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Abstract	
  

	
  

Fanconi	
  Anemia	
  (FA)	
  is	
  a	
  genetic	
  disease	
  caused	
  by	
  mutations	
  in	
  any	
  one	
  of	
  the	
  

identified	
  16	
  genes.	
   	
  The	
  corresponding	
  proteins	
  are	
  known	
  as	
  FA	
  proteins	
  and	
  

compose	
  the	
  FA	
  pathway,	
  which	
  is	
  critical	
  for	
  the	
  cellular	
  response	
  to	
  DNA	
  inter-­‐

strand	
   cross-­‐links	
   (ICLs).	
   	
   Many	
   efforts	
   have	
   been	
   drawn	
   to	
   understand	
   the	
  

individual	
   role	
   of	
   the	
   FA	
   proteins,	
   yet	
   the	
   mechanism	
   of	
   the	
   initiation	
   of	
   the	
  

pathway	
  remains	
  elusive,	
  and	
  in	
  particular,	
  no	
  sensor	
  protein	
  for	
  ICLs	
  has	
  been	
  

identified.	
   	
   The	
   aims	
  of	
   this	
   study	
   are	
   to	
   identify	
   such	
   a	
  putative	
   factor	
   and	
   to	
  

investigate	
  the	
  role	
  of	
  this	
  factor	
  in	
  DNA	
  ICL	
  repair.	
  	
  	
  

	
  

We	
  have	
  analyzed	
  the	
  DNA	
  binding	
  activity	
  of	
   two	
  up-­‐stream	
  players	
   in	
  the	
  FA	
  

pathway,	
   i.e.	
   FANCD2	
   and	
   FANCI,	
   which	
   do	
   not	
   seem	
   to	
   be	
   able	
   to	
   detect	
   the	
  

damage	
   directly.	
   	
   We	
   then	
   designed	
   a	
   novel	
   biochemical	
   purification	
   strategy	
  

using	
   biotin-­‐labeled	
   ICL	
   DNA	
   to	
   isolate	
   ICL	
   interacting	
   proteins	
   from	
   HeLa	
  

nuclear	
   extract.	
   	
   By	
   using	
   mass-­‐spectrometry	
   following	
   the	
   purification,	
   we	
  

identified	
  an	
  E3	
  ligase	
  named	
  UHRF1.	
  	
  We	
  cloned,	
  expressed	
  and	
  purified	
  UHRF1	
  

from	
   Sf9	
   cells.	
   	
   In	
   vitro	
   data	
   demonstrate	
   that	
   UHRF1	
   specifically	
   and	
   directly	
  

interacts	
   with	
   cross-­‐linked	
   DNA.	
   	
   In	
   vivo	
   experiments	
   indicate	
   that	
   UHRF1	
  

participates	
  in	
  the	
  FA	
  pathway,	
  potentially	
  by	
  recruiting	
  FANCD2	
  to	
  the	
  sites	
  of	
  

DNA	
  damage,	
  and	
  the	
  reduction	
  of	
  cellular	
  levels	
  of	
  UHRF1	
  by	
  RNA	
  interference	
  

(RNAi)	
  sensitizes	
  cells	
  to	
  MMC.	
  	
  We	
  also	
  identified	
  the	
  SRA	
  domain	
  as	
  the	
  region	
  

of	
  UHRF1	
   that	
   is	
   responsible	
   for	
  DNA	
   ICL	
  binding,	
   and	
   the	
   interference	
  of	
   this	
  

region	
  results	
  in	
  defects	
  in	
  the	
  cells	
  in	
  ICL	
  repair.	
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With	
  the	
  unique	
  feature	
  of	
  ICL	
  DNA	
  binding,	
  UHRF1	
  is	
  identified	
  as	
  a	
  new	
  player	
  

in	
   the	
   FA	
   pathway.	
   	
   Future	
   clinical	
   studies	
  will	
   help	
   to	
   determine	
   if	
   UHRF1	
   is	
  

indeed	
  an	
  FA	
  gene	
  of	
  which	
  mutations	
  can	
  generate	
  phenotypes	
  of	
   the	
  disease.	
  	
  

Also,	
  a	
  better	
  understanding	
  of	
  the	
  molecular	
  mechanisms	
  underlying	
  UHRF1	
  in	
  

the	
   FA	
   pathway	
  will	
   enable	
   us	
   to	
   develop	
   better	
   and	
  more	
   targeted	
  modes	
   of	
  

cancer	
  therapies.	
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Chapter	
  1	
  Introduction	
  

	
  

1.1	
  Fanconi	
  Anemia	
  and	
  ICLs	
  repair	
  

	
  

1.1.1	
  DNA	
  damage	
  response	
  overview	
  

	
  

Cellular	
   DNA	
   is	
   facing	
   both	
   endogenous	
   and	
   exogenous	
   damages	
   everyday.	
  	
  

Endogenous	
   factors	
   include	
   the	
   DNA	
   replication	
   process	
   for	
   cell	
   division	
   and	
  

certain	
   metabolic	
   processes,	
   and	
   exogenous	
   damages	
   are	
   from	
   environmental	
  

sources	
  such	
  as	
  exposure	
   to	
  mutagens	
  and	
  UV	
  radiation.	
   	
  Thousands	
  of	
   lesions	
  

have	
   to	
   be	
   repaired	
   efficiently	
   to	
   preserve	
   genomic	
   integrity.	
   	
   The	
  machinery,	
  

which	
   facilitates	
   the	
   repair,	
   is	
  known	
  as	
  DNA	
  Damage	
  Response	
   (DDR).	
   	
   It	
   is	
   a	
  

sophisticated	
  network	
  of	
  multiple	
   repair	
  pathways.	
   	
   Thanks	
   to	
   this	
  machinery,	
  

cells	
   can	
   develop,	
   replicate	
   and	
   function	
   properly	
   within	
   an	
   organism.	
  	
  

Depending	
  on	
   the	
   type	
  of	
   the	
  damage,	
   cells	
   first	
   go	
   through	
  a	
  decision-­‐making	
  

process,	
   and	
   then	
   select	
   one	
   or	
   a	
   combination	
   of	
   a	
   few	
   repair	
   pathways,	
  

including	
   base-­‐excision	
   repair	
   (BER),	
   mismatch	
   repair	
   (MMR),	
   nucleotide-­‐

excision	
   repair	
   (NER),	
   homologous	
   recombination	
   (HR),	
   non-­‐homologous	
   end	
  

joining	
  (NHEJ)	
  and	
  translesion	
  synthesis	
  (TLS)	
  (1).	
  	
  	
  

	
  

It	
   is	
   generally	
   believed	
   that	
   the	
   DDR	
   is	
   primarily	
   regulated	
   by	
   DNA	
   damage	
  

response	
  kinases,	
  e.g.	
  the	
  holoenzyme	
  DNA-­‐dependent	
  protein	
  kinase	
  (DNA-­‐PK),	
  

ataxia	
  telangiectasia-­‐mutated	
  protein	
  (ATM),	
  and	
  ATM	
  and	
  Rad3-­‐related	
  protein	
  

(ATR)	
   (2).	
   	
   The	
   catalytic	
   subunit	
   of	
   DNA-­‐PK,	
   DNA-­‐PKcs,	
   and	
   ATM	
   are	
   mostly	
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involved	
  in	
  DNA	
  double-­‐strand	
  breaks	
  (DSBs)	
  repair,	
  whereas	
  ATR	
  is	
  required	
  in	
  

a	
  wide	
  range	
  of	
  DNA	
  damage	
  repair	
  (3).	
  

	
  

1.1.2	
   Diseases	
   caused	
   by	
   DNA	
   repair	
   defects	
   and	
   the	
   relevant	
  

pathways	
  

	
  

Defects	
  in	
  coordinating	
  these	
  DNA	
  damage	
  response	
  and	
  repair	
  pathways	
  result	
  

in	
  genome	
  instability	
  and	
  underlie	
  a	
  series	
  of	
  human	
  genetic	
  diseases.	
   	
  Patients	
  

are	
  usually	
  diagnosed	
  at	
  a	
  very	
  early	
  stage,	
  but	
  all	
  tend	
  to	
  develop	
  cancer	
  later	
  in	
  

the	
  life.	
  	
  Some	
  commonly	
  known	
  examples	
  are	
  listed	
  below	
  (Table	
  1.1).	
  

	
  

Genetic	
  Defect	
   Disease	
  Examples	
   Common	
  Symptoms	
  

Damage	
  detection	
  

and	
  response	
  

Ataxia	
  telangiectasia,	
  Li–

Fraumeni	
  syndrome,	
  

Seckel	
  syndrome	
  

Defects	
  in	
  DNA	
  damage	
  signalling,	
  

and	
  predisposition	
  to	
  cancer	
  

NER	
   Xeroderma	
  pigmentosum,	
  

Cockayne	
  syndrome,	
  

Trichothiodystrophy	
  

Photosensitivity,	
  and	
  

predisposition	
  to	
  cancer	
  

BER	
   Alzheimer’s	
  disease	
   Dementia,	
  neurologic	
  disorders	
  

DSBs	
  repair	
   Nijmegen	
  breakage	
  

syndrome	
  (NBS),	
  Werner	
  

syndrome,	
  Bloom	
  

syndrome,	
  Riddle	
  

syndrome	
  

Growth	
  retardation,	
  

immunodeficiency,	
  

photosensitivity,	
  and	
  

predisposition	
  to	
  cancer	
  

ICLs	
  repair	
   Fanconi	
  anemia	
   Developmental	
  defects	
  and	
  

predisposition	
  to	
  leukemia	
  

MMR	
   Herediatary	
  nonpolyposis	
  

colon	
  cancer	
  

Predisposition	
  to	
  colon	
  cancer	
  

Table	
  1.1	
  Genetic	
  diseases	
  caused	
  by	
  defects	
  in	
  DNA	
  damage	
  repair	
  (4,	
  5).	
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1.1.2.1	
  Nucleotide	
  excision	
  repair	
  

	
  

Nucleotide	
   excision	
   repair	
   (NER)	
   is	
   an	
   important	
   repair	
   mechanism	
   that	
   can	
  

remove	
  bulky	
  DNA	
  adducts,	
  that	
  are	
  commonly	
  caused	
  by	
  ultraviolet	
  light	
  (UV).	
  	
  

Defects	
   in	
   this	
   pathway	
   can	
   cause	
   diseases,	
   such	
   as	
   Xeroderma	
   pigmentosum.	
  	
  

Patients	
   are	
   characterized	
   by	
   hypersensitivity	
   to	
   UV	
   light,	
   which	
   causes	
  

cyclobutane	
   pyrimidine	
   dimers	
   (CPDs,	
   including	
   thymine	
   dimers)	
   and	
   6,4-­‐

photoproducts	
  in	
  the	
  DNA	
  (6).	
   	
  These	
  DNA	
  distortions	
  results	
  in	
  a	
  bulge	
  on	
  one	
  

of	
   the	
   strands	
   on	
   the	
  DNA	
  double	
   helix	
   structure,	
  which	
   can	
   be	
   recognized	
   by	
  

NER	
  proteins.	
  

	
  

NER	
   pathway	
   is	
   evolutionarily	
   conserved,	
   and	
   recognizes	
   distortions	
   either	
  

throughout	
   the	
   genome,	
   or	
   selectively	
   from	
   the	
   transcribed	
   strand	
   of	
   active	
  

genes	
  (7).	
  	
  The	
  Xeroderma	
  pigmentosum	
  complementation	
  group	
  C	
  (XPC)	
  forms	
  

a	
   complex	
  with	
   several	
  other	
  proteins,	
   scanning	
   the	
  genomic	
  DNA	
   (8).	
   	
  Once	
  a	
  

damage	
   is	
   detected,	
   the	
   DNA	
   around	
   the	
   lesion	
   is	
   unwound	
   and	
   stabilized	
   for	
  

incision	
  by	
  a	
  multi-­‐subunit	
   complex	
   including	
   transcription	
   factor	
   II	
  H	
   (TFIIH),	
  

XPB,	
   XPD,	
   XPG,	
   RPA	
   etc.	
   (9,	
   10).	
   	
   Then	
   excision	
   repair	
   cross-­‐complementation	
  

group	
  1	
  protein	
  (ERCC1)-­‐XPF,	
  and	
  XPG,	
  structure-­‐specific	
  endonucleases,	
  cleave	
  

off	
  the	
  nucleotide	
  fragment	
  containing	
  the	
  damaged	
  DNA.	
   	
  PCNA	
  is	
   loaded	
  near	
  

the	
   excision	
   site,	
   and	
   activates	
   replicative	
   DNA	
   polymerases	
   δ	
   and	
   ε	
   or	
   the	
  

translesion	
  DNA	
  polymerase	
  κ	
   to	
   fill	
   the	
   single-­‐strand	
  gap	
   (11).	
   	
  The	
   final	
   step	
  

involves	
  DNA	
  ligase	
  IIIα	
  and	
  X-­‐ray	
  cross	
  complementing	
  protein-­‐1	
  (XRCC1)	
  and	
  

DNA	
  ligase	
  I	
  to	
  seal	
  the	
  nascent	
  DNA	
  fragment	
  (12).	
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1.1.2.2	
  Base	
  excision	
  repair	
  	
  

	
  

Endogenous	
   hydrolysis,	
   and	
   reactive	
   oxidative	
   substances	
   (ROS)	
   are	
   the	
  most	
  

common	
  source	
  of	
  DNA	
  damage	
  in	
  a	
  cell,	
  which	
   is	
  usually	
  repaired	
  by	
  the	
  base	
  

excision	
   repair	
   (BER)	
   pathway.	
   	
   Inefficient	
   BER	
   has	
   been	
   suggested	
   to	
   be	
  

involved	
  in	
  Alzheimer’s	
  disease	
  (13).	
  	
  In	
  BER,	
  the	
  damaged	
  DNA	
  base	
  is	
  removed	
  

by	
   DNA	
   glycosylases,	
   and	
   the	
   phophodiester	
   backbone	
   is	
   incised	
   by	
   AP	
  

endonuclease-­‐1	
  (APE1).	
  	
  The	
  complementary	
  nucleotide	
  is	
  added	
  by	
  polymerase	
  

β,	
  and	
  the	
  DNA	
  backbone	
   is	
  sealed	
  by	
  a	
  complex	
  of	
  XRCC1	
  and	
  DNA	
   ligase	
   IIIα 

(14).	
  

	
  

1.1.2.3	
  DNA	
  DSB	
  repair	
  

	
  

Defects	
   in	
   DNA	
   DSB	
   repair	
   can	
   result	
   in	
   severe	
   diseases,	
   such	
   as	
   Nijmegen	
  

breakage	
  syndrome	
  (NBS)	
  and	
  Werner	
  syndrome.	
  	
  Both	
  are	
  autosomal	
  recessive	
  

diseases.	
   	
   NBS	
   is	
   caused	
   by	
   mutations	
   in	
   gene	
   NBS1,	
   which	
   is	
   critical	
   for	
   the	
  

repair	
   pathway	
   activation	
   and	
   checkpoint	
   signaling.	
   	
   The	
   genetic	
   deficiency	
   of	
  

Werner	
  syndrome	
  has	
  been	
  identified	
  as	
  WRN,	
  which	
  encodes	
  a	
  member	
  of	
  RecQ	
  

DNA	
  helicase	
  family	
  (15).	
  	
  The	
  protein	
  has	
  been	
  proposed	
  to	
  participate	
  in	
  DNA	
  

replication,	
   double-­‐strand	
  break	
   (DSB)	
   repair,	
   and	
   telomere	
  maintenance	
   (16).	
  	
  

It	
   has	
   been	
   shown	
   that	
   cells	
   from	
   patients	
   with	
   DSB	
   repair	
   defects	
   are	
  

hypersensitive	
   to	
  DNA	
  damage	
   inducing	
  agents,	
  e.g.	
   ionizing	
  radiation	
   (IR)	
  and	
  

camptothecin	
   (CPT)	
   (17,	
   18).	
   	
   CPT	
   inhibits	
   the	
   rejoining	
   activity	
   of	
  

toperisomerase	
  I,	
  which	
  removes	
  DNA	
  supercoils	
  during	
  DNA	
  transcription	
  and	
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replication,	
  and	
  leads	
  to	
  DNA	
  single-­‐strand	
  break.	
  	
  As	
  DNA	
  replication	
  progresses	
  

during	
   S	
   phase	
   of	
   the	
   cell	
   cycle,	
   the	
   single-­‐strand	
   break	
   can	
   convert	
   into	
   a	
  

double-­‐strand	
  break.	
  

	
  	
  

1.1.2.3.1	
  DSB	
  DDR	
  activation	
  

	
  

DNA	
  DSBs	
  are	
  considered	
  as	
   the	
  most	
  detrimental	
   lesion	
   in	
  cells,	
  because	
   they	
  

can	
  cause	
  replication	
  fork	
  collapse	
  and	
  genomic	
  re-­‐arrangement.	
  	
  Typically,	
  IR	
  is	
  

a	
   source	
   to	
   introduce	
   DSBs	
   directly,	
   and	
   collapsed	
   replication	
   forks	
   can	
   also	
  

transform	
   into	
   DNA	
   DSBs.	
   	
   This	
   type	
   of	
   damage	
   is	
  mainly	
   repaired	
   using	
   two	
  

pathways,	
  HR	
   and	
  NHEJ,	
   depending	
   on	
   the	
   availability	
   of	
   a	
   homologous	
   repair	
  

template.	
  	
  In	
  case	
  of	
  a	
  double-­‐stranded	
  DNA	
  break	
  being	
  created,	
  for	
  example	
  by	
  

IR,	
   the	
   complex	
   of	
   meiotic	
   recombination	
   protein-­‐11	
   (MRE11),	
   RAD50	
   and	
  

Nijmegen	
  breakage	
   syndrome	
  protein-­‐1	
   (NBS1)	
   (MRN	
  complex)	
   is	
   recruited	
   to	
  

the	
  break	
  (Fig.	
  1.1,	
  step	
  A),	
  and	
  the	
  dimeric,	
  inactive	
  form	
  of	
  ATM	
  is	
  separated	
  to	
  

generate	
  a	
  monomeric	
  and	
  phosphorylated	
  form,	
  which	
  is	
  also	
  recruited	
  (3,	
  19)	
  

(step	
  B).	
  	
  ATM	
  binds	
  to	
  MRN	
  and	
  is	
  further	
  activated	
  by	
  phosphorylation.	
  	
