells	
   was	
   confirmed	
   by	
   Western	
   blotting	
   (Fig.	
   10	
   C).	
   Interestingly,	
  

expression	
   of	
   DDB2	
   in	
   the	
   WT	
   MEFs	
   and	
   in	
   the	
   HCT116	
   cells	
   was	
   found	
   to	
   be	
  

increased	
  by	
   the	
  oxidative	
  stress,	
   suggesting	
   that	
  DDB2	
  expression	
   is	
  activated	
  by	
  

ROS	
  (Fig.	
  11A	
  and	
  B).	
  The	
  induction	
  was	
  observed	
  at	
  the	
  level	
  of	
  mRNA	
  expression	
  

within	
  1	
  h	
  of	
  treatment	
  with	
  hydrogen	
  peroxide,	
  suggesting	
  that	
  it	
  is	
  an	
  early	
  effect	
  

of	
  oxidative	
  stress.	
  Furthermore,	
  the	
  induction	
  of	
  DDB2	
  expression	
  was	
  observed	
  in	
  

alternative	
  reading	
  frame	
  -­‐null	
  cells	
  that	
  fail	
  to	
  senesce,	
  supporting	
  the	
  notion	
  that	
  

the	
  induction	
  is	
  not	
  a	
  consequence	
  of	
  initiation	
  of	
  the	
  senescence	
  program	
  (Fig.	
  11	
  

C).	
   Because	
   senescence	
   of	
   MEFs	
   in	
   culture	
   is	
   believed	
   to	
   be	
   a	
   result	
   of	
   oxidative	
  

stress	
  caused	
  by	
  culturing	
  cells	
   in	
  20%	
  oxygen,	
   I	
  compared	
  expression	
  of	
  DDB2	
  in	
  

MEFs	
  grown	
  at	
  3%	
  oxygen	
  and	
   in	
  20%	
  oxygen.	
  Clearly,	
   cells	
  grown	
   in	
  3%	
  oxygen	
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expressed	
   much	
   lower	
   levels	
   of	
   DDB2	
   in	
   all	
   passages	
   examined	
   (Fig.	
   11D).	
  

Furthermore,	
   expression	
   of	
   DDB2	
   in	
   the	
   HCT116	
   cells	
   increased	
   the	
   level	
   of	
  

senescence,	
  as	
  judged	
  by	
  the	
  expression	
  of	
  SA-­‐β-­‐Gal	
  (Fig.	
  12).	
  

	
  

3.3	
   ROS	
  MEDIATED	
   UP-­‐REGULATION	
   OF	
   DDB2	
   IS	
  MEDIATED	
   BY	
   P38MAPK	
   AND	
  

JNK	
  

Next,	
  I	
  investigated	
  the	
  mechanism	
  of	
  ROS-­‐	
  mediated	
  DDB2	
  induction.	
  ROS	
  increases	
  

expression	
  of	
  DDB2	
  both	
  at	
  the	
  RNA	
  and	
  protein	
  level,	
  suggesting	
  that	
  ROS	
  mediated	
  

DDB2	
  up-­‐regulation	
  is	
  at	
  the	
  transcriptional	
  level.	
  DDB2	
  is	
  a	
  p53-­‐regulated	
  gene	
  in	
  

human[32].	
   To	
   examine	
  whether	
   ROS	
  mediated	
  DDB2	
   induction	
   is	
   p53	
  mediated,	
  

HCT	
  p53-­‐/-­‐	
  cells	
  were	
  treated	
  with	
  hydrogen	
  peroxide	
  for	
  four	
  hours	
  and	
  looked	
  for	
  

expression	
  of	
  DDB2	
  at	
  the	
  RNA	
  level.	
  There	
  was	
  a	
  clear	
  accumulation	
  of	
  DDB2	
  in	
  the	
  

hydrogen	
   peroxide	
   treated	
   cells	
   suggesting	
   that	
   ROS	
   induced	
   DDB2	
   expression	
   is	
  

independent	
   of	
   p53	
   (Fig.13	
   A).	
   ROS	
   can	
   induce	
   DDB2	
   expression	
   in	
   mouse	
  

embryonic	
   fibroblasts	
   where	
   DDB2	
   is	
   not	
   under	
   p53	
   regulation	
   suggesting	
   p53	
  

independent	
   mechanism	
   for	
   ROS	
   mediated	
   DDB2	
   up-­‐regulation.	
   A	
   major	
  

downstream	
  effector	
  pathway	
  of	
  ROS	
  is	
  JNK	
  and	
  stress	
  activated	
  protein	
  kinase	
  [83].	
  

Therefore,	
   I	
   investigated	
  whether	
   the	
   ROS	
   activated	
  MAPK	
  pathway	
   causes	
  DDB2	
  

up-­‐regulation.	
   Towards	
   that,	
   HCT116	
   cells	
   were	
   treated	
   with	
   hydrogen	
   peroxide	
  

with	
  or	
  without	
  p38MAPK	
   inhibitor	
   (SB	
  203580)	
  or	
   JNK	
   inhibitor	
   (SP	
  600125).	
   In	
  

the	
  absence	
  of	
  the	
  inhibitor,	
  hydrogen	
  peroxide	
  was	
  able	
  to	
  up-­‐regulate	
  expression	
  

of	
  DDB2,	
  whereas	
   in	
   the	
  presence	
  of	
  either	
  of	
   these	
   inhibitors,	
  hydrogen	
  peroxide	
  

was	
   not	
   able	
   to	
   up-­‐regulate	
   DDB2	
   expression,	
   suggesting	
   that	
   ROS	
   mediated
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  Figure	
  13:	
  ROS	
  mediated	
  DDB2	
  induction	
  is	
  p38MAPK/JNK	
  dependent.	
  
(A)	
  HCT116	
   p53-­‐/-­‐	
   cells	
  were	
   treated	
  with	
   150	
   uM	
  Hydrogen	
   Peroxide	
   for	
   4	
   hrs.	
  
Total	
  RNA	
  was	
  analyzed	
  by	
  Semi-­‐quantitative	
  PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  Cyclophlin	
  
was	
  used	
  as	
  a	
  loading	
  control.	
  (B)	
  HCT116	
  cells	
  were	
  treated	
  with	
  150	
  uM	
  Hydrogen	
  
Peroxide	
   for	
  4	
  hrs	
  with	
  or	
  without	
  p38MAPK	
  inhibitor	
  SB	
  203580.	
  Total	
  RNA	
  was	
  
analyzed	
  by	
  Semi-­‐quantitative	
  PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  Cyclophlin	
  was	
  used	
  as	
  a	
  
loading	
  control.	
  (C)	
  HCT116	
  cells	
  were	
  treated	
  with	
  150	
  uM	
  Hydrogen	
  Peroxide	
  for	
  
4	
  hrs	
  with	
  or	
  without	
   JNK	
   inhibitor	
  SP	
  600125.	
  Total	
  RNA	
  was	
  analyzed	
  by	
  Semi-­‐
quantitative	
  PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  Cyclophlin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  (D)	
  
HCT116	
   cells	
   were	
   treated	
   with	
   150	
   uM	
   Hydrogen	
   Peroxide	
   for	
   4	
   hrs	
   with	
   or	
  
without	
  all-­‐trans	
  Retinoic	
  Acid.	
  Total	
  RNA	
  was	
  analyzed	
  by	
  Semi-­‐quantitative	
  PCR	
  
for	
   the	
   level	
   of	
  DDB2.	
   Cyclophlin	
  was	
   used	
   as	
   a	
   loading	
   control.	
   (E)	
  HCT116	
   cells	
  
were	
  treated	
  with	
  150	
  uM	
  Hydrogen	
  Peroxide	
  for	
  4	
  hrs.	
  Next,	
  cells	
  were	
  subjected	
  to	
  
ChIP	
   assay,	
   as	
   described	
   in	
  Materials	
   and	
  Methods.	
   Antibody	
   against	
   AP-­‐1	
   or	
   IgG	
  
was	
   used	
   for	
   Immunoprecipitation.	
   Filled	
   boxes	
   indicate	
   the	
   binding	
   region	
   of	
  
primers	
  used	
  to	
  detect	
  interaction	
  of	
  AP-­‐1	
  with	
  DDB2	
  promoter.	
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activation	
  of	
  the	
  MAPK	
  pathway	
  causes	
  induction	
  of	
  DDB2	
  (Fig.13	
  B	
  and	
  C).	
  AP-­‐1	
  is	
  a	
  

heterodimeric	
   transcription	
   factor	
   downstream	
   of	
   the	
   MAPK	
   pathway	
   [83].	
  

Therefore,	
  I	
  examined	
  whether	
  AP-­‐1	
  transcriptionaly	
  activates	
  DDB2	
  following	
  ROS	
  

treatment.	
  All-­‐trans-­‐Retinoic	
  Acid	
  (AtRA)	
  is	
  a	
  specific	
  inhibitor	
  of	
  AP-­‐1	
  transcription	
  

factor	
   [84,	
   85].	
   To	
   examine	
   the	
   involvement	
   of	
   AP-­‐1	
   in	
   the	
   ROS	
   mediated	
   up-­‐

regulation	
   of	
   DDB2,	
   HCT116	
   cells	
   were	
   treated	
   with	
   hydrogen	
   peroxide	
   with	
   or	
  

without	
   AtRA.	
   In	
   the	
   presence	
   of	
   AtRA,	
   hydrogen	
   peroxide	
   did	
   not	
   result	
  

accumulation	
  of	
  DDB2,	
   suggesting	
  AP-­‐1	
   transcriptionaly	
   activates	
  DDB2	
  after	
  ROS	
  

accumulation	
   (Fig.13	
   D).	
   Bioinformatics	
   analyses	
   revealed	
   two	
   potential	
   AP-­‐1	
  

binding	
   sites	
   in	
   the	
  DDB2	
  promoter,	
   one	
   at	
   -­‐431	
  and	
   the	
  other	
   at	
   -­‐1581	
   from	
   the	
  

start	
   site.	
   Both	
   of	
   these	
   sites	
   have	
   consensus	
   TPA	
   response	
   element.	
   I	
   performed	
  

chromatin	
   IP	
   to	
   determine	
   binding	
   of	
   AP-­‐1	
   to	
   these	
   sites	
   following	
   hydrogen	
  

peroxide	
   treatment.	
   In	
   the	
  absence	
  of	
  hydrogen	
  peroxide,	
   there	
  was	
  no	
  binding	
  of	
  

AP-­‐1.	
  However,	
  there	
  was	
  evidence	
  of	
  increased	
  AP-­‐1	
  accumulation	
  in	
  the	
  -­‐431	
  site	
  

following	
  hydrogen	
  peroxide	
   treatment	
   (Fig.13	
  E).	
  Thus,	
  ROS	
  activates	
  p38MAPK/	
  

JNK	
  that	
  in	
  turn	
  triggers	
  AP-­‐1	
  accumulation	
  on	
  the	
  promoter	
  of	
  DDB2,	
  leading	
  to	
  up-­‐

regulation	
  of	
  DDB2	
  expression.	
  

	
  

3.4	
   DDB2	
   DEFICIENCY	
   CONFERS	
   RESISTANCE	
   TO	
   ONCOGENE	
   INDUCED	
  

SENESCENCE	
  	
  

It	
   has	
   been	
   shown	
   that	
   expression	
   of	
   oncogenic	
   Ras	
   or	
   activated	
   Akt	
   induces	
  

premature	
   senescence	
   in	
  primary	
   cells	
   [86,	
   87].	
  Therefore,	
   I	
   sought	
   to	
   investigate	
  

whether	
   expression	
   of	
   an	
   oncogenic	
   form	
   of	
   Ras	
   would	
   induce	
   premature
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  Figure	
  14:	
  DDB2-­deficient	
  cells	
  are	
  resistant	
  to	
  oncogene-­induced	
  premature	
  
senescence.	
  	
  
(A	
   and	
   B)	
   IMR90	
   cells	
   were	
   infected	
   with	
   RasV12-­‐ER.	
   Following	
   selection	
   with	
  
puromycin,	
  cells	
  were	
  further	
  transfected	
  with	
  control	
  siRNA	
  or	
  DDB2	
  siRNA.	
  After	
  
24	
  h,	
  cells	
  were	
  treated	
  with	
  4-­‐hydroxytamoxifen	
  to	
  induce	
  expression	
  of	
  Ras.	
  Forty-­‐
eight	
   hours	
   following	
   4-­‐hydroxytamoxifen	
   induction,	
   total	
   cell	
   extracts	
   were	
  
analyzed	
  for	
  expression	
  of	
  Ras	
  and	
  depletion	
  of	
  DDB2.	
  (C)	
  Cells	
  were	
  stained	
  for	
  SA-­‐
β-­‐Gal	
  activity	
  48	
  h	
  after	
   tamoxifen	
   induction.	
   (Left)	
  Representative	
   images	
  of	
  Ras-­‐
expressing	
  IMR90	
  cells	
  transfected	
  with	
  control	
  siRNA	
  or	
  DDB2	
  siRNA.	
  (Right)	
  SA-­‐β-­‐
Gal-­‐positive	
  cells	
  were	
  counted	
  from	
  at	
  least	
  10	
  fields	
  of	
  triplicate	
  plates.	
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senescence	
  in	
  the	
  DDB2-­‐deficient	
  cells.	
  Because	
  of	
  the	
  short	
  life	
  span	
  of	
  the	
  MEFs,	
  it	
  

was	
   difficult	
   to	
   design	
   a	
   good	
   experiment	
   to	
   compare	
   the	
   wild-­‐type	
   and	
   the	
  

DDB2−/−	
  MEFs.	
   Therefore,	
   I	
   employed	
   the	
   primary	
   human	
   cell	
   line	
   IMR90.	
   The	
  

IMR90	
  cells	
   could	
  be	
  efficiently	
   transfected	
  with	
  siRNA	
   to	
  knock	
  down	
  expression	
  

(Fig.14	
   A)	
   [88].	
   First,	
   I	
   infected	
   the	
   cells	
   with	
   a	
   retroviral	
   vector	
   expressing	
   a	
   4-­‐	
  

hydroxytamoxifen-­‐inducible	
   RasV12-­‐ER	
   fusion	
   protein.	
   Addition	
   of	
   tamoxifen	
  

stabilized	
   the	
  RasV12-­‐ER	
  protein	
  (Fig.14	
  B).	
  The	
  RasV12-­‐ER-­‐expressing	
  cells	
  were	
  

then	
   transfected	
   with	
   siRNA	
   against	
   DDB2	
   or	
   control	
   siRNA.	
   The	
   knockdown	
   of	
  

DDB2	
  expression	
  was	
   confirmed	
  by	
  Western	
  blot	
   assays.	
   Twenty-­‐four	
  hours	
   after	
  

siRNA	
   transfection,	
   the	
   cells	
   were	
   treated	
   with	
   4-­‐hydroxytamoxifen	
   to	
   activate	
  

RasV12-­‐ER	
  [89,	
  90].	
  Forty-­‐eight	
  hours	
  after	
  the	
  induction,	
  the	
  cells	
  were	
  subjected	
  

to	
   SA-­‐β-­‐Gal	
   expression	
   assays.	
  As	
   expected,	
   in	
   the	
   control	
   siRNA-­‐transfected	
   cells,	
  

induction	
  of	
  RasV12	
  caused	
  senescence	
   in	
  a	
  high	
  percentage	
  of	
   cells,	
  as	
   judged	
  by	
  

the	
   senescence	
  marker	
   SA-­‐β-­‐Gal.	
   The	
   DDB2	
   siRNA-­‐transfected	
   cells,	
   on	
   the	
   other	
  

hand,	
   did	
   not	
   exhibit	
   any	
   significant	
   increase	
   in	
   premature	
   senescence	
   (Fig.14	
  C).	
  

These	
   results	
   are	
   consistent	
   with	
   the	
   notion	
   that	
   DDB2	
   is	
   required	
   also	
   for	
  

premature	
  senescence	
  induced	
  by	
  oncogenes.	
  

	
  

3.4	
  DDB2	
  IS	
  REQUIRED	
  FOR	
  DNA	
  DAMAGE	
  INDUCED	
  SENESCENCE	
  

DNA-­‐damaging	
  agents	
  have	
  been	
  shown	
  to	
   induce	
  premature	
  senescence	
  in	
  tumor	
  

and	
  normal	
  cells	
  [46].	
  Therefore,	
  I	
   investigated	
  whether	
  the	
  DNA-­‐damaging	
  agents	
  

could	
   induce	
  premature	
   senescence	
   in	
   the	
  DDB2-­‐deficient	
   cells.	
  The	
  MEFs	
   (WT	
  or	
  

DDB2−/−)	
  were	
  treated	
  with	
  cisplatin	
  (30	
  μM	
  for	
  8	
  h),	
  aclarubicin	
  (0.5	
  μM	
  for	
  8	
  h),	
  or	
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Figure	
  15:	
  DDB2-­/-­	
  MEFs	
  do	
  not	
  senesce	
  after	
  DNA	
  damage.	
  	
  
(A)	
   WT	
   or	
   DDB2−/−	
  MEFs	
   were	
   treated	
   with	
   UV	
   (50	
   J/m2),	
   cisplatin	
   (30	
   μm),	
   or	
  
aclarubicin	
  (0.5	
  μM)	
  for	
  8	
  h.	
  Seventy-­‐two	
  hours	
  after	
  the	
  treatment,	
   the	
  cells	
  were	
  
subjected	
   to	
   SA-­‐β-­‐Gal	
   assay.	
   (Left)	
   Representative	
   images	
   of	
   UV-­‐,	
   aclarubicin-­‐,	
   or	
  
cisplatin-­‐treated	
   WT	
   or	
   DDB2−/−	
  MEFs	
   stained	
   for	
   SA-­‐β-­‐Gal.	
   (Right)	
   SA-­‐β-­‐Gal-­‐
positive	
   cells	
   were	
   counted	
   from	
   at	
   least	
   10	
   fields	
   of	
   triplicate	
   plates.	
   A	
  
quantification	
  of	
  SA-­‐β-­‐Gal-­‐positive	
  WT	
  or	
  DDB2−/−	
  MEFs	
  with	
  different	
  treatments	
  is	
  
shown.	
   (B)	
  WT	
   and	
   DDB2−/−	
  MEFs	
  were	
   treated	
  with	
   UV	
   (50	
   J/m2),	
   cisplatin	
   (30	
  
μm),	
  or	
  aclarubicin	
  (0.5	
  μM)	
  for	
  8	
  h.	
  Cells	
  were	
  counted	
  from	
  next	
  day	
  onwards	
  up	
  
to	
  7	
  days.	
  An	
  average	
  count	
  from	
  three	
  experiments	
  is	
  plotted.	
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Figure	
  16:	
  DDB2-­deficient	
  HCT116	
  cells	
  do	
  not	
  senesce	
  after	
  DNA	
  damage.	
  	
  
HCT116	
   control	
   or	
  HCT11shDDB2	
   cells	
  were	
   treated	
  with	
  UV	
   (50	
   J/m2),	
   cisplatin	
  
(30	
  μm),	
  or	
  aclarubicin	
  (0.5	
  μM)	
  for	
  8	
  h.	
  Seventy-­‐two	
  hours	
  after	
  the	
  treatment,	
  the	
  
cells	
   were	
   subjected	
   to	
   SA-­‐β-­‐Gal	
   assay.	
   (Left)	
   Representative	
   images	
   of	
   UV-­‐,	
  
aclarubicin-­‐,	
   or	
   cisplatin-­‐treated	
   HCT116	
   control	
   or	
   HCT116shDDB2	
   cells	
   stained	
  
for	
  SA-­‐β-­‐Gal.	
  (Right)	
  SA-­‐β-­‐Gal-­‐positive	
  cells	
  were	
  counted	
  from	
  at	
  least	
  10	
  fields	
  of	
  
triplicate	
   plates.	
   A	
   quantification	
   of	
   SA-­‐β-­‐Gal-­‐positive	
   HCT116	
   control	
   or	
  
HCT116shDDB2	
  cells	
  with	
  different	
  treatments	
  is	
  shown.	
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Figure	
   17:	
   DDB2	
   does	
   not	
   play	
   role	
   in	
   DNA	
   damage	
   induced	
   checkpoint	
  
activation.	
  
HCT116	
   shLacZ	
   or	
   HCT116	
   shDDB2	
   expressing	
   cells	
   were	
   treated	
  with	
   Cisplatin.	
  
Following	
  the	
  treatment,	
  cells	
  were	
  subjected	
  to	
  immunofluoroscence	
  staining	
  with	
  
H2AX	
   or	
   DAPI.	
   Representative	
   images	
   of	
   untreated	
   or	
   treated	
   control	
   /DDB2	
  
deficient	
  cells	
  are	
  being	
  shown.	
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UV	
  irradiation	
  (50	
  J/m2).	
  Treatment	
  of	
  the	
  wild-­‐type	
  MEFs	
  for	
  18	
  h	
  with	
  cisplatin	
  or	
  

aclarubicin	
   induces	
   apoptosis.	
   That	
   is	
   why	
   I	
   used	
   a	
   shorter	
   treatment	
   time.	
   The	
  

dosage	
  of	
  UV	
  irradiation	
  used	
  in	
  our	
  experiments	
  also	
  induces	
  apoptosis	
  in	
  the	
  wild-­‐	
  	
  

type	
  MEFs.	
  However,	
   I	
  was	
   able	
   to	
   detect	
   senescence	
   in	
   the	
   surviving	
  population.	
  

Two	
  days	
  after	
  treatment,	
  the	
  cells	
  were	
  assayed	
  for	
  SA-­‐β-­‐Gal	
  expression.	
  The	
  wild-­‐

type	
  MEFs	
  exhibited	
  a	
  significant	
   increase	
   in	
  SA-­‐β-­‐Gal-­‐positive	
  cells	
   in	
  comparison	
  

to	
   the	
   DDB2−/−	
  MEFs	
   (Fig.15	
   A).	
   Also,	
   I	
   performed	
   proliferation	
   assays	
   after	
  

treatment	
   with	
   the	
   DNA-­‐damaging	
   agents.	
   As	
   expected,	
   the	
   wild-­‐type	
   MEFs	
  

exhibited	
   a	
   dramatic	
   decrease	
   in	
   proliferation	
   rate,	
   whereas	
   the	
   DDB2−/−	
  MEFs	
  

continued	
  to	
  proliferate	
  (Fig.15	
  B).	
  Consistent	
  with	
  the	
  observations	
  with	
  the	
  MEFs,	
  

the	
   HCT116	
   cells	
   expressing	
   the	
   DDB2	
   shRNA	
   did	
   not	
   exhibit	
   any	
   significant	
  

increase	
   in	
   SA-­‐β-­‐Gal-­‐positive	
   cells	
   after	
   treatment	
  with	
   the	
  DNA-­‐damaging	
   agents	
  

(Fig.16).	
   The	
   lack	
   of	
   DNA	
   damage-­‐induced	
   senescence	
   is	
   not	
   related	
   to	
   a	
   lack	
   of	
  

checkpoint	
  activation,	
  as	
  we	
  detected	
  efficient	
  H2AX	
  focus	
  formation	
  in	
  the	
  HCT116	
  

cells	
  expressing	
  DDB2	
  shRNA	
  after	
  cisplatin	
  treatment	
  (Fig.17).	
  

	
  

3.6	
  DDB2	
  DEFICIENT	
  CELLS	
  ARE	
  IMPAIRED	
  IN	
  ROS	
  ACCUMULATION	
  FOLLOWING	
  

DNA	
  DAMAGE	
  

DNA-­‐damaging	
   agents	
   also	
   increase	
   the	
   levels	
   of	
   reactive	
   oxygen	
   species	
   and	
  

oxidative	
  stress,	
  which	
  leads	
  to	
  premature	
  senescence	
  [91,	
  92].	
  Therefore,	
  I	
  sought	
  

to	
   compare	
   the	
   levels	
   of	
   ROS	
   production	
   between	
   the	
   wild-­‐type	
   MEFs	
   and	
   the	
  

DDB2−/−	
  MEFs,	
  as	
  well	
  as	
  the	
  HCT116	
  cells	
  with	
  or	
  without	
  DDB2	
  knockdown.	
  As	
  in	
  

the	
   previous	
   experiments,	
   the	
   cells	
  were	
   treated	
  with	
  UV	
   irradiation,	
   cisplatin,	
   or
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  Figure	
  18:	
  DDB2-­deficient	
  cells	
  are	
  impaired	
  in	
  accumulation	
  of	
  ROS	
  following	
  
DNA	
  damage.	
  	
  
(A)	
   WT	
   or	
   DDB2−/−	
  MEFs	
   were	
   treated	
   with	
   UV	
   (50	
   J/m2),	
   cisplatin	
   (30	
   μm),	
   or	
  
aclarubicin	
   (0.5	
   μM)	
   for	
   8	
   h.	
  After	
   the	
   treatments,	
   cells	
  were	
   stained	
  with	
  DCFDA	
  
and	
   DAPI.	
   (Top)	
   Representative	
   images	
   of	
   DCFDA-­‐	
   or	
   DAPI-­‐stained	
   WT	
   or	
  
DDB2−/−	
  MEFs	
   following	
   treatments.	
   (Bottom)	
   A	
   quantification	
   of	
   treated	
   or	
  
untreated	
  WT	
  and	
  DDB2−/−	
  MEFs	
  positive	
  for	
  DCFDA	
  staining	
  is	
  shown.	
  (B)	
  HCT116	
  
cells	
   expressing	
   LacZ	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   treated	
   with	
   UV	
   (50	
   J/m2),	
  
cisplatin	
   (30	
  μm),	
  or	
  aclarubicin	
   (0.5	
  μM)	
   for	
  8	
  h.	
  After	
   the	
   treatments,	
   cells	
  were	
  
stained	
   with	
   DCFDA	
   or	
   DAPI.	
   (Top)	
   Representative	
   images	
   of	
   DCFDA-­‐	
   or	
   DAPI-­‐
stained	
  HCT116	
  cells	
   following	
  treatments.	
  (Bottom)	
  A	
  quantification	
  of	
  treated	
  or	
  
untreated	
  HCT116	
  cells	
  expressing	
  LacZ	
  shRNA	
  or	
  DDB2	
  shRNA	
  positive	
  for	
  DCFDA	
  
staining	
  is	
  shown.	
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aclarubicin.	
   Eight	
   hours	
   following	
   the	
   treatments,	
   the	
   cells	
  were	
   treated	
  with	
  2,7-­‐

dicholorofluorescein	
   diacetate	
   (DCFDA)	
   to	
   measure	
   the	
   levels	
   of	
   peroxide.	
  

Following	
  a	
  treatment	
  with	
  DCFDA	
  for	
  30	
  min,	
  the	
  cells	
  were	
  stained	
  also	
  with	
  DAPI.	
  

Peroxides	
   convert	
   DCFDA	
   to	
   a	
   fluorescent	
   compound.	
   The	
   fluorescence-­‐positive	
  

cells	
  were	
  visualized	
  and	
  quantified	
  by	
  direct	
  counting.	
  The	
  average	
  percentages	
  of	
  

fluorescence-­‐positive	
   cells	
  with	
   respect	
   to	
   DAPI	
   signals	
   from	
   at	
   least	
   10	
   different	
  

fields	
  were	
   plotted.	
   In	
   the	
  MEFs	
   as	
  well	
   as	
   in	
   the	
   HCT116	
   cells,	
   DDB2	
   deficiency	
  

clearly	
  inhibited	
  the	
  accumulation	
  of	
  ROS	
  following	
  DNA	
  damage	
  (Fig.18).	
  Together,	
  

these	
   results	
   suggest	
   that	
   the	
   deficiency	
   in	
   premature	
   senescence	
   is	
   related	
   to	
   a	
  

deficiency	
  in	
  ROS	
  accumulation	
  in	
  the	
  absence	
  of	
  DDB2.	
  