  In	
  G1	
  

or	
  S	
  phase	
  of	
  the	
  cell	
  cycle,	
  the	
  activated	
  ATM	
  phosphorylates	
  the	
  C-­‐terminal	
  tail	
  

of	
   the	
  histone	
   variant	
  H2AX,	
   producing	
   γH2AX,	
   and	
  other	
   downstream	
   targets,	
  

including	
  CHK2,	
  which	
  leads	
  to	
  cell-­‐cycle	
  arrest,	
  inhibition	
  of	
  the	
  origin	
  firing	
  in	
  S	
  

phase,	
  and	
  DSB	
  repair	
  (3)	
  (step	
  C).	
  	
  Mediator	
  of	
  DNA	
  damage	
  checkpoint	
  protein	
  

1	
  (MDC1)	
  then	
  forms	
  a	
  complex	
  with	
  MRN	
  and	
  γH2AX	
  (step	
  D)	
  to	
  recruit	
  more	
  of	
  

ATM	
  to	
  the	
  flanking	
  region	
  of	
  chromatin,	
  and	
  to	
  propagate	
  the	
  phosphorylation	
  

of	
  H2AX	
  (2,	
  20).	
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Similar	
   to	
   phosphorylation,	
   ubiquitination	
   is	
   also	
   an	
   important	
   type	
   of	
   protein	
  

post-­‐translational	
   modification,	
   controlling	
   protein	
   intra-­‐cellular	
   signalling	
  

transduction.	
   	
   It	
   is	
   involved	
   in	
   regulating	
  many	
  aspects	
  of	
  biological	
  processes,	
  

such	
   as	
   DNA	
   replication	
   and	
   repair.	
   	
   This	
   modification	
   requires	
   an	
   enzymatic	
  

cascade	
   that	
   is	
   composed	
   by	
   an	
   E1	
   activating	
   enzyme,	
   E2	
   conjugating	
   enzyme	
  

and	
  an	
  E3	
  ubiquitin	
  ligase.	
  	
  A	
  protein	
  can	
  be	
  mono-­‐,	
  multi-­‐	
  or	
  poly-­‐ubiquitinated,	
  

and	
  the	
  type	
  of	
  modification	
  usually	
  decides	
  the	
  fate	
  of	
  the	
  protein.	
  	
  For	
  example,	
  

a	
  protein	
  poly-­‐ubiqutinated	
  at	
  the	
  Lys	
  48	
  position	
  of	
  ubiquitin	
  is	
  typically	
  subject	
  

to	
  degradation	
  mediated	
  by	
  26S	
  proteasomes,	
  but	
  not	
  when	
   it	
   is	
  at	
  Lys	
  63	
  (21,	
  

22).	
   	
   Lys	
   63	
  poly-­‐ubiquitination	
   can	
   change	
   the	
   substrate’s	
   activity	
   or	
   location	
  

(22).	
   	
  Phosphorylated	
  MDC1	
  can	
  recruit	
  RNF8,	
   to	
  poly-­‐ubiquitinate	
  H2A/H2AX,	
  

forming	
   Lys	
   63	
   ubiquitin	
   chain,	
   following	
   its	
   mono-­‐ubiquitination	
   by	
   RNF168	
  

(23,	
  24).	
   	
   Rap80	
   is	
   also	
   recruited,	
   probably	
   through	
   the	
   interaction	
  with	
  H2AX	
  

poly-­‐ubiquitination,	
  and	
  brings	
  in	
  BRCA1	
  or	
  53BP1	
  (23,	
  25,	
  26).	
  	
  Moreover,	
  ATM	
  

and	
   NBS1	
   promote	
   the	
   nuclease-­‐mediated	
   resection	
   of	
   DNA	
   ends	
   to	
   generate	
  

RPA-­‐coated	
   single-­‐stranded	
   DNA	
   (ssDNA),	
   probably	
  mediated	
   by	
   CtIP	
   (27,	
   28)	
  

(steps	
   G&J).	
   	
   DNA-­‐PKcs	
   can	
   stabilize	
   ATM,	
   and	
   also	
   trigger	
   H2AX	
  

phosphorylation	
  (29)	
  (steps	
  H&I).	
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1.1.2.3.2	
  HR	
  in	
  DNA	
  DSB	
  repair	
  

	
  

In	
  S	
  and	
  G2	
  phases	
  of	
  the	
  cell	
  cycle,	
  the	
  homologous	
  strand	
  of	
  the	
  damaged	
  DNA	
  

can	
  be	
  used	
   for	
  HR,	
  which	
   is	
   considered	
  as	
   an	
   ‘error-­‐free’	
  way	
   to	
   repair	
  DSBs.	
  	
  

The	
  activation	
  of	
  ATM-­‐CHK2	
  pathway	
  leads	
  to	
  the	
  sequential	
  activation	
  of	
  ATR-­‐

CHK1	
  pathway.	
  	
  However,	
  in	
  occasion	
  of	
  stalled	
  DNA	
  replication	
  forks,	
  the	
  ATR-­‐

CHK1	
  pathway	
  can	
  also	
  be	
  activated	
   independently	
  of	
  ATM.	
   	
  RPA	
  binds	
  ssDNA	
  

(step	
  J),	
  and	
  interacts	
  with	
  ATR-­‐interacting	
  protein	
  (ATRIP)	
  (30,	
  31).	
  	
  ATR	
  is	
  then	
  

recruited	
  through	
  its	
  interaction	
  with	
  ATRIP	
  (32)	
  (step	
  K),	
  and	
  so	
  is	
  the	
  RAD17-­‐

replication	
   factor	
   C	
   (RFC)	
   clamp	
   complex,	
   to	
   load	
   RAD9-­‐RAD1-­‐HUS1	
   (9-­‐1-­‐1)	
  

complex	
   (33)	
   (step	
   L).	
   	
   The	
   ATR	
   activator	
   topoisomerase-­‐binding	
   protein-­‐1	
  

(TopBP1)	
   is	
   recruited	
   by	
   the	
   loading	
   of	
   the	
   9-­‐1-­‐1	
   complex	
   (34).	
   	
   This	
   event	
  

activates	
   the	
   ATR-­‐CHK1	
   pathway	
   and	
   initiates	
   DNA	
   repair	
   via	
   HR	
   (28,	
   35).	
  	
  

Downstream	
  repair	
  proteins	
  are	
  then	
  recruited,	
  such	
  as	
  BRCA2	
  and	
  FANCD2,	
  etc.	
  

(step	
  M).	
  	
  Through	
  the	
  interaction	
  with	
  BRCA2,	
  Rad51	
  displaces	
  RPA	
  binding	
  to	
  

ssDNA	
  to	
  promote	
  strand	
  invasion,	
  enabling	
  the	
  HR	
  repair	
  (36-­38)	
  (step	
  N).	
  	
  	
  

	
  

1.1.2.3.3	
  NHEJ	
  in	
  DNA	
  DSB	
  repair	
  

	
  

NHEJ	
  is	
  an	
  efficient	
  but	
  considered	
  as	
  ‘error-­‐prone’	
  pathway	
  to	
  repair	
  DNA	
  DSBs.	
  	
  

It	
  starts	
  with	
  the	
  recognition	
  of	
  the	
  DNA	
  ends	
  by	
  Ku70/80	
  heterodimer	
  (39,	
  40)	
  

(Fig.	
   1.1,	
   step	
  O).	
   	
  Ku70/80	
   recruits	
  DNA-­‐PKcs	
   and	
  other	
  DNA	
   repair	
  proteins,	
  

such	
  as	
  XRCC4/DNA	
   ligase	
   IV,	
  Artemis	
  and	
  MRN	
  complex	
   (41-­43)	
   (steps	
  O&P).	
  	
  

The	
  molecules	
  of	
  DNA-­‐PKcs	
  at	
  both	
  DNA	
  ends	
   interact,	
  and	
  stimulate	
   the	
  auto-­‐

phosphorylation	
  of	
  DNA-­‐PKcs,	
  resulting	
  in	
  its	
  dissociation	
  to	
  allow	
  the	
  binding	
  of	
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XRCC4	
  and	
  XLF	
  proteins	
  (29,	
  44).	
  	
  The	
  final	
  step	
  of	
  the	
  repair	
  is	
  completed	
  by	
  the	
  

ligation	
   activity	
   of	
   XRCC4/DNA	
   Ligase	
   IV	
   (step	
   Q).	
   	
   In	
   addition,	
   p53	
   binding	
  

protein-­‐1	
   (53BP1)	
   has	
   been	
   shown	
   to	
   be	
   a	
   downstream	
   target	
   of	
   DNA-­‐PKcs	
  

phosphorylation,	
  and	
  to	
  function	
  in	
  the	
  NHEJ	
  pathway	
  (45).	
   	
  53BP1	
  is	
  recruited	
  

to	
   chromatin	
   through	
   its	
   recognition	
   of	
   H2A	
   K15	
   mono-­‐ubiquitination	
   by	
  

RNF168	
   (46)	
   (step	
  R).	
   	
   It	
   is	
   required	
   for	
   the	
  NHEJ	
   pathway,	
   and	
   it	
   is	
   epistatic	
  

with	
  Ku	
  proteins	
  for	
  DNA	
  DSB	
  repair	
  in	
  G1	
  phase	
  (47,	
  48)	
  (step	
  S).	
  

	
  

1.1.2.4	
  Translesion	
  synthesis	
  

	
  

TLS	
   is	
   a	
   mechanism	
   that	
   can	
   bypass	
   the	
   DNA	
   lesion	
   in	
   the	
   process	
   of	
   DNA	
  

replication,	
   using	
   TLS	
   polymerases,	
   including	
   Rev1,	
   Polξ,	
   Polκ,	
   Polη	
   and	
   Polι	
  

(49).	
   	
   Compared	
  with	
  normal	
  DNA	
  polymerases,	
   they	
  have	
   a	
  more	
  open	
  active	
  

site,	
   which	
   can	
   accommodate	
   bulky	
   DNA	
   templates.	
   Given	
   the	
   intrinsic	
   low	
  

fidelity	
  of	
  the	
  specialized	
  DNA	
  polymerases	
  involved,	
  TLS	
  is	
  largely	
  regarded	
  as	
  

an	
   ‘error-­‐prone’	
   process.	
   	
  Another	
   common	
   feature	
  of	
  TLS	
  polymerases	
   is	
   that	
  

most	
   of	
   them	
   contain	
   a	
   PCNA-­‐interacting	
   protein	
   (PIP)	
   motif	
   (50).	
   	
   Mono-­‐

ubiquitination	
   of	
   PCNA	
   has	
   been	
   shown	
   to	
   be	
   critical	
   for	
   TLS	
   polymerase	
  

recruitment	
   (51).	
   	
   Two	
   pathways	
   have	
   been	
   proposed	
   to	
   mono-­‐ubiquitinate	
  

PCNA	
  at	
  Lys	
  164,	
  either	
  by	
  Rad6/Rad18	
  or	
  RNF8	
  (52,	
  53).	
  	
  Rad6/Rad18	
  through	
  

RPA	
   interaction	
   has	
   been	
   demonstrated	
   to	
   be	
   required	
   for	
   PCNA	
   mono-­‐

ubiquitination	
   in	
  vivo.	
   	
   The	
  molecular	
  mechanism	
  of	
   TLS	
   is	
   not	
   yet	
   completely	
  

understood.	
  	
  Currently,	
  there	
  are	
  two	
  models	
  for	
  the	
  pathway.	
  	
  One	
  is	
  that	
  when	
  

the	
   complex	
   of	
   PCNA	
   and	
   replicative	
   polymerase	
   encounter	
   a	
   DNA	
   lesion,	
   the	
  

stalled	
   replication	
   fork	
   triggers	
   the	
   mono-­‐ubiquitination	
   of	
   PCNA,	
   and	
   the	
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polymerase	
   is	
   switched	
   to	
  a	
  TLS	
  polymerase	
   to	
  bypass	
   the	
   lesion.	
   	
  The	
   second	
  

model	
   is	
   called	
   ‘post-­‐replicative	
   gap-­‐filling’	
  model,	
  where	
   the	
  DNA	
   synthesis	
   is	
  

re-­‐initiated	
  downstream	
  of	
  the	
   lesion	
  when	
  the	
  previous	
  synthesis	
   is	
  stalled	
  by	
  

the	
  lesion.	
   	
  Then	
  PCNA	
  is	
  ubiquitinated	
  to	
  recruit	
  the	
  TLS	
  polymerase	
  to	
  fill	
  the	
  

gap	
  (49).	
  

	
  

1.1.2.5	
  DNA	
  inter-­strand	
  cross-­link	
  (ICL)	
  repair	
  

	
  

Some	
  chemical	
   agents	
   can	
   create	
   irreversible	
   covalent	
   linkage	
  binding	
  on	
  DNA	
  

strands,	
  causing	
  DNA	
  ICLs.	
  	
  ICLs	
  are	
  extremely	
  toxic	
  DNA	
  leisions,	
  which	
  prevent	
  

the	
  separation	
  of	
  DNA	
  double	
  helix,	
  and	
  can	
  result	
  in	
  genome	
  instability	
  during	
  

DNA	
  replication	
  if	
   left	
  unrepaired.	
   	
  DNA	
  ICL	
  repair	
  represents	
  the	
  collaboration	
  

of	
  different	
  repair	
  pathways,	
  including	
  NER,	
  TLS,	
  and	
  DSB	
  repair	
  pathways	
  (HR	
  

and	
  possibly	
  NHEJ).	
  	
  Fanconi	
  anemia	
  patients	
  are	
  defective	
  in	
  repairing	
  this	
  type	
  

of	
  DNA	
  damage,	
  and	
  the	
  ICL	
  repair	
  pathway	
  is	
  also	
  known	
  as	
  the	
  Fanconi	
  anemia	
  

pathway.	
   	
   The	
   details	
   of	
   the	
   disease	
   and	
   the	
   ICL	
   repair	
   pathway	
   will	
   be	
  

introduced	
  in	
  the	
  following	
  section	
  (1.1.3).	
  

	
  

1.1.2.6	
  Mismatch	
  repair	
  

	
  

In	
   contrast	
   to	
   responding	
   to	
   DNA	
   damage,	
   Mismatch	
   repair	
   (MMR)	
   is	
   a	
  

proofreading	
   process	
   that	
   corrects	
   mismatches	
   generated	
   during	
   DNA	
  

replication.	
  	
  Hereditary	
  non-­‐polyposis	
  colon	
  cancer	
  is	
  the	
  most	
  common	
  form	
  of	
  

hereditary	
   colon	
   cancer,	
  and	
   the	
   majority	
   of	
   the	
   mutations	
   from	
   the	
   patients	
  

affect	
  two	
  genes	
  that	
  are	
  involved	
  in	
  MMR,	
  MutS	
  protein	
  homolog	
  2	
  (MSH2)	
  and	
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MutL	
  protein	
  homolog	
  1	
  (MLH1)	
  (54).	
  	
  The	
  protein	
  products	
  of	
  these	
  two	
  genes	
  

are	
  essential	
  for	
  MMR.	
  	
  During	
  DNA	
  replication,	
  some	
  errors	
  may	
  be	
  introduced	
  

such	
  as	
  base	
  mismatches,	
   insertions	
  and	
  deletions.	
   	
  MMR	
  is	
  required	
  to	
  correct	
  

these	
  errors.	
  	
  It	
  is	
  also	
  responsible	
  to	
  remove	
  bases	
  damaged	
  by	
  methylating	
  and	
  

alkylating	
   agents,	
   such	
   as	
   methylnitronitrosoguanidine	
   (MNNG).	
   	
   In	
   MMR,	
   the	
  

damages	
  are	
  detected	
  by	
  MSH2/MSH6	
  (also	
  known	
  as	
  MutS-­‐α)	
  heterodimer	
  or	
  

MSH2/MSH3	
   (MutS-­‐β).	
   	
   The	
   detection	
   is	
   stabilized	
   through	
   binding	
   of	
   MLH1-­‐

PMS1/PMS2	
   (MutL).	
   	
   Then	
   the	
   damage	
   is	
   removed	
   by	
   exonuclease	
   I	
   (ExoI),	
  

refilled	
  by	
  DNA	
  Polδ	
  and	
  finally	
  the	
  ends	
  are	
  sealed	
  by	
  DNA	
  ligase	
  I	
  (55).	
  

	
  

1.1.3	
  Fanconi	
  Anemia	
  and	
  DNA	
  ICL	
  repair	
  

	
  

1.1.3.1	
  Background	
  

	
  

Fanconi	
  Anemia	
   (FA)	
   is	
  a	
  human	
  recessive	
  genetic	
  disease.	
   	
   It	
   is	
  a	
   rare	
  genetic	
  

disorder	
   and	
  was	
   first	
   described	
   by	
   a	
   Swiss	
   pediatrician,	
   Guido	
   Fanconi.	
   	
   The	
  

patients	
   are	
   characterized	
   by	
   notable	
   developmental	
   defects,	
   such	
   as	
  

pancytopenia	
   (a	
  reduction	
  of	
  blood	
  cells	
  and	
  platelets),	
   skeletal	
  malformations,	
  

hyperpigmentation	
  and	
  short	
  statures	
  (56).	
  	
  There	
  is	
  also	
  a	
  high	
  rate	
  of	
  infertility	
  

among	
   the	
   FA	
   patients.	
   	
   Patients	
   commonly	
   have	
   an	
   elevated	
   susceptibility	
   to	
  

cancer	
  besides	
  developmental	
  defects	
  at	
  an	
  early	
  stage.	
  	
  The	
  cells	
  of	
  FA	
  patients	
  

are	
  hypersensitive	
  to	
  DNA	
  cross-­‐linking	
  damage.	
  	
  When	
  treated	
  with	
  DNA	
  cross-­‐

linking	
   agents	
   such	
   as	
   diepoxybutane	
   (DEB)	
   and	
  mitomycin	
   C	
   (MMC),	
   FA	
   cells	
  

display	
   an	
   increased	
   level	
   of	
   chromosomal	
   breakage,	
   leading	
   to	
   genome	
  

instability	
  (56).	
  	
  This	
  provides	
  a	
  unique	
  marker	
  for	
  early	
  and	
  accurate	
  diagnosis.	
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To	
  be	
  able	
  to	
  study	
  a	
  large	
  number	
  of	
  patients	
  with	
  this	
  rare	
  genetic	
  disorder,	
  the	
  

International	
  Fanconi	
  Anemia	
  Registry	
  (IFAR)	
  was	
  established	
  in	
  1982.	
  	
  Patients	
  

with	
   one	
   or	
   more	
   clinical	
   features	
   associated	
   with	
   FA,	
   mostly	
   diagnosed	
   with	
  

DEB	
   test,	
   were	
   assigned	
   into	
   complementation	
   groups	
   determined	
   by	
  

phenotypes	
  using	
  somatic	
  cell	
  fusion	
  method,	
  as	
  FA-­‐A,	
  B,	
  C,	
  D1,	
  D2,	
  etc.	
  up	
  to	
  FA-­‐

N	
  (56).	
  

	
  

Besides	
  DNA	
  cross-­‐linking	
  agents,	
  FA	
  patients	
  are	
  sensitive	
  to	
  other	
  types	
  of	
  DNA	
  

damage	
   as	
   well,	
   underlying	
   a	
   complex	
   DNA	
   repair	
   system	
   defect.	
   	
   They	
   are	
  

hypersensitive	
   to	
   nitrogen	
  mustard,	
   which	
   alkylates	
   DNA	
   and	
   produces	
   cross-­‐

links,	
  and	
  monofunctional	
  alkylating	
  agent,	
  e.g.	
  MNNG	
  (57,	
  58).	
  	
  Other	
  alkylating	
  

agents,	
  such	
  as	
  nitrosourea	
  analogs	
  (BCNU,	
  CCNU	
  and	
  MeCCNU)	
  are	
  also	
  toxic	
  to	
  

some	
  of	
   the	
  FA	
  cells	
   (57).	
   	
  The	
   lymphoblastoid	
  cells	
   from	
  FA	
  complementation	
  

group	
   H	
   have	
   increased	
   sensitivity	
   to	
   ethylethane	
   sulfonate	
   (EMS)	
   and	
  

methylmethane	
  sulfonate	
  (MMS)	
  (58).	
  	
  	
  

	
  

FA	
  patient	
  cells	
  are	
  more	
  sensitive	
  to	
  DNA	
  DSBs,	
  caused	
  by	
  X-­‐ray	
  or	
  bleomycin	
  

treatment,	
   than	
   normal	
   cells	
   in	
   colony	
   survival	
   assays	
   and	
   micronucleus	
  

measurement	
   (58-­60).	
   	
   A	
   recent	
   study	
   showed	
   that	
   FANCD2	
  deficient	
   cells	
   are	
  

hypersensitive	
  to	
  X-­‐ray,	
  and	
  have	
  a	
  defect	
  in	
  S-­‐phase	
  checkpoint	
  (61).	
  	
  Similar	
  to	
  

Xeroderma	
   pigmentosum	
   cells,	
   FA	
   complementation	
   group	
   A	
   cells	
   are	
   also	
  

sensitive	
  to	
  UV	
  radiation,	
  possibly	
  reflecting	
  a	
  defect	
  in	
  the	
  NER	
  pathway	
  (58).	
  

	
  

Reactive	
   Oxygen	
   Species	
   (ROS)	
   can	
   cause	
   a	
   large	
   variety	
   of	
   DNA	
   lesions,	
   from	
  

base	
  and	
  sugar	
  damage,	
  to	
  DNA	
  breaks	
  and	
  DNA-­‐protein	
  cross-­‐links.	
  	
  Oxygen	
  and	
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oxidative	
   stress	
   have	
   been	
   suggested	
   to	
   be	
   another	
   factor	
   to	
   increase	
   the	
  

sensitivity	
   of	
   FA	
   cells	
   to	
   DNA	
   damage.	
   	
   One	
   study	
   showed	
   that	
   dietary	
  

supplements	
   with	
   antioxidants	
   (Tempol)	
   could	
   delay	
   the	
   age	
   of	
   onset	
   of	
  

epithelial	
   tumors	
   in	
   FA	
   mouse	
   models	
   to	
   some	
   degree	
   (62).	
   	
   Under	
   oxygen	
  

tension,	
  some	
  FA	
  cells	
  present	
  a	
  tendency	
  of	
  increased	
  chromosomal	
  aberrations	
  

(63).	
   	
   Although	
   the	
   FA	
   cells	
   are	
   not	
   sensitive	
   to	
   hydrogen	
   peroxide	
   (H2O2)	
   or	
  

potassium	
   bromate	
   (KBrO3)	
   which	
   can	
   activate	
   the	
   FA	
   pathway,	
   certain	
   FA	
  

deficient	
   cells	
   suffer	
   from	
   S-­‐phase	
   checkpoint	
   defects	
   caused	
   by	
   the	
   treatment	
  

(64).	
   	
  Recently,	
   aldehydes	
  have	
  been	
   identified	
   as	
   an	
   endogenous	
   genotoxin	
   in	
  

Fanconi	
  anemia,	
  as	
  a	
  source	
  of	
  cellular	
  environmental	
  damages	
  (65).	
  	
  	
  

	
  

Another	
  characteristic	
  of	
  the	
  FA	
  cells	
  is	
  that	
  there	
  is	
  a	
  pronounced	
  G2/M	
  arrest	
  

in	
  response	
  to	
  DNA	
  ICLs,	
  although	
  the	
  mechanism	
  is	
  unclear	
  (66).	
  	
  Moreover,	
  as	
  

bone-­‐marrow	
   failure	
   is	
   one	
  of	
   the	
   clinical	
  markers	
   of	
   Fanconi	
   anemia,	
   its	
  DNA	
  

repair	
   defects	
   are	
   linked	
  with	
   stem-­‐cell	
  maintenance	
   as	
  well.	
   	
   Current	
   studies	
  

suggest	
  that	
  disrupting	
  the	
  Fanconi	
  anemia	
  pathway	
  leads	
  to	
  dysfunction	
  of	
  the	
  

haematopoietic	
  stem	
  cells	
  and	
  progenitor	
  cells	
  (67).	
  

	
  

1.1.3.2	
  The	
  FA	
  pathway	
  and	
  FA	
  proteins	
  

	
  

Mutations	
   have	
   been	
   identified	
   in	
   16	
   genes,	
   and	
   these	
   corresponding	
   proteins	
  

are	
  known	
  as	
  the	
  FA	
  proteins	
  (listed	
  in	
  Table	
  2.2)	
  (67,	
  68).	
  	
  There	
  are	
  also	
  many	
  

interacting	
  partners	
  with	
  the	
  FA	
  proteins	
  that	
  have	
  been	
  discovered.	
   	
  However,	
  

some	
   of	
   the	
   FA	
   patients	
   have	
   not	
   yet	
   been	
   identified	
  with	
   a	
   specific	
  mutation.	
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These	
  16	
  proteins	
  compose	
  the	
  FA	
  pathway,	
  and	
  mostly	
  known	
  for	
  their	
  function	
  

in	
  DNA	
  ICLs	
  repair.	
  	
  	
  

	
  

Genes	
   Pathway	
  and	
  function	
   Other	
  interacting	
  proteins	
  in	
  FA	
  pathway	
  

FANCA	
  (69)	
   FA	
  core	
  complex	
   FAAP20	
  (70)	
   	
  

FANCB	
  (71)	
   FA	
  core	
  complex	
   	
  

FANCC	
  (72)	
   FA	
  core	
  complex	
   	
  

FANCE	
  (73)	
   FA	
  core	
  complex	
   	
  

FANCF	
  (74)	
   FA	
  core	
  complex	
   	
  

FANCG	
  (75)	
   FA	
  core	
  complex	
   	
  

FANCL	
  (76)	
   FA	
  core	
  complex,	
  	
  

E3	
  ubiquitin	
  ligase	
  

Ube2t	
  (77)	
  

FANCM	
  (78)	
   FA	
  core	
  complex	
   FAAP24	
  (79)	
  

FANCD2	
  (80)	
   FA	
  key	
  marker	
  protein	
   FAN1	
  (81)	
  

FANCI	
  (82)	
   FA	
  key	
  marker	
  protein	
   FAN1	
  

FANCD1	
  (83)	
  

(BRCA2)	
  

FA,	
  HR,	
  loading	
  RAD51	
  

onto	
  DNA	
  

BRCA1	
  

FANCJ	
  (84)	
  

(BRIP1)	
  

FA,	
  HR,	
  3'	
  to	
  5'	
  helicase	
   BLM	
  (85),	
  BRCA1	
  

FANCN	
  (86)	
  

(PALB2)	
  

FA,	
  HR,	
  promoting	
  

BRCA2	
  function	
  

	
  

FANCO	
  (87)	
  

(RAD51C)	
  

HR	
   	
  

FANCP	
  (88)	
  

(SLX4)	
  

FA,	
  Coordinating	
  

nucleases	
  

XPF-­‐ERCC1,	
  MUS81-­‐EME1,	
  SLX1	
  (89-­91)	
  

XPF	
  (92)	
  

(ERCC4)	
  	
  

NER,	
  FA,	
  nuclease	
   SLX4,	
  ERCC1	
  

Table	
  1.2	
  List	
  of	
  FA	
  proteins,	
  their	
  function	
  and	
  interacting	
  partners	
  in	
  the	
  FA	
  pathway.	
  

	
  

FANCA-­‐C,	
  E-­‐G,	
  L	
  and	
  M	
  compose	
  the	
  FA	
  core	
  complex,	
  and	
  FANCD2	
  and	
  FANCI	
  

form	
  an	
  independent	
  complex	
  (93).	
  	
  Upon	
  DNA	
  damage,	
  the	
  core	
  complex,	
  which	
  

contains	
  an	
  E3	
  ubiquitin	
   ligase	
  FANCL,	
  and	
  accessory	
  proteins	
  such	
  as	
  FAAP20	
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and	
   FAAP24,	
   mono-­‐ubiquitinate	
   FANCD2	
   (77,	
   94)	
   and	
   FANCI	
   (93).	
   	
   Failure	
   in	
  

FANCD2/FANCI	
  ubiquitination	
  results	
  in	
  mis-­‐localization	
  of	
  the	
  complex	
  and	
  the	
  

defect	
  in	
  the	
  repair	
  process.	
  	
  The	
  ubiquitinated	
  heterodimer	
  of	
  FANCI/FANCD2	
  is	
  

then	
  loaded	
  onto	
  chromatin,	
  to	
  recruit	
  downstream	
  repair	
  proteins	
  (95).	
  	
  	
  

	
  

The	
   structure	
  of	
   the	
  mouse	
  FANCD2/FANCI	
   complex	
  has	
  been	
   resolved,	
  which	
  

overall	
  reveals	
  a	
  pair	
  of	
  inverted	
  saxophone-­‐like	
  shapes	
  (96).	
  	
  Both	
  FANCD2	
  and	
  

FANCI	
  monomer	
  and	
  the	
  heterodimer	
  have	
  been	
  previously	
  reported	
  to	
  possess	
  

some	
   DNA	
   binding	
   activity,	
   although	
   whether	
   they	
   interact	
   with	
   DNA	
   ICLs	
  

remains	
  unclear	
  (96-­98).	
   	
  The	
  phosphorylation	
  of	
  FANCD2	
  and	
  FANCI	
  is	
  critical	
  

for	
   DNA	
   damage	
   response,	
   and	
   is	
   considered	
   as	
   the	
   very	
   first	
   step	
   of	
   the	
   FA	
  

pathway	
   (99,	
   100).	
   	
   ATR	
   has	
   been	
   proposed	
   to	
   be	
   the	
   acting	
   kinase	
   for	
   the	
  

phosphorylation	
  of	
   both	
  proteins	
   (99,	
  101).	
   	
  However,	
   the	
  mechanisms	
  of	
   how	
  

the	
   DNA	
   ICLs	
   are	
   detected	
   and	
   the	
   FA	
   pathway	
   is	
   triggered	
   are	
   still	
   not	
   fully	
  

understood.	
  	
  

	
  

The	
   repair	
   of	
   DNA	
   ICLs	
   by	
   the	
   FA	
   pathway	
   is	
   generally	
   believed	
   to	
   be	
   DNA	
  

replication	
   dependent,	
   and	
   the	
   process	
   is	
   illustrated	
   in	
   Fig.	
   1.2	
   (95).	
   	
   As	
   the	
  

replication	
  proceeds,	
  the	
  ICL	
  is	
  detected	
  through	
  an	
  unidentified	
  mechanism,	
  and	
  

FANCD2/FANCI	
   heterodimer	
   is	
   activated	
   by	
   ubiquitination.	
   	
   This	
   leads	
   to	
   the	
  

stall	
  of	
  replication	
  fork	
  before	
  it	
  reaches	
  the	
  ICL	
  (Fig.	
  1.2,	
  step	
  B)	
  (67,	
  95).	
  	
  One	
  of	
  

the	
   leading	
   strand	
   approaches	
   to	
   the	
   site	
   of	
   damage	
   and	
   pauses	
   again	
   at	
   -­‐1nt	
  

position	
   (step	
   C).	
   	
   Then	
   on	
   the	
   opposite	
   parental	
   strand,	
   the	
   ICL	
   is	
   incised	
   by	
  

nucleases	
   XPF,	
   MUS81	
   and	
   SLX1,	
   coordinated	
   by	
   SLX4	
   serving	
   as	
   a	
   scaffold	
  

protein	
  (step	
  D).	
  	
  Recent	
  studies	
  showed	
  that	
  FAN1	
  and	
  SNM1A	
  were	
  important	
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for	
   the	
   ICL	
  processing	
  after	
   the	
   incision,	
   although	
   the	
  mechanism	
   is	
   still	
  under	
  

discussion	
  (102).	
   	
  TLS	
  polymerases	
  are	
  required	
  to	
  complete	
  the	
  leading	
  strand	
  

synthesis	
   bypassing	
   the	
   lesion	
   (step	
   E).	
   	
   The	
   last	
   step	
   to	
   resolve	
   the	
   damage	
  

involves	
  NER	
  and	
  HR	
  pathways,	
  and	
  the	
  remaining	
  FA	
  proteins	
  such	
  as	
  FANCD1	
  

(BRCA2),	
  FANCJ	
  (BRIP1),	
  FANCN	
  (PALB2)	
  and	
  Rad51C	
  are	
  required.	
  

	
  

1.1.3.3	
  The	
  relationship	
  between	
  the	
  FA	
  and	
  other	
  DNA	
  repair	
  pathways	
  

	
  

As	
  described	
  previously,	
  resolving	
  DNA	
  ICLs	
  requires	
  the	
  participation	
  of	
  several	
  

other	
   signaling	
   and	
   repair	
   pathways.	
   	
   For	
   instance,	
   SLX4	
   coordinates	
   several	
  

nucleases	
   to	
   incise	
   the	
   cross-­‐linked	
   nucleotide,	
   and	
   the	
   TLS	
   pathway	
   is	
  

responsible	
   for	
   filling	
   the	
   gap	
   afterwards.	
   	
   In	
   addition,	
   the	
   FA	
   pathway	
   acts	
  

together	
   with	
   ATR-­‐dependent	
   S	
   phase	
   checkpoint	
   activation.	
   	
   In	
   response	
   to	
  

ICLs,	
  the	
  ATR-­‐ATRIP	
  complex	
  phosphorylates	
  NBS1	
  and	
  CHK1	
  independently	
  for	
  

S	
  phase	
   checkpoing	
  activation.	
   	
  The	
   complex	
  also	
  phosphorylates	
  FANCD2	
  and	
  

FANCI,	
  and	
  the	
  MRN	
  complex	
  re-­‐localizes	
  in	
  response	
  to	
  MMC	
  when	
  the	
  intact	
  FA	
  

core	
   complex	
   is	
   present	
   (103).	
   	
   It	
   is	
   found	
   that	
   the	
  FA	
  deficient	
   cells	
   display	
   a	
  

checkpoint	
  defect	
  similar	
  to	
  NBS1	
  or	
  CHK1	
  deficient	
  cells.	
  	
  Current	
  data	
  suggest	
  

that	
   ubiquitinated	
   FANCD2/FANCI	
   participates	
   in	
   the	
   ATR-­‐NBS1-­‐dependent	
  

checkpoint	
  activation	
  (99).	
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FIG. 1.2 Schematic diagram shows the process of DNA ICL repair during DNA 
replication and the proteins participate in di�erent steps.  The illustration is adapted 
based on Knipscheer et al., 2009 (95).
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The	
  FA	
  and	
  BRCA	
  pathways	
  have	
  long	
  been	
  studied	
  for	
  their	
  function	
  together	
  in	
  

ICLs	
   repair.	
   	
   FANCD1	
   is	
   identical	
   with	
   BRCA2.	
   	
   From	
   genetic	
   studies,	
   18%	
   of	
  

primary	
  ovarian	
   tumors	
  have	
  defective	
  FANCD2	
  ubiquitination,	
  and	
  some	
  have	
  

deficiency	
  in	
  certain	
  FA	
  proteins	
  expression,	
  whereas	
  several	
  FA	
  patient-­‐derived	
  

cell	
   lines	
   express	
   mutations	
   of	
   BRCA2	
   (83,	
   104).	
   	
   Both	
   FANCD2	
   and	
   BRCA2	
  

response	
   to	
   various	
   types	
   of	
  DNA	
  damage,	
   including	
   ICLs	
   and	
  DSBs.	
   	
   They	
   co-­‐

localize	
   in	
   DNA	
   damage-­‐induced	
   nuclear	
   foci	
   and	
   pull-­‐down	
   assays	
   have	
  

demonstrated	
   their	
   interaction	
   (105).	
   	
   FANCD2	
   also	
   participates	
   in	
   other	
  DNA	
  

repair	
  pathways.	
   	
  For	
  example,	
   it	
   is	
  mono-­‐ubiquitinated	
  under	
  DNA	
  replication	
  

stress	
   and	
   it	
   is	
   required	
   for	
   BRCA2	
   nuclear	
   association	
   in	
   response	
   to	
   DSBs	
  

caused	
   by	
   IR	
   (106).	
   	
  Moreover,	
   it	
   has	
   been	
   shown	
   that	
   besides	
   promoting	
   HR	
  

towards	
   downstream	
   function	
   in	
   the	
   ICL	
   repair,	
   BRCA1	
   also	
   facilitates	
   the	
  

FANCD2	
  ubiquitination	
   and	
   localization	
   in	
   response	
   to	
   IR,	
   possibly	
   through	
   its	
  

interaction	
  with	
  FANCD2	
  (107,	
  108).	
  

	
  

It	
   has	
   been	
   suggested	
   that	
   the	
   FA	
   pathway	
   is	
   important	
   to	
   promote	
   HR	
   over	
  

NHEJ	
  in	
  the	
  cells	
  to	
  repair	
  DNA	
  damage.	
  	