	
  

3.7	
  DDB2	
  IS	
  A	
  REPRESSOR	
  OF	
  THE	
  ANTI-­‐OXIDANT	
  GENES	
  SOD2	
  AND	
  CATALASE	
  

Coincidentally,	
   a	
   recent	
   study	
   indicated	
   that	
   DDB2	
   could	
   bind	
   to	
   the	
   promoter	
   of	
  

MnSOD	
   and	
   inhibits	
   its	
   expression	
   [93].	
   Inhibition	
   of	
   the	
   antioxidant	
   genes	
   could	
  

potentially	
   explain	
  my	
   observations.	
   Because	
   I	
   detected	
   a	
   loss	
   of	
   accumulation	
   of	
  

peroxides,	
   I	
   assayed	
   for	
  both	
  MnSOD	
  and	
  catalase	
  expression	
   in	
   the	
  presence	
  and	
  

absence	
   of	
   DDB2.	
   MnSOD	
   and	
   catalase	
   mRNA	
   levels	
   were	
   measured	
   by	
   RT-­‐PCR	
  

assays.	
   In	
   the	
   absence	
   of	
   DDB2,	
   both	
   the	
  MEFs	
   and	
   the	
  HCT116	
   cells	
   exhibited	
   a	
  

much	
  greater	
  expression	
  of	
  MnSOD	
  and	
  catalase	
  (Fig.	
  19	
  A).	
  The	
  protein	
  expression	
  

of	
   MnSOD	
   and	
   catalase	
   was	
   also	
   significantly	
   higher	
   in	
   the	
   DDB2-­‐deficient	
   cells	
  

(Fig.19	
   B).	
   In	
   reciprocal	
   experiments,	
   expression	
   of	
   DDB2	
   in	
   the	
   DDB2−/−	
  MEFs	
  

caused	
  a	
  severe	
  inhibition	
  of	
  MnSOD	
  and	
  catalase	
  expression	
  (Fig.19	
  C	
  and	
  D).	
  Thus,	
  

DDB2	
  regulates	
   the	
   level	
  of	
  ROS	
  by	
   inhibiting	
  expression	
  of	
   the	
  antioxidant	
  genes.	
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Figure	
  19:	
  DDB2	
  is	
  a	
  repressor	
  of	
  MnSOD	
  and	
  catalase.	
  	
  
(A)	
  Total	
  RNA	
  from	
  WT	
  or	
  DDB2−/−	
  MEFs	
  was	
  analyzed	
  by	
  semiquantitative	
  PCR	
  for	
  
the	
  levels	
  of	
  MnSOD	
  and	
  catalase.	
  GAPDH	
  was	
  used	
  as	
  a	
  loading	
  control.	
  Total	
  RNA	
  
from	
   HCT116	
   cells	
   expressing	
   LacZ	
   shRNA	
   or	
   DDB2	
   shRNA	
   was	
   analyzed	
   by	
  
semiquantitative	
  PCR	
  for	
  the	
  levels	
  of	
  MnSOD	
  and	
  catalase.	
  Cyclophilin	
  was	
  used	
  as	
  
a	
  loading	
  control.	
  (B)	
  Total	
  cell	
  extracts	
  from	
  HCT116	
  cells	
  expressing	
  LacZ	
  shRNA	
  
or	
   DDB2	
   shRNA	
   were	
   subjected	
   to	
   Western	
   blot	
   assay	
   with	
   MnSOD	
   or	
   catalase	
  
antibody.	
  CDK2	
  was	
  used	
  as	
  a	
  loading	
  control.	
  (C)	
  Immortalized	
  DDB2−/−	
  MEFs	
  were	
  
infected	
   with	
   adenovirus	
   expressing	
   T7-­‐tagged	
   DDB2	
   or	
   adenovirus	
   expressing	
  
LacZ.	
   Total	
   cell	
   extracts	
  were	
   subjected	
   to	
  Western	
   blot	
   assay	
  with	
   T7	
   or	
   p19Arf	
  
antibody.	
  CDK2	
  was	
  used	
  as	
  a	
  loading	
  control.	
  (D)	
  Immortalized	
  DDB2−/−	
  MEFs	
  were	
  
infected	
   with	
   adenovirus	
   expressing	
   T7-­‐tagged	
   DDB2	
   or	
   adenovirus	
   expressing	
  
LacZ.	
   Total	
   RNA	
   was	
   analyzed	
   by	
   semiquantitative	
   PCR	
   for	
   the	
   levels	
   of	
   p19Arf,	
  
MnSOD,	
  and	
  catalase.	
  GAPDH	
  was	
  used	
  as	
  a	
  loading	
  control.	
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Figure	
  20:	
  DDB2	
  mediated	
  up-­regulation	
  of	
  p14Arf	
  is	
  p38MAPK	
  dependent.	
  
(A)	
  WT	
  or	
  DDB2−/−	
  MEFs	
  were	
  treated	
  with	
  UV,	
  cisplatin	
  (Cis)	
  or	
  aclarubicin	
  (Acla)	
  
as	
  previously	
  mentioned.	
  Total	
   cell	
   extracts	
  were	
   subjected	
   to	
  Western	
  blot	
   assay	
  
with	
  phospho-­‐p38MAPK	
  or	
  total	
  p38MAPK	
  antibody.	
  NT,	
  no	
  treatment.	
  (B)	
  HCT116	
  
cells	
  expressing	
  DDB2	
  shRNA	
  were	
  infected	
  with	
  adenovirus	
  expressing	
  T7-­‐tagged	
  
DDB2	
  or	
  LacZ.	
  One	
  set	
  of	
  cells	
  was	
  treated	
  with	
  p38MAPK	
  inhibitor	
  SB203580,	
  and	
  
the	
  other	
  set	
  was	
   left	
  untreated.	
  Total	
  RNA	
  was	
  analyzed	
  by	
  semiquantitative	
  PCR	
  
for	
  the	
  level	
  of	
  p14Arf.	
  Cyclophilin	
  was	
  used	
  as	
  a	
  loading	
  control.	
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ROS	
  accumulation	
  increases	
  the	
  activity	
  of	
  p38MAPK,	
  which	
  increases	
  expression	
  of	
  

ARF.	
   Consistent	
  with	
   that,	
   the	
  DDB2-­‐mediated	
   increase	
   in	
   p14Arf	
   expression	
  was	
  

inhibited	
  by	
  an	
  inhibitor	
  of	
  p38MAPK	
  (Fig.20	
  B).	
  Moreover,	
  activation	
  of	
  p38MAPK	
  

in	
  response	
  to	
  DNA-­‐damaging	
  agents,	
  which	
  increase	
  ROS,	
  is	
  impaired	
  in	
  the	
  DDB2-­‐

deficient	
   cells	
   (Fig.20	
   A).	
   Thus,	
   it	
   appears	
   that	
   DDB2	
   activates	
   p19/p14Arf	
  

expression	
  by	
  increasing	
  the	
  level	
  of	
  ROS,	
  which	
  causes	
  activation	
  of	
  p38MAPK.	
  

	
  

3.8	
  DDB2	
  RECRUITS	
  SUV39H	
  ON	
  THE	
  PROMOTER	
  OF	
  SOD2	
  AND	
  CATALASE	
  AND	
  

RESULTS	
  HETEROCHROMATINIZATION	
  

To	
  investigate	
  a	
  direct	
  inhibition	
  of	
  expression	
  of	
  the	
  MnSOD	
  and	
  catalase	
  genes	
  by	
  

DDB2,	
  I	
  performed	
  ChIP	
  experiments	
  using	
  different	
  sets	
  of	
  primers	
  covering	
  1	
  kb	
  of	
  

the	
  promoter-­‐proximal	
   region	
  of	
  both	
   the	
  genes.	
   In	
   addition,	
   I	
   scanned	
   the	
  1.6-­‐kb	
  

promoter	
   region	
   of	
   p14Arf.	
   The	
   ChIP	
   experiments	
  were	
   carried	
   out	
  with	
  HCT116	
  

cells.	
  Fewer	
  amplicons	
  for	
  the	
  MnSOD	
  promoter	
  were	
  used	
  because	
  of	
  the	
  previous	
  

work	
   that	
   identified	
   a	
   binding	
   site	
   for	
   DDB2	
   in	
   the	
  MnSOD	
   promoter.	
   I	
   observed	
  

evidence	
   for	
   a	
   physical	
   interaction	
   of	
   DDB2	
   with	
   promoters	
   of	
   both	
   MnSOD	
   and	
  

catalase,	
  but	
  no	
  interaction	
  could	
  be	
  detected	
  within	
  the	
  1.6-­‐kb	
  region	
  of	
  the	
  p14Arf	
  

promoter	
  (Fig.21).	
  The	
  DDB2-­‐associated	
  protein	
  Cul4	
  was	
  shown	
  to	
  associate	
  with	
  

the	
   histone	
  H3K9	
  methyltransferase	
   Clr4	
   to	
   induce	
   heterochromatin	
   formation	
   in	
  

fission	
  yeast	
  [94].	
  Moreover,	
  a	
  recent	
  study	
  indicated	
  that	
  Cul4	
  could	
  recruit	
  H3K4	
  

methyltransferase	
  MLL1	
  to	
  activate	
  expression	
  of	
  p16Ink4a	
  expression	
  [95].	
  Since	
  I	
  

observed	
   an	
   inhibition	
   of	
   the	
   MnSOD	
   and	
   catalase	
   expression	
   by	
   DDB2,	
   we	
  

considered	
  the	
  possibility	
  that	
  DDB2	
  might	
  recruit	
  Clr4	
  homolog	
  Suv39h	
  through	
  its
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  Figure	
  21:	
  DDB2	
  binds	
  to	
  the	
  promoter	
  region	
  of	
  MnSOD	
  and	
  catalase.	
  	
  
(A	
  and	
  B)	
  HCT116	
  cells	
  were	
  subjected	
  to	
  ChIP	
  assay,	
  as	
  described	
  in	
  Materials	
  and	
  
Methods.	
   Antibody	
   against	
   DDB2	
   or	
   IgG	
   was	
   used	
   for	
   immunoprecipitation.	
   The	
  
primers	
   used	
   to	
   detect	
   interaction	
   of	
   DDB2	
   with	
   MnSOD	
   promoter,	
   catalase	
  
promoter,	
  Arf	
  promoter,	
  and	
  negative	
  controls	
  are	
  indicated	
  by	
  arrows.	
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Figure	
  22:	
  DDB2	
  is	
  an	
  epigenetic	
  regulator	
  of	
  SOD2	
  and	
  catalase.	
  
(A)	
   DDB2	
   recruits	
   Suv39h	
   to	
   induce	
   H3K9	
   trimethylation	
   at	
  MnSOD	
   and	
   catalase	
  
promoters.	
  HCT116	
  cells	
  expressing	
  LacZ	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  subjected	
  to	
  
ChIP	
   assay,	
   as	
   described	
   in	
   Materials	
   and	
   Methods.	
   Antibody	
   against	
   H3K9Me3,	
  
Suv39h,	
  Cul4a,	
  or	
  IgG	
  was	
  used	
  for	
   immunoprecipitation.	
  The	
  MnSOD	
  and	
  catalase	
  
promoter	
   fragments	
   in	
   the	
   immunoprecipitated	
   chromatins	
   were	
   quantified	
   by	
  
semiquantitative	
  PCR	
  with	
  the	
  primer	
  pairs	
  I	
  for	
  MnSOD	
  and	
  V	
  for	
  catalase	
  in	
  panel	
  
A.	
   (B)	
  HCT116	
  cells	
  were	
   infected	
  with	
  adenovirus	
  expressing	
  T7-­‐tagged	
  DDB2	
  or	
  
adenovirus	
   expressing	
   LacZ.	
   Following	
   18	
   h	
   of	
   incubation	
   with	
   adenovirus,	
   they	
  
were	
  subjected	
  to	
  ChIP	
  assay.	
  Antibody	
  against	
  H3K9Me3,	
  Suv39h,	
  or	
  IgG	
  was	
  used	
  
for	
   immunoprecipitation.	
   The	
   MnSOD	
   and	
   catalase	
   promoter	
   fragments	
   in	
   the	
  
immunoprecipitated	
  chromatins	
  were	
  quantified	
  by	
  semiquantitative	
  PCR	
  with	
  the	
  
primer	
  pairs	
  I	
  for	
  MnSOD	
  and	
  V	
  for	
  catalase	
  in	
  panel	
  A.	
  (C)	
  ChIP-­‐reChIP	
  analysis	
  of	
  
HCT116	
  cells.	
  Soluble	
  chromatin	
  was	
  prepared	
  from	
  HCT116	
  cells	
  and	
  divided	
  into	
  
two	
   chromatin	
   aliquots	
  which	
  were	
   immunoprecipitated	
  with	
   antibodies	
   to	
  DDB2	
  
and	
   Suv39h,	
   respectively.	
   Immunocomplexes	
   were	
   eluted	
   with	
   DTT,	
   and	
   soluble	
  
chromatin	
  fractions	
  were	
  reimmunoprecipitated	
  with	
  reciprocal	
  antibodies	
  against	
  
Suv39h	
   and	
  DDB2,	
   respectively.	
   (D)	
   Cell	
   extracts	
   from	
  HCT116	
   cells	
   (3	
  mg)	
  were	
  
subjected	
   to	
   immunoprecipitation	
   (IP)	
   with	
   Suv39h	
   antibody	
   or	
   with	
   isotype-­‐
matched	
   immunoglobulin	
   G	
   (IgG).	
   The	
   immunoprecipitates	
  were	
   analyzed	
   for	
   the	
  
presence	
   of	
   DDB2	
   by	
   Western	
   blot	
   assay.	
   Total	
   extracts	
   (0.45	
   mg)	
   were	
   also	
  
analyzed	
  for	
  the	
  level	
  of	
  DDB2.	
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interaction	
  with	
  Cul4	
  to	
  induce	
  inhibitory	
  methylation.	
  First,	
  I	
  investigated	
  whether	
  

Cul4A	
   and	
   Suv39h	
   associate	
   with	
   the	
   MnSOD	
   and	
   catalase	
   gene	
   promoters.	
   We	
  

compared	
   the	
   HCT116	
   cells	
   expressing	
   LacZ	
   shRNA	
   and	
   those	
   expressing	
   DDB2	
  

shRNA	
   in	
   ChIP	
   experiments.	
   Both	
   Cul4A	
   and	
   Suv39h	
   interaction	
   could	
   be	
   easily	
  

detected	
  in	
  the	
  HCT116	
  cells	
  expressing	
  LacZ	
  shRNA	
  (Fig.22	
  A).	
  However,	
  the	
  DDB2	
  

shRNA-­‐expressing	
   cells	
   did	
   not	
   exhibit	
   any	
   significant	
   interaction	
   of	
   Cul4A	
   and	
  

Suv39h	
   with	
   the	
   MnSOD	
   and	
   catalase	
   promoter.	
   Next,	
   I	
   assayed	
   for	
   H3K9	
  

trimethylation	
  using	
  ChIP	
  experiments.	
  I	
  could	
  detect	
  the	
  presence	
  of	
  trimethylated	
  

histone	
  H3K9	
   in	
   the	
  promoter	
  regions	
  of	
  MnSOD	
  and	
  catalase	
   in	
   the	
  HCT116	
  cells	
  

expressing	
   LacZ	
   shRNA	
   but	
   not	
   in	
   those	
   expressing	
   DDB2	
   shRNA	
   (Fig.	
   22	
   A).	
  

Moreover,	
  expression	
  of	
  DDB2	
  in	
  the	
  HCT116	
  cells	
  caused	
  a	
  significant	
  increase	
  in	
  

the	
   recruitment	
   of	
   Suv39h	
   and	
   H3K9	
   trimethylation	
   (Fig.	
   22	
   B).	
   Furthermore,	
  

ChIP/re-­‐ChIP	
   experiments	
   confirmed	
   that	
   DDB2	
   and	
   Suv39h	
   interacted	
   with	
   the	
  

promoters	
   simultaneously	
   (Fig.22	
   C).	
   Also,	
   coimmunoprecipitation	
   experiments	
  

provided	
  evidence	
  for	
  a	
  physical	
  interaction	
  between	
  DDB2	
  and	
  Suv39h	
  (Fig.22	
  D).	
  

Together,	
   these	
   results	
   suggest	
   that	
  DDB2	
   recruits	
   Suv39h	
   onto	
   the	
   promoters	
   of	
  

MnSOD	
  and	
  catalase	
  to	
  repress	
  expression	
  of	
  these	
  antioxidant	
  genes	
  by	
  increasing	
  

histone	
  H3K9	
  trimethylation.	
  

	
  

3.9	
  IN	
  VIVO	
  EVIDENCE	
  FOR	
  A	
  ROLE	
  OF	
  DDB2	
  IN	
  SENESCENCE	
  

To	
   investigate	
   the	
   role	
   of	
   DDB2	
   in	
   the	
   regulation	
   of	
   MnSOD	
   and	
   catalase	
  in	
   vivo,	
  

RNAs	
  from	
  various	
  tissues	
  harvested	
  from	
  adult	
  WT	
  or	
  DDB2−/−	
  mice	
  were	
  analyzed	
  

for	
  the	
  levels	
  of	
  MnSOD	
  and	
  catalase.	
  Clearly,	
  brain,	
  thymus,	
  lung,	
  and	
  liver	
  from	
  the
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  Figure	
   23:	
   DDB2-­deficient	
   mice	
   are	
   impaired	
   in	
   senescence	
   following	
  
CCl4	
  treatment.	
  	
  
(A)	
  Total	
  RNA	
  isolated	
  from	
  different	
  tissues	
  of	
  WT	
  and	
  DDB2−/−	
  mice	
  was	
  analyzed	
  
by	
  semiquantitative	
  PCR	
  for	
  the	
  levels	
  of	
  MnSOD	
  and	
  catalase.	
  GAPDH	
  was	
  used	
  as	
  a	
  
loading	
   control.	
   (B)	
   DDB2−/−	
  mice	
   do	
   not	
   initiate	
   senescence	
   following	
   carbon	
  
tetrachloride	
   treatment.	
   WT	
   and	
   DDB2−/−	
  mice	
   were	
   treated	
   with	
   carbon	
  
tetrachloride	
  (1	
  ml/kg	
  CCl4)	
  for	
  2	
  weeks.	
  Animals	
  were	
  sacrificed	
  72	
  h	
  after	
  the	
  last	
  
injection,	
   and	
   their	
   livers	
   were	
   used	
   for	
   further	
   analysis.	
   Detection	
   of	
   SA-­‐β-­‐Gal	
  
activity	
   was	
   performed	
   as	
   described	
   in	
   Materials	
   and	
   Methods.	
   (Left)	
  
Representative	
   images	
   of	
   tissue	
   sections	
   stained	
   for	
   SA-­‐β-­‐Gal.	
   (Right)	
   SA-­‐β-­‐Gal-­‐
positive	
   cells	
   were	
   counted	
   from	
   at	
   least	
   10	
   fields	
   of	
   triplicate	
   sections.	
   A	
  
quantification	
  of	
  SA-­‐β-­‐Gal-­‐positive	
  cells	
  is	
  shown.	
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DDB2−/−	
  mice	
  exhibited	
  significantly	
  higher	
  expression	
  of	
  MnSOD	
  and	
  catalase	
  than	
  

did	
   those	
   tissues	
   from	
   the	
   WT	
   mice,	
   indicating	
   that	
   DDB2	
   is	
   a	
   key	
   regulator	
   of	
  

MnSOD	
  and	
  catalase	
  expression	
  in	
  these	
  tissues	
  (Fig.23	
  A).	
  	
  

	
  

To	
   investigate	
  the	
  consequences	
  of	
  high-­‐level	
  antioxidant	
  gene	
  expression	
   in	
  an	
   in	
  

vivo	
   set	
   up,	
  WT	
   and	
   DDB2−/−	
  mice	
   were	
   subjected	
   to	
   CCl4-­‐induced	
   liver	
   damage,	
  

which	
  is	
  known	
  to	
  increase	
  the	
  levels	
  of	
  ROS	
  and	
  senescence	
  of	
  the	
  hepatic	
  stellate	
  

cells	
  [81].	
  Hepatic	
  stellate	
  cells	
  contribute	
  to	
  fibrotic	
  response	
  in	
  the	
  liver	
  following	
  

chronic	
   liver	
   damage.	
   Upon	
   withdrawal	
   of	
   chronic	
   damage,	
   hepatic	
   stellate	
   cells	
  

undergo	
   premature	
   senescence	
   or	
   apoptosis	
   and	
   get	
   removed	
   from	
   the	
   system	
  

leading	
  to	
  regression	
  of	
   liver	
   fibrosis.	
  Deficiency	
  of	
  hepatic	
  stellate	
  cell	
  senescence	
  

keeps	
   these	
   cells	
   functionally	
   active,	
   causing	
   an	
   impaired	
   fibrotic	
   response.	
   For	
  

example,	
   p53-­‐/-­‐	
   or	
   p53-­‐/-­‐	
   INK4a/ARF-­‐/-­‐	
   mice	
   are	
   deficient	
   in	
   restricting	
   fibrotic	
  

regression	
   following	
   withdrawal	
   of	
   chronic	
   damage	
   owed	
   to	
   their	
   deficient	
  

senescence	
   response	
   [81].	
   Similarly,	
   DDB2-­‐/-­‐	
   mice	
   were	
   found	
   to	
   be	
   deficient	
   in	
  

senescence	
  of	
   liver	
   cells	
   following	
  withdrawal	
  of	
   chronic	
   liver	
  damage,	
   suggesting	
  

that	
  DDB2	
  might	
  play	
  a	
   critical	
   role	
   in	
   controlling	
   liver	
   fibrosis.	
  The	
   liver	
   sections	
  

were	
   assayed	
   for	
   expression	
   of	
   the	
   senescence	
  marker	
   SA-­‐β-­‐Gal.	
   As	
   expected,	
   the	
  

liver	
  sections	
  from	
  the	
  DDB2−/−	
  mice	
  exhibited	
  greatly	
  reduced	
  expression	
  of	
  SA-­‐β-­‐

Gal	
   compared	
   to	
   the	
   sections	
   from	
   the	
  WT	
  mice	
   (Fig.23	
  B),	
   confirming	
   the	
  notion	
  

that	
  DDB2	
  plays	
  an	
   important	
   regulatory	
  role	
   in	
   the	
  expression	
  of	
   the	
  antioxidant	
  

MnSOD	
   and	
   catalase	
   genes	
   that	
   is	
   significant	
   for	
   premature	
   senescence	
   of	
   cells	
  in	
  

vivo.	
  Next,	
  I	
  did	
  a	
  time	
  course	
  experiment	
  where	
  WT	
  and	
  DDB2-­‐/-­‐	
  female	
  mice	
  were
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Figure	
  24:	
  DDB2	
  -­/-­	
  mice	
  exhibit	
  augmented	
  hepatic	
  fibrosis	
  following	
  chronic	
  
damage.	
  
WT	
  and	
  DDB2−/−	
  	
  female	
  mice	
  were	
  treated	
  with	
  carbon	
  tetrachloride	
  (1	
  ml/kg	
  CCl4)	
  
twice	
  a	
  week	
  for	
  6	
  weeks.	
  Animals	
  were	
  sacrificed	
  at	
  indicated	
  time-­‐points	
  after	
  the	
  
last	
   injection,	
   and	
   their	
   livers	
  were	
   used	
   for	
   further	
   analysis.	
   Liver	
   sections	
  were	
  
fixed	
   in	
   10%	
   Formalin,	
   processed	
   and	
   embedded	
   with	
   paraffin	
   for	
   sectioning.	
  
Prepared	
   skin	
   section	
   slides	
   were	
   then	
   subjected	
   H	
   &	
   E	
   staining.	
   Representative	
  
pictures	
  are	
  shown.	
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Figure	
  25:	
  DDB2-­/-­	
  mice	
  exhibit	
  elevated	
  fibrosis	
  response.	
  
WT	
  and	
  DDB2−/−	
  	
  female	
  mice	
  were	
  treated	
  with	
  carbon	
  tetrachloride	
  (1	
  ml/kg	
  CCl4)	
  
twice	
  a	
  week	
  for	
  6	
  weeks.	
  Animals	
  were	
  sacrificed	
  at	
  indicated	
  time-­‐points	
  after	
  the	
  
last	
   injection,	
   and	
   their	
   livers	
  were	
   used	
   for	
   further	
   analysis.	
   Liver	
   sections	
  were	
  
fixed	
   in	
   10%	
   Formalin,	
   processed	
   and	
   embedded	
   with	
   paraffin	
   for	
   sectioning.	
  
Prepared	
   skin	
   section	
   slides	
   were	
   then	
   subjected	
   Sirius	
   Red	
   staining.	
   (Top)	
  
Representative	
   pictures	
   are	
   shown.	
   (Bottom)	
   Sirius	
   Red	
   positive	
   area	
   was	
  
quantified	
  by	
  ImageJ.	
  10	
  random	
  fields	
  were	
  chosen.	
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Figure	
  26:	
  DDB2-­/-­	
  mice	
  exhibit	
  elevated	
  extracellular	
  matrix	
  deposition.	
  	
  
(Top)	
   WT	
   and	
   DDB2−/−	
  female	
   mice	
   were	
   treated	
   with	
   carbon	
   tetrachloride	
   (1	
  
ml/kg	
  CCl4)	
   twice	
   a	
  week	
   for	
   6	
  weeks.	
  Animals	
  were	
   sacrificed	
   at	
   indicated	
   time-­‐
points	
  after	
  the	
  last	
   injection,	
  and	
  their	
   livers	
  were	
  used	
  for	
  further	
  analysis.	
  Liver	
  
sections	
   were	
   fixed	
   in	
   10%	
   Formalin,	
   processed	
   and	
   embedded	
  with	
   paraffin	
   for	
  
sectioning.	
   Prepared	
   liver	
   section	
   slides	
   were	
   then	
   subjected	
   to	
  
immunohistochemical	
   analysis	
   using	
   SMA	
   antibody.	
   Representative	
   images	
   (20X	
  
magnification)	
  are	
  shown.	
  (Bottom)	
  Protein	
  extracts	
  from	
  the	
  liver	
  were	
  subjected	
  
to	
  Western	
  blot	
  assay	
  with	
  SMA	
  or	
  Tubulin	
  antibody.	
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Figure	
  27:	
  DDB2-­/-­	
  mice	
  are	
  deficient	
  in	
  chronic	
  damage	
  induced	
  apoptosis.	
  
(Top)	
   WT	
   and	
   DDB2−/−	
  female	
   mice	
   were	
   treated	
   with	
   carbon	
   tetrachloride	
   (1	
  
ml/kg	
  CCl4)	
   twice	
   a	
  week	
   for	
   6	
  weeks.	
  Animals	
  were	
   sacrificed	
   at	
   indicated	
   time-­‐
points	
  after	
  the	
  last	
   injection,	
  and	
  their	
   livers	
  were	
  used	
  for	
  further	
  analysis.	
  Liver	
  
sections	
   were	
   fixed	
   in	
   10%	
   Formalin,	
   processed	
   and	
   embedded	
  with	
   paraffin	
   for	
  
sectioning.	
  Prepared	
  liver	
  section	
  slides	
  were	
  then	
  subjected	
  to	
  TUNEL	
  assay.	
  (Top)	
  
Representative	
  pictures	
  are	
  shown.	
  (Bottom)	
  TUNEL	
  positive	
  cells	
  were	
  quantified	
  
by	
  ImageJ.	
  10	
  random	
  fields	
  were	
  chosen.	
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Figure	
  28:	
  DDB2-­/-­	
  mice	
  are	
  deficient	
  in	
  chronic	
  damage	
  induced	
  senescence.	
  