  In	
  fact,	
  there	
  is	
  a	
  speculation	
  that	
  NHEJ-­‐

mediated	
  repair	
  in	
  the	
  absence	
  of	
  the	
  FA	
  pathway	
  causes	
  the	
  gross	
  chromosomal	
  

abnormalities	
  in	
  FA	
  deficient	
  cells	
  (67).	
  	
  It	
  is	
  believed	
  that	
  HR	
  antagonizes	
  NHEJ	
  

repair	
   to	
   some	
  degree,	
   especially	
   in	
   the	
   repair	
  of	
  DNA	
  DSBs	
  during	
   replication	
  

(109).	
   	
   FANCD2	
  has	
  been	
   shown	
   to	
   suppress	
   the	
  accumulation	
  of	
  DNA-­‐PKcs	
  at	
  

the	
  stalled	
  replication	
  fork	
  created	
  by	
  HU	
  and	
  MMC	
  but	
  not	
  at	
  DSBs	
  created	
  by	
  IR	
  

(110).	
   	
   This	
   suggests	
   that	
   the	
   FA	
   pathway	
   promotes	
   repair	
   towards	
   HR	
   to	
  

preserve	
  a	
  high	
  fidelity	
  to	
  the	
  original	
  DNA	
  template	
  during	
  replication.	
  	
  Indeed,	
  

the	
  reduction	
  of	
  NHEJ	
  proteins	
  such	
  as	
  Ku70/Ku80	
  and	
  DNA-­‐PKcs	
  enhances	
  HR	
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activity	
  and	
  partially	
  rescue	
  FA	
  defect	
  in	
  DNA	
  ICLs	
  repair	
  in	
  HeLa	
  and	
  DT40	
  cells	
  

(110,	
  111).	
   	
  But	
   in	
  mouse	
  embryonic	
   fibroblasts,	
   the	
  depletion	
  of	
  NHEJ	
   factors,	
  

such	
   as	
   53BP1	
   and	
   Ku80	
   in	
   FANCD2	
   deficient	
   cells	
   exacerbates	
   the	
   genome	
  

instability,	
   and	
   the	
   double	
   knockout	
   of	
   Ku80	
   and	
   FANCD2	
   is	
   embryonic	
   lethal	
  

(108).	
   	
   This	
   indicates	
   that	
   FANCD2	
   provides	
   additional	
   functions	
   during	
  

development	
  that	
  cannot	
  be	
  compensate	
  by	
  NHEJ	
  factors.	
  

	
  

However,	
  whether	
  DNA	
   ICLs	
   repair	
   is	
   strictly	
   dependent	
   of	
  DNA	
   replication	
   is	
  

still	
   controversial.	
   	
   For	
   example,	
   the	
   recruitment	
   of	
   FANCJ/BACH1,	
   and	
   HR	
  

related	
  FANCD1/RCA2	
  and	
  FANCN/PALB2,	
  is	
  highly	
  induced	
  by	
  DNA	
  replication,	
  

but	
   the	
   core	
   complex	
   and	
   FANCD2	
   can	
   be	
   recruited	
   independently	
   of	
   DNA	
  

replication	
   (112).	
   	
   Some	
   research	
   shows	
   that	
   ICLs	
   can	
   also	
   be	
   repaired	
  

independently	
  of	
  DNA	
  replication	
  (112).	
  	
  	
  

	
  

Additionally,	
  FANCD2	
  has	
  been	
  found	
  to	
  interact	
  with	
  MMR	
  protein,	
  MSH2,	
  and	
  

the	
   loss	
   of	
  MSH2	
   sensitizes	
   cells	
   to	
   different	
   types	
   of	
   DNA	
   damages,	
   including	
  

ICLs	
   (113).	
   	
   Another	
   example	
   of	
   the	
   FA	
   proteins	
   collaboration	
   with	
   other	
  

pathways	
   is	
   the	
  relationship	
  with	
   the	
  Bloom	
  syndrome	
  protein	
  (BLM)	
  helicase.	
  	
  

Mutations	
  of	
  the	
  BLM	
  helicase	
  have	
  been	
  identified	
  in	
  Bloom	
  syndrome,	
  which	
  is	
  

an	
   autosomal	
   recessive	
   disease,	
   characterized	
   by	
   growth	
   retardation,	
  

immunodeficiency,	
  UV	
  sensitivity	
  and	
  cancer	
  predisposition.	
  	
  BLM	
  can	
  unwind	
  a	
  

variety	
   of	
   DNA	
   structures.	
   	
   Together	
   with	
   DNA	
   topoisomerase	
   IIIα	
   and	
   other	
  

interacting	
  proteins,	
  it	
  is	
  able	
  to	
  remove	
  the	
  double	
  Holliday	
  junctions	
  (HJ)	
  which	
  

are	
  formed	
  during	
  homologous	
  recombination	
  (114).	
  	
  FANCJ	
  interacts	
  with	
  BLM	
  

helicase,	
  and	
  the	
  disruption	
  of	
  the	
  interaction	
  results	
  in	
  hypersensitivity	
  to	
  DNA	
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replication	
  stress	
  (85).	
   	
  It	
  was	
  later	
  discovered	
  that	
  FANCD2	
  is	
  required	
  for	
  the	
  

full	
   BLM	
   complex	
   assembly,	
   and	
   FANCD2	
   acts	
   together	
   with	
   BLM	
   to	
   regulate	
  

replication	
   restart	
   and	
   to	
   suppress	
   new	
   origin	
   firings	
   (115).	
   	
   Overall,	
   the	
   FA	
  

pathway	
  has	
  emerged	
  as	
  a	
  central	
  player	
  that	
  is	
  entwined	
  with	
  the	
  DDR,	
  and	
  is	
  

engaged	
   in	
   almost	
   all	
   other	
   classic	
   repair	
   pathways	
   to	
   preserve	
   genomic	
  

integrity.	
  	
  	
  

	
  

1.1.3.4	
  The	
  existing	
  questions	
  in	
  the	
  FA	
  pathway	
  

	
  

With	
   years	
   of	
   the	
   advance	
   in	
   studies	
   of	
   the	
   FA	
   pathway,	
   there	
   are	
   still	
   many	
  

aspects	
  of	
   it	
   that	
  have	
  not	
  been	
  understood	
  thoroughly.	
   	
  For	
   instance,	
  although	
  

the	
   importance	
   of	
   the	
   ubiquitination	
   of	
   FANCD2	
   and	
   FANCI	
   has	
   been	
   well	
  

documented,	
   the	
   mechanistic	
   consequence	
   of	
   the	
   modification	
   is	
   still	
  

undiscovered.	
   	
   Also,	
   the	
   exact	
   timing,	
   order,	
   and	
   mechanism	
   of	
   some	
   of	
   the	
  

proteins’	
   participation	
   in	
   the	
   FA	
   pathway	
   are	
   yet	
   to	
   be	
   elucidated.	
   	
   Another	
  

pressing	
  question	
  is	
  how	
  the	
  FA	
  pathway	
  is	
  initiated,	
  and	
  in	
  particular,	
  how	
  the	
  

DNA	
  ICLs	
  are	
  detected.	
  	
  The	
  discovery	
  of	
  such	
  sensors	
  of	
  the	
  damage	
  is	
  likely	
  to	
  

bring	
   us	
   closer	
   to	
   understanding	
   the	
   assembly	
   of	
   the	
   downstream	
   repair	
  

pathway,	
  and	
  the	
  interaction	
  between	
  different	
  steps	
  in	
  the	
  pathway.	
  

	
  

We	
   studied	
   the	
  DNA	
  binding	
   activity	
   of	
   two	
  existing	
  FA	
  proteins,	
   FANCD2	
  and	
  

FANCI.	
   	
  However,	
  based	
  on	
  data	
   from	
  our	
  DNA	
  binding	
  assay,	
   the	
  heterodimer	
  

did	
  not	
  seem	
  to	
  be	
  a	
  strong	
  candidate	
  for	
  the	
  recognition	
  of	
  DNA	
  ICLs.	
  	
  Therefore,	
  

we	
   designed	
   a	
   nuclear	
   protein	
   purification	
   system,	
   to	
   isolate	
   and	
   identify	
  

proteins	
  that	
  could	
  directly	
  recognize	
  DNA	
  ICLs	
  from	
  human	
  cells.	
  	
  The	
  analysis	
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of	
   our	
  purification	
  products	
   identified	
   that	
  ubiquitin-­‐like	
  PHD	
  and	
  RING	
   finger	
  

domain-­‐containing	
   protein	
   1	
   (UHRF1)	
  may	
   be	
   the	
   damage	
   sensor	
   that	
  we	
   had	
  

been	
  searching	
  for.	
  	
  

	
  

1.2	
  UHRF1	
  background	
  

	
  

1.2.1	
  UHRF1	
  and	
  its	
  association	
  with	
  heterochromatin	
  

	
  

Ubiquitin-­‐like,	
  containing	
  PHD	
  and	
  RING	
  finger	
  domains	
  protein	
  1	
  (UHRF1)	
  is	
  an	
  

806aa	
  protein,	
  containing	
  an	
  N-­‐terminal	
  ubiquitin-­‐like	
  domain	
  (UBL),	
  a	
  Tandem	
  

Tudor	
   domain	
   (TTD),	
   a	
   Plant-­‐homeo	
   domain	
   (PHD),	
   a	
   SET	
   and	
   RING	
   finger	
  

associated	
  (SRA)	
  domain,	
  and	
  a	
  RING	
  finger	
  motif	
  (Fig.1.3A).	
  	
  It	
  is	
  also	
  known	
  as	
  

ICBP90,	
   and	
   Np95	
   in	
   mouse.	
   	
   It	
   is	
   mostly	
   nuclear	
   associated,	
   and	
   is	
   most	
  

expressed	
   in	
   proliferating	
   cells	
   (116).	
   	
   In	
   these	
   cells,	
   UHRF1	
   co-­‐localize	
   with	
  

PCNA,	
  and	
  the	
  foci	
  pattern	
  is	
  not	
  altered	
  by	
  the	
  presence	
  of	
  DNA	
  DSBs	
  (117,	
  118).	
  	
  

UHRF1	
  has	
  first	
  been	
  identified	
  as	
  an	
  inverted	
  CCAAT	
  box	
  binding	
  factor	
  in	
  the	
  

topoisomerase	
   IIα	
   (TopoIIα)	
   promoter	
   and	
  may	
   regulate	
   its	
   expression	
   (119).	
  	
  

TopoIIα	
  can	
  cut	
  both	
  strands	
  of	
  DNA	
  and	
  separate	
  the	
  entangled	
  daughter	
  strand	
  

during	
   replication.	
   	
   Studies	
   have	
   suggested	
   that	
   the	
   expression	
   of	
   UHRF1	
   is	
  

regulated	
   by	
   cell	
   cycle	
   in	
   non-­‐cancerous	
   cells,	
   and	
   coincides	
   with	
   TopoIIα	
  

expression	
   (120).	
   	
   But	
   in	
   several	
   cancer	
   cell	
   lines,	
   the	
   overall	
   level	
   of	
   UHRF1	
  

tends	
   to	
  be	
  up-­‐regulated	
  and	
  does	
  not	
  change	
  with	
  cell	
  cycle	
  progression	
  (118,	
  

120).	
   	
   In	
   some	
  cell	
   lines,	
  UHRF1	
   is	
   related	
   to	
   the	
   contact	
   inhibition	
   for	
   the	
   cell	
  

growth	
   (121).	
   	
  One	
  recent	
   study	
  with	
  Xenopus	
  egg	
  extract	
  even	
  suggested	
   that	
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UHRF1	
   is	
   directly	
   required	
   for	
   replication,	
   although	
   data	
   from	
   other	
   research	
  

groups	
   indicates	
   that	
   depletion	
   of	
   UHRF1	
   does	
   not	
   change	
   the	
   progression	
   of	
  

DNA	
  replication	
  (122,	
  123).	
  	
  	
  

	
  

UHRF1	
   is	
   shown	
   to	
   be	
   closely	
   associated	
   with	
   heterochromatin	
   activities,	
  

through	
   its	
   interaction	
   with	
   multiple	
   histone	
   modification	
   markers.	
   	
   It	
   binds	
  

histones,	
  to	
  H3	
  with	
  the	
  highest	
  affinity,	
  compared	
  with	
  H1,	
  H2A	
  and	
  H2B	
  (124).	
  	
  

Proteins	
   bearing	
   the	
   RING	
   finger	
   motif	
   have	
   long	
   been	
   reported	
   with	
   E3	
  

ubiquitin	
  ligase	
  activity.	
  	
  In	
  vitro	
  auto-­‐ubiquitination	
  assay	
  indicates	
  that	
  its	
  RING	
  

domain	
   carries	
   E3	
   ligase	
   activity,	
   and	
   it	
   seems	
   to	
   undergo	
   auto-­‐ubiquitination	
  

during	
  DNA	
  replication	
  in	
  Xenopus	
  egg	
  extracts	
  (122,	
  124).	
   	
  In	
  vivo	
  co-­‐immuno-­‐

precipitation	
  experiment	
  suggests	
  that	
  UHRF1	
  can	
  ubiquitinate	
  histones,	
  and	
  H3	
  

ubiquitination	
   is	
   observed	
   from	
   in	
   vitro	
   ubiquitination	
   assay	
   (124,	
   125).	
  	
  

Reduction	
  of	
  UHRF1	
  leads	
  to	
  an	
  increased	
  level	
  of	
  histone	
  H4	
  acetylation	
  and	
  a	
  

reduction	
   in	
   pericentromeric	
   heterochromatin	
   replication	
   (126).	
   	
   It	
   was	
   later	
  

discovered	
   that	
   the	
   reduction	
   of	
   UHRF1	
   caused	
   a	
   diffused	
   pattern	
   of	
   the	
  

heterochromatin	
   formation	
   (127).	
   	
   Both	
   TTD	
   and	
   PHD	
   domains,	
   and	
   possibly	
  

SRA	
  domain	
  as	
  well,	
  are	
  important	
  for	
  UHRF1	
  recognition	
  of	
  H3	
  Lys	
  9	
  di-­‐and	
  tri-­‐

methylation.	
  	
  However,	
  whether	
  it	
  regulates	
  heterochromatin	
  formation	
  through	
  

its	
   interaction	
  with	
  H3K9	
  methylation	
  remains	
  a	
  dispute	
  (125,	
  127-­129).	
   	
   It	
  has	
  

been	
  hypothesized	
  that	
  UHRF1	
  may	
  have	
  a	
  role	
  in	
  regulating	
  the	
  opening	
  and	
  the	
  

stabilization	
  of	
  the	
  dense	
  chromatin	
  structure	
  during	
  its	
  replication.	
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FIG. 1.3 UHRF1 and its role in DNA methylation maintenance. A. Schematic diagram 
shows di�erent domains of UHRF1, including UBL, TTD, PHD, SRA and RING domains, 
and their coordinates; B. Schematic diagram shows UHRF1 recognizes hemi-methylated 
DNA through its SRA domain (step A) and recruit DNMT1 (step B) to methylate the 
opposite strand (step C) for the methylation maintenance during DNA replication.
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1.2.2	
  UHRF1	
  in	
  DNA	
  methylation	
  maintenance	
  

	
  

There	
   has	
   been	
   much	
   focus	
   on	
   UHRF1’s	
   function	
   in	
   maintaining	
   DNA	
  

methylation,	
   and	
   its	
   involvement	
   in	
   epigenetic	
   regulation.	
   	
  DNA	
  methylation	
   is	
  

critical	
  in	
  epigenetic	
  gene	
  silencing	
  and	
  the	
  maintenance	
  of	
  genome	
  stability.	
  	
  In	
  

vertebrates,	
   the	
   genomic	
   DNA	
   is	
   almost	
   exclusively	
   methylated	
   at	
   CpG	
  

dinucleotides.	
   	
   CpG	
  methylation	
   is	
   involved	
   in	
   various	
   physiological	
   processes,	
  

including	
   embryogenesis,	
   genome	
   imprinting,	
   etc.	
   (130).	
   	
   UHRF1	
   was	
   first	
  

discovered	
   to	
   recognize	
   fully	
   methylated	
   DNA,	
   and	
   was	
   recruited	
   to	
   several	
  

methylated	
  promoter	
  region	
  (121).	
  	
  Later,	
  from	
  mESC	
  works,	
  UHRF1	
  was	
  found	
  

to	
   bind	
   hemi-­‐methylated	
  DNA	
   and	
   the	
   loss	
   of	
  UHRF1	
   greatly	
   reduces	
   genomic	
  

DNA	
   methylation	
   status	
   (131).	
   	
   It	
   is	
   proposed	
   that	
   UHRF1’s	
   role	
   in	
   DNA	
  

methylation	
  is	
  probably	
  achieved	
  through	
  its	
  interaction	
  with	
  DNMT1.	
  	
  DNMT1,	
  

together	
   with	
   DNMT3a	
   and	
   DNMT3b,	
   are	
   the	
   three	
   important	
   DNA	
   methyl-­‐

transferases.	
   	
  DNMT1	
  methylates	
  already	
  hemi-­‐methylated	
  DNA	
  alongside	
  DNA	
  

replication,	
  whereas	
  DNMT3a	
  and	
  3b	
  are	
  required	
  for	
  de	
  novo	
  DNA	
  methylation	
  

(132,	
   133).	
   	
   UHRF1	
   has	
   an	
   impact	
   in	
   development	
   as	
  well.	
   	
  Uhrf1	
  knockout	
   is	
  

embryonic	
   lethal	
   in	
   mice,	
   and	
   mutations	
   in	
   zebrafish	
   also	
   result	
   in	
   liver	
  

developmental	
  defects	
  and	
  failure	
  in	
  liver-­‐regeneration	
  (134,	
  135).	
  	
  	
  

	
  

The	
  interaction	
  of	
  UHRF1	
  with	
  DNMT1	
  is	
  subsequently	
  confirmed	
  in	
  human	
  cells	
  

and	
  it	
  is	
  endowed	
  by	
  UHRF1’s	
  SRA	
  domain	
  (136).	
  	
  The	
  SRA	
  domain	
  has	
  also	
  been	
  

found	
   in	
   DNA	
   methyltransferases	
   in	
   plants,	
   such	
   as	
   SUVH5	
   (137).	
   	
   It	
   is	
  

responsible	
  for	
  methyl-­‐cytosine	
  binding,	
  and	
  the	
  SRA	
  domain	
  of	
  UHRF1	
  binds	
  to	
  

hemi-­‐methylated	
   DNA	
   (138-­140).	
   	
   It	
   functions	
   as	
   an	
   anchor	
   of	
   UHRF1	
   during	
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replication	
  (Fig.	
  1.3,	
  step	
  A),	
  and	
  recruits	
  DNMT1	
  (step	
  B)	
  to	
  methylate	
  the	
  other	
  

strand	
  (step	
  C)	
  (141).	
  	
  The	
  crystal	
  structure	
  of	
  a	
  globular,	
  saddle-­‐like	
  SRA	
  domain	
  

of	
  UHRF1	
  has	
  been	
  solved	
  (139,	
  140),	
  showing	
  that	
  the	
  conserved	
  residues	
  in	
  the	
  

SRA	
  domain	
  contribute	
  to	
  a	
  positively	
  charged	
  nucleotide-­‐binding	
  site	
  (Fig.	
  1.4A,	
  

the	
  DNA	
  binding	
   pocket	
   is	
  marked	
   in	
   green).	
   	
   The	
  DNA	
   is	
   bound	
   to	
   this	
   inner	
  

surface,	
  and	
  the	
  side	
  chains	
  of	
  Arg	
  469	
  and	
  Val	
  451	
  form	
  van	
  der	
  Waals	
  contacts	
  

to	
  penetrate	
  the	
  center	
  of	
  the	
  DNA	
  helix	
  (Fig.	
  1.4B,	
  residues	
  marked	
  in	
  red,	
  V451,	
  

and	
  magenta,	
  R496).	
   	
  The	
  methylated	
  cytosine	
   is	
   then	
   flipped	
  out,	
  and	
  Val	
  451	
  

occupies	
   the	
   original	
   space	
   of	
   the	
   nucleotide	
   (Fig.	
   1.4,	
   residue	
  marked	
   in	
   red).	
  	
  

The	
   flipped-­‐out	
   methylated-­‐cytosine	
   is	
   bound	
   in	
   a	
   hydrophobic	
   patch	
   formed	
  

between	
  two	
  tyrosines	
  (Fig.	
  1.4B,	
  residues	
  marked	
  in	
  cyan).	
  	
  The	
  methylation	
  of	
  

the	
  cytosine	
  on	
  the	
  other	
  strand	
  can	
  cause	
  a	
  steric	
  clash	
  at	
  the	
  binding	
  site	
  and	
  

may	
  explain	
  the	
  reduction	
  of	
  the	
  binding	
  of	
  SRA	
  domain	
  to	
  fully	
  methylated	
  DNA	
  

(139).	
  	
  Depletion	
  of	
  UHRF1	
  during	
  DNA	
  replication	
  does	
  not	
  alter	
  the	
  localization	
  

of	
   PCNA,	
   but	
   prevents	
   the	
   association	
   of	
   DNMT1	
   with	
   chromatin,	
   and	
   causes	
  

hypomethylation	
  of	
  many	
  genes	
  (131,	
  141).	
  	
  

	
  

1.2.3	
  Potential	
  UHRF1	
  function	
  beyond	
  DNA	
  methylation	
  

	
  

UHRF1	
   is	
   highly	
   conserved	
   across	
   different	
   vertebrates.	
   	
   The	
   species	
   with	
  

conserved	
  UHRF1	
  are	
  listed	
  below.	
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FIG. 1.4 Structure of SRA domain and the SRA-DNA complex (images captured from the 
crystal stucture published in Protein Data Bank, and �gures generated using PyMOL). A. 
The surface illustration of the SRA domain from mouse (PDB ref. 2ZKG, isolated from the 
crystal structure of a tetramer).  The conserved residues contributed to a negative-charged 
pocket (marked in green); B. The structure of the SRA domain bound to hemi-methylated DNA 
(PDB ref. 2ZO0).  The side chains of R496 (marked in magentas) and V451 (marked in red) 
penetrate the centre of the DNA helix.  The methylated cytosine is �ipped out (marked with 
the arrow), and bound in a hydrophobic patch (marked in cyan).

Flipped-out
methylated cytosine
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Species	
   Latin	
   Coverage	
   Identical	
   CpG-­me	
   FA	
  Pathway	
  

Human	
   Homo	
  sapiens	
   100%	
   100%	
   +	
   +	
  

Chimpanzee	
  

(predicted)	
  
Pan	
  paniscus	
   100%	
   99%	
   +	
   +	
  

Cow	
  	
   Bos	
  taurus	
   98%	
   84%	
   +	
   +	
  

Rat	
   Rattus	
  norvegicus	
   99%	
   75%	
   +	
   +	
  

Mouse	
  	
   Mus	
  musculus	
   98%	
   75%	
   +	
   +	
  

Chinese	
  hamster	
   Cricetulus	
  griseus	
   98%	
   74%	
   +	
   +	
  

Bat	
   Myotis	
  brandtill	
   98%	
   74%	
   +	
   +	
  

Sea	
  turtle	
   Chelonia	
  mydas	
   98%	
   74%	
   +	
   +	
  

Frog	
   Xenopus	
  laevis	
   98%	
   66%	
   +	
   +	
  

Zebrafish	
   Danio	
  rerio	
   98%	
   66%	
   +	
   +	
  

Chicken	
   Gallus	
  gallus	
   94%	
   64%	
   +	
   +	
  

Table	
  1.3	
  Conservation	
  of	
  UHRF1	
  across	
  species.	
  

	
  

It	
   has	
   been	
   discovered	
   that	
   the	
   CpG	
   methylation	
   is	
   nearly	
   absent	
   in	
   lower	
  

species,	
  for	
  example,	
  in	
  Drosophila	
  melanogaster,	
  especially	
  in	
  adult	
  flies,	
  and	
  the	
  

nucleotide	
  sites	
  of	
  DNA	
  methylation	
  are	
  significantly	
  different	
  from	
  vertebrates	
  

(142,	
  143).	
  	
  In	
  yeast	
  and	
  bacteria,	
  cytosine	
  methylation	
  can	
  only	
  be	
  found	
  in	
  RNA	
  

(144).	
   	
   UHRF1	
   is	
   not	
   present	
   in	
   these	
   lower	
   species,	
  which	
   coincides	
  with	
   the	
  

absence	
   of	
   CpG	
   DNA	
   methylation,	
   suggesting	
   that	
   full	
   length	
   UHRF1	
   protein	
  

plays	
   a	
   conserved	
   role	
   in	
   eukaryotic	
   methylation	
   (145).	
   	
   However,	
   certain	
  

domains	
  of	
  the	
  protein	
  can	
  be	
  found	
  in	
  these	
  organisms.	
  	
  For	
  example,	
  Drosophila	
  

melanogaster	
  has	
  small-­‐sized	
  proteins	
  that	
  are	
  about	
  40%	
  identical	
  with	
  human	
  

UBL,	
  PHD,	
  SRA	
  and	
  RING	
  domains,	
  respectively,	
  some	
  proteins	
  in	
  Caenorhabditis	
  

elegans	
  are	
   about	
   30%	
   conserved	
   compared	
   to	
   these	
   four	
   domains	
   in	
   human,	
  

and	
   Saccharomyces	
   cerevisiae	
   has	
   20-­‐30%	
   conservation.	
   	
   There	
   is	
   a	
   possibility	
  

that	
   in	
   these	
   species,	
   the	
   smaller	
   proteins	
  may	
  be	
  homologues	
   to	
   the	
  different	
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domains	
   of	
   UHRF1,	
   which	
   might	
   potentially	
   coordinate	
   with	
   each	
   other,	
   and	
  

perform	
   a	
   similar	
   function	
   as	
   UHRF1	
   in	
   higher	
   species.	
   	
   While	
   DNA	
   CpG	
  

methylation	
   is	
   absent	
   in	
   these	
   species,	
   the	
   presence	
   of	
   almost	
   all	
   the	
   UHRF1	
  

domains	
  may	
  hint	
  for	
  other	
  functions	
  in	
  the	
  cells.	
  	
  	
  

	
  

1.2.4	
  UHRF1	
  in	
  DNA	
  repair	
  

	
  

UHRF1	
   is	
   shown	
   to	
   be	
   required	
   for	
   the	
   cellular	
   response	
   to	
   different	
   types	
   of	
  

DNA	
  damage.	
  	
  Depletion	
  of	
  the	
  protein	
  causes	
  hyper-­‐sensitivity	
  to	
  DSBs	
  inducing	
  

agents,	
   such	
  as	
  γ-­‐irradiation;	
  and	
  hydroxyurea,	
  which	
  causes	
   replication	
  arrest	
  

that	
   can	
   transform	
   into	
  DSB;	
  oxidative	
   stress	
   caused	
  by	
  base	
  damaging	
  agents,	
  

such	
  as	
  X-­‐ray	
  and	
  UV	
  light	
  (134,	
  146,	
  147);	
  as	
  well	
  as	
  an	
  increased	
  frequency	
  of	
  

chromosomal	
  aberrations	
  (147).	
  	
  It	
  is	
  recruited	
  to	
  the	
  sites	
  of	
  damage	
  in	
  UV	
  laser	
  

test	
   (148).	
   	
  The	
   increased	
   level	
  of	
  UHRF1	
  seems	
   to	
  be	
  common	
   in	
  cancer	
  cells,	
  

and	
  it	
  has	
  been	
  proposed	
  to	
  be	
  a	
  diagnostic	
  marker	
  for	
  several	
  types	
  of	
  cancer,	
  

e.g.	
   pancreatic	
   cancer	
   (149).	
   	
   There	
   are	
   a	
   couple	
   of	
   mechanisms	
   of	
   UHRF1	
  

function	
   in	
   DNA	
   repair	
   that	
   have	
   been	
   suggested,	
   but	
  most	
   of	
   the	
   studies	
   still	
  

remain	
  at	
  observatory	
  level.	
  	
  One	
  study	
  shows	
  that	
  in	
  breast	
  cancer	
  cells,	
  the	
  up-­‐

regulation	
   of	
   UHRF1	
   expression	
   is	
   associated	
   with	
   BRCA1	
   down-­‐regulation	
  

(150).	
   	
   It	
   is	
   found	
  that	
  the	
  CCAAT	
  box	
  located	
  in	
  the	
  BRCA1	
  promoter	
  region	
  is	
  

necessary	
  for	
  the	
  relationship.	
  	
  Also,	
  in	
  these	
  cells,	
  there	
  is	
  an	
  increase	
  of	
  H3	
  Lys	
  

9	
   di-­‐methylation	
   (H3K9me2),	
   but	
   a	
   decrease	
   of	
   H3	
   Lys	
   4	
   tri-­‐methylation	
  

(H3K4me3)	
  in	
  the	
  promoter	
  region	
  of	
  BRCA1.	
   	
  Since	
  UHRF1	
  has	
  a	
  much	
  higher	
  

affinity	
  to	
  H3K9me2	
  than	
  H3K4me3,	
  it	
  enables	
  UHRF1	
  to	
  bind	
  to	
  this	
  region,	
  and	
  

to	
  suppress	
  BRCA1	
  expression	
  (150,	
  151).	
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In	
   addition,	
   it	
   has	
   been	
   demonstrated	
   that	
   UHRF1	
   can	
   be	
   co-­‐immuno-­‐

precipitated	
   with	
   Eme1,	
   and	
   it	
   co-­‐localizes	
   with	
   Eme1	
   following	
   DNA	
   DSBs	
  

created	
  by	
  camptothecin	
  (152).	
  	
  The	
  RING	
  domain	
  of	
  UHRF1	
  has	
  been	
  proposed	
  

to	
   be	
   required	
   for	
   its	
   function	
   in	
   response	
   to	
   different	
   types	
   of	
   DNA	
   damage	
  

(153).	
   	
   However,	
  whether	
   it	
   is	
   realized	
   through	
   its	
   enzymatic	
   activity	
   remains	
  

unclear.	
   	
   For	
   instance,	
   UHRF1	
   RING	
   domain	
   mutant	
   expression	
   causes	
   mis-­‐

localization	
   of	
   Eme1,	
   but	
   does	
   not	
   change	
   the	
   overall	
   amount	
   of	
   Eme1	
  

ubiquitination	
   (152).	
   	
  Hence,	
   insights	
   into	
  a	
  well-­‐defined	
  mechanism	
  of	
  UHRF1	
  

promoting	
   DNA	
   damage	
   repair	
   will	
   be	
   very	
   important	
   for	
   developing	
   novel	
  

cancer	
  therapeutic	
  targeting	
  approaches.	
  

	
  

1.3	
  Functional	
  study	
  of	
  UHRF1	
  in	
  the	
  FA	
  pathway	
  

	
  

In	
  the	
  current	
  model	
  of	
  the	
  FA	
  pathway,	
  how	
  the	
  pathway	
  is	
  activated	
  and	
  what	
  

the	
   sensor	
   of	
   the	
   DNA	
   ICL	
   damage	
   is	
   remain	
   unknown.	
   	
   Hence,	
   we	
   aimed	
   to	
  

investigate	
   if	
   any	
   human	
   nuclear	
   protein	
   can	
   detect	
   the	
   DNA	
   ICL	
   structure	
  

directly,	
   as	
   well	
   as	
   whether	
   and	
   how	
   it	
   is	
   involved	
   in	
   the	
   FA	
   pathway.	
   	
   We	
  

examined	
  the	
  DNA	
  binding	
  activity	
  of	
  two	
  key	
  players	
   in	
  the	
  pathway,	
  FANCD2	
  

and	
  FANCI,	
  and	
  found	
  that	
  they	
  did	
  not	
  have	
  a	
  specific	
  interaction	
  with	
  DNA	
  ICLs.	
  	
  

Then	
  we	
   used	
   a	
   biochemical	
   purification	
   strategy	
   to	
   isolate	
   nuclear	
   protein(s)	
  

from	
  HeLa	
  cells	
   that	
  could	
  recognize	
   ICL	
  DNA.	
   	
  UHRF1	
  was	
   identified	
   from	
  our	
  

purification	
  by	
  mass-­‐spectrometry.	
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To	
  confirm	
  that	
  UHRF1	
  recognized	
  DNA	
  ICLs	
  directly,	
  we	
  expressed	
  and	
  purified	
  

human	
   UHRF1,	
   and	
   performed	
   in	
   vitro	
   DNA	
   binding	
   assays.	
   	
   Data	
   from	
   these	
  

experiments	
  showed	
  that	
  the	
  UHRF1	
  directly	
  interacts	
  with	
  DNA	
  ICLs	
  and	
  has	
  a	
  

higher	
  binding	
  activity	
  to	
  cross-­‐linked	
  DNA	
  than	
  non-­‐cross-­‐linked	
  DNA.	
  	
  We	
  then	
  

introduced	
  KD	
  of	
  UHRF1	
  in	
  several	
  cell	
  lines	
  and	
  found	
  that	
  UHRF1	
  was	
  required	
  

for	
  cells	
  to	
  tolerate	
  ICL	
  damage.	
  	
  By	
  using	
  epistasis	
  analysis,	
  we	
  discovered	
  that	
  

UHRF1	
   was	
   epistatic	
   with	
   FANCD2,	
   and	
   participated	
   in	
   the	
   FA	
   pathway	
   in	
  

response	
  to	
  MMC.	
  	
  To	
  understand	
  the	
  function	
  of	
  UHRF1	
  in	
  the	
  FA	
  pathway,	
  we	
  

conducted	
  a	
  series	
  of	
  in	
  vivo	
  experiments	
  to	
  study	
  the	
  effect	
  of	
  UHRF1	
  KD	
  on	
  the	
  

activation	
  of	
  the	
  FA	
  pathway,	
  i.e.	
  the	
  ubiquitination	
  and	
  recruitment	
  of	
  FANCD2	
  

after	
  DNA	
  damage.	
  	
  We	
  demonstrated	
  that	
  the	
  main	
  role	
  of	
  UHRF1	
  in	
  response	
  to	
  

DNA	
  ICLs	
  was	
  to	
  facilitate	
  the	
  localization	
  of	
  FANCD2	
  to	
  the	
  sites	
  of	
  damage,	
  but	
  

not	
  the	
  ubiquitination.	
  	
  	
  

	
  

To	
  study	
  the	
  mechanism	
  of	
  the	
  involvement	
  of	
  UHRF1	
  in	
  the	
  FA	
  pathway,	
  we	
  also	
  

identified	
   the	
   domain	
   that	
   was	
   required	
   for	
   the	
   DNA	
   binding	
   activity	
   of	
   the	
  

protein,	
  and	
  showed	
  that	
  the	
  mutation	
  of	
  the	
  SRA	
  domain	
  caused	
  the	
  increased	
  

cell	
   sensitivity	
   and	
   the	
   defects	
   in	
   FANCD2	
   localization	
   in	
   response	
   to	
   MMC.	
  	
  

Therefore,	
  we	
  propose	
  that	
  UHRF1	
  can	
  function	
  as	
  a	
  DNA	
  ICL	
  sensing	
  protein.	
  	