WT	
  and	
  DDB2−/−	
  female	
  mice	
  were	
  treated	
  with	
  carbon	
  tetrachloride	
  (1	
  ml/kg	
  CCl4)	
  
twice	
  a	
  week	
  for	
  6	
  weeks.	
  Animals	
  were	
  sacrificed	
  at	
  indicated	
  time-­‐points	
  after	
  the	
  
last	
  injection,	
  and	
  their	
  livers	
  were	
  used	
  for	
  further	
  analysis.	
  Protein	
  extracts	
  from	
  
the	
  liver	
  were	
  subjected	
  to	
  Western	
  blot	
  assay	
  with	
  p19Arf	
  or	
  Actin	
  antibody.	
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treated	
  with	
  carbon	
  tetrachloride	
  for	
  6	
  weeks,	
  twice	
  a	
  week.	
  Following	
  withdrawal	
  

of	
  the	
  treatment,	
  mice	
  were	
  sacrificed	
  at	
  5,	
  10	
  and	
  20	
  days	
  time	
  point.	
  At	
  each	
  time	
  

point,	
   mice	
   were	
   sacrificed	
   and	
   fibrosis	
   response	
   was	
   measured	
   in	
   the	
   liver	
   by	
  

immuno-­‐histological	
  analysis.	
   In	
  the	
  WT	
  mice,	
   there	
  was	
  a	
  high-­‐level	
  deposition	
  of	
  

fibrotic	
   tissues	
   at	
   5	
   days	
   time-­‐point.	
   However,	
  with	
   time,	
   at	
   10	
   and	
   20	
   days	
   time	
  

point,	
   there	
  was	
  attenuation	
   in	
   the	
   fibrosis	
   in	
   the	
  WT	
  mice	
  as	
  measured	
  by	
  H	
  &	
  E	
  

staining	
  (Fig.24).	
  In	
  contrast,	
  in	
  the	
  DDB2/-­‐	
  mice,	
  at	
  the	
  early	
  time	
  point	
  there	
  was	
  

higher	
  fibrosis	
  response.	
  Moreover,	
  the	
  rate	
  of	
  attenuation	
  of	
  fibrotic	
  response	
  was	
  

significantly	
   slower	
   than	
   the	
   WT	
   mice	
   reminiscent	
   of	
   p53-­‐/-­‐	
   mice	
   (Fig.24).	
   To	
  

confirm	
  the	
  observation,	
   I	
   further	
  stained	
  the	
   liver	
  sections	
  from	
  WT	
  and	
  DDB2-­‐/-­‐	
  

mice	
   at	
   different	
   time	
   points	
   with	
   Sirius	
   Red	
   (Fig.25)	
   and	
   Smooth	
   muscle	
   actin	
  

(SMA)	
   (Fig.26).	
   Sirius	
   Red	
   stain	
   measure	
   the	
   level	
   of	
   fibrotic	
   scar	
   in	
   the	
   tissue	
  

whereas,	
   SMA	
   measures	
   the	
   activated	
   hepatic	
   stellate	
   cells.	
   Both	
   of	
   these	
   stains	
  

further	
  confirmed	
  the	
  observation	
  that	
   livers	
  from	
  DDB2-­‐/-­‐	
  mice	
  are	
  more	
  fibrotic	
  

in	
  nature	
  following	
  chronic	
  damage.	
  This	
  is	
  accompanied	
  by	
  lower	
  level	
  of	
  p19	
  Arf,	
  a	
  

positive	
  regulator	
  of	
  senescence,	
  in	
  DDB2-­‐/-­‐	
  mice	
  (Fig.28).	
  I	
  also	
  looked	
  at	
  apoptosis	
  

function	
  by	
  TUNEL	
  assay	
   in	
   the	
   liver	
   sections	
  as	
   apoptosis	
   is	
  hepatic	
   stellate	
   cells	
  

also	
   plays	
   critical	
   role	
   in	
   fibrotic	
   scar	
   resolution	
   [96].	
   TUNEL	
   staining	
   revealed	
  

attenuated	
  apoptosis	
  response	
  in	
  the	
  DDB2-­‐/-­‐	
  mice	
  (Fig.27).	
  Therefore,	
  collectively,	
  

both	
  deficient	
  apoptosis	
  and	
  senescence	
  function	
  of	
  hepatic	
  stellate	
  cells	
  in	
  DDB2-­‐/-­‐	
  

mice	
   seem	
   to	
   contribute	
   to	
   the	
   increased	
   fibrotic	
   response	
   with	
   chronic	
   liver	
  

damage.
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3.10	
  DDB2	
  MEDIATED	
  SENESCENCE	
  INHIBITS	
  UV	
  INDUCED	
  CARCINOGENESIS	
  

The	
  Ddb2	
  gene	
   is	
   mutated	
   in	
   XP-­‐E,	
   and	
   its	
   expression	
   is	
   reduced	
   in	
   a	
   variety	
   of	
  

cancers	
  [97].	
  One	
  study	
  reported	
  DDB2	
  as	
  one	
  of	
  the	
  top	
  5%	
  underexpressed	
  genes	
  

in	
   head	
   and	
   neck	
   squamous	
   cell	
   carcinoma	
   [98].	
   DDB2	
   participates	
   in	
   tumor	
  

suppression	
  in	
  at	
  least	
  three	
  ways	
  as	
  follows:	
  promoting	
  NER,	
  supporting	
  apoptosis,	
  

and	
   inducing	
  premature	
  senescence	
  after	
  DNA	
  damage.	
   It	
  participates	
   in	
  NER	
  and	
  

apoptosis	
  by	
  maintaining	
  p21	
  at	
  a	
  low	
  level	
  that	
  is	
  optimum	
  for	
  efficient	
  repair	
  and	
  

apoptosis.	
   The	
   senescence	
   function	
   of	
   DDB2	
   is	
   related	
   to	
   its	
   function	
   as	
   a	
  

transcriptional	
   repressor	
   of	
   anti-­‐oxidant	
   genes	
   SOD2	
   and	
   catalase.	
   I	
   wanted	
   to	
  

examine	
   which	
   function	
   of	
   DDB2	
   is	
   dominant	
   in	
   its	
   role	
   as	
   a	
   tumor	
   suppressor	
  

during	
  UV	
  induced	
  skin	
  carcinogenesis.	
  

	
  

First	
  I	
  looked	
  at	
  expression	
  of	
  DDB2	
  and	
  p21	
  between	
  normal	
  skin	
  and	
  skin	
  sections	
  

from	
   Basal	
   cell	
   carcinoma	
   (BCC)	
   patients.	
   Using	
   tissue	
   microarrays,	
   I	
   observed	
   a	
  

significant	
   loss	
   of	
   the	
  DDB2	
  protein	
   expression	
   in	
   BCCs	
   (Fig.29	
  A).	
   Interestingly	
   I	
  

also	
  observed	
  loss	
  of	
  p21	
  expression	
  in	
  these	
  patient	
  samples	
  (Fig.29	
  B).	
  The	
  tissue	
  

microarray	
   in	
   our	
   experiment	
   contained	
  52	
  BCC	
   samples	
   of	
  which	
   75%	
  exhibited	
  

lower	
  expression	
  for	
  DDB1	
  and	
  p21.	
  Ddb2	
  and	
  p21	
  is	
  p53-­‐induced	
  gene	
  [30,	
  32].	
  It	
  

is	
   possible	
   that	
   the	
   reduced	
   expression	
   is	
   related	
   to	
  p53	
  mutations;	
   however,	
  

the	
  p53	
  status	
   in	
   those	
  BCC	
   samples	
   in	
   the	
  microarray,	
   obtained	
   from	
  US	
  Biomax,	
  

was	
   not	
   characterized.	
   But	
   it	
   is	
   noteworthy	
   that	
  previous	
   reports	
   suggested	
   that	
  

p53	
  is	
  mutated	
  at	
  a	
  high	
  frequency	
  in	
  basal	
  cell	
  carcinoma	
  (BCC)	
  patients	
  [99,	
  100].



	
  

	
  

104	
  

Figure	
  29:	
  Reduced	
  expression	
  of	
  DDB2	
  and	
  p21	
  in	
  basal	
  cell	
  carcinoma.	
  
	
  (A)	
   DDB2	
   immunohistochemistry	
   of	
   human	
   tissue	
   microarray	
   of	
   normal	
   skin	
  	
  
(upper	
   panel)	
   and	
   basal	
   cell	
   carcinoma	
   (BCC)	
   (bottom	
   panel).	
   Intensity	
   of	
   DDB2	
  
staining	
  was	
  scored	
  from	
  0	
  to	
  4.	
  One	
  representative	
  of	
  normal	
  human	
  skin	
  section	
  
with	
  score	
  4	
  (n=	
  11)	
  (upper	
  panel)	
  and	
  one	
  representative	
  of	
  basal	
  cell	
  carcinoma	
  
with	
  score	
  2	
  (n=	
  52)	
  (bottom	
  panel)	
  are	
  shown.	
  Right	
  graph	
  represents	
  the	
  average	
  
intensity	
  of	
  DDB2	
  staining	
  and	
   t-­‐test	
   for	
  BCC	
  versus	
  NL.	
   (B)	
  Upper	
  panels	
  present	
  
p21	
  immunohistochemistry	
  of	
  human	
  TMA	
  of	
  normal	
  skin	
  	
  (n=11)	
  with	
  score	
  4	
  and	
  
the	
  bottom	
  panels	
  present	
  basal	
  cell	
  carcinoma	
  (BCC)	
  (n=52)	
  with	
  score	
  0.	
  Intensity	
  
of	
  p21	
  staining	
  was	
  scored	
  from	
  0	
  to	
  4.	
  Right	
  graph	
  presents	
  the	
  average	
  intensity	
  of	
  
p21	
   staining	
   and	
   t-­‐test	
   for	
   BCC	
   versus	
   NL.	
   (C)	
   Table	
   presents	
   percent	
   basal	
   cell	
  
carcinoma	
   patients	
   with	
   lower	
   p21	
   and	
   DDB2	
   intensity	
   of	
   the	
   staining	
   in	
  
comparison	
   to	
   the	
   average	
   normal	
   intensity	
   of	
   staining	
   (p21low	
   DDB2low).	
   p21low	
  
DDB2hi	
  represents	
  patients	
  with	
  lower	
  than	
  average	
  normal	
  p21	
  staining	
  and	
  equal	
  
to	
  average	
  normal	
  DDB2	
  staining.	
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DDB2	
  participates	
   in	
  NER	
  and	
  apoptosis	
  by	
  maintaining	
  p21	
  at	
   a	
   low	
   level	
   that	
   is	
  

optimum	
  for	
  efficient	
  repair	
  synthesis	
  and	
  apoptosis.	
  In	
  agreement	
  with	
  that,	
  DDB2-­‐

/-­‐	
   p21-­‐/-­‐	
   mice	
   exhibit	
   efficient	
   apoptosis	
   and	
   DNA	
   repair	
   function	
   following	
   UV	
  

irradiation.	
  However,	
  quite	
  interestingly,	
  despite	
  efficient	
  apoptosis	
  and	
  DNA	
  repair	
  

function,	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  mice	
  developed	
  tumor	
  more	
  aggressively	
  than	
  the	
  DDB2-­‐

/-­‐	
   mice	
   [101].	
   Wild	
   type	
   (n	
  =	
   10),	
  Ddb2−/−	
  (n	
  =	
   10),	
  p21−/−	
  (n	
  =	
   8),	
   and	
   DKO	
  

(Ddb2−/−p21−/−)	
   (n	
  =	
   15)	
   littermate	
   mice	
   were	
   subjected	
   to	
   UV-­‐B	
   carcinogenesis	
  

protocol.	
  The	
  mice	
  were	
  shaved	
  once	
  a	
  week	
  and	
  exposed	
  to	
  UV-­‐B,	
  initially	
  2	
  kJ/m2	
  

twice	
  a	
  week	
  for	
  the	
  first	
  8	
  weeks,	
  followed	
  by	
  gradual	
  increase	
  of	
  the	
  frequency	
  and	
  

dose	
  of	
  irradiation.	
  The	
  dose	
  of	
  UV-­‐B	
  used	
  toward	
  the	
  end	
  was	
  5	
  kJ/m2,	
  five	
  times	
  

per	
   week.	
   We	
   observed	
   that	
   deletion	
   of	
  p21	
  in	
   the	
   Ddb2−/−	
  background	
   did	
   not	
  

reverse	
   the	
  susceptibility	
   to	
  UV-­‐induced	
  skin	
  carcinogenesis.	
  On	
   the	
  contrary,	
   loss	
  

of	
  p21	
  in	
  the	
  Ddb2−/−	
  background	
  expedited	
  the	
  onset	
  of	
  tumor	
  development	
  [101].	
  

The	
  Ddb2−/−p21−/−	
  mice	
  developed	
  tumors	
  as	
  early	
  as	
  18	
  weeks	
  post-­‐UV	
  treatment,	
  

and	
  by	
  33	
  weeks	
  50%	
  of	
   the	
  animals	
  developed	
   tumors.	
  The	
  Ddb2−/−	
  mice	
   started	
  

exhibiting	
  tumor	
  phenotypes	
  at	
  week	
  28,	
  reaching	
  50%	
  at	
  week	
  42.	
  Only	
  a	
  few	
  wild	
  

type	
   mice	
   exhibited	
   papillary	
   epithelioma	
   beginning	
   41	
   weeks	
   of	
   treatment.	
  

The	
  p21−/−	
  mice	
   exhibited	
   increased	
   susceptibility.	
   All	
   three	
   genotypes	
  

(p21−/−,	
  Ddb2−/−,	
   and	
  p21−/−Ddb2−/−)	
   developed	
   basal	
   cell	
   carcinoma,	
   squamous	
  

epithelioma,	
   and	
   soft	
   tissue	
   sarcomas.	
   Only	
   Double	
   knockout	
   mice	
   exhibited	
  

trichoblastoma.
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Figure	
  30:	
  DDB2-­/-­p21-­/-­	
  	
  mice	
  are	
  deficient	
  in	
  UV	
  induced	
  senescence.	
  
Wild	
  type,	
  DDB2-­‐/-­‐,	
  p21	
  -­‐/-­‐	
  and	
  DDB2-­‐/-­‐	
  p21	
  -­‐/-­‐	
  mice	
  were	
  irradiated	
  with	
  a	
  single	
  
dose	
   of	
   UV	
   (10kJ/m2).	
   Unfixed	
   cryosections	
   were	
   prepared	
   from	
   the	
   skin	
   24	
   hrs	
  
after	
  UV.	
  Frozen	
  skin	
  sections	
  were	
  subjected	
  to	
  SA-­‐β-­galactosidase.	
  Arrows	
  indicate	
  
SA-­β-­galactosidase	
   positive	
   cells.	
   SA-­β-­galactosidase	
   positive	
   cells	
   per	
   10x	
  
magnification	
  field	
  were	
  counted.	
  10	
  random	
  fields	
  were	
  chosen	
  for	
  quantification.	
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Figure	
   31:	
   DDB2-­/-­p21-­/-­	
   mice	
   are	
   deficient	
   in	
   UV	
   induced	
   p16INK4a	
  
expression.	
  
Wild	
  type,	
  DDB2-­‐/-­‐,	
  p21	
  -­‐/-­‐	
  and	
  DDB2-­‐/-­‐	
  p21	
  -­‐/-­‐	
  mice	
  were	
  irradiated	
  with	
  a	
  single	
  
dose	
  of	
  UV	
  (10kJ/m2).	
  Mice	
  were	
  killed	
  after	
  24	
  hrs	
  and	
  their	
  skin	
  were	
  fixed	
  in	
  10%	
  
Formalin,	
   processed	
   and	
   embedded	
   with	
   paraffin	
   for	
   sectioning.	
   Prepared	
   skin	
  
section	
  slides	
  were	
  then	
  subjected	
  to	
  immunocytochemical	
  analysis	
  using	
  p16INK4	
  
and	
  DAPI.	
  P16INK4a	
  positive	
  staining	
  identified	
  senescent	
  cells.	
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Figure	
  32:	
  DDB2-­/-­p21-­/-­	
  mice	
  are	
  deficient	
  in	
  UV	
  induced	
  p19Arf	
  expression.	
  
Wild	
  type,	
  DDB2-­‐/-­‐,	
  p21	
  -­‐/-­‐	
  and	
  DDB2-­‐/-­‐	
  p21	
  -­‐/-­‐	
  mice	
  were	
  irradiated	
  with	
  a	
  single	
  
dose	
  of	
  UV	
  (10kJ/m2).	
  Mice	
  were	
  killed	
  after	
  24	
  hrs	
  and	
  their	
  skin	
  were	
  fixed	
  in	
  10%	
  
Formalin,	
   processed	
   and	
   embedded	
   with	
   paraffin	
   for	
   sectioning.	
   Prepared	
   skin	
  
section	
   slides	
  were	
   then	
   subjected	
   to	
   immunocytochemical	
   analysis	
   using	
   p19Arf	
  
antibody	
  and	
  DAPI.	
  p19Arf	
  positive	
  staining	
  identified	
  senescent	
  cells.	
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Figure	
   33:	
  Deficiency	
   in	
   p19Arf	
   and	
   p16INK4a	
   expression	
   in	
   the	
   absence	
   of	
  
DDB2	
  and	
  p21. 
(A)	
  p19Arf	
  positive	
  cells	
  per	
  10X	
  magnification	
  field	
  were	
  counted.	
  10	
  random	
  fields	
  
were	
   chosen	
   for	
   quantification.	
   (B)	
   p16Ink4a	
   positive	
   cells	
   per	
   10X	
  magnification	
  
field	
  were	
  counted.	
  10	
  random	
  fields	
  were	
  chosen	
  for	
  quantification.	
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High-­‐level	
   p21	
   has	
   been	
   suggested	
   to	
   play	
   an	
   important	
   role	
   in	
   triggering	
  

senescence	
   [102-­‐105].	
   Although	
  Ddb2−/−	
  cells	
   have	
   higher	
   level	
   of	
   p21,	
   these	
   cells	
  

are	
  deficient	
   in	
  premature	
  senescence.	
   I	
  observed	
  evidence	
  that	
  DDB2	
  and	
  p21,	
   in	
  

fact,	
  have	
  a	
  synergistic	
  effect	
  in	
  inducing	
  premature	
  senescence	
  response	
  following	
  

exposure	
   to	
   UV	
   light.	
   Mice	
   of	
   all	
   four	
   genotypes	
   were	
   exposed	
   to	
   acute	
   UV-­‐B	
  

followed	
  by	
  measurement	
  of	
  senescence	
  response.	
   I	
  performed	
  SA-­‐β-­‐galactosidase	
  

staining	
   of	
   skin	
   sections	
   from	
   mice	
   irradiated	
   with	
   UV-­‐B	
   using	
   a	
   procedure	
  

described	
   previously.	
   Both	
  p21−/−	
  and	
  Ddb2−/−	
  mice	
   exhibited	
   deficiencies	
   in	
  

senescence	
   response	
   in	
   comparison	
  with	
  WT	
  mice	
  after	
  UV	
  damage.	
   Interestingly,	
  

the	
  Ddb2−/−p21−/−	
  mice	
  exhibited	
  a	
  more	
  severe	
  deficiency	
   in	
  senescence	
  response	
  

compared	
  with	
  the	
  Ddb2−/−	
  or	
  thep21−/−	
  mice	
  (Fig.30).	
  I	
  confirmed	
  the	
  observation	
  

by	
   assessing	
   the	
   level	
   of	
   p16Ink4a	
  (Fig.31)	
   and	
  p19Arf	
   (Fig.32).	
   Accumulation	
  

of	
  p19Arf	
  and	
  p16Ink4a	
  was	
   observed	
   in	
   the	
   WT	
   mice	
   and	
   that	
   was	
   significantly	
  

reduced	
   in	
   the	
  p21−/−	
  and	
  the	
  Ddb2−/−	
  mice	
  (Fig.33).	
  Moreover,	
  consistent	
  with	
   the	
  

SA-­‐β-­‐galactosidase	
  staining,	
   there	
  was	
  a	
  near	
  complete	
   loss	
  of	
  p19Arf	
  and	
  p16Ink4	
  

expression	
   in	
   the	
  Ddb2−/−p21−/−	
  mice	
   (Fig.33),	
   further	
   confirming	
   the	
   notion	
   that	
  

these	
   mice	
   are	
   severely	
   deficient	
   in	
   senescence,	
   which	
   might	
   be	
   the	
   major	
  

contributing	
  factor	
  for	
  the	
  increased	
  onset	
  of	
  tumorigenesis.	
  Concordantly,	
  DDB2-­‐/-­‐	
  

p21-­‐/-­‐	
   mice	
   exhibit	
   a	
   strong	
   increase	
   in	
   proliferation	
   following	
   UV	
   irradiation	
  

compared	
  to	
  the	
  other	
  three	
  genotypes.	
  



	
  

	
  

116	
  

Figure	
  34:	
  DDB2-­/-­p21-­/-­	
  mice	
  are	
  deficient	
  in	
  UV	
  induced	
  ROS	
  accumulation.	
  
Wild	
  type,	
  DDB2-­‐/-­‐,	
  p21	
  -­‐/-­‐	
  and	
  DDB2-­‐/-­‐	
  p21	
  -­‐/-­‐	
  mice	
  were	
  irradiated	
  with	
  a	
  single	
  
dose	
  of	
  UV	
  (10kJ/m2).	
  Unfixed	
  cryosections	
  from	
  treated	
  and	
  untreated	
  mice	
  were	
  
prepared	
   from	
   the	
   skin	
   24	
   hrs	
   after	
   UV.	
   Cryosections	
   were	
   incubated	
   with	
   10	
  
microM	
  DCFDA	
  for	
  45	
  minutes	
  at	
  37	
  degree	
  C	
  to	
  detect	
  ROS	
  (green).	
  All	
  images	
  were	
  
photographed	
   under	
   20X	
   magnification.	
   ROS	
   positive	
   cells	
   per	
   20x	
   magnification	
  
field	
  were	
   counted.	
   Average	
   of	
   six	
   different	
   randomly	
   chosen	
   fields	
   per	
  mouse	
   of	
  
each	
  genotype	
  is	
  presented.	
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Figure	
  35:	
  DDB2-­/-­p21-­/-­	
  mice	
  exhibit	
  increased	
  catalase	
  expression.	
  
(A)	
  and	
  (B)	
  Skin	
  extracts	
  from	
  Wild	
  type,	
  DDB2-­‐/-­‐,	
  p21	
  -­‐/-­‐	
  and	
  DDB2-­‐/-­‐	
  p21	
  -­‐/-­‐	
  mice	
  
were	
  subjected	
  to	
  Western	
  Blot	
  analysis	
  with	
  Catalase	
  and	
  FoxM1	
  Antibody.	
  Actin	
  or	
  
GAPDH	
  was	
  used	
  as	
  loading	
  control.	
  Two	
  different	
  sets	
  of	
  mice	
  have	
  been	
  shown	
  for	
  
Catalase	
  expression.	
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Figure	
  36:	
  DDB2-­/-­p21-­/-­	
  MEFs	
  are	
  deficient	
  in	
  UV	
  induced	
  senescence.	
  
(A)	
  WT,	
  DDB2-­‐/-­‐,	
  p21-­‐/-­‐	
  and	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  MEFs	
  were	
  plated	
  at	
  equal	
  density	
  (1	
  x	
  
10	
   5).	
   	
   Next	
   day	
   cells	
  were	
   treated	
  with	
  UV	
   (50	
   J/m2).	
   48	
   hrs	
   after	
   UV	
   treatment	
  
BrdU	
  (3	
  ug/	
  ml)	
  was	
  added	
  to	
  the	
  culture	
  medium	
  for	
  1	
  hour	
  and	
  30	
  minutes.	
  The	
  
cells	
  were	
  fixed	
  in	
  70%	
  ice	
  cold	
  Ethanol	
  and	
  subjected	
  to	
  immunostaining	
  for	
  BrdU	
  
using	
  monoclonal	
  BrdU	
  antibody.	
  The	
  cells	
  were	
  also	
  stained	
  with	
  DAPI.	
  The	
  percent	
  
BrdU	
  positive	
  cells	
   from	
  three	
  experiments	
  were	
  plotted.	
   (B)	
  WT,	
  DDB2-­‐/-­‐,	
  p21-­‐/-­‐	
  
and	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  MEFs	
  were	
  plated	
  at	
   equal	
  density	
   (1	
  x	
  10	
   5).	
   	
  Next	
  day	
   cells	
  
were	
  treated	
  with	
  UV	
  (50	
  J/m2).	
  72	
  hrs	
  after	
   treatment	
  cells	
  were	
  subjected	
  to	
  SA	
  
beta	
   gal	
   assay.	
   SA	
   beta	
   gal	
   positive	
   cells	
   were	
   counted	
   from	
   at	
   least	
   10	
   fields	
   of	
  
triplicate	
  plates.	
  (C)	
  WT	
  MEFs	
  were	
  plated	
  at	
  equal	
  density	
  (1	
  x	
  10	
  5).	
  	