  It	
  

is	
  likely	
  to	
  recognize	
  the	
  damage	
  in	
  the	
  cells,	
  and	
  participate	
  in	
  the	
  FA	
  pathway	
  

by	
  recruiting	
  FANCD2	
  to	
  the	
  sites	
  of	
  DNA	
  damage.	
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Chapter	
  2	
  Materials	
  and	
  methods	
  

	
  

2.1	
  Materials	
  

	
  

2.1.1	
  DNA	
  substrates	
  and	
  shRNA	
  sequences	
  

	
  

Name	
   Sequence	
  

ICL1*	
   CTCTC GTCTG TACAC CGAAG A  

ICL2	
   GTCTG CTCGA GTCGA GTCGC TCTCG TCTGT ACACC GAAGA 

CTCGA CTGCA CTGCA GACTC 

ICL3	
   GTCTG CTCGA GTCGA GTAGC TCTCG TCTGT ACACC GAAGC 

TACGA CTGCA CGCTA GACTC 

ICL4	
   CGCGAGAGCG CCAACAACCG CTTCTTGGTC GAAGGCAGCA 

AGCGCGATGA ATGTCTTACT ACGGAGCAAG TTCCCGAGGT 

AATCGGAGTC CGGCTGATGT TGGGAGTAGG TGGCTACGTC 

TCCGAACTCA CGACCGAAAA GATCAAGAGC AGCCCGCATG 

GATTTGACTT GGTCAGGGCC GAGCCTACAT GTGCGAATGA 

TGCCCATACT TGAGCCACCT AACTTTGTTT TAGGGCGACT 

GCCCTGCTGC GTAACATCGT TGCTGCTGCG TAACATCGTT 

GCTGCTCCAT AACATCAAAC ATCGACCCAC GGCGTAACGC 

GCTTGCTGCT TGGATGCCCG AGGCATAGAC TGTACAAAAA 

AACAGTCATA ACAAGCCATG AAAACCGCCA CTGCGCCGTT 

ACCACCGCTG CGTTCGGTCA AGGTTCTGGA CCAGTTGCGT 

GAGCGCATAC GCTACTTGCA TTACAGTTTA CGAACCGAAC 

AGGCTTATGT CAACTGGGTT 

ICL5	
   CGCGAGAGCG CCAACAACCG CTTCTTGGTC GAAGGCAGCA 

AGCGCGATGA ATGTCTTACT ACGGAGCAAG TTCCCGAGGT 

AATCGGAGTC CGGCTGATGT TGGGAGTAGG TGGCTACGTC 

TCCGAACTCA CGACCG 

ICL8	
   CTCTC TGTCT AGTGA AAGAC G 

CpG3	
   CTCTC TGTCC GGTGA AAGAC G 
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CpG3-­‐me**	
   CTCTC TGTCC GGTGA AAGAC G 

HJ1	
   CCGTA CCAGT GATCA CCAAT GGATT GCTAG GACAT CTTTG 

CCCAC CTGCA GGTTC ACCC 

HJ2	
   GGGTG AACCT GCAGG TGGGC AAAGA TGTCC TAGCA ATCCA 

TTGTC TGTGA CGTCG AGCTC 

HJ3	
   GAGCT CGACG TCACA GACAA TGGAT TGCTA GGACA TCTTT 

GCCGT CTTGT CAATA TCGGC 

HJ4	
   GCCGA TATTG ACAAG ACGGC AAAGA TGTCC TAGCA ATCCA 

TTGGT GATCA CTGGT AGCGG 

dsDNA	
  

(plus)	
  

TTGATAAGAG GTCATTTGAA TTCATGGCTT AGAGCTTAAT 

TGCTGAATCT GGTGCTGGGA TCCAACATGT TTTAAATATG 

ssDNA	
   TTGATAAGAG GTCATTTGAA TTCATGGCTT AGAGCTTAAT 

TGCTGAATCT GGTGCTGGGA TCCAACATGT TTTAAATATG 

3’-­‐OH	
   Plus:  

TTGATAAGAG GTCATTTGAA TTCATGGCTT AGAGCTTAAT 

TGCTGAATCT GGTGCTGGGA TCCAACATGT TTTAAATATG 

Minus:  

ATTAAGCTCT AAGCCATGAA TTCAAATGAC CTCTTATCAA 

5’-­‐OH	
   Plus:  

TTGATAAGAG GTCATTTGAA TTCATGGCTT AGAGCTTAAT 

TGCTGAATCT GGTGCTGGGA TCCAACATGT TTTAAATATG 

Minus:  

CATATTTAAA ACATGTTGGA TCCCAGCACC AGATTCAGCA 

Y-­‐fork	
   Plus:  

TTGATAAGAG GTCATTTGAA TTCATGGCTT AGAGCTTAAT 

TGCTGAATCT GGTGCTGGGA TCCAACATGT TTTAAATATG 

Minus:  

CATATTTAAA ACATGTTGGA TCCCAGCACC AGATTCAGCA 

TACGTTACCG ATCGTACGTT CGATGCTGGC TACTGCTAGC 

Table.2.1	
  Sequences	
  of	
  DNA	
  substrates	
  used	
  in	
  this	
  paper	
  (only	
  showing	
  the	
  plus	
  strand,	
  

5’-­‐3’,	
   unless	
   indicated	
   otherwise).	
   *the	
   sites	
   of	
   cross-­‐links	
   are	
   indicated	
   in	
   bold;	
   **the	
  

methylated	
  cytosine	
  is	
  marked	
  with	
  underline.	
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Name	
   Targeted	
  Sequence	
   Note	
  

sh2	
   AGATA TAACG TTAGG GTTT This	
  target	
  sequence	
   is	
  also	
  

used	
   for	
   shUHRF1	
   in	
   the	
  

inducible	
   pSuperior.TetR	
  

vector	
   and	
   in	
   the	
   FA	
  

patient-­‐derived	
  cell	
  lines	
  

sh3	
   AGGAG ACGTT CCAGT GTAT  

Table.2.2	
  Targeted	
  sequences	
  for	
  UHRF1	
  KD	
  used	
  in	
  this	
  study.	
  

	
  

2.1.2	
  Antibodies	
  

	
  

Antibody	
   Catelogue	
  No.	
   Company	
  

Primary	
  

HA	
  (12CA5)	
   11583816001	
   Roche	
  

UHRF1	
  (H8)	
   sc-­‐373	
   Santa	
  Cruz	
  

FANCD2	
  (FI17)	
   sc-­‐20022	
   Santa	
  Cruz	
  

α-­‐Tubulin	
  (DM1A)	
   5829	
   Millipore	
  

BRCA1	
  (D9)	
   sc-­‐6954	
   Santa	
  Cruz	
  

Lamin	
  B	
   sc-­‐6216	
   Santa	
  Cruz	
  

H3	
   Ab12079-­‐100	
   Abcam	
  

53BP1	
   MAB3802	
   Millipore	
  

Penta(5X)-­‐His	
   34660	
   Qiagen	
  

Secondary	
  

α-­‐mouse	
  (HRP-­‐conjugated)	
   NA9310V	
   GE	
  Healthcare	
  

α-­‐rabbit	
  (HRP-­‐conjugated)	
   NA934V	
   GE	
  Healthcare	
  

α-­‐goat	
  (HRP-­‐conjugated)	
   sc-­‐2768	
   Santa	
  Cruz	
  

α-­‐mouse	
  (Alexa	
  Fluor	
  488)	
   A21202	
   Life	
  Technologies	
  Inc.	
  

α-­‐rabbit	
  (Alexa	
  Fluor	
  568)	
   A11036	
   Invitrogen	
  

Table.	
  2.2	
  List	
  of	
  antibodies	
  used	
  in	
  this	
  study.	
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DNA-­‐PKcs	
  antibody	
  is	
  a	
  kind	
  gift	
  from	
  Dr.	
  Nicholas	
  Lakin,	
  University	
  of	
  Oxford.	
  	
  

	
  

Horseradish	
  peroxidase	
  (HRP)-­‐conjugated	
  secondary	
  antibodies	
  were	
  used	
  for	
  

Western	
   blot,	
   and	
   the	
   substrate	
   was	
   visualized	
   by	
   the	
   enhanced	
  

chemiluminescence	
  HRP	
   substrate	
   (Western	
  Lightning	
  Plus	
  ECL,	
   PerkinElmer).	
  	
  

Alexa	
   Fluor	
   secondary	
   antibodies	
   were	
   used	
   for	
   immuno-­‐fluorescence	
  

microscopy.	
  

	
  

2.2	
  Methods	
  

	
  

2.2.1	
  Preparation	
  of	
  DNA	
  substrates	
  

	
  

ICL	
  DNA:	
  	
  Two	
  strands	
  were	
  annealed	
  and	
  were	
  5’-­‐end	
  radioactive	
  labeled	
  with	
  

[γ-­‐32P]	
   ATP	
   by	
   T4	
   polynucleotide	
   kinase	
   (New	
   England	
   Biolabs).	
   	
   Psoralen	
  

(Trioxsalen,	
   Sigma)/UVA	
   cross-­‐linking	
   induction	
   was	
   described	
   previously	
  

(154).	
  	
  The	
  reaction	
  was	
  carried	
  out	
  with	
  10	
  µg/ml	
  DNA	
  in	
  buffer	
  containing	
  10	
  

mM	
   Tris,	
   pH	
   7.6,	
   1	
   mM	
   EDTA,	
   50	
   mM	
   NaCl	
   and	
   100	
   µg/ml	
   of	
   Trioxsalen	
  

(saturated	
  Trioxsalen	
  solution	
  was	
  prepared	
  at	
  1	
  mg/ml	
   in	
  ethanol).	
   	
  After	
  a	
  2	
  

min	
  incubation	
  to	
  allow	
  for	
  the	
  equilibration	
  of	
  the	
  Trioxsalen	
  intercalation,	
  DNA	
  

was	
  irradiated	
  on	
  ice	
  for	
  2	
  hr	
  with	
  a	
  light	
  intensity	
  at	
  365	
  nm	
  of	
  4000	
  µW/cm2	
  

using	
   SpectroLinker	
   XL-­‐1500	
   UV	
   Crosslinker.	
   	
   Subsequent	
   additions	
   of	
   1%	
  

saturated	
  ethanol	
  solutions	
  of	
  Trioxsalen	
  were	
  made	
  at	
  15	
  min	
  intervals;	
  and	
  the	
  

samples	
   were	
   equilibrated	
   for	
   2	
   min	
   before	
   continuing	
   the	
   irradiation.	
   	
   The	
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cross-­‐linking	
   efficiency	
   was	
   confirmed	
   by	
   20%	
   8	
   M	
   Urea	
   denaturing	
  

polyacrymide	
  gel	
  and	
  1%	
  alkaline	
  agarose	
  gel	
  (155).	
  

	
  

HJ	
  was	
  made	
  of	
  synthesized	
  HJ1,	
  2,	
  3	
  and	
  4,	
  using	
  the	
  following	
  steps:	
  the	
  single	
  

strands	
  were	
   annealed	
   in	
   1x	
   SSC	
  buffer	
   (15	
  mM	
  Na-­‐citrate	
   at	
   pH	
  7.0,	
   150	
  mM	
  

NaCl),	
  at	
  95°C	
  for	
  2min	
  and	
  10min	
  for	
  each	
  sequential	
  step	
  at	
  65°C,	
  37°C,	
  25°C,	
  

and	
   0°C.	
   	
   The	
   HJ	
   substrate	
   was	
   purified	
   in	
   a	
   2%	
   agarose	
   gel	
   followed	
   by	
   gel	
  

extraction	
   (Qiaquick	
  Gel	
   extraction	
  kit,	
  Qiagen).	
   	
  The	
  HJ	
   structure	
  was	
   then	
  5’-­‐

end	
   radioactive	
   labeled	
   using	
   [γ-­‐32P]	
   ATP	
   by	
   T4	
   polynucleotide	
   kinase	
   (New	
  

England	
  Biolabs).	
  

	
  

2.2.2	
  Electrophoretic	
  mobility	
  shift	
  assay	
  (EMSA)	
  and	
  quantification	
  

	
  

Binding	
   reactions	
  were	
   composed	
  of	
   recombinant	
   proteins	
   as	
   described	
   in	
   the	
  

figures,	
  and	
  100counts-­‐per-­‐second	
  radioactive	
  DNA	
  substrate	
  in	
  a	
  volume	
  of	
  10	
  

µl.	
  	
  Reaction	
  buffer	
  contained	
  5	
  mM	
  Tris,	
  pH	
  7.9,	
  30	
  mM	
  KCl,	
  1	
  mM	
  dithiothreitol	
  

(DTT),	
  10	
  mM	
  Hepes-­‐KOH	
  pH	
  7.9,	
  1	
  mM	
  EDTA,	
  5%	
  glycerol,	
  0.3	
  mg/ml	
  bovine	
  

serum	
   albumin	
   (BSA,	
  New	
  England	
  Biolabs),	
   and	
   5	
  µg/ml	
   salmon	
   sperm	
  DNA.	
  	
  

Reactions	
   were	
   pre-­‐incubated	
   without	
   radioactive	
   labeled	
   DNA	
   substrate	
   for	
  

5min,	
   and	
   then	
   incubated	
  with	
   the	
   substrate	
  at	
  30°C	
   for	
  15	
  min.	
   	
  The	
   reaction	
  

products	
  were	
  analyzed	
  by	
  electrophoresis	
  on	
  a	
  4%	
  0.4x	
  TBE	
  polyacrylamide	
  gel	
  

(1x	
  TBE	
  buffer:	
  0.1	
  M	
  Tris,	
  0.1	
  M	
  Boric	
  acid;	
  1	
  mM	
  EDTA,	
  pH	
  8.0).	
  	
  The	
  gels	
  were	
  

dried	
  onto	
  Whatman	
  paper	
  and	
  exposed	
  to	
  either	
  X-­‐ray	
  film	
  or	
  PhosphorImager	
  

(imaged	
  and	
  analyzed	
  by	
  FujiFilm	
  FLA-­‐7000).	
  

	
  



	
   49	
  

For	
  EMSA	
  quantification,	
  total	
  amount	
  of	
  free	
  DNA	
  was	
  defined	
  as	
  the	
  intensity	
  

of	
  an	
  area	
  S	
  of	
  free	
  DNA	
  probe	
  in	
  the	
  control	
  lane	
  where	
  no	
  protein	
  was	
  added,	
  

Rtotal	
  (Fig.	
  2.1,	
   lane	
  1).	
   	
  The	
  area	
  S	
  of	
  a	
  shifted	
  band	
  in	
  a	
  lane	
  where	
  the	
  protein	
  

was	
  added	
  was	
  selected	
  and	
  the	
  measurement	
  of	
  the	
  intensity	
  was	
  collected,	
  e.g.	
  

R1,	
  R2,	
  and	
  R3	
  (lanes	
  2-­‐4).	
  	
  An	
  area	
  of	
  the	
  same	
  size	
  as	
  S	
  was	
  selected	
  in	
  the	
  same	
  

lane	
  away	
  from	
  the	
  band	
  and	
  the	
  measurement	
  of	
  the	
  intensity	
  was	
  collected	
  as	
  

background,	
  e.g.	
  R1’,	
  R2’	
  and	
  R3’.	
  	
  The	
  control	
  was	
  collected	
  as	
  R0	
  and	
  R0’	
  (lane	
  1).	
  	
  

The	
   percentage	
   of	
   protein-­‐bound	
   DNA	
   was	
   calculated	
   as	
   [(R1/2/3-­‐R1’/2’/3’)-­‐(R0-­‐

R0’)]/(Rtotal-­‐R0’).	
  	
  	
  	
  

	
  

2.2.3	
  Cell	
  culture	
  and	
  nuclear	
  extract	
  preparation	
  

	
  

HeLa	
  cells	
  were	
  grown	
  in	
  DMEM	
  (D5796,	
  Sigma)	
  supplemented	
  with	
  2.5%	
  fetal	
  

bovine	
  serum	
  (FBS,	
  F7524,	
  Sigma).	
  	
  HeLa	
  S3	
  cells	
  were	
  grown	
  in	
  cell	
  culture	
  spin	
  

flasks	
   (BELLCO,	
   Glass,	
   Inc.)	
   and	
   cultured	
   in	
   CO2	
   independent	
   Joklik’s	
   medium	
  

(adapted	
   from	
   the	
   formulation	
   from	
   Sigma),	
   supplemented	
  with	
   2.5%	
   FBS,	
   1x	
  

MEM	
   non-­‐essential	
   amino	
   acids	
   (M7145,	
   Sigma),	
   2	
   mM	
   L-­‐glutamine	
   (G7513,	
  

Sigma)	
   and	
   penicillin	
   (10	
   unit/ml)/streptomycin	
   (10	
   µg/ml)	
   (P4333,	
   Sigma).	
  	
  

The	
   cells	
  were	
  maintained	
   in	
   a	
   37°C	
   incubator	
   (SANYO	
  MIR-­‐162).	
   	
   160	
   ng/ml	
  

Mitomycin	
   C	
   (Sigma,	
  M0440)	
  was	
   used	
   for	
   in	
  vivo	
   DNA	
   inter-­‐strand	
   cross-­‐link	
  

damage	
  16	
  hr	
   prior	
   to	
   nuclear	
   extraction.	
   	
  Nuclear	
   proteins	
  were	
   extracted	
   as	
  

described	
  (156).	
  

	
  



Rtotal

R0

R0’

R1

R1’
R2’ R3’

R2
R3

=  S

Figure 2.1
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Fig. 2.1 Cartoon illustrating the measurements collected for EMSA quanti�cation.
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293T,	
   Phoenix	
   A	
   and	
   FA	
   patient-­‐derived	
   cells	
   were	
   cultured	
   in	
   DMEM,	
  

supplemented	
  with	
  10%	
  FBS.	
   	
  mESCs	
  were	
   cultured	
   in	
  GMEM	
  (G5154,	
   Sigma),	
  

supplemented	
   with	
   15%	
   FBS,	
   1x	
   MEM	
   non-­‐essential	
   amino	
   acids,	
   2	
   mM	
   L-­‐

glutamine,	
   57.2	
   µM	
   β-­‐mercaptoethanol	
   (M7154,	
   Sigma),	
   penicillin	
   (10	
  

unit/ml)/streptomycin	
  (10	
  µg/ml)	
  and	
  103	
  units/ml	
  LIF	
  (ESGRO	
  mLIF,	
  ESG1107,	
  

Millipore).	
  	
  	
  

	
  

Sf9	
  insect	
  cells	
  were	
  cultured	
  in	
  Sf-­‐900	
  II	
  SFM	
  (Gibco,	
  Life	
  Technologies	
  Inc.),	
  and	
  

maintained	
   in	
   a	
   26°C	
   incubator	
   (Innova,	
   Eppendorf)	
   on	
   an	
   orbital	
   shaker	
  

platform	
   rotating	
   at	
   120	
   rpm.	
   	
   Sf9	
   culture	
   caps	
   were	
   loosened	
   to	
   allow	
   for	
  

oxygenation/aeration.	
   	
  When	
  used	
   for	
  protein	
  purification,	
   cells	
  were	
  plated	
  at	
  

2.4x107/dish	
  in	
  15	
  cm	
  tissue	
  culture	
  dishes,	
  and	
  kept	
  for	
  protein	
  expression	
  for	
  

72hr	
  after	
  transduction	
  before	
  harvest.	
  

	
  

2.2.4	
  Nuclear	
  Protein	
  Purification	
  and	
  UHRF1	
  in	
  vitro	
  DNA	
  binding	
  

	
  

10µg	
  nuclear	
  extract	
  or	
  200	
  ng	
  recombinant	
  UHRF1/FANCL	
  from	
  Sf9	
  cells	
  were	
  

incubated	
  with	
  25	
  pmol	
  biotin	
   labeled	
  DNA	
  substrates	
  (ICL1	
  and	
  ICL1-­‐XL	
  were	
  

used	
   for	
   nuclear	
   protein	
   purification;	
   ICL2	
   and	
   ICL2-­‐XL	
   were	
   used	
   for	
  

UHRF1/FANCL	
   in	
  vitro	
   binding	
   test).	
   	
   Binding	
  buffer	
   is	
   as	
  described	
   for	
  EMSA.	
  	
  

The	
  protein	
  and	
  DNA	
  probe	
  mix	
  was	
   incubated	
  at	
  30°C	
   for	
  15	
  min,	
   and	
  mixed	
  

with	
   10	
   µl	
   50%	
   Streptavadin	
   sepharose	
   (GE	
   Healthcare).	
   	
   The	
   matrix	
   with	
  

streptavadin	
  beads	
  was	
  washed	
  and	
  proteins	
  were	
  eluted	
  in	
  20	
  µl	
  elution	
  buffer	
  

(30	
  mM	
  KCl,	
  10	
  mM	
  Hepes-­‐KOH	
  pH7.9,	
  5	
  mM	
  Tris-­‐HCl	
  pH7.9,	
  1.5	
  mM	
  MgCl2	
  and	
  

25%	
   glycerol)	
   containing	
   12	
   unit	
   benzonase	
   (Sigma).	
   	
   For	
   nuclear	
   protein	
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purification,	
  after	
  denaturing	
  at	
  70°C	
  for	
  10	
  min,	
  the	
  proteins	
  were	
  analyzed	
  by	
  

electrophoresis	
  on	
  4-­‐12%	
  NuPage	
  Bis-­‐Tris	
  gradient	
  gel	
  (Life	
  Technologies).	
  	
  Gels	
  

were	
   silver	
   stained	
   for	
   detection	
   of	
   proteins	
   (Silver	
   Quest	
   staining	
   kit,	
  

Invitrogen).	
   	
   For	
   UHRF1	
   and	
   FANCL	
   in	
   vitro	
   DNA	
   binding,	
   the	
   proteins	
   were	
  

analyzed	
  by	
  electrophoresis	
  on	
  10%	
  SDS-­‐PAGE	
  gel	
  followed	
  by	
  Western	
  blot.	
  

	
  

2.2.5	
  Protein	
  expression,	
  purification	
  and	
  site-­directed	
  mutagenesis	
  

	
  

HA-­‐epitope	
  tagged	
  FANCD2	
  and	
  monoubiquitinated	
  FANCD2	
  (FANCD2-­‐Ub)	
  were	
  

purified	
  as	
  described	
  (157).	
   	
  UHRF1,	
  FANCL,	
  Uba1,	
  UbcH5b	
  and	
  ubiquitin	
  cDNA	
  

were	
  cloned	
  from	
  HeLa	
  total	
  RNA,	
  using	
  standard	
  cloning	
  methods	
  (155).	
   	
  Flag-­‐

HA	
  tagged	
  UHRF1	
  was	
  expressed	
  in	
  HeLa	
  and	
  FA	
  patient-­‐derived	
  cells	
  using	
  the	
  

pOZ-­‐N	
  plasmid	
  (158).	
   	
  UHRF1,	
  FANCL,	
  Uba1	
  and	
  UbcH5b	
  were	
  expressed	
  using	
  

the	
   pFastBac	
   vector	
   (Invitrogen)	
   with	
   an	
   engineered	
   Flag	
   and	
   HA	
   tag	
   and	
  

purified	
  as	
  described	
  (157),	
  and	
  purified	
  from	
  Sf9	
  cells.	
   	
  6xHis-­‐tagged	
  ubiquitin	
  

was	
   expressed	
   in	
   bacteria	
   BL21	
   cells	
   using	
   pET28c	
   construct.	
   	
   The	
   expression	
  

was	
   induced	
   using	
   0.5	
   mM	
   IPTG	
   for	
   3hrs	
   and	
   purified	
   by	
   affinity	
  

chromatography	
   using	
   Ni-­‐NTA	
   agarose	
   (Qiagen).	
   	
   Ubiquitin	
   was	
   cloned	
   and	
  

purified	
  by	
  former	
  students	
  Jean	
  Tian	
  and	
  Maarten	
  van	
  der	
  Velden.	
  

	
  

To	
   generate	
   the	
   mutants	
   of	
   UHRF1,	
   the	
   pOZ-­‐N-­‐UHRF1	
   and	
   pFastBac-­‐Flag-­‐HA-­‐

UHRF1	
  were	
   subject	
   to	
   PCR	
   amplification	
  with	
   the	
   primers	
   to	
   incorporate	
   the	
  

mutations.	
   	
   PCR	
   products	
   were	
   digested	
   with	
   the	
   methylation	
   sensitive	
  

restriction	
   enzyme	
   Dpn1	
   to	
   eliminate	
   any	
   original	
   plasmid.	
   	
   UHRF1	
   mutants	
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were	
  cloned	
  and	
  purified	
  from	
  Sf9	
  cells	
  by	
  Chih-­‐Chao	
  Liang	
  (DPhil	
  student	
  in	
  our	
  

laboratory).	
  

	
  

2.2.6	
  In	
  vitro	
  ubiquitination	
  assay	
  

	
  

Ubiquitination	
  reactions	
  were	
  carried	
  out	
  in	
  a	
  buffer	
  containing	
  30	
  mM	
  Tris-­‐HCl	
  

pH	
   7.9,	
   5	
  mM	
  MgCl2,	
   100	
  mM	
  NaCl,	
   2	
  mM	
   ZnSO4,	
   2	
  mM	
  DTT	
   and	
   2	
  mM	
   ATP.	
  	
  

Recombinant	
   proteins	
  were	
   added	
   at	
   0.84	
  µM	
  of	
   purified	
  UHRF1	
  protein,	
   0.33	
  

µM	
  of	
  Uba1,	
  4.4	
  µM	
  of	
  UbcH5b,	
  and	
  147	
  µM	
  of	
  6xHis-­‐Ub	
  in	
  20	
  µl.	
   	
  The	
  mixture	
  

was	
  incubated	
  at	
  37°C	
  for	
  1	
  hr,	
  and	
  the	
  reaction	
  was	
  stopped	
  by	
  the	
  addition	
  of	
  

1x	
  LDS	
   loading	
  buffer	
   (Invitrogen).	
  The	
  reaction	
  mixture	
  was	
  resolved	
  by	
  SDS-­‐

PAGE,	
  and	
  visualized	
  by	
  Western	
  blot.	
  	
  

	
  

2.2.7	
  Plasmid	
  transfection	
  and	
  transduction	
  

	
  

Constitutive	
   UHRF1	
   Knock-­‐down	
   (KD)	
   was	
   introduced	
   in	
   293T	
   cells	
   using	
  

pSuper.retro	
   plasmid	
   containing	
   shRNA	
   sequence	
   targeting	
   human	
   UHRF1.	
  	
  

Two-­‐plasmid	
   method	
   was	
   used	
   for	
   retroviral	
   packaging	
   of	
  

pSuper.retro.shUHRF1	
  construct,	
  where	
  Gag	
  and	
  Pol	
  are	
  encoded	
  on	
  one	
  plasmid	
  

and	
  Env	
  on	
  the	
  other	
  plasmid	
  (159).	
  	
  Gag	
  is	
  a	
  polyprotein	
  that	
  comprises	
  the	
  viral	
  

nucleoprotein	
   core	
  particle,	
   Pol	
   is	
   the	
   reverse	
   transcriptase	
   that	
   integrates	
   the	
  

RNA	
  genome	
  to	
  DNA	
  and	
  Env	
  forms	
  the	
  envelope	
  protein	
  for	
  the	
  virus.	
  	
  Phoenix	
  

A	
  cells	
  were	
  cultured	
  and	
  transfected	
  transiently	
  using	
  two-­‐plasmid	
  method	
  for	
  

retroviral	
  packaging	
  by	
  FuGENE6	
  Transfection	
  (12743400,	
  Roche).	
  	
  For	
  one	
  9	
  cm	
  

tissue	
  culture	
  dish,	
  cells	
  are	
  transfected	
  using	
  1.5	
  μg	
  pGag/Pol	
  and	
  1.5	
  μg	
  pEnv,	
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and	
   3	
   μg	
   of	
   either	
   pSuper.puro	
   containing	
   shRNA	
   targeting	
   the	
   human	
  UHRF1	
  

(sh2	
  and	
  sh3),	
  or	
  pOZ-­‐N	
  containing	
  UHRF1	
  sequence.	
  

	
  

After	
   72	
   hr,	
   the	
   supernatant	
   containing	
   retroviral	
   particles	
   was	
   collected	
   and	
  

sterile	
  filtered	
  using	
  0.45mm	
  filter	
  (MILLEX.GP,	
  Millipore).	
  	
  HeLa	
  and	
  FA	
  patient-­‐

derived	
   cells	
  were	
   transduced	
   using	
   the	
   supernatant	
  with	
   4	
  µg/ml	
   polybrene.	
  	
  

For	
   pSuper.puro	
   expressing	
   cells,	
   positive	
   cells	
   were	
   selected	
   using	
   5	
   µg/ml	
  

puromycin	
   (P8833,	
   Sigma).	
   	
   For	
   pOZ-­‐N	
   expressing	
   cells,	
   positive	
   cells	
   were	
  

sorted	
   and	
   selected	
   using	
   magnetic	
   beads	
   (goat-­‐anti-­‐mouse,	
   S1431S,	
   New	
  

England	
  Biolabs)	
  conjugated	
  with	
  α-­‐IL2	
  receptor	
  antibody.	
  

	
  

293T	
   cells	
   expressing	
   inducible	
   UHRF1	
   KD	
   pSuperior.TetR	
   construct	
   were	
  

generated	
  by	
  transfection	
  using	
  electroporation	
  device:	
  Gene	
  Pulser	
  II	
  (Bio-­‐Rad)	
  

connected	
  to	
  the	
  Pulse	
  Controller	
  (Bio-­‐Rad)	
  and	
  Capacitance	
  Extender	
  Plus	
  (Bio-­‐

Rad).	
   	
   Electroporation	
   was	
   carried	
   out	
   using	
   with	
   5µg	
   plasmid	
   DNA	
   (250	
   V,	
  

capacitance	
  750	
  µF).	
  	
  The	
  KD	
  was	
  induced	
  by	
  the	
  addition	
  of	
  10	
  µg/ml	
  doxycylin	
  

(Sigma).	
  

	
  

For	
   Sf9	
   cell	
   protein	
   purification,	
   recombinant	
   bacmids	
   were	
   generated	
   using	
  

DH10Bac	
   cells	
   transfected	
   with	
   pFastBac	
   plasmids	
   containing	
   cloned	
   protein	
  

sequence.	
  	
  Sf9	
  cells	
  were	
  transfected	
  by	
  bacmids	
  using	
  Cellfectin	
  II	
  (10362-­‐100,	
  

Invitrogen).	
   	
  After	
  48	
  hr,	
   the	
  supernatant	
  containing	
  baculovirus	
  was	
  collected,	
  

sterile	
   filtered	
   and	
   stored	
   as	
   P1	
   virus.	
   	
   Fresh	
   Sf9	
   cells	
   were	
   then	
   transduced	
  

using	
  P1	
  virus	
  to	
  generate	
  new	
  virus	
  of	
  a	
  higher	
  titer,	
  i.e.	
  P2	
  and	
  P3	
  (150	
  µl	
  viral	
  

supernatant	
  for	
  2.4x107	
  cells	
  in	
  15	
  cm	
  tissue	
  culture	
  dish).	
  	
  Sf9	
  cells	
  were	
  finally	
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transduced	
  using	
  P3	
  virus	
  for	
  protein	
  expression	
  and	
  purification.	
  

	
  

2.2.8	
  Clonogenic	
  assay	
  

	
  

Cells	
  were	
  seeded	
  in	
  6-­‐well	
  plate	
  at	
  fixed	
  number	
  overnight	
  before	
  being	
  treated	
  

with	
  different	
  concentration	
  of	
  MMC.	
  	
  For	
  HeLa	
  and	
  FA	
  patient-­‐derived	
  cells,	
  500	
  

cells/well	
  were	
  used	
  for	
  0	
  and	
  0.5	
  ng/ml	
  MMC,	
  1000	
  cells/well	
  for	
  1	
  and	
  2	
  ng/ml	
  

and	
  2000	
   cells/well	
   for	
  4	
   and	
  8	
  ng/ml.	
   	
   For	
  293T	
  and	
  mESCs,	
   1000	
   cells/well	
  

were	
  used	
  for	
  0	
  and	
  1	
  ng/ml	
  MMC,	
  2000	
  cells/well	
  for	
  2	
  and	
  4	
  ng/ml	
  and	
  4000	
  

cells/well	
   for	
  8	
  and	
  16	
  ng/ml.	
   	
  After	
  the	
  treatment	
  of	
  MMC,	
  cells	
  were	
  kept	
   for	
  

growth	
  for	
  2	
  weeks.	
  	
  Once	
  cell	
  colonies	
  were	
  formed,	
  they	
  were	
  fixed	
  in	
  solution	
  

containing	
  10%	
  methanol	
  and	
  10%	
  acetic	
  acid	
  for	
  10	
  min	
  at	
  room	
  temperature	
  

(RT),	
  and	
  stained	
  with	
  crystal	
  violet	
  solution	
  (10	
  mg/ml	
  in	
  methanol)	
  for	
  5	
  min	
  

at	
   RT.	
   	
   After	
   the	
   excess	
   crystal	
   violet	
   was	
   washed	
   away,	
   the	
   numbers	
   of	
   the	
  

colonies	
  were	
  counted	
  and	
   the	
  percentage	
  of	
   survived	
  colonies	
  was	
  calculated.	
  	
  

The	
   percentage	
   of	
   live	
   colony	
   at	
   0	
   ng/ml	
   MMC	
   treatment	
   was	
   normalized	
   as	
  

100%.	
  

	
  

2.2.9	
  Preparation	
  of	
  cell	
  lysate	
  and	
  fractionation	
  

	
  

To	
   prepare	
   whole	
   cell	
   lysate	
   for	
   Western	
   blot	
   (WB),	
   the	
   cells	
   were	
   detached	
  

using	
   trypsin	
   (0.25%	
   Trypsin-­‐EDTA,	
   T4049,	
   Sigma),	
   and	
   collected	
   in	
   equal	
  

volume	
  of	
   the	
  cell	
  pellet	
  of	
  benzonase	
  buffer	
  (2	
  mM	
  MgCl2;	
  50	
  mM	
  Tris,	
  pH8.0;	
  

10%	
   glycerol;	
   1%	
   Triton	
   X-­‐100,	
   0.2	
  mM	
   PMSF	
   and	
   2	
  mM	
  β-­‐mercaptoethanol)	
  

containing	
  12.5	
  units/ml	
  benzonase.	
  	
  The	
  DNA	
  in	
  the	
  cells	
  was	
  digested	
  by	
  using	
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vortex	
  gently,	
  and	
   incubated	
  on	
   ice	
   for	
  30	
  min.	
   	
  The	
  cells	
  were	
  then	
   lysed	
  with	
  

the	
   addition	
   of	
   equal	
   volume	
   of	
   2%	
   SDS	
   to	
   reach	
   a	
   final	
   concentration	
   of	
   1%.	
  	
  

Samples	
  were	
  heated	
  at	
  95°C	
  degree	
  for	
  10	
  min.	
  	
  The	
  protein	
  concentration	
  was	
  

calculated	
  by	
  measuring	
  the	
  absorbance	
  of	
  the	
  protein	
  sample	
  and	
  BSA	
  standard	
  

at	
  595	
  nm	
  using	
  Bradford	
  solution	
  (Bio-­‐Rad	
  Life	
  Science).	
  

	
  

To	
   separate	
   cells	
   into	
   cytoplasmic	
   and	
   nuclear	
   fractions,	
   the	
   cells	
   were	
   pre-­‐

extracted	
   using	
   twice	
   of	
   the	
   cell	
   pellet	
   volume	
   of	
   CSK	
   solution	
   (10	
  mM	
  PIPES,	
  

pH7.3;	
  100	
  mM	
  NaCl;	
  300	
  mM	
  sucrose;	
  1	
  mM	
  MgCl2;	
  1	
  mM	
  EDTA,	
  pH8.0;	
  1	
  mM	
  

DTT	
  and	
  1%	
  Triton	
  X-­‐100)	
  and	
  incubated	
  on	
  ice	
  for	
  5	
  min.	
  	
  The	
  CSK	
  containing	
  

cytoplasmic	
  fraction	
  was	
  collected	
  by	
  centrifugation	
  at	
  3000	
  rpm	
  for	
  5	
  min.	
  	
  The	
  

remaining	
   nuclear	
   pellet	
   was	
   digested	
   in	
   benzonase	
   buffer	
   as	
   described	
   for	
  

whole	
  cell	
  lysate.	
  

	
  

2.2.10	
  Immuno-­fluorescent	
  (IF)	
  microscopy	
  

	
  

10mm	
  cover	
   slips	
  were	
   sterilized	
   using	
   70%	
  ethanol	
   and	
  put	
   in	
   24-­‐well	
   plate.	
  	
  

Cells	
  were	
   seeded	
   in	
   the	
  wells	
  with	
   the	
   cover	
   slips	
   at	
   40%	
  confluent	
   and	
  kept	
  

overnight	
  with	
  500	
  µl	
  medium	
  for	
  experimentation	
  the	
  following	
  day.	
  	
  After	
  the	
  

experiment,	
   the	
   medium	
   was	
   removed	
   and	
   the	
   cells	
   were	
   washed	
   once	
   with	
  

phosphate	
  buffer	
  saline	
  (PBS).	
  	
  Cells	
  were	
  pre-­‐extracted	
  with	
  cold	
  1%	
  Triton	
  X-­‐

100/PBS	
   on	
   ice	
   for	
   10	
   min,	
   and	
   fixed	
   in	
   4%	
   paraformaldehyde/PBS	
   at	
   room	
  

temperature	
   (RT)	
   for	
   10	
  min.	
   	
   After	
  washed	
  with	
   PBS,	
   the	
   cells	
  were	
   blocked	
  

with	
  5%	
  BSA/0.1%	
  sodium	
  azide	
  in	
  PBS	
  containing	
  0.1%	
  Tween-­‐20	
  (PBS-­‐T)	
  for	
  

1	
  hr	
  at	
  RT	
  (BSA,	
  A7906,	
  Sigma).	
  	