  Next	
  day	
  cells	
  
were	
  treated	
  with	
  UV	
  (50	
  J/m2)	
  and	
  kept	
  with	
  or	
  without	
  NAC	
  (20	
  mM	
  NAC).	
  72	
  hrs	
  
after	
   treatment	
   cells	
  were	
   counted	
   from	
   at	
   least	
   10	
   fields	
   of	
   triplicate	
   plates.	
   The	
  
asterisk	
   in	
  Panel	
   indicates	
   statistically	
   significant	
  differences,	
  with	
   the	
   following	
  P	
  
value	
   calculated	
   by	
   Student’s	
   t-­‐test:	
   *P<0.05;	
   **P<0.01;	
   ***P<0.001;	
   ns	
   -­‐	
   not	
  
significant.	
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3.11	
  INSTABILITY	
  OF	
  ROS	
  AND	
  INCREASED	
  FOXM1	
  EXPRESSION	
  IN	
  THE	
  DDB2-­‐/-­‐	
  

P21-­‐/-­‐	
  MICE	
  

Previously,	
   I	
   demonstrated	
   that	
   the	
   senescence	
   deficiency	
   phenotype	
  

in	
  Ddb2−/−	
  mice	
  is	
  related	
  to	
  a	
  deficiency	
  in	
  the	
  accumulation	
  of	
  ROS.	
  DDB2	
  supports	
  

ROS	
   accumulation	
   by	
   repressing	
   the	
   antioxidant	
   genes.	
   ROS	
   has	
   been	
   implicated	
  

also	
   in	
   the	
  mechanism	
  by	
  which	
  p21	
  participates	
   in	
  senescence	
   [102].	
   I	
  measured	
  

the	
   levels	
   of	
   ROS	
   using	
  DCFDA	
   staining	
   (detects	
   peroxides)	
   in	
   the	
   skin	
   of	
   all	
   four	
  

genotypes	
   following	
   subacute	
   UV	
   irradiation.	
   Cryosections	
   of	
   skin	
   from	
  

WT,	
  Ddb2−/−,	
  p21−/−,	
  and	
  Ddb2−/−p21−/−	
  mice	
  were	
  treated	
  with	
  10	
  μM	
  DCFDA	
  for	
  45	
  

min	
   at	
   37	
   °C	
   and	
   visualized	
   under	
   microscope.	
   Clearly,	
   the	
  Ddb2−/−	
  and	
  

the	
  p21−/−	
  mice	
   were	
   deficient	
   in	
   peroxide	
   accumulation	
   compared	
   with	
   the	
   WT	
  

mice.	
   Moreover,	
   the	
   double	
   knock-­‐out	
   skin	
   sections	
   also	
   exhibited	
   a	
   stronger	
  

deficiency	
  in	
  peroxide	
  accumulation	
  (Fig.34).	
  Extracts	
  from	
  the	
  skin	
  fragments	
  of	
  all	
  

four	
   genotypes	
   were	
   compared	
   by	
   Western	
   blot	
   assays	
   for	
   catalase.	
   The	
   skin	
  

extracts	
   from	
   the	
   double	
   knock-­‐out	
   mice	
   exhibited	
   a	
   much	
   higher	
   expression	
   of	
  

catalase	
   (Fig.35	
  A).	
   p21	
  has	
  been	
   implicated	
   in	
   regulating	
   expression	
  of	
  FoxM1	
  ,	
   a	
  

transcription	
   factor	
   that	
   regulates	
   oxidative	
   stress-­‐induced	
   premature	
   senescence	
  

and	
  activates	
  expression	
  of	
  proliferation	
  genes,	
   including	
  genes	
   involved	
  in	
  G1	
  to	
  S	
  

and	
  G2	
  to	
  M	
  progression	
  [106-­‐108].	
  Consistent	
  with	
  that,	
  I	
  observed	
  a	
  much	
  higher	
  

expression	
   of	
   FoxM1	
   in	
   the	
  p21−/−	
  background.	
   Both	
  p21−/−	
  mice	
   and	
   the	
   double	
  

knock-­‐out	
   mice	
   expressed	
   FoxM1	
   at	
   much	
   higher	
   levels	
   (Fig.35	
   B).	
   The	
   lack	
   of	
  

senescence	
  and	
  increased	
  expression	
  of	
  FoxM1	
  provide	
  a	
  clear	
  explanation	
  for	
  the	
  

strong	
   increase	
   in	
   proliferation	
   in	
   the	
  p21−/−Ddb2−/−	
  mice.	
   The	
   higher	
   rate	
   of	
   cell	
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proliferation	
   and	
   reduced	
   senescence	
   after	
   UV	
   irradiation	
   in	
  

the	
  p21−/−Ddb2−/−	
  background	
  was	
  confirmed	
  also	
  using	
  MEFs	
  (Fig.36A	
  and	
  B).	
  It	
  is	
  

noteworthy	
  that	
  the	
  extent	
  of	
  increase	
  in	
  BrdU	
  incorporation	
  after	
  UV	
  irradiation	
  in	
  

the	
   double	
   knock-­‐out	
   cells	
  was	
   somewhat	
   less	
   than	
  what	
  was	
   seen	
   in	
   the	
  in	
   vivo	
  

experiment,	
   which	
   most	
   likely	
   reflects	
   the	
   differences	
   in	
   the	
  in	
   vitro	
  and	
   in	
  

vivo	
  experimental	
  set	
  up.	
  Finally,	
  I	
  observed	
  that	
  N-­‐acetylcysteine,	
  a	
  ROS	
  scavenger,	
  

inhibited	
  UV-­‐induced	
  senescence	
  (Fig.36	
  C),	
  which	
  is	
  consistent	
  with	
  role	
  of	
  ROS	
  in	
  

inducing	
  premature	
  senescence	
  following	
  UV	
  irradiation.	
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3.12	
  LOSS	
  OF	
  DDB2	
  RESULTS	
  EMT	
  OF	
  COLON	
  CARCINOMA	
  CELLS	
  

Increasing	
  evidence	
  suggests	
  that	
  senescence	
  and	
  EMT,	
  two	
  seemingly	
  independent	
  

processes,	
   are	
   in	
   fact	
   intertwined.	
   For	
   example,	
   the	
   oncogene	
   RasV12	
   induces	
  

premature	
   senescence	
   in	
   human	
   diploid	
   fibroblast.	
   However,	
   in	
   a	
   co-­‐operative	
  

fashion	
   with	
   TGF-­‐β,	
   RasV12	
   induces	
   EMT	
   in	
   epithelial	
   cells	
   [109].	
   Similarly,	
  

ectopically	
  expressed	
  ErbB2	
   induces	
  senescence.	
  But,	
  overexpression	
  of	
  Twist	
  and	
  

ErbB2	
   induces	
  EMT	
  and	
  bypass	
  of	
   senescence	
   in	
  both	
  MEFs	
  and	
  human	
  epithelial	
  

cells	
   [110].	
   These	
   studies	
   suggest	
   a	
   possible	
   link	
   between	
   EMT	
   and	
   cellular	
  

senescence.	
   Moreover,	
   there	
   are	
   several	
   transcription	
   factors	
   that	
   have	
   opposing	
  

role	
  in	
  senescence	
  and	
  EMT.	
  For	
  example,	
  Twist	
  induces	
  EMT	
  by	
  down-­‐regulation	
  of	
  

E-­‐cadherin.	
   However,	
   Twist	
   suppresses	
   cellular	
   senescence	
   by	
   attenuating	
  

expression	
   of	
   p14Arf	
   [111].	
   Similarly,	
   overexpression	
   of	
   Zeb1	
   results	
   EMT	
   and	
  

increased	
   metastasis.	
   Interestingly,	
   Zeb1	
   mutant	
   MEFs	
   display	
   diminished	
  

proliferative	
  potential	
  in	
  culture	
  leading	
  to	
  premature	
  senescence	
  response.	
  This	
  is	
  

accompanied	
   by	
   increased	
   expression	
   of	
   p15Ink4b	
   and	
   p21	
   Waf1/Cip1.	
   Thus,	
  

similar	
  to	
  Twist,	
  Zeb1	
  induces	
  EMT	
  and	
  inhibits	
  the	
  senescence	
  process	
  [111].	
  	
  

	
  

Since	
   I	
   found	
   that	
   loss	
   of	
   DDB2	
   results	
   deficiency	
   in	
   senescence,	
   I	
   investigated	
  

whether	
   this	
   is	
   related	
   to	
   the	
   EMT	
   regulation.	
   Interestingly,	
   I	
   found	
   that	
   DDB2	
  

inhibits	
  epithelial	
   to	
  mesenchymal	
   transition	
  of	
   the	
  colon	
  cancer	
  cells.	
  Analyses	
  of	
  

the	
   DDB2-­‐knockdown	
   colon	
   carcinoma	
   cells	
   indicated	
   a	
   change	
   in	
  morphology	
   of	
  

the	
   cells.	
   Unlike	
   the	
   epithelial	
   cuboid	
   appearance	
   of	
   the	
   parental	
   cells,	
   the	
  DDB2-­‐

deficient	
   HCT116	
   cells	
   exhibited	
   elongated	
  mesenchymal	
   like	
  morphology	
   (Fig.37	
  



126	
  

A),	
   a	
   change	
   that	
   is	
   observed	
   during	
   epithelial	
   to	
  mesenchymal	
   transition	
   (EMT).	
  

Also,	
   there	
   was	
   a	
   clear	
   loss	
   of	
   surface	
   expression	
   of	
   E-­‐cadherin	
   and	
   increase	
   in	
  

expression	
   of	
   the	
   mesenchymal	
   markers	
   vimentin	
   in	
   the	
   DDB2-­‐deficient	
   cells.	
  

Consistent	
  with	
  EMT-­‐like	
  changes,	
   the	
  DDB2	
  deficient	
   cells	
  were	
   found	
   to	
  express	
  

significantly	
  less	
  E-­‐cadherin	
  and	
  more	
  Vimentin/Smooth	
  Muscle	
  Actin	
  (Fig.37	
  A	
  and	
  

B).	
   p21	
   has	
   been	
   implicated	
   to	
   play	
   an	
   important	
   role	
   in	
   EMT	
   [112,	
   113].	
   Since	
  

DDB2	
   regulates	
   p21,	
   I	
   explored	
   the	
   possibility	
  whether	
   induced	
  EMT	
  with	
   loss	
   of	
  

DDB2	
  expression	
  is	
  p21-­‐dependent.	
  However,	
  siRNA	
  mediated	
  knockdown	
  of	
  DDB2	
  

in	
   HCT	
   p21	
   null	
   cells	
   still	
   resulted	
   loss	
   of	
   E-­‐cadherin	
   and	
   increased	
   Vimentin	
  

expression	
   (Fig.38),	
   suggesting	
   that	
   DDB2	
   mediated	
   inhibition	
   of	
   EMT	
   is	
   p21-­‐

independent.	
   Also,	
   I	
   compared	
   the	
   human	
   colon	
   cancer	
   lines	
   SW480	
   and	
   SW620.	
  

These	
   lines	
  were	
   derived	
   from	
   the	
   same	
   patient.	
   SW480	
   corresponds	
   to	
   an	
   early	
  

stage,	
   whereas	
   SW620	
   corresponds	
   to	
   a	
   later	
   stage	
   in	
   which	
   the	
   tumor	
   was	
  

metastatic	
   [114].	
   The	
   SW620	
   cells	
   are	
  mainly	
  mesenchymal	
  whereas	
   SW480	
   cells	
  

are	
   epithelial	
   [115].	
   	
   siRNA	
   mediated	
   knockdown	
   of	
   DDB2	
   in	
   the	
   SW480	
   cells	
  

resulted	
   in	
  EMT-­‐like	
  changes,	
  as	
  evidenced	
  by	
  reduced	
  E-­‐cadherin	
  expression	
  and	
  

increased	
   Vimentin	
   expression	
   (Fig.39	
   A	
   and	
   D).	
   The	
   changes	
   in	
   morphology	
   of	
  

these	
  cells	
  are	
  reminiscent	
  of	
  the	
  observations	
  in	
  HCT	
  116	
  cells.	
  Interestingly,	
  there	
  

was	
  a	
  decrease	
  in	
  the	
  DDB2	
  expression	
  during	
  progression	
  from	
  SW480	
  to	
  SW620	
  

(Fig.39	
  C).	
  Re-­‐expression	
  of	
  DDB2	
  in	
  the	
  SW620	
  cells	
  caused	
  a	
  significant	
  increase	
  in	
  

the	
   epithelial	
   phenotype,	
   as	
   measured	
   by	
   increased	
   E-­‐cadherin	
   and	
   reduced	
  

Vimentin	
   expression	
   (Fig.39	
   E	
   and	
   F).	
   Together,	
   these	
   observations	
   suggest	
   that	
  

DDB2	
   is	
   a	
   regulator	
   of	
   EMT	
   in	
   colon	
   cancer	
   cells.
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Figure	
  37:	
  DDB2	
  inhibits	
  epithelial	
  to	
  mesenchymal	
  transition	
  of	
  colon	
  cancer	
  
cells.	
  
	
  (A)	
   Representative	
   phase	
   contrast	
   images	
   of	
   HCT	
   116	
   cells	
   expressing	
   control	
  
shRNA	
  or	
  DDB2	
   shRNA.	
  HCT	
  116	
   cells	
   expressing	
   control	
   shRNA	
  or	
  DDB2	
   shRNA	
  
were	
   subjected	
   to	
   immunocytochemical	
   analysis	
   using	
   E-­‐cadherin,	
   Vimentin	
   or	
  
Smooth	
   Muscle	
   Actin	
   antibody.	
   Representative	
   pictures	
   are	
   shown	
   in	
   20X	
  
magnification.	
  (B)	
  Protein	
  extracts	
  from	
  HCT	
  116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  
DDB2	
   shRNA	
   were	
   subjected	
   to	
   Western	
   blot	
   analysis	
   with	
   E-­‐cadherin	
   (20ug	
  
protein),	
  Vimentin	
  (50ug	
  protein)	
  and	
  DDB2	
  (50ug	
  protein)	
  antibody.	
  Tubulin	
  was	
  
used	
  as	
  a	
  loading	
  control.	
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Figure	
  38:	
  DDB2	
  mediated	
  inhibition	
  of	
  EMT	
  does	
  not	
  involve	
  p21.	
  
Protein	
   extracts	
   from	
   HCT	
   116	
   p21	
   null	
   cells	
   expressing	
   control	
   siRNA	
   or	
   DDB2	
  
siRNA	
   were	
   subjected	
   to	
   Western	
   blot	
   analysis	
   with	
   E-­‐cadherin	
   (20ug	
   protein),	
  
Vimentin	
  (50ug	
  protein)	
  and	
  DDB2	
  (50ug	
  protein)	
  antibody.	
  Tubulin	
  was	
  used	
  as	
  a	
  
loading	
  control.	
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Figure	
  39:	
  Loss	
  of	
  DDB2	
  expression	
  in	
  mesenchymal	
  colon	
  cancer	
  cells.	
  
(A)	
  Representative	
  phase	
  contrast	
  images	
  of	
  SW480	
  cells	
  expressing	
  control	
  siRNA	
  
or	
   DDB2	
   siRNA.	
   	
   (B)	
   Representative	
   phase	
   contrast	
   images	
   of	
   SW620	
   cells	
  
expressing	
   empty	
   vector	
   or	
   vector	
   expressing	
   DDB2.	
   (C)	
   Protein	
   extracts	
   from	
  
SW480	
  and	
  SW620	
  cells	
  were	
  subjected	
  to	
  western	
  blot	
  analysis	
  using	
  DDB2	
  (50ug	
  
protein),	
  E-­‐cadherin	
  (20ug	
  protein),	
  Vimentin	
  (50ug	
  protein)	
  antibody.	
  Tubulin	
  was	
  
used	
  as	
  a	
  loading	
  control.	
  (D)	
  Protein	
  extracts	
  from	
  SW480	
  cells	
  expressing	
  control	
  
siRNA	
   or	
   DDB2	
   siRNA	
   were	
   subjected	
   to	
  Western	
   blot	
   analysis	
   using	
   E-­‐cadherin	
  
(20ug	
  protein),	
  DDB2	
  (50ug	
  protein)	
  or	
  Vimentin	
  (50ug	
  protein)	
  antibody.	
  Tubulin	
  
was	
   used	
   as	
   a	
   loading	
   control.	
   (E)	
   Protein	
   extracts	
   from	
   SW620	
   cells	
   expressing	
  
empty	
   vector	
   or	
   vector	
   expressing	
  DDB2	
  were	
   subjected	
   to	
  Western	
  blot	
   analysis	
  
using	
  E-­‐cadherin	
  (20ug	
  protein),	
  DDB2	
  (50ug	
  protein)	
  or	
  Vimentin	
  (50ug	
  protein)	
  
antibody.	
  Tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  (F)	
  SW620	
  cells	
  expressing	
  empty	
  
vector	
  or	
  vector	
  expressing	
  DDB2	
  were	
  subjected	
  to	
  immunocytochemical	
  analysis	
  
using	
   E-­‐cadherin,	
   Vimentin	
   or	
   Smooth	
   Muscle	
   Actin	
   antibody.	
   Representative	
  
pictures	
  are	
  shown	
  in	
  20X	
  magnification.	
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Figure	
  40:	
  DDB2	
  inhibits	
  TGF-­β/	
  hypoxia	
  induced	
  EMT.	
  
	
  (A)	
   SW480	
   cells	
  were	
   transfected	
  with	
   empty	
   vector	
   or	
  DDB2	
   expression	
   vector.	
  
Next	
  day,	
  cells	
  were	
  divided	
  into	
  two	
  plates	
  and	
  kept	
  under	
  normoxia	
  or	
  hypoxia.	
  24	
  
hrs	
  after	
  the	
  treatment,	
  protein	
  extracts	
  were	
  made	
  and	
  Western	
  blot	
  analysis	
  was	
  
performed	
  with	
  DDB2	
   (50ug	
   protein),	
   E-­‐cadherin	
   (20ug	
   protein),	
   Vimentin	
   (50ug	
  
protein),	
  HIF-­‐1	
   (100ug	
  protein)	
  antibody.	
  Actin	
  was	
  used	
  as	
  a	
   loading	
  control.	
   (B)	
  
SW480	
   cells	
   were	
   transfected	
  with	
   empty	
   vector	
   or	
   DDB2	
   vector.	
   Next	
   day,	
   cells	
  
were	
   divided	
   into	
   two	
   plates	
   and	
   treated	
  with	
   TGF-­‐beta	
   or	
   left	
   untreated.	
   48	
   hrs	
  
after	
   the	
   treatment,	
   protein	
   extracts	
   were	
   made	
   and	
   Western	
   blot	
   analysis	
   was	
  
performed	
  with	
  DDB2	
   (50ug	
   protein),	
   E-­‐cadherin	
   (20ug	
   protein),	
   Vimentin	
   (50ug	
  
protein)	
  antibody.	
  Actin	
  was	
  used	
  as	
  a	
  loading	
  control.	
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TGF-­‐β	
  and	
  hypoxia	
  are	
   inducers	
  of	
  EMT	
  [70,	
  116].	
   It	
  was	
  shown	
  that	
   treatment	
  of	
  

the	
   SW480	
   cells	
   with	
   TGF-­‐β	
   induces	
   EMT	
   [117].	
   To	
   determine	
   whether	
   DDB2	
  

inhibits	
  EMT	
  induced	
  by	
  TGF-­‐β	
  and	
  hypoxia,	
  I	
  over-­‐expressed	
  DDB2	
  in	
  SW480	
  cells.	
  

The	
  cells	
  were	
  then	
  subjected	
  to	
  treatments	
  with	
  TGF-­‐β	
  or	
  hypoxia.	
  Extracts	
  of	
  the	
  

treated	
   cells	
  were	
   analyzed	
   for	
   expression	
   of	
   E-­‐cadherin.	
   As	
   expected,	
   treatments	
  

with	
   TGF-­‐β	
   or	
   hypoxia	
   caused	
   an	
   inhibition	
   in	
   the	
   levels	
   of	
   E-­‐cadherin	
   in	
   SW480	
  

cells,	
  whereas	
  the	
  cells	
  over-­‐expressing	
  of	
  DDB2	
  exhibited	
  attenuated	
  inhibition	
  of	
  

E-­‐cadherin	
   expression	
   by	
   TGF-­‐β	
   or	
   hypoxia	
   (Fig.40	
   A	
   and	
   B).	
   Unlike	
   the	
   TGF-­‐β	
  

treated	
  cells,	
  DDB2	
  expression	
  did	
  not	
   inhibit	
   the	
   level	
  of	
  vimentin	
   in	
   the	
  hypoxia	
  

treated	
  cell.	
  Nevertheless,	
  the	
  resistance	
  of	
  the	
  DDB2-­‐expressing	
  cells	
  to	
  TGF-­‐β	
  and	
  

hypoxia	
  mediated	
   inhibition	
  of	
   E-­‐cadherin,	
   a	
   driver	
   for	
  EMT-­‐like	
   changes,	
   suggest	
  

that	
  DDB2	
  is	
  an	
  inhibitor	
  of	
  the	
  TGF-­‐β	
  and	
  hypoxia	
  pathways	
  of	
  EMT.	
  

	
  

3.13	
   DDB2	
   DEFICIENCY	
   RESULTS	
   INCREASED	
   AGGRESSIVENESS	
   AND	
  

TUMORIGENECITY	
  OF	
  COLON	
  CANCER	
  CELLS	
  

I	
  next	
  investigated	
  the	
  physiological	
  relevance	
  of	
  DDB2	
  mediated	
  inhibition	
  of	
  EMT.	
  

Database	
  analyses	
  indicated	
  a	
  reduced	
  expression	
  of	
  Ddb2	
  in	
  a	
  variety	
  of	
  epithelial	
  

tumors.	
   A	
   closer	
   look	
   at	
   the	
   publicly	
   available	
   database	
   revealed	
   that	
   the	
   RNA-­‐

expression	
  of	
  Ddb2	
  is	
  down	
  regulated	
  in	
  majority	
  of	
  the	
  colon	
  carcinoma	
  datasets.	
  

Out	
   of	
   30	
   available	
   datasets,	
   24	
   datasets	
   showed	
   significant	
   down	
   regulation	
   of	
  

Ddb2-­‐mRNA	
  (Fig.41	
  A).	
   I	
  next	
  performed	
  a	
  closer	
  analysis	
  on	
   two	
  datasets.	
   In	
   the	
  

first	
  dataset,	
  Ddb2	
  mRNA	
  profile	
  was	
   compared	
  between	
  normal	
   colon	
   tissue	
  and	
  

colon	
   carcinoma	
   patient	
   samples.	
   Ddb2	
   expression	
  was	
   significantly	
   lower	
   in	
   the	
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colon	
   carcinoma	
   samples	
   compared	
   to	
  normal	
   colon	
   (Fig.41	
  C).	
   The	
  other	
  dataset	
  

consists	
  of	
  patients	
  from	
  different	
  stages	
  of	
  colon	
  carcinoma-­‐	
  grades	
  I,	
  II,	
  III	
  and	
  IV.	
  

Colon	
  carcinoma	
  samples	
  are	
  graded	
  from	
  grades	
  I	
  to	
  IV	
  according	
  to	
  TNM	
  grading	
  

system	
   [118].	
   Grade	
   IV	
   tumors	
   are	
   least	
   differentiated	
   and	
   most	
   aggressive	
   in	
  

nature.	
   I	
   looked	
   at	
   relative	
   Ddb2	
   mRNA	
   expression	
   between	
   these	
   4	
   groups	
   of	
  

patient	
  samples.	
  Intriguingly,	
  Ddb2	
  mRNA	
  expression	
  was	
  lower	
  in	
  grade	
  IV	
  patient	
  

samples	
  compared	
   to	
  grade	
   I	
  patient	
  samples	
   (Fig.41	
  B).	
  This	
   indicates	
   that	
   lower	
  

DDB2	
  expression	
  might	
  be	
  indicative	
  of	
  poor	
  prognosis	
  of	
  colon	
  carcinoma	
  patients.	
  

I	
  confirmed	
  these	
  observations	
  at	
  the	
  protein	
  level.	
  Analyses	
  of	
  DDB2	
  expression	
  in	
  

matched	
  normal	
  colon	
  and	
  colon	
  carcinoma	
  tissues	
  in	
  tissue	
  microarrays	
  indicated	
  

significant	
  down	
  regulation	
  of	
  DDB2	
   in	
   the	
   colon	
  carcinoma	
  samples	
   compared	
   to	
  

the	
  normal	
  samples	
  (Fig.43	
  D).	
  I	
  further	
  analyzed	
  tissue	
  microarrays	
  that	
  contained	
  

samples	
   of	
   various	
   grades	
   of	
   colon	
   cancer-­‐	
   grades	
   I,	
   II,	
   III	
   and	
   samples	
   with	
  

metastatic	
  dissemination	
  in	
  a	
  different	
  organ.	
  These	
  experiments	
  revealed	
  that	
  the	
  

loss	
  of	
  DDB2	
  expression	
  is	
  strongly	
  correlated	
  with	
  high-­‐grade	
  as	
  well	
  as	
  metastatic	
  

colon	
   cancers	
   (Fig.42	
   and	
   Fig.43	
   A).	
   I	
   further	
   looked	
   at	
   E-­‐cadherin	
   and	
   vimentin	
  

expression	
  in	
  the	
  colon	
  carcinoma	
  samples.	
  Earlier	
  studies	
  have	
  indicated	
  that	
  loss	
  

of	
   E-­‐cadherin	
   expression	
   in	
   colon	
   carcinoma	
   indicates	
   aggressive	
   form	
   of	
   the	
  

disease	
  with	
   a	
   higher	
   chance	
   of	
  metastatic	
   dissemination.	
   	
   Consistent	
  with	
   that,	
   I	
  

observed	
  that	
  there	
  was	
  a	
  clear	
  loss	
  of	
  E-­‐cadherin	
  expression	
  in	
  higher-­‐grade	
  colon	
  

cancers	
   (Fig.42	
   and	
   Fig.43	
   B).	
   I	
   did	
   not	
   observe	
   any	
   discernible	
   change	
   in	
   the	
  

expression	
   of	
   vimentin	
   (Fig.42	
   and	
   Fig.43	
   C).	
   This	
   observation	
   corroborates	
   my	
  

earlier	
  observation	
  in	
  HCT116	
  colon	
  carcinoma	
  cell	
  line.	
  Similar	
  to	
  the	
  induction	
  of
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Figure	
  41:	
  Loss	
  of	
  DDB2	
  mRNA	
  expression	
  in	
  colon	
  carcinoma	
  patient	
  samples.	
  
(A)	
   Using	
   the	
   tools	
   available	
   in	
   Oncomine,	
   fold	
   change	
   in	
   DDB2	
   expression	
   was	
  
identified	
  for	
  pair	
  wise	
  comparison	
  such	
  as	
  normal	
  colon	
  versus	
  colorectal	
  cancer.	
  
(B)	
  and	
  (C)	
  Detailed	
  analysis	
  of	
  two	
  datasets	
  from	
  oncomine	
  showing	
  relative	
  DDB2	
  
mRNA	
  expression	
  in	
  colon	
  carcinoma	
  samples.	
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Figure	
  42:	
  Loss	
  of	
  DDB2	
  expression	
  in	
  high	
  -­	
  grade	
  colon	
  carcinoma.	
  
DDB2,	
  E-­‐cadherin	
  and	
  Vimentin	
  immunohistochemistry	
  of	
  human	
  tissue	
  microarray	
  
of	
  normal	
  colon	
  (n=41)	
  and	
  colon	
  carcinoma	
  grade	
  I	
  (n=59),	
  II	
  (n=96)	
  and	
  III	
  (n=51)	
  
and	
  metastatic	
  colon	
  carcinoma	
  (n=70).	
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Figure	
  43:	
  Loss	
  of	
  DDB2	
  expression	
  in	
  colon	
  carcinoma.	
  
DDB2,	
  E-­‐cadherin	
  and	
  Vimentin	
  immunohistochemistry	
  of	
  human	
  tissue	
  microarray	
  
of	
   normal	
   colon	
   (n=41)	
   and	
   colon	
   carcinoma	
   grade	
   I	
   (n=59),	
   II	
   (n=96)	
   and	
   III	
  
(n=51).	
  Intensity	
  of	
  staining	
  was	
  scored	
  from	
  0	
  to	
  4.	
  Graph	
  representing	
  the	
  average	
  
intensity	
   of	
   (A)	
   DDB2,	
   (B)	
   E-­‐cadherin	
   and	
   (C)	
   Vimentin	
   staining	
   for	
   the	
   tissue	
  
microarrays.	
   (D)	
   DDB2	
   immunohistochemistry	
   of	
   human	
   tissue	
   microarray	
   of	
  
matched	
  normal	
  colon	
  and	
  colon	
  carcinoma	
  (n=40).	
  Intensity	
  of	
  DDB2	
  staining	
  was	
  
scored	
   from	
  0	
   to	
  4.	
  Graph	
  representing	
   the	
  average	
   intensity	
  of	
  DDB2	
  staining	
   for	
  
matched	
  normal	
  colon	
  versus	
  colon	
  carcinoma.	
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Figure	
   44:	
   DDB2	
   deficiency	
   increases	
   invasiveness	
   and	
   tumorigenecity	
   of	
  
colon	
  cancer	
  cells	
  in	
  vitro.	
  	
  
(A)	
  and	
  (B)	
  Transwell	
  invasion	
  assay	
  of	
  HCT116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  
DDB2	
   shRNA	
   (mean	
   +/-­‐	
   standard	
   deviation;	
   n=3).	
   (C)	
   HCT116	
   cells	
   expressing	
  
control	
   shRNA	
   or	
   DDB2	
   shRNA	
  were	
   grown	
   on	
   soft	
   agar	
   for	
   10	
   days.	
   Top	
   panel	
  
shows	
  representative	
  field	
  of	
  soft	
  agar	
  colonies.	
  Bottom	
  panel	
  shows	
  the	
  bar	
  graph	
  
representing	
   quantification	
   of	
   soft	
   agar	
   colonies	
   (mean	
   +/-­‐	
   standard	
   deviation;	
  
n=3).	
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EMT	
  in	
  HCT116	
  cells	
  with	
   loss	
   in	
  DDB2	
  expression,	
   I	
   found	
  evidence	
  that	
   in	
  colon	
  

carcinoma	
   patient	
   samples,	
   low	
   DDB2	
   expression	
   indicates	
   lower	
   E-­‐cadherin	
  

expression	
  and	
  subsequently	
  worse	
  outcome	
  of	
  the	
  disease.	
  	
  

	
  

To	
  investigate	
  the	
  significance	
  of	
  DDB2	
  down	
  regulation	
  in	
  colon	
  cancer,	
  I	
  compared	
  

the	
  colon	
  cancer	
  cell	
  line	
  HCT116	
  with	
  that	
  stably	
  expressing	
  DDB2-­‐shRNA	
  (Fig.44	
  

A).	
   First,	
   the	
  DDB2	
  knockdown	
  HCT116	
   cells	
  were	
   found	
   to	
   be	
   significantly	
  more	
  

invasive	
   compared	
   to	
   the	
   control	
   cell	
   line,	
   as	
   judged	
   by	
  matrigel	
  migration	
   assay	
  

(Fig.44	
  B).	
  The	
  invasiveness	
  was	
  confirmed	
  also	
  by	
  scratch-­‐healing	
  assay	
  (Fig.45	
  A).	
  

Moreover,	
   in	
   soft	
   agar	
   colony	
   formation	
   assay,	
   the	
   DDB2-­‐shRNA	
   expressing	
   cells	
  

produced	
   significantly	
   more	
   colonies	
   than	
   the	
   control	
   HCT116	
   cells	
   (Fig.44	
   C).	
   I	
  

explored	
  the	
  possibility	
  that	
  the	
  DDB2	
  deficient	
  cells	
  might	
  be	
  resistant	
  to	
  anoikis.	
  

Control	
  and	
  DDB2	
  knock	
  down	
  cell	
   lines	
  were	
  maintained	
  in	
  non-­‐adherent	
  culture	
  

condition	
  (Poly-­‐hema	
  coated	
  plates)	
  and	
  were	
  harvested	
  at	
  24h,	
  48h	
  and	
  72h	
  time	
  

points.	
  Cleaved	
  Caspase-­‐3	
  levels	
  were	
  assayed	
  at	
  each	
  time	
  point.	
  Control	
  cell	
  lines	
  

showed	
  cleaved	
  Caspase	
  3	
  expression	
  as	
  early	
  as	
  48h,	
  whereas	
  the	
  DDB2	
  deficient	
  

cells	
  did	
  not	
  exhibit	
  cleaved	
  Caspase	
  3	
  even	
  at	
  72h,	
  confirming	
  that	
  these	
  cells	
  are	
  

resistant	
   to	
   matrix	
   detachment	
   induced	
   cell	
   death	
   (Fig.45	
   B).	
   Cells	
   resistant	
   to	
  

matrix	
  detached	
  cell	
  death	
  tend	
  to	
  form	
  aggregate	
  as	
  a	
  survival	
  mechanism.	
  Control	
  

and	
   DDB2	
   knock	
   down	
   cells	
   were	
   plated	
   as	
   single	
   cell	
   suspension	
   and	
   were	
  

maintained	
  up	
  to	
  48h.	
  DDB2	
  deficient	
  cells	
  clearly	
  formed	
  aggregate	
  at	
  the	
  48h	
  time	
  

point,	
   whereas	
   the	
   control	
   cells	
   remained	
   mostly	
   as	
   single	
   cells	
   (Fig.45	
   C).	
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Figure	
  45:	
  DDB2	
  deficient	
  cells	
  are	
  deficient	
  in	
  anoikis.	
  
(A)	
   Wound	
   healing	
   assay	
   of	
   HCT	
   116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
  
shRNA.	
  Phase	
  contrast	
  images	
  of	
  wounded	
  area	
  of	
  either	
  cell	
  line	
  were	
  recorded	
  at	
  
indicated	
  time	
  points.	
  (B)	
  HCT	
  116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  
were	
   cultured	
   in	
   suspension	
   for	
   24,	
   48	
   or	
   72	
   hrs.	
   Protein	
   extracts	
   for	
   each	
   time	
  
point	
   from	
   either	
   cell	
   line	
   were	
   subjected	
   to	
   Western	
   blot	
   analysis	
   with	
   cleaved	
  
caspase	
  3,	
  p-­‐AKT,	
  p-­‐ERK,	
  total	
  AKT,	
  total	
  ERK	
  (50ug	
  protein	
  each).	
  Actin	
  was	
  used	
  as	
  
a	
   loading	
   control.	
   (C)	
   Cell	
   aggregation	
   in	
   poly-­‐HEMA	
   coated	
   dishes.	
   HCT116	
   cells	
  
expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   cultured	
   in	
   6	
   well	
   poly-­‐HEMA	
  
coated	
  dishes	
  for	
  48	
  hrs	
  and	
  photographed.	
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Figure	
   46:	
   DDB2	
   deficiency	
   increases	
   invasiveness	
   and	
   tumorigenecity	
   of	
  
colon	
  cancer	
  cells	
  in	
  vivo.	
  	
  
	
  (A)	
   HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   injected	
  
subcutaneously	
  into	
  nude	
  mice.	
  Representative	
  picture	
  of	
  xenograft	
  tumors	
  induced	
  
in	
  nude	
  mice	
  by	
  HCT	
  116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  7	
  weeks	
  
post-­‐inoculation	
  (n=5).	
   (B)	
  Bar	
  graph	
  representing	
  tumor	
  mass	
   in	
  nude	
  mice	
   from	
  
HCT	
  116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  at	
  the	
  point	
  of	
  sacrifice	
  of	
  
the	
  mice	
   (mean	
  +/-­‐	
   standard	
  error	
  of	
  mean;	
  n=10).	
   (C)	
  Tumor	
  volume	
   induced	
   in	
  
nude	
  mice	
  by	
  HCT	
  116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  (n=5).	
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Figure	
  47:	
  Tumor	
  from	
  DDB2	
  deficient	
  cells	
  exhibit	
  mesenchymal	
  phenotype.	
  
HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   injected	
  
subcutaneously	
   into	
  nude	
  mice.	
   Four	
  weeks	
  post	
   inoculation	
  mice	
  were	
   sacrificed	
  
and	
   tumor	
   sections	
   were	
   fixed	
   in	
   10%	
   Formalin,	
   processed	
   and	
   embedded	
   with	
  
paraffin	
   for	
   sectioning.	
   Prepared	
   tumor	
   section	
   slides	
   were	
   then	
   subjected	
   to	
  
immunohistochemical	
  analysis	
  using	
  H	
  &	
  E	
  staining,	
  Smooth	
  muscle	
  actin,	
  PCNA	
  E-­‐
cadherin	
  and	
  Vimentin	
  antibody.	
  Representative	
  images	
  are	
  shown.	
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Consistent	
  with	
   the	
   resistance	
   to	
   anoikis,	
   the	
  DDB2	
   deficient	
   cells	
   showed	
   higher	
  

expression	
  of	
  p-­‐ERK	
  and	
  p-­‐AKT	
  compared	
  to	
  the	
  normal	
  cells	
  (Fig.45	
  B).	
  	
  

	
  

To	
  confirm	
  the	
  increased	
  tumorigenicity	
  in	
  the	
  absence	
  of	
  DDB2,	
  I	
  compared	
  tumor	
  

growth	
   in	
  mouse	
  xenografts.	
  Two	
  million	
  cells,	
  HCT116	
  expressing	
  control	
   shRNA	
  

or	
  DDB2-­‐shRNA,	
  were	
   injected	
   into	
   nude	
  mice	
   subcutaneously	
   and	
   tumor	
   growth	
  

was	
  measured.	
  Clearly,	
  the	
  DDB2-­‐deficient	
  cells	
  generated	
  a	
  larger	
  tumor	
  mass	
  in	
  a	
  

much	
  shorter	
  time	
  (Fig.46	
  A	
  and	
  B).	
  That	
  was	
  evident	
  also	
  in	
  a	
  tumor	
  growth	
  curve	
  

analysis	
  (Fig.46	
  C).	
  Histology	
  of	
   the	
  tumor	
  specimen	
  revealed	
  aggressive	
  nature	
  of	
  

the	
   tumor	
   from	
   DDB2	
   knockdown	
   cells:	
   increased	
   Smooth	
   Muscle	
   Actin,	
   PCNA	
  

expression	
  (Fig.47).	
  I	
  further	
  looked	
  at	
  E-­‐cadherin	
  and	
  vimentin	
  expression	
  in	
  these	
  

tumor	
  samples.	
  Consistent	
  with	
  my	
  observation	
  in	
  vitro,	
  I	
  found	
  evidence	
  of	
  reduced	
  

E-­‐cadherin	
  and	
   increased	
  vimentin	
  expression	
   in	
   the	
  xenograft	
   tumors	
  originating	
  

from	
  DDB2	
  deficient	
  cells	
  (Fig.47).	
  These	
  studies	
  collectively	
  demonstrated	
  that	
  loss	
  

of	
  DDB2	
  in	
  colon	
  cancer	
  contributes	
  to	
  aggressive	
  progression.	
  

	
  

3.14	
  DDB2	
  IS	
  A	
  TRANSCRIPTIONAL	
  REPRESSOR	
  OF	
  GENES	
  THAT	
  INDUCE	
  EMT	
  

RNA	
   expression	
   analyses	
   confirmed	
   that	
   the	
   DDB2	
   deficient	
   cells	
   express	
   lower	
  

levels	
  of	
  the	
  epithelial	
  markers	
  E-­‐cadherin,	
  Cytokeratin	
  18	
  and	
  Cytokeratin	
  19,	
  and	
  

increased	
   expression	
   of	
   the	
   mesenchymal	
   markers	
   Vimentin	
   and	
   N-­‐cadherin	
  

(Fig.48).	
  Several	
  transcription	
  factors,	
  which	
  have	
  been	
  implicated	
  in	
  the	
  process	
  of	
  

EMT	
   such	
   as	
   Snail,	
   Twist	
   and	
   Zeb	
   1,	
  were	
   up	
   regulated	
   at	
   the	
  mRNA-­‐level	
   in	
   the	
  

absence	
  of	
  DDB2	
  (Fig.48).	
  VEGF	
  is	
  also	
  known	
  to	
  be	
  an	
  important	
  player	
  in	
  the	
  EMT	
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process	
   [75,	
   119].	
   I	
   observed	
   that	
   there	
  was	
   a	
   significant	
   increase	
   in	
   the	
   levels	
  of	
  

VEGF	
   in	
   DDB2	
   knocks	
   down	
   cells.	
   Moreover,	
   there	
   was	
   increased	
   expression	
   of	
  

Pinch	
   1,	
   a	
   protein	
   that	
   has	
   been	
   implicated	
   in	
   EMT	
   and	
   has	
   the	
   cognate	
   binding	
  

element	
  for	
  DDB2	
  as	
  described	
  earlier	
  [120].	
  I	
  further	
  looked	
  at	
  expression	
  of	
  VEGF,	
  

Snail1	
  and	
  Zeb1	
  in	
  SW480	
  and	
  SW620	
  cells.	
  siRNA	
  mediated	
  knock-­‐down	
  of	
  DDB2	
  

expression	
   in	
   the	
   SW480	
   cells	
   resulted	
   attenuated	
   expression	
   of	
   VEGF,	
   Zeb1	
   and	
  

Snail1	
  (Fig.49	
  A	
  and	
  C).	
  Next,	
  I	
  assayed	
  for	
  expression	
  levels	
  of	
  them	
  in	
  SW620	
  cells	
  

following	
  over-­‐expression	
  of	
  DDB2.	
  As	
  expected,	
  expression	
  of	
  DDB2	
  in	
  SW620	
  cells	
  

inhibited	
  expression	
  of	
  VEGF,	
  Snail	
  1	
  and	
  Zeb1	
  (Fig.49	
  B	
  and	
  D).	
  

	
  

My	
  previous	
  studies	
  on	
  the	
  regulation	
  of	
  the	
  antioxidant	
  genes	
  by	
  DDB2	
  identified	
  a	
  

transcriptional	
  repression	
  function	
  of	
  DDB2.	
  Therefore,	
  I	
  considered	
  the	
  possibility	
  

that	
  the	
  repression	
  function	
  of	
  DDB2	
  might	
  be	
  linked	
  to	
  the	
  EMT	
  regulation.	
  Because	
  

I	
  observed	
  a	
  strong	
  de-­‐repression	
  of	
  VEGF	
  expression,	
  I	
  considered	
  that	
  VEGF	
  might	
  

be	
   a	
   direct	
   repression	
   target	
   of	
   DDB2.	
   Also,	
   there	
   were	
   strong	
   increases	
   in	
   the	
  

expression	
  of	
  Zeb1	
  and	
  Snail1,	
  which	
  are	
  direct	
  activator	
  of	
  EMT	
  [64].	
  To	
  examine	
  

whether	
  DDB2	
  regulates	
  expression	
  of	
  these	
  genes	
  directly,	
  I	
  performed	
  Chromatin	
  

IP	
  experiments	
  to	
  look	
  at	
  DDB2	
  occupancy	
  at	
  3000	
  bp	
  upstream	
  from	
  the	
  start	
  site	
  

of	
  transcription.	
  I	
  observed	
  an	
  interaction	
  of	
  DDB2	
  with	
  the	
  VEGF	
  promoter	
  in	
  ChIP)	
  

assays	
  at	
  two	
  distinct	
  sites	
  (Fig.50	
  A).	
  Moreover,	
  DDB2	
  interacted	
  with	
  the	
  Zeb1	
  and	
  

Snail	
  promoters	
  at	
  specific	
  sites	
  (Fig.50	
  B	
  and	
  C).	
  I	
  also	
  observed	
  that	
  loss	
  of	
  DDB2	
  

leads	
   to	
   increased	
  acetylation	
  of	
   the	
  VEGF/Zeb1-­‐chromatins	
   that	
  are	
   conducive	
   to
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  Figure	
  48:	
  DDB2	
  acts	
  as	
  a	
  transcriptional	
  repressor	
  of	
  VEGF,	
  Zeb1	
  and	
  Snail.	
  
Total	
   RNA	
   from	
   HCT	
   116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   was	
  
analyzed	
  for	
  the	
  expression	
  of	
  E-­‐cadherin,	
  Cytokeratin	
  18,	
  Cytokeratin	
  19,	
  Vimentin,	
  
N-­‐cadherin,	
   Snail,	
   Zeb1,	
   Twist,	
   VEGF,	
   Pinch	
   1.	
   Cyclophilin	
   was	
   used	
   as	
   a	
   loading	
  
control.	
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Figure	
   49:	
   Overexpression	
   of	
   DDB2	
   in	
   mesenchymal	
   cells	
   attenuates	
   VEGF,	
  
Snail	
  and	
  Zeb1	
  expression.	
  
(A)	
   Total	
   RNA	
   from	
   SW480	
   cells	
   expressing	
   control	
   siRNA	
   or	
   DDB2	
   siRNA	
   was	
  
analyzed	
  for	
  VEGF	
  expression.	
  Cyclophilin	
  was	
  used	
  as	
  a	
   loading	
  control.	
  (B)	
  Total	
  
RNA	
   from	
   SW620	
   cells	
   expressing	
   empty	
   vector	
   or	
   DDB2	
   expressing	
   vector	
   was	
  
analyzed	
  for	
  VEGF	
  expression.	
  Cyclophilin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  (C)	
  Protein	
  
extracts	
  were	
  made	
  from	
  SW480	
  cells	
  expressing	
  control	
  siRNA	
  or	
  DDB2	
  siRNA	
  and	
  
Western	
   blot	
   analysis	
   was	
   performed	
   with	
   Zeb1	
   (20ug	
   protein),	
   Snail	
   (100ug	
  
protein)	
   and	
  DDB2	
   (50ug	
   protein)	
   antibody.	
   Actin	
  was	
   used	
   as	
   a	
   loading	
   control.	
  	
  
(D)	
  Protein	
  extracts	
  were	
  made	
  from	
  SW620	
  cells	
  expressing	
  empty	
  vector	
  or	
  DDB2	
  
expressing	
   vector	
   and	
   Western	
   blot	
   analysis	
   was	
   performed	
   with	
   Zeb1	
   (20ug	
  
protein),	
  Snail	
  (100ug	
  protein)	
  and	
  DDB2	
  (50ug	
  protein)	
  antibody.	
  Actin	
  was	
  used	
  
as	
  a	
  loading	
  control.	
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Figure	
  50:	
  DDB2	
  binds	
  to	
  the	
  promoter	
  region	
  of	
  VEGF,	
  Snail	
  and	
  Zeb1.	
  
(A),	
  (B)	
  and	
  (C)	
  HCT	
  116	
  cells	
  were	
  subjected	
  to	
  ChIP	
  assay	
  on	
  VEGF,	
  Zeb1	
  or	
  Snail	
  
promoter	
  as	
  described	
  in	
  materials	
  and	
  methods.	
  Antibody	
  against	
  DDB2	
  or	
  IgG	
  was	
  
used	
  for	
  Immunoprecipitation.	
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Figure	
  51:	
  DDB2	
  is	
  an	
  epigenetic	
  regulator	
  of	
  	
  VEGF,	
  Snail	
  and	
  Zeb1.	
  
(A)	
  HCT	
  116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  subjected	
  to	
  ChIP	
  
assay	
   as	
   described	
   in	
   materials	
   and	
   methods.	
   Antibody	
   against	
   DDB1,	
   Cul4a,	
  
Suv39h,	
  H3K9Me3	
  or	
   IgG	
  was	
  used	
   for	
   Immunoprecipitation.	
  The	
  VEGF,	
  Zeb1	
  and	
  
Snail	
  promoter	
  fragments	
  in	
  the	
  immunoprecipitated	
  chromatin	
  were	
  quantified	
  by	
  
semi-­‐quantitative	
  PCR	
  with	
  the	
  primer	
  pairs	
  V	
  (for	
  VEGF),	
  VIII	
  (for	
  Zeb1)	
  and	
  IX	
  (for	
  
Snail).	
   Bar	
   graph	
   represents	
   percentage	
   of	
   immunoprecipitation	
   versus	
   input	
  
material	
  (mean	
  +/-­‐	
  standard	
  deviation;	
  n=3).	
  (B)	
  HCT	
  116	
  cells	
  expressing	
  control	
  
shRNA	
  or	
  DDB2	
  shRNA	
  were	
  subjected	
  to	
  ChIP	
  assay	
  as	
  described	
  in	
  materials	
  and	
  
methods.	
   Antibody	
   against	
   H3Ac,	
   H4Ac,	
   H3K14Ac	
   or	
   IgG	
   was	
   used	
   for	
  
Immunoprecipitation.	
   The	
   VEGF,	
   Zeb1	
   and	
   Snail	
   promoter	
   fragments	
   in	
   the	
  
immunoprecipitated	
  chromatin	
  were	
  quantified	
  by	
  semi-­‐quantitative	
  PCR	
  with	
  the	
  
primer	
  pairs	
  V	
  (for	
  VEGF),	
  VIII	
   (for	
  Zeb1)	
  and	
   IX	
  (for	
  Snail).	
  Bar	
  graph	
  represents	
  
percentage	
   of	
   immunoprecipitation	
   versus	
   input	
   material	
   (mean	
   +/-­‐	
   standard	
  
deviation;	
   n=3).	
   (C)	
   HCT	
   116	
   cells	
   were	
   subjected	
   to	
   ChIP	
   assay	
   as	
   described	
   in	
  
materials	
   and	
   methods.	
   Antibody	
   against	
   XPC	
   or	
   IgG	
   was	
   used	
   for	
  
Immunoprecipitation.	
   The	
   VEGF,	
   Zeb1	
   and	
   Snail	
   promoter	
   fragments	
   in	
   the	
  
immunoprecipitated	
  chromatin	
  were	
  quantified	
  by	
  semi-­‐quantitative	
  PCR	
  with	
  the	
  
primer	
   pairs	
   V	
   (for	
   VEGF),	
   VIII	
   (for	
   Zeb1)	
   and	
   IX	
   (for	
   Snail).	
   Occupancy	
   on	
   RAR	
  
promoter	
  has	
  been	
  examined	
  with	
  or	
  with	
  out	
  all-­‐trans	
  Retinoic	
  Acid	
  treatment.	
  Bar	
  
graph	
   represents	
  percentage	
  of	
   immunoprecipitation	
  versus	
   input	
  material	
   (mean	
  
+/-­‐	
  standard	
  deviation;	
  n=3).	
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increased	
   expression.	
   My	
   earlier	
   observation	
   implicated	
   DDB2	
   as	
   an	
   epigenetic	
  

regulator	
  of	
  SOD2	
  and	
  catalase	
  genes.	
  I	
  next	
  examined	
  whether	
  DDB2	
  is	
  acting	
  as	
  a	
  	
  

transcriptional	
   repressor	
   for	
   VEGF,	
   Zeb1	
   and	
   Snail1	
   as	
   well.	
   Towards	
   that,	
   I	
  

performed	
   chromatin	
   IP	
   with	
   antibodies	
   against	
   DDB1,	
   Cul4a,	
   Suv39h	
   and	
  

H3K9Me3	
  and	
  compared	
  binding	
  of	
  these	
  repressors	
  within	
  the	
  promoter	
  of	
  these	
  3	
  

genes	
  in	
  HCT116	
  cells	
  with	
  shDDB2	
  expressing	
  cells.	
  Similar	
  to	
  my	
  observation	
  with	
  

the	
   SOD2/	
   catalase	
   genes,	
   I	
   observed	
   reduced	
   occupancy	
   of	
   DDB1,	
   Cul4a	
   in	
   the	
  

promoter	
  of	
  all	
  three	
  genes	
  in	
  the	
  cells	
  expressing	
  shRNA	
  for	
  DDB2	
  (Fig.51	
  A).	
  I	
  also	
  

observed	
  reduced	
  Suv39h	
  and	
  H3K9Me3	
  interaction	
  with	
  the	
  promoter	
  (Fig.51	
  A).	
  

Thus,	
  in	
  the	
  context	
  of	
  EMT	
  genes	
  also,	
  DDB2	
  causes	
  Suv39h	
  mediated	
  methylation	
  

of	
  H3K9	
  with	
   the	
  help	
  of	
  DDB1-­‐Cul4a	
  complex,	
   leading	
   to	
  heterochromatinization.	
  

In	
  agreement	
  with	
  that	
  I	
  observed	
  increased	
  H3	
  and	
  H4	
  acetylation	
  on	
  the	
  promoter	
  

of	
  VEGF	
  and	
  Zeb1	
  in	
  HCTshDDB2	
  cells	
  (Fig.51	
  B).	
  Together,	
  the	
  results	
  suggest	
  that	
  

DDB2	
   epigenetically	
   repress	
   expression	
   of	
   VEGF,	
   Zeb1	
   and	
   Snail,	
   thereby	
   inhibits	
  

the	
  EMT	
  process.	
  Loss	
  of	
  DDB2	
  results	
  in	
  de-­‐repression	
  of	
  these	
  master	
  regulators	
  

of	
  EMT,	
  leading	
  to	
  the	
  	
  epithelial	
  to	
  mesenchymal	
  transition	
  of	
  the	
  colon	
  cancer	
  cells.	
  

It	
  has	
  been	
  shown	
  previously	
  that	
  upon	
  gene	
  activation	
  NER	
  factors	
  assemble	
  with	
  

RNA	
  polymerase	
   II	
  on	
  the	
  promoter.	
  The	
  XPC	
  protein	
   is	
  particularly	
   important	
   for	
  

this	
  assembly	
  [121].	
  The	
  NER	
  factors	
  help	
  to	
  achieve	
  optimal	
  DNA	
  demthylation	
  and	
  

histone	
  post-­‐translational	
  modifications	
  for	
  efficient	
  transcription	
  process.	
  This	
  led	
  

me	
   to	
   investigate	
  XPC	
  occupancy	
  on	
   the	
  promoter	
   region	
  of	
   these	
  genes.	
  Towards	
  

that,	
  I	
  performed	
  chromatin	
  IP	
  on	
  VEGF,	
  Snail1	
  and	
  Zeb1.	
  I	
  did	
  not	
  find	
  XPC	
  binding	
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on	
  the	
  promoter	
  of	
  these	
  genes	
  (Fig.51	
  C).	
  However,	
  consistent	
  with	
  earlier	
  report	
  I	
  

did	
  observe	
  XPC	
  binding	
  on	
  the	
  promoter	
  of	
  RARβ2	
  upon	
  AtRA	
  treatment.	
  

	
  

3.15	
  DDB2	
  REGULATES	
  METASTASIS	
  OF	
  COLON	
  CANCER	
  CELLS	
  

EMT	
  in	
  tumor	
  cells	
  is	
  an	
  early	
  event	
  in	
  metastasis,	
  where	
  tumor	
  cells	
  detach	
  from	
  its	
  

primary	
  site,	
   travel	
   through	
  blood	
  stream	
  or	
   lymph	
  node	
  and	
  colonize	
  to	
  a	
  distant	
  

organ.	
   Since	
   I	
   observed	
  evidence	
  of	
  EMT	
  with	
   loss	
  of	
  DDB2,	
   functional	
  metastasis	
  

assays,	
   in	
   vivo,	
   were	
   performed	
   to	
   examine	
  whether	
   DDB2	
   knock	
   down	
   cells	
   are	
  

more	
   metastatic.	
   First,	
   I	
   carried	
   out	
   metastasis	
   experiment	
   using	
   an	
   orthotopic	
  

mouse	
   model.	
   Control	
   HCT116	
   or	
   the	
   DDB2	
   knockdown	
   HCT116	
   cells	
   were	
  

subcutaneously	
   injected	
   in	
   SCID	
   beige	
  mice.	
   Once	
   the	
   tumors	
   reached	
   0.5	
  mm	
   in	
  

size,	
  the	
  tumors	
  were	
  excised	
  and	
  pieces	
  of	
  tumors	
  were	
  surgically	
  implanted	
  onto	
  

the	
  cecum	
  of	
  host	
  mice.	
  Four	
  weeks	
  following	
  implantation,	
  the	
  mice	
  were	
  analyzed	
  

for	
  metastatic	
  growth	
   in	
   the	
   liver.	
   I	
  observed	
  extensive	
  metastasis	
  with	
   the	
   tumor	
  

generated	
   from	
  DDB2	
  knock	
  down	
  cells	
   in	
   the	
   liver.	
  The	
   tumor	
   implant	
  generated	
  

with	
  the	
  control	
  HCT116	
  cells	
  did	
  not	
  undergo	
  any	
  visible	
  metastasis	
   in	
  any	
  organ	
  

under	
  these	
  experimental	
  conditions	
  (Fig.52	
  A).	
  To	
  further	
  confirm	
  the	
  observation,	
  

I	
  performed	
  tail	
  vein	
  injection	
  of	
  the	
  DDB2-­‐depleted	
  cells	
  in	
  athymic	
  nude	
  mice.	
  The	
  

parental	
   or	
   the	
   DDB2	
   knock	
   down	
   cells	
   were	
   injected	
   into	
   the	
   tail	
   vein	
   of	
   mice.	
  

HCT116	
  cells	
  were	
  reported	
  to	
  form	
  lung	
  metastasis	
  by	
  four	
  weeks	
  [122].	
  To	
  detect	
  

acceleration	
  of	
  metastasis	
  by	
  the	
  loss	
  of	
  DDB2,	
  I	
  looked	
  at	
  the	
  lung	
  tumor	
  metastasis	
  

after	
  4	
  weeks.	
  The	
  mice	
  were	
   sacrificed	
  and	
  examined	
   for	
   lung	
  nodules.	
  The	
  mice	
  

injected	
  with	
  DDB2	
   knockdown	
   cell	
   line	
   clearly	
   exhibited	
   evidence	
   of	
   lung	
   tumor	
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Figure	
  52:	
  DDB2	
  regulates	
  metastasis	
  of	
  colon	
  cancer	
  cells.	
  
(A)	
   HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   injected	
  
subcutaneously	
  into	
  SCID	
  beige	
  mice.	
  Once	
  xenografts	
  were	
  established,	
  they	
  were	
  
excised	
  and	
  orthotopically	
  implanted	
  into	
  other	
  SCID	
  beige	
  mice	
  using	
  microsurgical	
  
techniques	
  (n=4).	
  Animals	
  were	
  sacrificed	
  4	
  weeks	
  post-­‐implantation	
  and	
  examined	
  
for	
   liver	
   metastasis.	
   Representative	
   H	
   &	
   E	
   staining	
   of	
   liver	
   sections	
   from	
   mice	
  
injected	
  with	
  HCT	
  116	
  cells	
   expressing	
  control	
   shRNA	
  or	
  DDB2	
  shRNA	
  are	
   shown	
  
(left	
  panel).	
  Quantification	
  of	
  percentage	
  of	
  metastasis	
  occurrence	
   in	
  mice	
   injected	
  
with	
   HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   (right	
   panel).	
   (B)	
  
HCT116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  injected	
  into	
  8	
  weeks	
  
old	
  male	
  nude	
  mice	
  intravenously	
  via	
  the	
  tail	
  vein	
  (n=6).	
  Mice	
  were	
  sacrificed	
  after	
  
four	
  weeks	
  and	
  lung	
  tissues	
  were	
  harvested.	
  Representative	
  H	
  &	
  E	
  staining	
  of	
  lung	
  
from	
  mice	
   injected	
  with	
  HCT	
  116	
   cells	
   expressing	
   control	
   shRNA	
  or	
  DDB2	
   shRNA	
  
(left	
   panel).	
   Quantification	
   of	
   percentage	
   of	
   micro-­‐metastasis	
   occurrence	
   in	
   mice	
  
injected	
  with	
  HCT116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  (right	
  panel).	
  
(C)	
  SW620	
  cells	
  expressing	
  empty	
  vector	
  or	
  DDB2	
  expressing	
  vector	
  were	
  injected	
  
into	
   8	
   weeks	
   old	
   male	
   nude	
   mice	
   intravenously	
   via	
   tail	
   vein	
   (n=6).	
   Mice	
   were	
  
sacrificed	
   after	
   six	
  weeks	
   and	
   lung	
   tissues	
  were	
   harvested.	
   Representative	
  H	
  &	
   E	
  
staining	
   of	
   lung	
   from	
  mice	
   injected	
  with	
   SW620	
   cells	
   expressing	
   empty	
   vector	
   or	
  
DDB2	
   expressing	
   vector	
   (left	
   panel).	
   Quantification	
   of	
   percentage	
   of	
   metastasis	
  
occurrence	
   in	
   mice	
   injected	
   with	
   SW620	
   cells	
   expressing	
   empty	
   vector	
   or	
   DDB2	
  
expressing	
  vector	
  (right	
  panel).	
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micro-­‐metastasis	
   within	
   that	
   time,	
   whereas	
   the	
   control	
   HCT116	
   injected	
   mice	
  

exhibited	
   fewer	
  micro-­‐metastatic	
   nodules	
   (Fig.52	
  B).	
   Because	
   expression	
  of	
  DDB2	
  

inhibited	
   expression	
   of	
   the	
   EMT	
   genes	
   and	
   blocked	
   EMT,	
   I	
   sought	
   to	
   determine.	
  

whether	
  expression	
  of	
  DDB2	
  inhibits	
  metastasis.	
  To	
  investigate	
  that,	
  I	
  compared	
  the	
  

metastatic	
  line	
  SW620	
  with	
  SW620	
  stably	
  expressing	
  DDB2.	
  Two	
  million	
  cells	
  were	
  

injected	
   in	
   nude	
   mice	
   via	
   tail	
   vein.	
   Six-­‐weeks	
   following	
   injection,	
   the	
   mice	
   were	
  

sacrificed	
   and	
   the	
   metastatic	
   colonies	
   in	
   the	
   lung	
   were	
   compared.	
   There	
   was	
   a	
  

significant	
  reduction	
  in	
  the	
  metastatic	
  colonies	
  in	
  the	
  lung	
  tissue	
  from	
  mice	
  injected	
  

with	
  DDB2-­‐expressing	
  SW620	
  cells	
  (Fig.52	
  C).	
  These	
  observations	
  provide	
  evidence	
  

that	
  DDB2	
  is	
  a	
  potent	
  inhibitor	
  of	
  colon	
  cancer	
  metastasis.	
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3.16	
  PEITC	
  MEDIATED	
  APOPTOSIS	
  AND	
  SENESCENCE	
  REQUIRES	
  DDB2	
  

DDB2-­‐/-­‐	
  mice	
   are	
   prone	
   to	
   spontaneous	
   tumor	
   development.	
  Moreover,	
   database	
  

research	
   revealed	
   loss	
   of	
   DDB2	
   expression	
   in	
   different	
   forms	
   of	
   solid	
   cancer	
  

including	
  colon	
  cancer.	
  In	
  the	
  protein	
  level	
  as	
  well	
  there	
  is	
  evidence	
  of	
  reduction	
  in	
  

DDB2	
  expression	
  in	
  colon	
  carcinoma	
  samples	
  compared	
  to	
  the	
  normal	
  tissue.	
  DDB2	
  

is	
  an	
  essential	
  mediator	
  of	
  apoptosis	
  and	
  senescence,	
  two	
  major	
  tumor	
  suppressor	
  

processes.	
  Also,	
  DDB2	
  inhibits	
  EMT	
  and	
  consequently	
  metastasis	
  of	
  colon	
  carcinoma	
  

cells.	
  Therefore,	
  therapeutically	
  targeting	
  up-­‐regulation	
  of	
  DDB2	
  can	
  be	
  beneficial	
  to	
  

treat	
  cancer	
  patients	
  with	
  loss	
  of	
  DDB2	
  expression.	
  Moreover,	
  ROS	
  increases	
  DDB2	
  

expression,	
  which	
   can	
   be	
   exploited	
   to	
   induce	
   DDB2	
   expression	
   as	
   compound	
   like	
  

PEITC	
  increases	
  ROS	
  level	
  in	
  the	
  cell	
  [123].	
  PEITC	
  increases	
  ROS	
  level	
  in	
  the	
  cell	
  and	
  

selectively	
  kills	
  the	
  transformed	
  cells.	
  Increased	
  DDB2	
  expression	
  will	
  be	
  conducive	
  

for	
  the	
  cell	
  to	
  undergo	
  senescence/	
  apoptosis.	
  	
  

	
  

First,	
   I	
   investigated	
  whether	
   PEITC	
   increases	
   DDB2	
   level.	
   Towards	
   that,	
   HCT	
   116	
  

cells	
  were	
  treated	
  with	
  PEITC	
  and	
  DDB2	
  level	
  was	
  examined	
  at	
  different	
  time	
  points	
  

both	
  at	
  protein	
  and	
  RNA	
  level.	
  Consistent	
  with	
  hydrogen	
  peroxide	
  mediated	
  DDB2	
  

response,	
   PEITC	
   was	
   found	
   to	
   increase	
   the	
   level	
   of	
   DDB2	
   at	
   the	
   RNA	
   and	
   level	
  

(Fig.53	
   A).	
   Moreover,	
   this	
   is	
   p53	
   independent	
   as	
   PEITC	
   can	
   up-­‐regulate	
   DDB2	
   in	
  

HCT	
  p53-­‐/-­‐	
  cells	
  (Fig.53	
  B).	
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Figure	
  53:	
  PEITC	
  induces	
  expression	
  of	
  DDB2	
  independent	
  of	
  p53.	
  
(A)	
  HCT116	
  cells	
  were	
  treated	
  with	
  PEITC	
  for	
  indicated	
  time	
  point.	
  Total	
  RNA	
  was	
  
analyzed	
  by	
  Semi-­‐quantitative	
  PCR	
  for	
  the	
  level	
  of	
  DDB2.	
  Cyclophlin	
  was	
  used	
  as	
  a	
  
loading	
  control.	
  (B)	
  HCT116	
  	
  p53-­‐/-­‐	
  cells	
  were	
  treated	
  with	
  PEITC	
  for	
  indicated	
  time	
  
points.	
   Total	
   RNA	
   was	
   analyzed	
   by	
   Semi-­‐quantitative	
   PCR	
   for	
   the	
   level	
   of	
   DDB2.	
  
Cyclophlin	
  was	
  used	
  as	
  a	
  loading	
  control.	
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Figure	
  54:	
  PEITC	
  mediated	
  apoptosis	
  and	
  senescence	
  requires	
  DDB2.	
  	
  
HCT116	
   cells	
   expressing	
   control	
   shRNA	
  or	
  DDB2	
   shRNA	
  were	
   treated	
  with	
  PEITC	
  
for	
   12	
   hrs.	
   Next	
   day,	
   cells	
   were	
   analyzed	
   for	
   apoptosis	
   by	
   TUNEL	
   assay.	
  
Representative	
   images	
   of	
   HCT116	
   cells	
   expressing	
   LacZ	
   shRNA	
   or	
   DDB2	
   shRNA	
  
stained	
  for	
  TUNEL	
  assay	
  after	
  PEITC	
  treatment.	
  (A	
  and	
  B)	
  TUNEL	
  positive	
  cells	
  were	
  
counted	
   from	
   at	
   least	
   ten	
   fields	
   of	
   triplicate	
   plates.	
   A	
   quantification	
   of	
   TUNEL	
  
positive	
   HCT116	
   cells	
   after	
   PEITC	
   treatment	
   is	
   shown.	
   (C	
   and	
   D)	
   HCT116	
   cells	
  
expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  treated	
  with	
  PEITC	
  for	
  4	
  hrs.	
  After	
  
48	
  hrs,	
  cells	
  were	
  analyzed	
  for	
  SA	
  β	
  gal	
  activity.	
  Representative	
  images	
  of	
  HCT116	
  
cell	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   stained	
   for	
   SA	
   β	
   gal	
   after	
   PEITC	
  
treatment.	
  SA	
  β	
  gal	
  positive	
  cells	
  were	
  counted	
  from	
  at	
   least	
  ten	
  fields	
  of	
  triplicate	
  
plates.	
  A	
  quantification	
  of	
   SA	
  β	
   gal	
  positive	
  HCT116	
  cells	
   after	
  PEITC	
   treatment	
   is	
  
shown.	
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Figure	
  55:	
  DDB2	
  deficient	
  cells	
  are	
  drug	
  resistant.	
  
(A)	
  HCT116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  seeded	
  (500	
  cells)	
  
in	
  6	
  well	
  plates.	
  Next	
  day	
  cells	
  were	
  treated	
  with	
  PEITC	
  for	
  12	
  hrs	
  followed	
  by	
  wash	
  
with	
  PBS	
  twice.	
  Cells	
  were	
  grown	
  for	
  12	
  days.	
  Colonies	
  with	
  more	
  than	
  50	
  cells	
  were	
  
counted	
  from	
  triplicate	
  plates.	
  Representative	
  images	
  of	
  colonies	
  from	
  HCT116	
  cell	
  
expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  stained	
  with	
  crystal	
  violet	
  are	
  shown.	
  (B)	
  
A	
  quantification	
  of	
  colonies	
   formed	
  after	
  PEITC	
   treatment	
   is	
   shown.	
  Colonies	
  with	
  
more	
  than	
  50	
  cells	
  were	
  counted	
  from	
  triplicate	
  plates.	
  	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



174	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



175	
  

PEITC	
   has	
   been	
   reported	
   to	
   induce	
   apoptosis	
   and	
   cell	
   cycle	
   arrest	
   in	
   colon	
  

carcinoma	
  cell,	
  HT29	
  [124].	
  In	
  HCT	
  116	
  cells	
  I	
  investigated	
  whether	
  PEITC	
  induces	
  

apoptosis	
   or	
   senescence	
   and	
   whether	
   that	
   is	
   dependent	
   on	
   DDB2.	
   HCT	
   116	
  

cellsexpressing	
   control	
   shRNA	
  or	
   cells	
   expressing	
  DDB2	
  shRNA	
  were	
   treated	
  with	
  

PEITC	
   and	
   TUNEL	
   assay	
   was	
   performed	
   to	
   measure	
   apoptosis	
   response.	
   Cells	
  

expressing	
  DDB2	
  shRNA	
  was	
  significantly	
  deficient	
  in	
  apoptosis	
  response	
  compared	
  

to	
   the	
  control	
   shRNA	
  expressing	
  cells,	
   suggesting	
   that	
  DDB2	
   is	
   required	
   for	
  PEITC	
  

mediated	
   apoptosis	
   (Fig.54	
   A	
   and	
   B).	
   Next,	
   I	
   looked	
   at	
   senescence	
   response	
  with	
  

PEITC	
   treatment.	
   HCT	
   116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
  were	
  

treated	
  with	
  PEITC	
   for	
   6	
   hours	
   and	
   stained	
  with	
   SA-­‐beta-­‐gal	
   after	
   48	
  hours.	
   Cells	
  

expressing	
  control	
  shRNA	
  underwent	
  senescence	
  after	
  PEITC	
  treatment,	
  which	
  was	
  

clearly	
   deficient	
   in	
   DDB2	
   shRNA	
   expressing	
   cells	
   (Fig.54	
   C	
   and	
   D).	
   Hence,	
   PEITC	
  

mediated	
   apoptosis/	
   senescence	
   response	
   require	
   DDB2	
   activity.	
   Furthermore,	
   to	
  

confirm	
   this	
   observation	
   clonogenecity	
   assay	
   was	
   performed	
   with	
   HCT	
   116	
   cells	
  

expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA.	
   Compared	
   with	
   the	
   untreated	
   cells,	
  

PEITC	
   treated	
   control	
   shRNA	
   expressing	
   cells	
   generated	
   fewer	
   colonies	
   (Fig.55	
   A	
  

and	
   B).	
   However,	
   DDB2	
   shRNA	
   expressing	
   cells	
   developed	
   significantly	
   higher	
  

number	
   of	
   colonies	
   following	
   PEITC	
   treatment	
   (Fig.55	
   A	
   and	
   B).	
   This	
   further	
  

strengthens	
   the	
  observation	
   that	
  PEITC	
  mediated	
  drug	
  response	
  required	
  efficient	
  

DDB2	
  activity.	
  I	
  also	
  investigated	
  whether	
  DDB2	
  is	
  important	
  particularly	
  for	
  PEITC	
  

mediated	
  drug	
   action,	
   or	
   it	
   plays	
   a	
   general	
   role	
   for	
   other	
   chemotherapeutic	
   agent	
  

that	
  increases	
  ROS.	
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Figure	
  56:In	
  vivo	
  therapeutic	
  activity	
  of	
  PEITC	
  requires	
  DDB2.	
  
(A)	
  and	
  (B)	
  HCT116	
  cells	
  expressing	
  control	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  injected	
  
subcutaneously	
  into	
  nude	
  mice.	
  Mice	
  were	
  divided	
  randomly	
  in	
  two	
  groups	
  for	
  each	
  
cell	
  line	
  for	
  treatment	
  with	
  PEITC	
  (n=5)	
  or	
  vehicle	
  control	
  (n=3).	
  Graph	
  represents	
  
the	
  tumor	
  mass	
  from	
  control	
  or	
  DDB2	
  deficient	
  cells	
  line	
  treated	
  with	
  PEITC	
  or	
  left	
  
untreated	
  along	
  with	
  percent	
  reduction	
  in	
  tumor	
  mass.	
  (C)	
  HCT116	
  cells	
  expressing	
  
control	
  shRNA	
  or	
  DDB2	
  shRNA	
  were	
  injected	
  subcutaneously	
  into	
  nude	
  mice.	
  Mice	
  
were	
  divided	
  randomly	
  in	
  two	
  groups	
  for	
  each	
  cell	
  line	
  for	
  treatment	
  with	
  PEITC	
  or	
  
vehicle	
  control.	
  Four	
  weeks	
  post	
  treatment	
  mice	
  were	
  sacrificed	
  and	
  tumor	
  sections	
  
were	
  fixed	
  in	
  10%	
  Formalin,	
  processed	
  and	
  embedded	
  with	
  paraffin	
  for	
  sectioning.	
  
Prepared	
   tumor	
   section	
   slides	
   were	
   then	
   subjected	
   to	
   immunohistochemical	
  
analysis	
  using	
  DDB2	
  antibody.	
  Representative	
  images	
  from	
  two	
  different	
  tumors	
  are	
  
shown.	
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Figure	
   57:	
   DDB2	
   deficiency	
   abrogates	
   PEITC	
   mediated	
   regression	
   in	
   tumor	
  
aggressiveness.	
  	
  
HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   injected	
  
subcutaneously	
  into	
  nude	
  mice.	
  Mice	
  were	
  divided	
  randomly	
  in	
  two	
  groups	
  for	
  each	
  
cell	
   line	
   for	
   treatment	
   with	
   PEITC	
   or	
   vehicle	
   control.	
   Four	
   weeks	
   post	
   treatment	
  
mice	
  were	
  sacrificed	
  and	
  tumor	
  sections	
  were	
  fixed	
  in	
  10%	
  Formalin,	
  processed	
  and	
  
embedded	
   with	
   paraffin	
   for	
   sectioning.	
   Prepared	
   tumor	
   section	
   slides	
   were	
   then	
  
subjected	
   to	
   immunohistochemical	
   analysis	
   using	
   H&	
   E,	
   PCNA	
   or	
   SMA	
   antibody.	
  
Representative	
   images	
  (20X	
  magnification)	
  are	
  shown.	
  (B)	
  PCNA	
  positive	
  cells	
  per	
  
40x	
   magnification	
   field	
   were	
   counted.	
   6	
   random	
   fields	
   were	
   chosen	
   for	
  
quantification.	
   (C)	
   SMA	
   positive	
   area	
   was	
   quantified	
   by	
   ImageJ.	
   6	
   random	
   fields	
  
were	
  chosen.	
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Figure	
   58:	
   DDB2	
   deficiency	
   abrogates	
   PEITC	
   mediated	
   apoptosis	
   and	
  
senescence	
  in	
  vivo.	
  
(A)	
   HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
   were	
   injected	
  
subcutaneously	
  into	
  nude	
  mice.	
  Mice	
  were	
  divided	
  randomly	
  in	
  two	
  groups	
  for	
  each	
  	
  
cell	
   line	
   for	
   treatment	
   with	
   PEITC	
   or	
   vehicle	
   control.	
   Four	
   weeks	
   post	
   treatment	
  
mice	
  were	
  sacrificed	
  and	
  tumor	
  sections	
  were	
  fixed	
  in	
  10%	
  Formalin,	
  processed	
  and	
  
embedded	
   with	
   paraffin	
   for	
   sectioning.	
   Prepared	
   tumor	
   section	
   slides	
   were	
   then	
  
subjected	
   to	
   immunohistochemical	
   analysis	
   using	
   Cleaved	
   caspase3	
   or	
   p16INK4a	
  
antibody.	
   Representative	
   images	
   (at	
   20X	
   magnification)	
   are	
   shown.	
   (B)	
   Cleaved	
  
caspase	
  3	
  positive	
  cells	
  per	
  40x	
  magnification	
   field	
  were	
  counted.	
  6	
  random	
  fields	
  
were	
   chosen	
   for	
   quantification.	
   (C)	
  p16INK4a	
  positive	
   cells	
   per	
   40x	
  magnification	
  
field	
  were	
  counted.	
  6	
  random	
  fields	
  were	
  chosen	
  for	
  quantification.	
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3.17	
  PEITC	
  MEDIATED	
  TUMOR	
  REGRESSION	
  REQUIRES	
  DDB2	
  

I	
  next	
  investigated	
  whether	
  PEITC	
  mediated	
  tumor	
  regression	
  in	
  vivo	
  also	
  requires	
  

DDB2	
   expression.	
   First,	
   HCT116	
   cells	
   expressing	
   control	
   shRNA	
   or	
   DDB2	
   shRNA	
  

were	
   subjected	
   to	
   sub-­‐cutaneous	
   injection	
   in	
   nude	
  mice.	
   Once	
   the	
   tumor	
   reached	
  

10-­‐15	
  mm3,	
  mice	
  were	
  subjected	
  to	
  PEITC	
  or	
  vehicle	
  treatment	
  up	
  to	
  4	
  weeks.	
  For	
  

the	
   control	
   cells,	
   tumor	
   was	
   regressed	
   by	
   almost	
   50%	
   consistent	
   with	
   earlier	
  

reports	
   [87].	
   Interestingly,	
   tumors	
   developed	
   from	
   DDB2	
   shRNA	
   expressing	
   cells	
  

were	
   significantly	
   less	
   responsive	
   to	
   PEITC	
   treatment,	
   providing	
   evidence	
   that	
  

PEITC	
  treatment	
  in	
  vivo	
  requires	
  expression	
  of	
  DDB2	
  (Fig.56	
  A	
  and	
  B).	
  I	
  also	
  looked	
  

at	
   DDB2	
   expression	
   in	
   PEITC	
   treated	
   tumor	
   from	
   control	
   shRNA	
   cells.	
   DDB2	
  

expression	
  was	
  found	
  to	
  be	
  elevated	
  in	
  the	
  PEITC	
  treated	
  tumors	
  compared	
  to	
  the	
  

vehicle	
  treated	
  tumor	
  (Fig.56	
  C),	
  which	
  correlates	
  with	
  our	
  in	
  vitro	
  observation	
  that	
  

increased	
   DDB2	
   expression	
   is	
   required	
   for	
   PEITC	
   mediated	
   apoptosis	
   and	
  

senescence	
   response.	
   I	
   also	
   examined	
   PCNA	
   and	
   smooth	
  muscle	
   actin	
   expression	
  

between	
   treated	
  and	
  untreated	
   tumor	
   from	
  control	
  or	
  DDB2	
  deficient	
   cells.	
  There	
  

was	
   higher	
   expression	
   of	
   PCNA	
   and	
   smooth	
   muscle	
   actin	
   in	
   tumors	
   from	
   DDB2	
  

deficient	
  cells	
  suggesting	
  more	
  aggressive	
  nature	
  of	
  the	
  tumor	
  (Fig.57).	
  I	
  also	
  looked	
  

at	
  apoptosis	
  and	
  senescence	
  response	
   in	
   the	
  tissue	
  sections	
   from	
  PEITC	
  or	
  vehicle	
  

treated	
   tumor.	
   There	
  was	
   a	
   clear	
   accumulation	
   of	
   apoptotic	
   cells	
   as	
   suggested	
   by	
  

cleaved	
  caspase	
  3	
  expression	
  in	
  the	
  tumor	
  from	
  control	
  shRNA	
  cells.	
  However,	
  in	
  the	
  

tumor	
  from	
  DDB2	
  shRNA	
  cells	
  there	
  was	
  significantly	
  less	
  accumulation	
  of	
  apoptotic	
  

cells	
  (Fig.58	
  A	
  and	
  B).	
  I	
  also	
  looked	
  at	
  senescence	
  response	
  by	
  p16INK4a	
  staining	
  in	
  

tissue	
   sections	
   from	
   tumor.	
   Consistent	
   with	
  my	
   in	
   vitro	
   observation,	
   tumor	
   from	
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control	
   cells	
   exhibited	
   increased	
   p16INK4a	
   expression,	
   a	
   hallmark	
   of	
   senescence,	
  

which	
   was	
   significantly	
   less	
   in	
   tumors	
   from	
   DDB2	
   shRNA	
   cells	
   (Fig.58	
   A	
   and	
   C).	
  

Collectively,	
   I	
   provide	
   evidence	
   that	
   in	
   vivo,	
   PEITC	
   treated	
   tumor	
   regression	
  

requires	
  DDB2	
  expression.	
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4.DISCUSSION:	
  

In	
  my	
  thesis	
  work,	
  I	
  provide	
  new	
  insights	
  on	
  role	
  of	
  DDB2	
  as	
  a	
  tumor	
  suppressor.	
  I	
  

show	
  that	
  DDB2	
  plays	
  an	
  important	
  role	
  to	
  induce	
  premature	
  senescence.	
  I	
  further	
  

provide	
  evidence	
  that	
  DDB2	
   inhibits	
  EMT	
  and	
  metastasis	
  of	
  colon	
  carcinoma	
  cells.	
  

The	
   aforementioned	
   functions	
   of	
   DDB2	
   are	
   related	
   to	
   its	
   role	
   as	
   a	
   transcription	
  

repressor.	
  DDB2	
  acts	
  as	
  an	
  epigenetic	
  regulator	
  of	
  SOD2	
  and	
  catalase	
  that	
  is	
  related	
  

to	
  its	
  senescence	
  function.	
  Similarly,	
  epigenetic	
  repression	
  of	
  VEGF,	
  Snail1	
  and	
  Zeb1	
  

by	
  DDB2	
  is	
  linked	
  to	
  its	
  role	
  as	
  a	
  suppressor	
  of	
  EMT.	
  I	
  further	
  show	
  that	
  function	
  of	
  

DDB2	
  as	
  a	
  tumor	
  suppressor	
  can	
  be	
  exploited	
  for	
  therapeutic	
  purpose	
  where	
  I	
  use	
  

PEITC	
  to	
  induce	
  expression	
  of	
  DDB2.	
  Collectively,	
  my	
  findings	
  demonstrate	
  DDB2	
  as	
  

a	
  key	
  factor	
  to	
  inhibit	
  tumorigenesis	
  and	
  metastasis.	
  

	
  

My	
  initial	
  observations	
  are	
  surprising	
  with	
  regard	
  to	
  p21.	
  Several	
  studies	
  implicated	
  

p21	
  as	
  an	
  important	
  component	
  in	
  the	
  senescence	
  pathway	
  [125,	
  126].	
  For	
  example,	
  

there	
  is	
  clear	
  accumulation	
  of	
  p21	
  in	
  senescence	
  induced	
  by	
  telomere	
  erosion	
  [127].	
  

Also,	
   DNA	
   damage-­‐induced	
   senescence	
   was	
   suggested	
   to	
   involve	
   p21.	
   The	
   DNA	
  

damage	
  response	
  pathway	
  activates	
  p53	
  to	
  induce	
  expression	
  of	
  p21.	
  A	
  high	
  level	
  of	
  

p21	
  following	
  extensive	
  DNA	
  damage	
  has	
  been	
  implicated	
  in	
  premature	
  senescence	
  

[105,	
  128,	
  129].	
  DDB2−/−	
  mouse	
  cells	
  or	
  DDB2-­‐deficient	
  human	
  cells	
  accumulate	
  p21	
  

at	
   higher	
   levels	
   following	
   DNA	
   damage.	
   The	
   increase	
   in	
   accumulation	
   of	
   p21	
  

prevents	
   the	
   DDB2-­‐deficient	
   cells	
   from	
   undergoing	
   apoptosis	
   after	
   DNA	
   damage.	
  

The	
  lack	
  of	
  apoptosis	
  following	
  DNA	
  damage	
  and	
  the	
  increased	
  accumulation	
  of	
  p21	
  

prompted	
  me	
  to	
  look	
  at	
  premature	
  senescence.	
  I	
  observed	
  that,	
  compared	
  to	
  DDB2-­‐
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proficient	
   cells,	
   the	
   DDB2-­‐deficient	
   cells	
   are	
   significantly	
   impaired	
   in	
   undergoing	
  

premature	
   senescence.	
   Therefore,	
   in	
   the	
   DDB2-­‐deficient	
   cells,	
   the	
   downstream	
  

effectors	
  of	
  p21	
  in	
  senescence	
  are	
  disabled.	
  

	
  

The	
  DDB2−/−	
  MEFs	
  escape	
  senescence	
  at	
  high	
  frequencies,	
  and	
  they	
  fail	
  to	
  maintain	
  

expression	
  of	
  p19Arf,	
  especially	
  at	
  the	
  late	
  passages.	
  The	
  DDB2−/−	
  MEFs	
  also	
  can	
  be	
  

immortalized	
   very	
   easily.	
   Expression	
   of	
   p19Arf	
   in	
   late	
   passages	
   or	
   immortal	
  

DDB2−/−	
  MEFs	
  restored	
  senescence,	
  suggesting	
  that	
  lack	
  of	
  p19Arf	
  expression	
  is	
  the	
  

main	
  cause	
  of	
  the	
  deficiency	
  in	
  senescence	
  in	
  those	
  MEFs.	
  However,	
  at	
  this	
  point	
  I	
  do	
  

not	
  know	
  whether	
  DDB2	
  plays	
   any	
  direct	
   role	
   in	
   the	
  expression	
  of	
  p19Arf.	
   It	
  was	
  

shown	
  previously	
  that	
  senescence	
  of	
  MEFs,	
  which	
  depends	
  on	
  p19Arf,	
  is	
  a	
  result	
  of	
  

oxidative	
  stress	
  under	
  the	
  culture	
  conditions	
  [45,	
  130].	
  Consistent	
  with	
  that	
  notion,	
  I	
  

observed	
   that	
   the	
   DDB2-­‐deficient	
   cells	
   do	
   not	
   exhibit	
   significant	
   premature	
  

senescence	
  when	
   treated	
  with	
  hydrogen	
  peroxide,	
   an	
  oxidative	
   stress.	
   The	
  DDB2-­‐

deficient	
   cells	
  are	
   impaired	
   in	
  premature	
  senescence	
   induced	
  by	
  oncogenic	
   stress,	
  

which	
  also	
   involves	
  oxidative	
   stress	
   [52,	
  131].	
  The	
  DNA-­‐damaging	
  agents	
  are	
  also	
  

known	
   to	
   induce	
   oxidative	
   stress	
   [132].	
   Therefore,	
   oxidative	
   stress	
   appears	
   to	
   be	
  

the	
   common	
   denominator	
   in	
   the	
   pathways	
   to	
   premature	
   senescence.	
   That	
   is	
  

interesting	
   because	
   I	
   found	
   that	
   DDB2	
   is	
   required	
   for	
   ROS	
   accumulation	
   and	
   for	
  

oxidative	
  stress	
  following	
  treatments	
  with	
  DNA-­‐damaging	
  agents.	
  

	
  

ROS	
   are	
   generated	
   in	
   cells	
   by	
   both	
   enzymatic	
   and	
   nonenzymatic	
   pathways.	
   For	
  

example,	
   the	
   superoxide	
   anion	
   radical	
   is	
   generated	
   by	
   reduction	
   of	
   molecular	
  



186	
  

oxygen	
   by	
   NAD(P)H	
   oxidase.	
   It	
   is	
   generated	
   also	
   by	
   leaking	
   of	
   electrons	
   in	
   the	
  

mitochondrial	
  electron	
  transport	
  (complexes	
  I	
  and	
  III)	
  to	
  oxygen	
  [133].	
  Superoxide	
  

is	
  dismutated	
  by	
   the	
  superoxide	
  dismutase	
   to	
  hydrogen	
  peroxide,	
  which	
   in	
   turn	
   is	
  

scavenged	
  by	
  peroxidases,	
  catalase,	
  or	
  other	
  molecule	
  scavengers.	
  The	
  activated	
  Ras	
  

oncogene	
  stimulates	
  expression	
  of	
  NAD(P)H	
  oxidase	
  to	
  increase	
  the	
  level	
  of	
  ROS	
  in	
  

cells	
   [134].	
   Apoptotic	
   pathways	
   can	
   increase	
   ROS	
   production	
   by	
   disrupting	
   the	
  

electron	
   transport	
   chain	
   in	
   mitochondrial	
   membrane	
   [135].	
   The	
   ROS	
   levels	
   are	
  

attenuated	
  by	
  the	
  scavengers,	
  which	
  are	
  also	
  carefully	
  regulated	
  in	
  cells	
  in	
  order	
  to	
  

maintain	
  the	
  optimum	
  level	
  of	
  ROS	
  required	
  for	
  cell	
  proliferation	
  [136].	
  Recently,	
  it	
  

has	
  been	
  shown	
  that	
  in	
  proliferating	
  cells	
  and	
  in	
  tumor	
  cells,	
  the	
  transcription	
  factor	
  

FoxM1	
   plays	
   a	
   significant	
   role	
   in	
   attenuating	
   the	
   levels	
   of	
   ROS	
   by	
   stimulating	
  

expression	
   of	
   MnSOD,	
   glutathione	
   peroxidase,	
   and	
   catalase	
   [86].	
   It	
   is	
   noteworthy	
  

that	
  FoxM1	
  can	
  be	
  downregulated	
  by	
  p21,	
  as	
   they	
  require	
  phosphorylation	
  by	
   the	
  

cyclin-­‐dependent	
   kinases	
   (CDKs)	
   for	
   their	
   transcriptional	
   activity	
   [137,	
   138].	
  

Consistently,	
  it	
  was	
  shown	
  that	
  p21	
  could	
  increase	
  cellular	
  levels	
  of	
  ROS,	
  suggesting	
  

the	
   possibility	
   that	
   ROS	
   is	
   the	
   downstream	
   mediator	
   of	
   p21	
   [102].	
   That	
   would	
  

explain	
   also	
  why	
   I	
   do	
  not	
   see	
  premature	
   senescence	
   in	
   the	
  presence	
  of	
   high-­‐level	
  

p21	
  in	
  the	
  DDB2-­‐deficient	
  cells,	
  because	
  those	
  cells	
  do	
  not	
  accumulate	
  ROS.	
  

	
  

I	
  found	
  that	
  in	
  the	
  DDB2-­‐deficient	
  cells	
  MnSOD	
  and	
  catalase	
  are	
  expressed	
  at	
  a	
  very	
  

high	
   level.	
   Expression	
   of	
   DDB2	
   repressed	
   expression	
   of	
   those	
   antioxidant	
   genes.	
  

Coincidentally,	
   a	
   recent	
   study	
   indicated	
   that	
   DDB2	
   could	
   constitutively	
   repress	
  

expression	
  of	
  the	
  MnSOD	
  gene	
  [93].	
  That	
  study	
  identified	
  a	
  sequence	
  element	
  in	
  the	
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MnSOD	
   promoter,	
  which	
   the	
   authors	
   claimed	
   as	
   a	
   cognate	
   element	
   for	
   DDB2.	
  My	
  

observations	
  are	
  somewhat	
  different	
  in	
  that	
  I	
  did	
  not	
  see	
  binding	
  of	
  DDB2	
  with	
  that	
  

region	
   of	
   the	
   promoter	
   of	
   MnSOD	
   in	
   the	
   HCT116	
   cells.	
   Also,	
   the	
   catalase	
   gene	
  

promoter,	
  which	
  apparently	
   lacks	
   that	
  cognate	
  element,	
  could	
   interact	
  with	
  DDB2.	
  

Given	
   the	
   difference,	
   I	
   think	
   that	
   DDB2	
   interacts	
   with	
   the	
   MnSOD	
   and	
   catalase	
  

promoters	
  through	
  its	
  interactions	
  with	
  other	
  DNA	
  binding	
  proteins.	
  Irrespective	
  of	
  

the	
  mechanism	
  by	
  which	
  DDB2	
  interacts	
  with	
  the	
  MnSOD	
  or	
  catalase	
  promoter,	
  the	
  

observations	
   suggest	
   that	
   DDB2	
   is	
   a	
   dominant	
   repressor	
   of	
   MnSOD	
   and	
   catalase	
  

expression.	
   DDB2	
   associates	
   with	
   the	
   Cul4A-­‐DDB1	
   E3	
   ligase	
   complex	
   [14].	
  

Interestingly,	
   several	
   studies	
   implicated	
   Cul4	
   also	
   in	
   methylation	
   of	
   histones	
   in	
  

chromatin.	
  In	
  fission	
  yeast	
  Cul4	
  associates	
  with	
  the	
  histone	
  H3K9	
  methyltransferase	
  

Clr4	
   and	
   Rik1	
   (a	
   DDB1-­‐like	
   protein)	
   to	
   generate	
   heterochromatin	
   [94].	
   In	
  

mammalian	
  cells,	
  Cul4A	
  has	
  been	
  shown	
   to	
   recruit	
  H3K4	
  methyltransferase	
  MLL1	
  

onto	
  the	
  p16Ink4a	
  promoter	
  to	
  stimulate	
  expression	
  during	
  oncogenic	
  stress	
  [95].	
  I	
  

observed	
   that	
   DDB2	
   could	
   recruit	
   Cul4A	
   and	
   the	
   Clr4	
   homolog	
   Suv39h	
   onto	
   the	
  

promoters	
   of	
   the	
  MnSOD	
   and	
   the	
   catalase	
   genes.	
  Moreover,	
   I	
   observed	
   increased	
  

H3K9	
   trimethylation	
   in	
   those	
   promoter	
   regions.	
   The	
   increase	
   in	
   association	
   with	
  

Suv39h	
   and	
   H3K9	
   trimethylation	
   in	
   the	
   presence	
   of	
   DDB2	
   suggests	
   that	
   DDB2	
  

represses	
  expression	
  of	
  MnSOD	
  and	
  catalase	
  by	
  altering	
  chromatin	
  conformation.	
  

	
  

I	
  observed	
  that	
  in	
  the	
  wild-­‐type	
  MEFs	
  expression	
  of	
  DDB2	
  coincides	
  with	
  initiation	
  

of	
  the	
  senescence	
  program.	
  DDB2	
  in	
  mouse	
  cells	
  is	
  not	
  induced	
  by	
  p53	
  [32].	
  It	
  was	
  

suggested	
   that	
   the	
   MEFs	
   are	
   sensitive	
   to	
   oxidative	
   stress	
   in	
   the	
   culture	
   [45].	
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Figure	
  59:	
  Schematic	
  diagram	
  depicting	
  DDB2	
  mediated	
  senescence	
  induction.	
  
DDB2	
   amplifies	
   ROS	
   accumulation,	
   ROS	
   in	
   turn	
   increase	
   DDB2	
   expression	
   in	
  
positive	
  feedback	
  loop	
  leading	
  to	
  premature	
  senescence.	
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Interestingly,	
   I	
   found	
   that	
   the	
   DDB2	
   expression	
   can	
   be	
   activated	
   by	
   ROS.	
   Thus,	
   it	
  

appears	
   that	
   DDB2,	
   after	
   being	
   induced	
   by	
   ROS,	
   causes	
   repression	
   of	
   the	
   ROS	
  

scavenger	
   genes,	
   such	
   as	
   MnSOD	
   and	
   catalase	
   genes,	
   to	
   cause	
   a	
   persistent	
  

accumulation	
  of	
  ROS.	
  A	
  persistent	
  accumulation	
  of	
  ROS	
  could	
  be	
   the	
  major	
  reason	
  

for	
  the	
  induction	
  of	
  premature	
  senescence.	
  In	
  the	
  absence	
  of	
  DDB2,	
  the	
  antioxidant	
  

ROS	
   scavenger	
   genes	
   are	
   derepressed,	
   causing	
   high-­‐level	
   constitutive	
   expression,	
  

which	
   precludes	
   persistent	
   accumulation	
   of	
   ROS	
   and	
   thus	
   prevents	
   premature	
  

senescence	
  (Fig.59).	
  

	
  

DNA	
   damage-­‐induced	
   premature	
   senescence	
   is	
   a	
   significant	
   tumor	
   suppression	
  

mechanism	
  that	
  would	
  prevent	
  UV-­‐induced	
  skin	
  carcinogenesis.	
  The	
  DDB2−/−	
  mice	
  

are	
  susceptible	
  to	
  UV-­‐induced	
  skin	
  carcinogenesis.	
  Previous	
  studies	
   indicated	
  that,	
  

in	
  addition	
  to	
  NER,	
  DDB2	
  is	
  important	
  for	
  DNA	
  damage-­‐induced	
  apoptosis,	
  which	
  is	
  

also	
   an	
   important	
   tumor	
   suppression	
   mechanism.	
   My	
   study	
   demonstrated	
  

premature	
  senescence	
  as	
  an	
  additional	
  mechanism	
  of	
  tumor	
  suppression	
  supported	
  

by	
  DDB2.	
  I	
  think	
  that	
  DDB2's	
  role	
  in	
  the	
  repression	
  of	
  MnSOD	
  and	
  catalase	
  is	
  distinct	
  

from	
  its	
  role	
  in	
  nucleotide	
  excision	
  repair	
  (NER),	
  which	
  is	
  linked	
  to	
  the	
  phenotype	
  of	
  

xeroderma	
  pigmentosum	
  (XP).	
  The	
  NER	
  deficiency	
  in	
  the	
  DDB2−/−	
  MEFs	
  is	
  related	
  to	
  

its	
   ability	
   to	
   regulate	
   the	
   levels	
   of	
   p21,	
   and	
   that	
   deficiency	
   could	
   be	
   reversed	
   by	
  

deletion	
  of	
  p21.	
  However,	
  deletion	
  of	
  p21	
  did	
  not	
  restore	
  premature	
  senescence	
  in	
  

DDB2−/−	
  MEFs.	
   It	
   is	
   likely	
   that	
   DDB2	
   has	
   evolved	
   to	
   participate	
   in	
   transcriptional	
  

repression	
  of	
  the	
  antioxidant	
  genes	
  to	
  ensure	
  that	
  cells	
  harboring	
  DNA	
  damage	
  do	
  

not	
  replicate.	
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Although	
   it	
   is	
   generally	
  believed	
   that	
  DNA	
   repair	
   and	
  apoptosis	
   are	
   important	
   for	
  

preventing	
   development	
   of	
   cancer	
   cells,	
   my	
   results	
   suggest	
   a	
   critical	
   role	
   of	
  

premature	
  senescence	
  in	
  inhibiting	
  UV-­‐induced	
  skin	
  cancer.	
  I	
  show	
  that	
  premature	
  

senescence	
  is	
  more	
  important	
  than	
  NER	
  and	
  apoptosis	
  in	
  inhibiting	
  UV-­‐induced	
  skin	
  

cancer.	
   In	
   addition,	
   I	
   show	
   that	
   the	
   p53-­‐induced	
   genes	
  p21	
  and	
  DDB2	
  play	
  

significant	
  roles	
  in	
  that	
  process.	
  p21	
  and	
  DDB2	
  cause	
  accumulation	
  of	
  ROS	
  to	
  a	
  high	
  

level	
  following	
  UV	
  irradiation,	
  leading	
  to	
  senescence.	
  	
  

	
  

UV	
  skin	
  carcinogenesis	
  protocol	
  involves	
  irradiation	
  of	
  mice	
  with	
  high	
  doses	
  of	
  UV-­‐

B,	
   leading	
   to	
   extensive	
   DNA	
   damage	
   that	
   overwhelms	
   the	
   repair	
   machinery.	
   In	
  

the	
  DDB2-­‐/-­‐	
   background	
   the	
   repair	
   capacity	
   becomes	
   further	
   limiting	
   because	
   of	
  

high	
  levels	
  of	
  p21.	
  The	
  high	
  level	
  of	
  p21	
  also	
  inhibits	
  apoptosis	
  of	
  the	
  cells	
  harboring	
  

irreparable	
  DNA	
  damages.	
  Deletion	
  of	
  p21	
  restored	
  repair	
  and	
  apoptosis	
  but	
  did	
  not	
  

restore	
   premature	
   senescence	
   in	
  DDB2-­‐/-­‐	
   mice.	
   However,	
   there	
   was	
   a	
   stronger	
  

inhibition	
  of	
  premature	
  senescence	
  in	
  the	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  mice	
  compared	
  with	
  the	
  

single	
  knock-­‐outs.	
  In	
  addition,	
  there	
  was	
  a	
  huge	
  increase	
  in	
  proliferation	
  in	
  the	
  skin	
  

of	
  the	
  UV-­‐irradiated	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  mice.	
  It	
  is	
  likely	
  that	
  the	
  increased	
  proliferation	
  

and	
  the	
  lack	
  of	
  premature	
  senescence	
  of	
  the	
  UV-­‐irradiated	
  cells	
  are	
  responsible	
  for	
  

acceleration	
  of	
  the	
  tumor	
  development	
  in	
  the	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  mice.	
  My	
  findings	
  are	
  

consistent	
   with	
   a	
   study	
   demonstrating	
   that	
  p21	
   anti-­‐proliferative	
   function	
   is	
  

indispensable	
   for	
   inhibition	
   of	
   tumorigenesis	
   in	
   the	
   liver.	
   It	
   was	
   observed	
   that	
  

induction	
  of	
  p21	
  in	
  Fah-­‐/-­‐ mice,	
  a	
  mouse	
  model	
  of	
  hereditary	
  tyrosinemia	
  type	
  I,	
  a	
  

human	
   disorder	
   characterized	
   by	
   accumulation	
   of	
   toxic	
   metabolites	
   that	
   causes	
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chronic	
  DNA	
  damage	
  leading	
  to	
  hepatocellular	
  carcinoma.	
  	
  Fah-­‐/-­‐  hepatocytes	
  also	
  

exhibit	
   cell	
   cycle	
   arrest	
   and	
   deficiency	
   in	
   apoptosis	
   [139].	
   Apoptosis	
   resistance	
  

in	
  Fah-­‐/-­‐ mice	
  was	
   found	
   to	
   be	
   due	
   to	
   accumulation	
   of	
   p21,	
   because	
   its	
   depletion	
  

restored	
  apoptosis.	
  Despite	
  efficient	
  apoptosis,	
  deletion	
  of	
  p21	
  in	
  Fah-­‐/-­‐ background	
  

resulted	
  in	
  rapid	
  proliferation	
  and	
  cancer	
  formation.	
  

	
  

p21	
   inhibits	
   cell	
   proliferation	
   and	
   supports	
   premature	
   senescence	
   through	
   its	
  

ability	
   to	
   inhibit	
   the	
   CYCLIN-­‐CDK	
   kinases	
   [140].	
   The	
   CYCLIN-­‐CDK	
   inhibitory	
  

function	
   supports	
   premature	
   senescence	
   by	
   activation	
   of	
   the	
   cell	
   cycle	
   inhibitory	
  

pathways	
   of	
   the	
   retinoblastoma	
   protein.	
   The	
  DDB2-­‐/-­‐	
   p21-­‐/-­‐	
   cells	
   possess	
   higher	
  

CYCLIN-­‐CDK	
  kinase	
  activity,	
  which	
  is	
  therefore	
  expected	
  to	
  contribute	
  to	
  the	
  lack	
  of	
  

senescence	
   in	
   the	
  double	
  knock-­‐out	
   cells	
   through	
   inhibition	
  of	
   the	
   retinoblastoma	
  

protein	
   [16].	
   Interestingly,	
   consistent	
  with	
   a	
   previous	
   report,	
   I	
   observed	
   a	
   role	
   of	
  

p21	
   in	
   the	
   ROS	
   accumulation	
   [102],	
   a	
   mechanism	
   that	
   contributes	
   to	
   senescence	
  

[48].	
  In	
  UV-­‐irradiated	
  skin,	
  both	
  DDB2-­‐/-­‐	
  and	
  p21-­‐/-­‐	
  mice	
  accumulated	
  much	
  lower	
  

levels	
   of	
   ROS	
   compared	
  with	
   that	
   in	
   the	
  wild	
   type	
  mice.	
   The	
   levels	
   of	
   ROS	
   in	
   the	
  

double	
   knock-­‐outs	
  were	
   significantly	
   lower	
   than	
   the	
   levels	
   observed	
   in	
   the	
   single	
  

knock-­‐outs,	
   suggesting	
   that	
   p21	
   and	
   DDB2	
   regulate	
   ROS	
   through	
   distinct	
  

mechanisms.	
  Consistent	
  with	
  that,	
  there	
  was	
  a	
  higher	
  expression	
  of	
  catalase	
  in	
  the	
  

double	
   knock-­‐out	
   skin	
   samples	
   compared	
   with	
   that	
   in	
   the	
   single	
   knock-­‐outs.	
  

However,	
  in	
  the	
  skin	
  samples,	
  MnSOD	
  expression	
  was	
  not	
  increased	
  significantly	
  in	
  

the	
   absence	
   of	
   DDB2.	
   It	
   is	
   likely	
   that	
   other	
   mechanisms	
   overcome	
   the	
   DDB2-­‐

mediated	
  repression	
  of	
  MnSOD	
  in	
  skin.	
  The	
  increase	
  was	
  observed	
  also	
  in	
  the	
  p21-­‐/-­‐	
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background,	
   suggesting	
   that	
   p21	
   also	
   represses	
  Catalase	
  expression.	
   Interestingly,	
  

p21	
   was	
   shown	
   to	
   repress	
   expression	
   of	
  FoxM1,	
   a	
   proliferation-­‐associated	
  

transcription	
   factor,	
   is	
  also	
  an	
  activator	
  of	
  Catalase	
   [86,	
  106].	
   Interestingly,	
  FoxM1	
  

activates	
   its	
   own	
   expression	
   [141].	
   But	
   the	
   activity	
   of	
   FoxM1	
   requires	
  

phosphorylation	
   by	
   CYCLIN-­‐CDK	
   [142].	
   Therefore,	
   it	
   is	
   possible	
   that	
   p21	
   inhibits	
  

FoxM1	
  expression	
  by	
  inhibiting	
  its	
  activation	
  by	
  the	
  CYCLIN-­‐CDK	
  kinases.	
  A	
  reduced	
  

FoxM1	
   activity	
  will	
   reduce	
   its	
   own	
   expression.	
   Consistent	
  with	
   that,	
   I	
   observed	
   a	
  

significantly	
   higher	
   expression	
   of	
   FoxM1	
   in	
   the	
  p21-­‐/-­‐	
   background.	
   High	
   level	
   of	
  

FOXM1	
  is	
  known	
  to	
  inhibit	
  premature	
  senescence	
  by	
  attenuating	
  oxidative	
  stress	
  or	
  

ROS	
   [86].	
   FoxM1	
   reduces	
   oxidative	
   stress	
   by	
   stimulating	
   expression	
   of	
   several	
  

antioxidant	
  genes,	
  including	
  Catalase. 

	
  

The	
   deficiency	
   in	
   premature	
   senescence	
   is	
   expected	
   to	
   increase	
   the	
   proliferation,	
  

and	
   therefore	
   it	
   could	
   explain	
   the	
   high	
   level	
   proliferation	
   in	
   the	
  DDB2-­‐/-­‐	
   p21-­‐/-­‐	
  

background.	
  The	
   lack	
  of	
  p21	
  will	
   increase	
  CYCLIN-­‐CDK	
  activities,	
  contributing	
  to	
  a	
  

higher	
  rate	
  of	
  proliferation.	
   In	
  addition,	
   the	
   increased	
  expression	
  of	
  FoxM1,	
  a	
  pro-­‐

proliferation	
   transcription	
   factor,	
   is	
   expected	
   to	
   contribute	
   to	
   proliferation	
  

significantly	
   because	
   it	
   stimulates	
   expression	
   of	
   SKP2	
   and	
   CKS1	
   to	
   promote	
   G1/S	
  

progression	
  and	
  stimulates	
  a	
  number	
  of	
  mitotic	
  genes	
   to	
  promote	
  G2/M	
  transition	
  

[107].	
  Therefore,	
  the	
  high	
  expression	
  of	
  FoxM1	
  in	
  the	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  background	
  is	
  

expected	
  to	
  promote	
  proliferation	
  through	
  activation	
  of	
  the	
  cell	
  cycle	
  genes.	
  FoxM1	
  

is	
  a	
  target	
  of	
  the	
  DNA	
  damage	
  checkpoint	
  effectors,	
  and	
  its	
  reduced	
  expression	
  has	
  

been	
   implicated	
   in	
   the	
   G2/M	
   delay	
   following	
   exposure	
   to	
   DNA-­‐damaging	
   agents	
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Figure	
  60:	
  Model	
  depicting	
  role	
  of	
  p21	
  and	
  DDB2	
  in	
  inhibiting	
  UV	
  induced	
  skin	
  
carcinogenesis. 
p21	
   and	
  DDB2	
   co-­‐operates	
  with	
   each	
   other	
   to	
   inhibit	
   UV	
   induced	
   skin	
   carcinoma	
  
formation	
  by	
  accumulation	
  of	
  catalase	
  and	
  increased	
  ROS	
  level. 
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[143].	
  High	
  expression	
  of	
  FoxM1	
  in	
  p21-­‐/-­‐	
  background	
  is	
  expected	
  to	
  overcome	
  the	
  

checkpoints	
  in	
  cells	
  harboring	
  irreparable	
  DNA	
  damage	
  and	
  therefore	
  is	
  expected	
  to	
  

support	
  accumulation	
  of	
  mutant	
  cells.	
  The	
  DDB2-­‐/-­‐	
  cells	
  to	
  do	
  not	
  arrest	
  after	
  DNA	
  

damage.	
  Therefore,	
   the	
  DDB2-­‐/-­‐	
  p21-­‐/-­‐	
  cells	
  are	
  expected	
  to	
  generate	
  mutant	
  cells	
  

at	
  much	
   higher	
   rates,	
  which	
   is	
   likely	
   the	
   basis	
   for	
   the	
   acceleration	
   of	
   skin	
   cancer	
  

development	
  (Fig.60).	
  

	
  

I	
  further	
  show	
  that	
  ROS	
  can	
  activate	
  DDB2	
  expression	
  in	
  a	
  p53	
  independent	
  manner.	
  

Along	
   the	
   same	
   line,	
  PEITC	
  also	
   increases	
  DDB2	
  expression	
   independently	
  of	
  p53.	
  

PEITC	
   induces	
   apoptosis	
   and	
   senescence	
   of	
   colon	
   carcinoma	
   cells	
   in	
   vitro	
   and	
   in	
  

vivo.	
   Moreover,	
   the	
   effectiveness	
   of	
   the	
   PEITC-­‐induced	
   apoptosis	
   and	
   senescence	
  

depends	
   upon	
   DDB2.	
   DDB2	
   is	
   a	
   p53-­‐induced	
   gene	
   in	
   human.	
   Because	
   p53	
   is	
  

mutated	
  in	
  over	
  50%	
  of	
  cancers,	
  it	
  is	
  likely	
  that	
  the	
  loss	
  of	
  p53	
  function	
  would	
  cause	
  

a	
   deficiency	
   in	
   the	
   expression	
   of	
   DDB2	
   [144,	
   145].	
   p53	
   is	
   a	
   major	
   player	
   in	
   the	
  

induction	
   of	
   apoptosis	
   and	
   senescence.	
   Hence,	
   loss	
   of	
   p53	
   function	
   renders	
   the	
  

carcinoma	
   cells	
   refractory	
   to	
   apoptosis,	
   senescence	
   and	
   cell	
   cycle	
   arrest	
   following	
  

chemotherapy.	
   Therefore,	
   there	
   is	
   an	
   urgent	
   need	
   to	
   find	
   out	
   chemotherapeutic	
  

targets	
   which	
   acts	
   in	
   a	
   p53	
   independent	
   way.	
   DDB2	
   seems	
   to	
   fit	
   that	
   function.	
   I	
  

provide	
   evidence	
   that	
   ROS	
   mediated	
   induction	
   of	
   DDB2	
   is	
   not	
   mediated	
   by	
   p53;	
  

rather	
  it	
  depends	
  on	
  the	
  stress	
  activated	
  protein	
  kinase	
  pathways.	
  Moreover,	
  PEITC	
  

also	
   augments	
   DDB2	
   expression	
   independent	
   of	
   p53	
   function.	
   Use	
   of	
   PEITC,	
  

exploiting	
  the	
  fact	
  the	
  ROS	
  induces	
  DDB2	
  expression,	
  is	
  an	
  attractive	
  choice.	
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I	
  provided	
  evidence	
  that	
  the	
  PEITC-­‐induced	
  expression	
  of	
  DDB2	
  enhances	
  apoptosis	
  

and	
  senescence	
  response	
  that	
  lead	
  to	
  tumor	
  regression	
  by	
  PEITC.	
  Patients	
  with	
  loss	
  

of	
  p53	
  function	
  exhibit	
  compromised	
  apoptosis	
  and	
  senescence	
  response	
  following	
  

chemotherapy	
   [146-­‐148].	
   These	
   patients	
   can	
   be	
   potentially	
   treated	
   by	
   PEITC	
   to	
  

induce	
  DDB2	
  expression.	
  There	
  is	
  evidence	
  for	
  a	
  crosstalk	
  between	
  DDB2	
  and	
  p53.	
  

p53	
   stimulates	
  DDB2	
   expression	
   both	
   at	
   the	
   basal	
   level	
   as	
  well	
   as	
   following	
  DNA	
  

damage.	
  On	
   the	
  other	
  hand,	
   it	
  was	
  reported	
   that	
   in	
  XP-­‐E	
  cells	
  with	
  mutated	
  DDB2	
  

there	
  was	
  deficiency	
  in	
  UV	
  induced	
  apoptosis	
  due	
  to	
  reduced	
  basal	
  and	
  UV	
  induced	
  

p53	
   level	
   [33].	
   Moreover,	
   apoptosis	
   function	
   in	
   DDB2	
   deficient	
   XP-­‐E	
   cells	
   were	
  

restored	
   with	
   expression	
   of	
   p53	
   cDNA	
   construct	
   indicating	
   that	
   DDB2	
   can	
  

participate	
   in	
   DNA	
   damage	
   induced	
   apoptosis	
   through	
   p53	
   regulation.	
   However,	
  

DDB2	
  participates	
  in	
  apoptosis	
  also	
  by	
  down-­‐regulation	
  of	
  p21,	
  a	
  cyclin	
  dependent	
  

kinase	
  inhibitor	
  [16].	
  p21	
  exhibits	
  anti-­‐apoptotic	
  activity,	
  as	
  the	
  activity	
  of	
  caspases	
  

requires	
   cdk	
   activity.	
   Here,	
   I	
   show	
   that	
   ROS	
   and	
   PEITC	
   both	
   can	
   activate	
   DDB2	
  

expression	
  independent	
  of	
  p53,	
  and	
  that	
  these	
  mechanisms	
  would	
  be	
  significant	
  in	
  

therapy	
  of	
  tumors	
  harboring	
  mutation	
  in	
  p53.	
  

	
  

I	
   provide	
   evidence	
   that	
   ROS	
   induced	
   DDB2	
   expression	
   involves	
   up-­‐regulated	
  

MAPK/JNK	
   activity.	
   Interestingly,	
   a	
   previous	
   report	
   suggested	
   that	
   p38MAPK	
  

mediated	
  degradation	
  of	
  DDB2	
  following	
  UV	
  irradiation	
  [34].	
  In	
  contrast,	
  I	
  find	
  ROS	
  

induce	
   DDB2	
   expression	
   through	
   activated	
   p38MAPK.	
   This	
   apparent	
   discrepancy	
  

possibly	
   results	
   from	
   the	
   choice	
   of	
   treatment	
   and	
   the	
   cell	
   fate	
   associated	
  with	
   it.	
  

Cells	
   preferably	
   attempt	
   to	
   repair	
   the	
   DNA	
   damage	
   following	
   UV	
   irradiation.	
   p38
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  Figure	
  61:	
  Schematic	
  diagram	
  showing	
  role	
  of	
  DDB2	
  in	
  PEITC	
  mediated	
  tumor	
  
regression.	
  
PEITC	
   mediates	
   apoptosis	
   and	
   senescence	
   response	
   to	
   inhibit	
   tumor	
   growth	
   by	
  
augmenting	
  DDB2	
  expression. 
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MAPK	
  is	
  an	
   important	
  player	
   in	
  UV	
   induced	
  DNA	
  damage	
  response.	
  p38MAPK	
  has	
  

been	
   reported	
   to	
   facilitate	
   nucleotide	
   excision	
   repair	
   following	
   UV	
   irradiation	
  

through	
  its	
  phosphorylation	
  of	
  Histone	
  H3	
  at	
  serine	
  10	
  and	
  subsequent	
  alteration	
  of	
  

chromatin	
  condensation	
  [149,	
  150].	
  Similarly,	
  p38MAPK	
  mediated	
  phosphorylation	
  

of	
  DDB2	
  leads	
  to	
  its	
  degradation	
  that	
  in	
  turn	
  facilitate	
  in	
  the	
  recruitment	
  of	
  XPC	
  in	
  

the	
  DNA	
  damage	
   lesions	
   and	
   initiate	
  DNA	
   repair.	
  The	
  oxidative	
   stress	
   treatment	
   I	
  

employed	
  mostly	
  leads	
  to	
  apoptosis	
  or	
  senescence	
  induction.	
  In	
  that	
  scenario,	
  DDB2	
  

up-­‐regulation	
   is	
   important	
   to	
   facilitate	
   these	
   tumor	
   suppressor	
  pathways.	
  Thus,	
   it	
  

appears	
   that	
   depending	
   upon	
   the	
   context,	
   p38MAPK	
   either	
   inhibits	
   or	
   augments	
  

DDB2	
   expression.	
   Therefore,	
   my	
   data	
   indicates	
   potential	
   usability	
   of	
   DDB2	
  

expression	
   as	
   a	
   chemotherapeutic	
   target.	
   As	
   a	
   proof	
   of	
   principle,	
   I	
   have	
   provided

evidence	
  of	
  PEITC	
  induced	
  expression	
  of	
  DDB2	
  is	
  critical	
  for	
  induction	
  of	
  apoptosis	
  

and	
   senescence	
   in	
   tumors,	
   as	
   well	
   as	
   for	
   PEITC-­‐mediated	
   regression	
   of	
   tumors	
  

(Fig.61).	
  	
  

	
  

My	
   work	
   further	
   demonstrate	
   role	
   of	
   DDB2	
   in	
   the	
   regulation	
   of	
   colon	
   cancer	
  

metastasis.	
   I	
   show	
   that	
   it	
   is	
   a	
   potent	
   regulator	
   of	
   EMT,	
   as	
   it	
   transcriptionally	
  

inhibits	
   expression	
   of	
   the	
   key	
   genes	
   required	
   for	
   EMT	
   and	
   tumor	
   invasion.	
  

Moreover,	
   I	
   show	
   that	
   DDB2	
   stands	
   as	
   a	
   barrier	
   downstream	
   of	
   the	
   signaling	
  

pathways	
   that	
   induce	
   EMT.	
   DNA	
   repair	
   proteins	
   have	
   been	
   previously	
   been	
  

implicated	
  in	
  colon	
  cancer.	
  For	
  example,	
  about	
  15%	
  of	
  all	
  colorectal	
  cancers	
  (CRC)	
  

exhibit	
  microsatellite	
   instability,	
  a	
  marker	
   for	
   impaired	
  mismatch	
  repair	
   function.	
  

Germline	
  mutations	
  in	
  the	
  mismatch	
  repair	
  (MMR)	
  genes	
  MLH1,	
  MSH2,	
  MSH6	
  and
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  PMS2	
   have	
   been	
   detected	
   in	
   CRC	
   [117].	
   In	
   addition	
   to	
   mutations,	
   epigenetic	
  

silencing	
   occurs	
   to	
   the	
  MLH1	
   gene.	
  Mutations	
   in	
   the	
   nucleotide	
   repair	
   genes	
   are	
  

rare	
  in	
  CRC.	
  However,	
   in	
  a	
  study	
  with	
  small	
  groups	
  of	
  CRC	
  patients,	
   it	
  was	
  shown	
  

that	
  25%	
  (2/8)	
  exhibited	
  LOH	
  at	
  the	
  XPE	
  loci,	
  11q12-­‐13	
  [151].	
  My	
  analyses	
  of	
  the	
  

publicly	
   available	
   database	
   indicated	
   a	
   reduced	
   expression	
   of	
   DDB2	
   in	
   a	
   much	
  

greater	
   population	
   of	
   the	
   CRC	
   patients.	
   Moreover,	
   the	
   reduction	
   of	
   DDB2	
  

expression	
  coincides	
  with	
   the	
  appearance	
  of	
  high-­‐grade	
  colon	
  cancers.	
  Therefore,	
  

progression	
   of	
   colon	
   cancer	
   associates	
   with	
   the	
   activation	
   of	
   mechanisms	
   that	
  

reduce	
  DDB2	
   expression.	
   It	
   is	
   noteworthy	
   that	
  DDB2	
   is	
   a	
   p53-­‐induced	
   gene,	
   and	
  

p53	
   mutations	
   are	
   common	
   in	
   colon	
   cancer,	
   and	
   that	
   might	
   explain	
   the	
   loss	
   of	
  

expression	
   [152].	
   However,	
   other	
   possibilities	
   exist.	
   For	
   example,	
   the	
   DDB2	
  

promoter	
   region	
   contains	
   CpG	
   islands	
   [38].	
   Epigenetic	
  mechanisms	
   that	
   regulate	
  

CpG	
   islands	
   are	
   often	
   deregulated	
   in	
   colon	
   cancer	
   [153].	
   The	
   loss	
   of	
   DDB2	
  

expression	
   is	
  expected	
  also	
   to	
   reduce	
   the	
   repair	
   (NER)	
  activity,	
  which	
   is	
   likely	
   to	
  

contribute	
   to	
   the	
   evolution	
   of	
   the	
   high-­‐grade	
   colon	
   cancer.	
   However,	
   my	
   results	
  

indicate	
   that	
   a	
   transcriptional	
   repressor	
   function	
   of	
   DDB2	
   is	
   the	
   predominant	
  

mechanism	
  by	
  which	
  DDB2	
  inhibits	
  EMT	
  and	
  metastasis	
  of	
  the	
  colon	
  cancers.	
  The	
  

roles	
   of	
  DDB2	
   in	
   the	
   accumulation	
   of	
  ROS	
   and	
   inhibition	
   of	
   EMT	
   are	
   unexpected	
  

because	
   it	
  was	
  shown	
  that,	
   in	
  mammary	
  epithelial	
  cells,	
  MMP3	
  could	
   induce	
  EMT	
  

through	
   an	
   increase	
   in	
   ROS	
   that	
   leads	
   to	
   increased	
   Snail1	
   expression	
   [77].	
  

However,	
  I	
  observed	
  that	
  the	
  loss	
  of	
  DDB2	
  expression	
  caused	
  a	
  huge	
  increase	
  in	
  the	
  

expression	
   of	
   Snail1	
   and	
   Zeb1,	
   both	
   of	
   which	
   are	
   pro-­‐EMT.	
   These	
   observations	
  

suggest	
  that	
  DDB2	
  directly	
  represses	
  expression	
  of	
  these	
  EMT	
  genes,	
  and	
  that	
  the
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  Figure	
   62:	
   Schematic	
   diagram	
   indicating	
   the	
   mechanism	
   by	
   which	
   DDB2	
  
inhibits	
  EMT.	
  
EMT	
  inducing	
  signals	
  (hypoxia	
  or	
  TGF-­‐b)	
  increases	
  expression	
  of	
  VEGF,	
  Snail1	
  and	
  
Zeb1	
  to	
  reduce	
  expression	
  of	
  E-­‐cadherin	
  and	
  bring	
  about	
  EMT-­‐like	
  changes	
  in	
  colon	
  
cancer	
  cells.	
  The	
  XPE	
  gene	
  product	
  DDB2,	
  on	
  the	
  other	
  hand,	
  binds	
  to	
  the	
  promoters	
  
of	
  VEGF,	
  Snail1	
  and	
  Zeb1	
  to	
  inhibit	
  their	
  expression,	
  and	
  thus,	
  supports	
  MET.	
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mechanism	
  is	
  independent	
  of	
  its	
  role	
  in	
  ROS	
  accumulation.	
  It	
  is	
  also	
  consistent	
  with	
  

a	
  much	
  greater	
   increase	
   in	
   Snail1	
   expression	
   through	
  de-­‐repression	
   in	
   the	
  DDB2	
  

knockdown	
   cells,	
   as	
   compared	
   to	
   a	
   relatively	
   smaller	
   increase	
   observed	
   with	
  

increased	
  ROS	
  by	
  MMP3	
  expression.	
  	
  Since	
  several	
  microRNAs	
  have	
  been	
  shown	
  to	
  

regulate	
  EMT	
  by	
  inhibiting	
  the	
  levels	
  of	
  Zeb1	
  and	
  Zeb2	
  [154],	
  it	
  is	
  a	
  possibility	
  that	
  

DDB2	
   regulates	
   EMT	
   through	
   expression	
   of	
   the	
   regulatory	
  microRNAs.	
  However,	
  

increased	
  mRNA	
  expression	
  of	
   Snail	
   and	
  Zeb1	
   in	
  DDB2-­‐depleted	
   cells	
   along	
  with	
  

interactions	
  of	
  DDB2	
  with	
  the	
  Zeb1	
  and	
  Snail	
  promoters	
  will	
  be	
  consistent	
  with	
  a	
  

direct	
   repression	
   of	
   these	
   genes	
   by	
   DDB2.	
   	
   Also,	
   I	
   show	
   that	
   DDB2	
   binds	
   to	
   the	
  

promoter	
  of	
  VEGF-­‐A,	
  a	
  factor	
  that	
  is	
  important	
  in	
  EMT	
  and	
  tumor	
  invasion.	
  Because	
  	
  

VEGF-­‐A	
  can	
  stimulate	
  expression	
  of	
  Zeb1	
  and	
  Snail1,	
   it	
   is	
  unclear	
  whether	
  or	
  not	
  

part	
   of	
   the	
   increase	
   in	
   Zeb1	
   and	
   Snail	
   in	
   the	
   DDB2-­‐deficient	
   colon	
   cancer	
   cells	
  

resulted	
  also	
  from	
  an	
  increased	
  VEGF-­‐A	
  expression	
  [119,	
  155].	
  

	
  

In	
   addition	
   to	
   increased	
   VEGF-­‐A	
   expression,	
   I	
   observed	
   evidence	
   for	
   increased	
  

activation	
   of	
   the	
   Akt-­‐pathway.	
   Thus,	
   in	
   the	
   absence	
   of	
   DDB2,	
  multiple	
   pathways	
  

that	
   induce	
   EMT	
   are	
   activated.	
   These	
   pathways	
   activate	
   EMT	
   by	
   inducing	
   Snail1	
  

and	
   Zeb1	
   that	
   are	
   repressors	
   of	
   E-­‐cadherin	
   expression.	
   Interestingly,	
   over-­‐

expression	
  of	
  DDB2	
  in	
  the	
  epithelial	
  type	
  colon	
  cancer	
  line	
  SW480	
  blocked	
  EMT	
  as	
  

judged	
  by	
   a	
   loss	
   of	
   the	
  E-­‐cadherin	
   expression.	
   These	
   observations	
   are	
   consistent	
  

with	
  the	
  notion	
  that	
  DDB2	
  is	
  a	
  major	
  player	
  in	
  suppressing	
  EMT	
  of	
  the	
  colon	
  cancer	
  

cells.	
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The	
   decrease	
   in	
   expression	
   of	
   DDB2	
  was	
   observed	
   also	
   in	
   colon	
   cancer	
   cell	
   line	
  

SW620	
   compared	
   to	
   SW480.	
   These	
   two	
   lines	
   are	
   derived	
   from	
  one	
  patient	
   at	
   an	
  

early	
   point	
   in	
   the	
   tumor	
   progression,	
   SW480,	
   and	
   at	
   a	
   later	
   metastatic	
   stage	
   of	
  

progression,	
  SW620	
  [114].	
  Consistent	
  with	
  a	
  role	
  of	
  DDB2	
  in	
  inhibition	
  of	
  EMT,	
  the	
  

mesenchymal-­‐like	
  SW620	
  cells	
  expressed	
  much	
  lower	
  level	
  of	
  DDB2.	
  Moreover,	
  re-­‐

expression	
   of	
   DDB2	
   in	
   the	
   SW620	
   cells	
   induced	
   expression	
   of	
   the	
   epithelial	
  

markers	
  and	
   inhibition	
  of	
   the	
  mesenchymal	
  morphology.	
  These	
  observations	
  also	
  

indicate	
   that	
   DDB2	
   is	
   one	
   of	
   the	
   major	
   regulators	
   in	
   epithelial	
   tumor	
   cells	
   that	
  

resist	
   conversion	
   to	
   a	
  mesenchymal-­‐like	
  morphology,	
   and	
   that	
   induction	
   of	
   EMT	
  

occurs	
   mainly	
   after	
   a	
   loss	
   of	
   DDB2	
   expression.	
   Consistent	
   with	
   that	
   we	
   show	
  

depletion	
   of	
   DDB2	
   induces	
   EMT	
   of	
   the	
   colon	
   cancer	
   cells	
   that	
   is	
   associated	
  with	
  

increased	
  invasiveness	
  and	
  accelerated	
  growth	
  of	
  tumors	
  in	
  xenografts.	
  Moreover,	
  

a	
   reduced	
   expression	
   of	
   DDB2	
   enhances	
  metastasis	
   of	
   colon	
   cancer	
   cells	
   in	
   both	
  

experimental	
  metastasis	
   assays	
   and	
   in	
   an	
   orthotopic	
   xenograft	
  model.	
  Moreover,	
  

re-­‐expression	
  of	
  DDB2	
  inhibits	
  metastasis.	
  These	
  results	
  explain	
  why	
  loss	
  of	
  DDB2	
  

expression	
   coincides	
   with	
   the	
   high-­‐grade	
   progression	
   of	
   colon	
   cancers.	
   These	
  

results,	
  for	
  the	
  first	
  time,	
  demonstrate	
  an	
  important	
  tumor	
  suppression	
  function	
  of	
  

the	
  xeroderma	
  pigmentosum	
  gene	
  DDB2	
  in	
  colon	
  cancer	
  metastasis	
  (Fig.62).	
  	
  

	
  

EMT,	
   a	
   pro-­‐tumorigenic	
   pathway	
   and	
   senescence,	
   an	
   anti-­‐tumorigenic	
   pathway,	
  

have	
   several	
   common	
   factors	
   playing	
   dominant	
   roles.	
   For	
   example,	
   transcription	
  

factor	
  Twist	
  has	
  been	
  shown	
  as	
  a	
  critical	
  factor	
  to	
  induce	
  EMT	
  [66].	
  However,	
  Twist	
  

has	
   also	
   been	
   shown	
   to	
   inhibit	
   expression	
   of	
   Arf,	
   a	
   gene	
   that	
   is	
   highly	
   induced	
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during	
   senescence	
   [156].	
   Furthermore,	
   Twist	
   has	
   also	
   been	
   reported	
   to	
   affect	
  

transcriptional	
  regulation	
  on	
  p16INK4a	
  and	
  p21,	
   two	
  other	
  mediators	
  of	
  cell	
  cycle	
  

arrest	
  and	
  senescence	
  [110].	
  These	
  lines	
  of	
  evidence	
  clearly	
  demonstrate	
  that	
  Twist	
  

can	
   simultaneously	
   deregulate	
   p53	
   and	
   Rb	
   pathway,	
   both	
   of	
   which	
   have	
   been	
  

heavily	
   implicated	
   in	
   the	
   senescence	
   process.	
   The	
   presumption	
   that	
   activation	
   of	
  

EMT	
  is	
  related	
  to	
  suppression	
  of	
  cellular	
  senescence	
  has	
  been	
  proposed	
  also	
  in	
  the	
  

context	
  of	
  another	
  EMT	
  regulator,	
  Zeb1	
  [67].	
  Zeb1	
  induces	
  EMT	
  by	
  down-­‐regulation	
  

of	
  E-­‐cadherin	
  expression.	
  On	
  the	
  other	
  hand,	
  Zeb1	
  inhibits	
  senescence	
  by	
  regulating	
  

gene	
  expression	
  of	
  CDKN1A	
  and	
  INK4B	
   locus	
  [157].	
  However,	
   there	
   is	
  evidence	
  of	
  

EMT	
   regulators,	
   which	
   can	
   induce	
   cell	
   cycle	
   arrest	
   as	
   well.	
   For	
   example,	
   Snail	
  

induces	
  cell	
  cycle	
  arrest	
  by	
  induction	
  of	
  p21	
  in	
  MDCK	
  epithelial	
  cells	
  [158].	
  Snail	
  has	
  

been	
  shown	
  to	
  induce	
  cell	
  cycle	
  arrest	
  also	
  by	
  up-­‐regulation	
  of	
  p15INK4B	
  in	
  HEPG2	
  

cells	
   [159].	
   Another	
   EMT	
   regulator,	
   Zeb2	
   has	
   also	
   been	
   shown	
   to	
   reduce	
  

proliferation	
  of	
  cells	
  by	
  attenuating	
  expression	
  of	
  CyclinD1	
  [160].	
  

	
  

Conversely,	
  a	
  number	
  of	
  key	
  senescence	
  effector	
  molecules	
  have	
  been	
  implicated	
  in	
  

EMT.	
  Retinoblastoma	
  protein	
  Rb,	
  a	
  critical	
  regulator	
  of	
  cellular	
  senescence	
  has	
  been	
  

linked	
   to	
   EMT.	
   For	
   example,	
   viral	
   oncoprotein	
   SV40	
   large	
   T	
   antigen	
   suppress	
   E-­‐

cadherin	
  expression	
  and	
  induce	
  EMT,	
  which	
  is	
  dependent	
  on	
  Rb	
  inactivation	
  [161].	
  

Also,	
   in	
   MCF10A	
   cells,	
   EMT	
   induced	
   by	
   TGF-­‐β/	
   TNF-­‐α	
   is	
   related	
   to	
   attenuated	
  

expression	
   of	
   Rb	
   [111].	
   Furthermore,	
   Rb	
   has	
   been	
   shown	
   to	
   bind	
   the	
   CDH1	
  

promoter,	
   thereby	
   suppressing	
   its	
   transcription	
   [162,	
   163].	
   p53,	
   a	
   critical	
  

senescence	
   effector	
   molecule	
   has	
   been	
   suggested	
   to	
   inhibit	
   EMT	
   by	
   attenuating	
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expression	
  of	
   	
   transcription	
   factor	
   Slug	
   [164].	
   p21,	
   another	
   factor	
   associated	
  with	
  

cellular	
  senescence	
  has	
  been	
  shown	
  to	
  attenuate	
  Ras	
  and	
  c-­‐myc	
  dependent	
  EMT	
  in	
  

vivo	
  [112].	
  

	
  

These	
   observations	
   clearly	
   suggest	
   that	
   common	
  effector	
  molecules	
   link	
  EMT	
  and	
  

senescence,	
   two	
   important	
   processes	
   involved	
   in	
   cancer	
   progression.	
   This	
   can	
   be	
  

particularly	
   interesting	
   from	
   a	
   therapeutic	
   perspective.	
   Attenuated	
   senescence	
  

response	
   gives	
   the	
   carcinoma	
   cells	
   the	
   liberty	
   to	
   proliferate	
   indefinitely.	
   Towards	
  

their	
   clonal	
   expansion,	
   EMT	
   induction	
  will	
   allow	
   them	
   to	
  metastasize	
   to	
   a	
   distant	
  

organ.	
  Hence,	
  targeting	
  the	
  common	
  factors	
  playing	
  role	
  in	
  either	
  of	
  these	
  processes	
  

might	
   be	
   particularly	
   beneficial.	
   This	
   will	
   result	
   a	
   double	
   impact	
   on	
   carcinoma	
  

progression	
   by	
   induction	
   of	
   senescence	
   and	
   attenuation	
   of	
   metastasis	
   related	
   to	
  

EMT.	
  Towards	
  that,	
  my	
  results	
  on	
  DDB2	
  are	
  interesting.	
  DDB2	
  induces	
  senescence,	
  

an	
   anti-­‐tumorigenic	
   pathway	
   and	
   inhibits	
   EMT,	
   a	
   pro-­‐tumorigenic	
   pathway.	
  	
  

Therefore,	
  activation	
  or	
  re-­‐expression	
  of	
  DDB2	
  has	
  dual	
  benefit:	
  DDB2	
  will	
   induce	
  

senescence	
   to	
   impede	
   tumorigenesis	
   and	
   inhibit	
   EMT	
   to	
   prevent	
   metastatic	
  

dissemination	
  of	
  the	
  tumor	
  from	
  the	
  primary	
  site.	
  In	
  conclusion,	
  the	
  discoveries	
  on	
  

DDB2’s	
   transcriptional	
   function	
  have	
  revealed	
  several	
   interesting	
  possibilities	
   that	
  

can	
  be	
  explored	
  in	
  designing	
  novel	
  therapeutics	
  for	
  the	
  treatment	
  of	
  cancer	
  (Fig.63	
  

and	
  Fig.64).	
  	
  

One	
  important	
  question	
  that	
  still	
  needs	
  to	
  be	
  addressed	
  is	
  whether	
  DDB2	
  mediated	
  

inhibition	
   of	
   EMT	
   and	
   induction	
   of	
   senescence	
   only	
   involves	
   its	
   transcriptional	
  

repressor	
  function.	
  I	
  found	
  increased	
  expression	
  of	
  several	
  other	
  proteins	
  related	
  to	
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EMT	
  and	
  senescence	
  in	
  the	
  absence	
  of	
  DDB2.	
  For	
  example,	
  there	
  is	
  up-­‐regulation	
  of	
  

Akt	
  and	
  ERK	
  activity	
  in	
  the	
  absence	
  of	
  DDB2.Therefore,	
  it	
  is	
  important	
  to	
  investigate	
  

whether	
   DDB2	
   regulates	
   the	
   expression	
   of	
   these	
   proteins.	
   If	
   it	
   does	
   so,	
   then,	
   the	
  

relative	
  contribution	
  of	
  that	
  regulation	
  to	
  the	
  functions	
  of	
  DDB2	
  needs	
  to	
  be	
  tested.	
  

Also,	
   DDB2	
  mediated	
   transcriptional	
   regulation	
   can	
   be	
   achieved	
   by	
   other	
  means.	
  

DDB2	
   has	
   been	
   found	
   to	
   be	
   in	
   a	
   complex	
   with	
   STAGA,	
   a	
   chromatin	
   acetylating	
  

transcriptional	
   co-­‐activator.	
   DDB2	
   also	
   acts	
   as	
   a	
   co-­‐factor	
   for	
   E2F1	
   transcription	
  

factor.	
  Therefore,	
  investigation	
  of	
  other	
  possible	
  modes	
  of	
  transcriptional	
  regulation	
  

by	
  DDB2	
  might	
  divulge	
  important	
  facts	
  regarding	
  DDB2’s	
  role	
  in	
  transcription.	
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Figure	
  63:	
  Schematic	
  diagram	
  depicting	
  role	
  of	
  DDB2	
  as	
  a	
  tumor	
  suppressor.	
  
DDB2	
   acts	
   as	
   a	
   tumor	
   suppressor	
   by	
   regulation	
   of	
   nucleotide	
   excision	
   repair,	
  
apoptosis	
  and	
  senescence.	
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Figure	
   64:	
   Schematic	
   diagram	
   depicting	
   how	
   DDB2	
   can	
   be	
   targeted	
  
therapeutically	
  for	
  the	
  treatment	
  of	
  cancer	
  and	
  aging.	
  	
  
DDB2	
  expression	
  is	
   lost	
  during	
  carcinoma	
  progression.	
  DDB2	
  up-­‐regulation	
  can	
  be	
  
therapeutically	
   achieved	
   to	
   induce	
   senescence	
   and	
   apoptosis	
   response	
   to	
   inhibit	
  
tumorigenesis.	
   In	
   contrast,	
   DDB2	
   expression	
   is	
   augmented	
   with	
   aging.	
   Hence,	
  
attenuation	
  of	
  DDB2	
  expression	
  might	
  prove	
  to	
  be	
  beneficial	
  to	
  inhibit	
  aging	
  and	
  age	
  
related	
  disorders.	
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