  Primary	
  antibodies	
  were	
  diluted	
  at	
  1:100	
  in	
  5%	
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BSA/0.1%	
   sodium	
   azide/PBS-­‐T,	
   and	
   incubated	
   on	
   the	
   cells	
   overnight	
   at	
   4°C.	
  	
  

Secondary	
  antibodies	
  (Alexa	
  Fluor-­‐conjugated	
  488/568)	
  were	
  diluted	
  at	
  1:1000	
  

in	
  5%	
  BSA/0.1%	
  sodium	
  azide/PBS-­‐T,	
  and	
   incubate	
  on	
  the	
  cells	
   for	
  1	
  hr	
  at	
  RT.	
  	
  

After	
  washed	
  in	
  PBS,	
  the	
  cells	
  were	
  fixed	
  again	
  with	
  4%	
  paraformaldehyde/PBS	
  

for	
  5	
  min	
  at	
  RT.	
   	
  Fixing	
  solution	
  was	
  washed	
  away	
  using	
  PBS,	
  and	
  the	
  samples	
  

were	
   mounted	
   in	
   Vectra	
   Shield	
   (containing	
   DAPI)	
   on	
   a	
   microscopic	
   slide	
   and	
  

sealed	
  with	
  nail	
  polish.	
  	
  

	
  

Imaging	
  was	
  carried	
  out	
  using	
  DeltaVision	
  System	
  (Applied	
  Precision)	
   installed	
  

with	
   Resolve3D	
   SoftWoRx-­‐Acquire	
   Version	
   4.0.0.	
   	
   60x	
   optic	
   objective	
   was	
  

selected	
  (Olympus	
  60x/1.42,	
  PlanApo,	
  N).	
  	
  Fluorescent	
  images	
  were	
  captured	
  by	
  

camera	
  (CoolSNAP_HQ	
  /	
  ICX285).	
  	
  	
  	
  	
  

 

2.2.11	
  Fluorescence-­activated	
  cell	
  sorting	
  (FACS)	
  

 

Cells	
  were	
  detached	
  using	
  trypsin,	
  and	
  collected	
  in	
  1	
  ml	
  cold	
  PBS.	
  	
  The	
  cells	
  were	
  

fixed	
  by	
  adding	
  in	
  100%	
  ethanol	
  slowly	
  by	
  drops	
  on	
  vortex	
  and	
  incubated	
  on	
  ice	
  

for	
   30	
   min	
   (ethanol	
   final	
   concentration:	
   50%).	
   	
   Cells	
   were	
   collected	
   by	
  

centrifugation	
   at	
   1000	
   rpm/min	
   for	
   5	
   min	
   and	
   re-­‐suspended	
   for	
   staining	
   in	
  

PI/PBS	
  buffer	
   at	
   37°C	
   for	
   15	
  min	
   (50	
  µg/ml	
   propidium	
   iodide,	
   0.1%	
  Triton	
  X-­‐

100,	
   5%	
   Glycerol,	
   and	
   50	
   µg/ml	
   RNase).	
   	
   Samples	
   were	
   analyzed	
   on	
   flow	
  

cytometre	
  FACS	
  Calibur	
  (BD	
  Biosciences).	
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Chapter	
  3	
  FANCD2	
  and	
  FANCI	
  DNA	
  binding	
  activity	
  

	
  

3.1	
  Introduction	
  

	
  

When	
   cells	
   are	
   treated	
   with	
   DNA	
   damage	
   inducing	
   agents,	
   such	
   as	
   MMC	
   and	
  

cisplatin,	
   the	
   FANCD2	
   and	
   FANCI	
   are	
   activated	
   by	
   phosphorylation	
   and	
  

ubiquitination	
  (95,	
  99).	
  	
  Then	
  the	
  heterodimer	
  of	
  FANCD2/FANCI	
  is	
  loaded	
  onto	
  

chromatin	
   to	
   initiate	
   the	
   downstream	
   repair	
   pathway	
   (95).	
   	
   As	
   the	
   two	
   key	
  

players	
   in	
   the	
   Fanconi	
   Anemia	
   pathway,	
   FANCD2	
   and	
   FANCI	
   have	
   been	
   long	
  

suspected	
   to	
   interact	
   with	
   DNA	
   and	
   function	
   as	
   a	
   sensor	
   of	
   the	
   damage	
   to	
  

activate	
  the	
  pathway.	
  	
  Both	
  FANCD2	
  and	
  FANCI	
  have	
  been	
  previously	
  reported	
  to	
  

possess	
  some	
  DNA	
  binding	
  activity	
  and	
  affinity	
  to	
  certain	
  DNA	
  structure	
  (96-­98).	
  	
  

However,	
   it	
   is	
   unclear	
   whether	
   FANCD2	
   and	
   FANCI	
   can	
   recognize	
   DNA	
   ICLs	
  

directly.	
   	
   Therefore,	
   we	
   aimed	
   to	
   investigate	
   whether	
   FANCD2/FANCI	
   can	
  

interact	
  with	
  ICL	
  DNA	
  directly.	
  

	
  

We	
  used	
  recombinant	
  FANCD2	
  and	
  FANCI	
  to	
  conduct	
  EMSA	
  with	
  different	
  DNA	
  

structures,	
   including	
  cross-­‐linked	
  DNA.	
   	
   In	
   the	
   lab,	
  we	
  have	
  previously	
  purified	
  

flag-­‐HA-­‐tagged	
  FANCD2	
  and	
  ubiquitinated	
  FANCD2	
  from	
  HeLa	
  cells	
  (Dr.	
  Martin	
  

Cohn),	
   flag-­‐HA-­‐tagged	
   FANCD2	
   and	
   FANCI	
   monomers,	
   and	
   FANCD2/FANCI	
  

complex	
   from	
   Sf9	
   cells	
   (Chih-­‐Chao	
   Liang).	
   	
   We	
   studied	
   if	
   FANCD2	
   could	
  

recognize	
   ICL	
   directly,	
   and	
   whether	
   ubiquitination	
   or	
   the	
   complex	
   formation	
  

with	
  FANCI	
  could	
  enhance	
  the	
  interaction.	
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3.2	
  Results	
  

	
  

3.2.1	
  Introducing	
  site-­specific	
  DNA	
  ICLs	
  

	
  

Psoralens	
   have	
   been	
   widely	
   used	
   for	
   medical	
   purpose,	
   to	
   treat	
   certain	
   skin	
  

disorder	
  in	
  combination	
  with	
  UVA.	
  	
  Psoralens	
  are	
  compounds	
  that	
  are	
  formed	
  by	
  

linear	
   fusion	
  of	
  a	
   furan	
  ring	
  and	
  a	
  coumarin,	
  giving	
  a	
   tricyclic	
  planar	
  structure.	
  	
  

This	
   structure	
   allows	
   it	
   to	
   intercalate	
   between	
   the	
   stacked	
   bases	
   of	
   DNA,	
   and	
  

once	
   irradiated	
   with	
   light	
   of	
   wavelength	
   320nm-­‐400nm,	
   it	
   can	
   form	
   covalent	
  

bonds	
  between	
  adjacent	
  pyrimidines	
  in	
  opposite	
  strands	
  of	
  the	
  DNA	
  (160).	
  	
  It	
  has	
  

been	
   shown	
   that	
   psoralens	
   cross-­‐link	
   5’-­‐TA	
   site	
   preferentially,	
   12-­‐fold	
   more	
  

efficient	
  than	
  cross-­‐linking	
  5’-­‐AT	
  site,	
  and	
  barely	
  introduces	
  any	
  change	
  to	
  other	
  

sequence	
  combinations	
  (154).	
  

	
  

We	
   took	
   advantage	
   of	
   photochemistry	
   property	
   of	
   psoralens,	
   and	
   used	
  

trioxsalen,	
   a	
   derivative	
   of	
   psoralen,	
   to	
   create	
   site-­‐specific	
   ICLs	
   in	
   the	
   DNA	
  

substrates.	
  	
  We	
  designed	
  a	
  pair	
  of	
  substrates	
  containing	
  only	
  one	
  -­‐TA-­‐	
  site	
  in	
  the	
  

sequence	
  (Fig.	
  3.1A).	
  	
  The	
  method	
  to	
  introduce	
  ICLs	
  using	
  psoralen	
  and	
  UVA	
  was	
  

based	
   on	
   a	
   published	
   study	
   and	
   adapted	
   as	
   described	
   in	
   chapter	
   2	
   (154).	
   	
   By	
  

using	
   denaturing	
   urea	
   polyacrylamide	
   gel,	
   we	
   could	
   analyze	
   the	
   formation	
   of	
  

cross-­‐links,	
  that	
  the	
  uncross-­‐linked	
  DNA	
  substrate	
  would	
  be	
  denatured	
  to	
  single-­‐

stranded	
  DNA	
   (Fig.	
   3.1B,	
   lane	
   1),	
  whereas	
   the	
   two	
   strands	
   of	
   the	
   cross-­‐linked	
  

DNA	
   could	
   not	
   be	
   separated	
   and	
   therefore	
  would	
   give	
   a	
   shift	
   from	
   the	
   single-­‐

strand	
   DNA.	
   	
   We	
   optimized	
   the	
   condition	
   using	
   UVA	
   source	
   of	
   365nm	
  

wavelength,	
   with	
   irradiation	
   time	
   up	
   to	
   2hr.	
   	
   After	
   15min	
   of	
   UVA	
   activation,	
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some	
  of	
  the	
  DNA	
  was	
  cross-­‐linked	
  and	
  the	
  migration	
  of	
  the	
  cross-­‐linked	
  DNA	
  was	
  

greatly	
  retarded,	
   forming	
  an	
  upper	
  band	
  (Fig.	
  3.1B,	
   lane	
  2).	
   	
  As	
   the	
  duration	
  of	
  

the	
   activation	
   increased,	
   the	
   population	
   of	
   DNA	
   that	
   was	
   cross-­‐linked	
   also	
  

increased,	
  and	
  the	
  majority	
  of	
  the	
  radioactive	
   labeled	
  DNA	
  shifted	
  to	
  the	
  upper	
  

band	
  after	
  120min,	
  with	
  very	
  low	
  level	
  of	
  mono-­‐adduct	
  product	
  (Fig.	
  3.1B,	
  lanes	
  

3&4).	
  	
  We	
  increased	
  the	
  scale	
  of	
  the	
  reaction	
  and	
  carried	
  out	
  the	
  experiment	
  in	
  a	
  

6-­‐well	
   plate	
   to	
   achieve	
   a	
   more	
   uniformed	
   irradiation	
   surface	
   than	
   in	
   a	
  

microcentrifuge	
  tube.	
  	
  The	
  cross-­‐linking	
  efficiency	
  increased	
  to	
  100%	
  using	
  this	
  

set-­‐up	
  (Fig.	
  3.1C).	
   	
  We	
  also	
  extended	
  the	
  length	
  of	
  the	
  substrate	
  to	
  60bp	
  with	
  a	
  

single	
  cross-­‐linking	
  site,	
  ICL2,	
  and	
  with	
  4	
  sites,	
  ICL3.	
  	
  ICL4	
  and	
  ICL5	
  are	
  two	
  DNA	
  

fragments	
   generated	
   from	
   a	
   plasmid	
   DNA	
   containing	
   19	
   and	
   5	
   -­‐TA-­‐	
   sites,	
  

respectively,	
   mimicking	
   endogenous	
   -­‐TA-­‐	
   sequence	
   occurrence	
   in	
   the	
   genome	
  

(Fig.	
   3.1D).	
   	
   The	
   cross-­‐linking	
   of	
   ICL2,	
   ICL3,	
   ICL4	
   and	
   ICL5	
   are	
   analyzed	
   by	
  

denaturing	
   agarose	
   gel,	
  which	
   provides	
   a	
   better	
   separation	
   of	
   the	
   larger-­‐sized	
  

DNA	
  substrates	
  than	
  the	
  polyacrylamide	
  gel	
  (Fig.	
  3.1E).	
  	
  	
  

	
  

We	
  also	
  designed	
  a	
  27bp	
  DNA	
  substrate,	
  ICL8,	
  which	
  contains	
  a	
  single	
  -­‐TA-­‐	
  site	
  

but	
  with	
  stronger	
  adhesion	
  of	
  the	
  two	
  strands	
  because	
  of	
  the	
  high	
  GC	
  content	
  at	
  

the	
  two	
  ends.	
  	
  Similar	
  to	
  the	
  other	
  substrates,	
  using	
  this	
  method,	
  we	
  could	
  cross-­‐

link	
  ICL8	
  at	
  approximate	
  100%	
  efficiency	
  as	
  well,	
  and	
  on	
  a	
  native	
  polyacrylamide	
  

gel,	
   we	
   excised	
   the	
   corresponding	
   bands	
   and	
   purified	
   the	
   radioactive	
   labeled	
  

DNA	
  substrates	
  	
  (Fig.	
  3.1F).	
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3.2.2	
   FANCD2/FANCI	
   complex	
   has	
   higher	
   DNA	
   affinity	
   than	
   each	
  

monomer	
  

	
  

FANCD2	
  and	
  ubiquitinated	
  FANCD2	
  were	
  purified	
  from	
  HeLa	
  cells	
  (purification	
  

was	
   performed	
   by	
   Dr.	
   Martin	
   Cohn).	
   	
   The	
   protein	
   amount	
   was	
   balanced	
   by	
  

quantitative	
  Western	
  blot	
  (WB)	
  (Fig.	
  3.2A).	
   	
  The	
  purified	
  protein	
  was	
  loaded	
  to	
  

the	
   gel	
   according	
   to	
   dilution	
   of	
   1:9	
   (9x)	
   (Fig.	
   3.2A,	
   lanes	
   1&4),	
   1:3	
   (3x)	
   (lanes	
  

2&5)	
  and	
  undiluted	
  (1x)	
  (lanes	
  3&6).	
   	
  The	
   intensity	
  of	
   the	
  blot	
  of	
  FANCD2	
  and	
  

FANCD2-­‐Ub	
  was	
  compared	
  to	
  balance	
  the	
  amount	
  of	
  proteins	
  to	
  be	
  used	
  for	
  the	
  

subsequent	
   experiment.	
   	
   The	
   DNA	
   affinity	
   of	
   these	
   two	
   types	
   of	
   protein	
   was	
  

tested	
  by	
  electrophoretic	
  mobility	
  shift	
  assay	
  (EMSA).	
  	
  When	
  a	
  protein	
  molecule	
  

is	
  bound	
  to	
  the	
  radioactive	
  labeled	
  DNA	
  substrate,	
  the	
  migration	
  of	
  the	
  DNA	
  will	
  

be	
  retarded	
  in	
  the	
  gel,	
  and	
  therefore	
  be	
  separated	
  from	
  the	
  unbound	
  free	
  DNA,	
  

which	
  will	
   be	
   accumulated	
   at	
   the	
   bottom	
   of	
   the	
   gel	
   (Fig.	
   3.2B,	
  marked	
   as	
   free	
  

DNA).	
   	
   The	
   degree	
   of	
   retardation	
   depends	
   on	
   the	
   size	
   of	
   the	
   protein.	
   	
   Using	
  

increased	
   amount	
  of	
   FANCD2	
   (Fig.	
   3.2,	
   lanes	
  1-­‐3)	
   and	
  FANCD2-­‐Ub	
   (lanes	
  4-­‐6),	
  

we	
  did	
  not	
  observe	
  any	
  DNA	
  binding	
  activity	
  of	
  the	
  protein	
  to	
  the	
  21bp	
  double-­‐

stranded	
  DNA	
  substrate,	
  ICL1.	
  	
  	
  

	
  

We	
  then	
  studied	
  whether	
  the	
  FANCD2/FANCI	
  heterodimer	
  formation	
  increased	
  

the	
  DNA	
  affinity	
  compared	
   to	
   the	
   two	
  proteins	
  alone.	
   	
  The	
  protein	
  complex,	
  as	
  

well	
  as	
  FANCD2	
  and	
  FANCI	
  monomers,	
  was	
  purified	
  from	
  Sf9	
  cells	
  (purification	
  

was	
   performed	
   by	
   Chih-­‐Chao	
   Liang)	
   (Fig.	
   3.3A).	
   	
   ICL8	
   and	
   cross-­‐linked	
   ICL8	
  

(ICL8-­‐XL)	
  were	
  used	
   for	
   the	
  EMSA	
   (Fig.	
   3.3B,	
   lanes	
  1&2).	
   	
  We	
  did	
  not	
   see	
   any	
  

DNA	
  binding	
  activity	
  from	
  FANCD2	
  (lanes	
  3-­‐6)	
  or	
  FANCI	
  monomer	
  (lanes	
  7-­‐10).	
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However,	
   the	
   FANCD2/FANCI	
   complex	
   can	
   bind	
   to	
   the	
   double-­‐stranded	
   DNA	
  

substrate,	
   and	
   the	
   binding	
   is	
   slightly	
   reduced	
  when	
   a	
   cross-­‐link	
   is	
   introduced	
  

(Fig.	
   3.3,	
   lanes	
   11-­‐14).	
   	
   We	
   suspect	
   that	
   FANCD2/FANCI	
   complex	
   prefers	
   a	
  

normal	
   DNA	
   double	
   helix,	
   and	
   therefore	
   the	
   binding	
   was	
   lost	
   when	
   using	
   ICL	
  

DNA,	
  which	
  has	
  a	
  distorted	
  structure.	
  	
  	
  

	
  

To	
  confirm	
  the	
  interaction	
  of	
  FANCD2/FANCI	
  with	
  dsDNA,	
  we	
  went	
  on	
  to	
  test	
  if	
  

it	
  binds	
  to	
  other	
  DNA	
  substrates,	
  by	
  using	
  ICL1	
  (Fig.	
  3.4A,	
  lanes	
  1-­‐4),	
  ICL2	
  (lanes	
  

5-­‐8),	
  ICL3	
  (lanes	
  9-­‐12),	
  and	
  ICL5	
  (lanes	
  13-­‐16).	
  	
  FANCD2/FANCI	
  binds	
  stronger	
  

to	
  uncross-­‐linked	
   ICL1	
   than	
   ICL1-­‐XL	
   (Fig.	
   3.4A,	
   lanes	
  3&4),	
  which	
   is	
   similar	
   to	
  

the	
  result	
  we	
  observed	
  with	
  ICL8.	
  	
  But	
  the	
  complex	
  seemed	
  to	
  interact	
  with	
  the	
  

other	
   substrates	
   regardless	
   of	
   the	
   presence	
   of	
   the	
   cross-­‐link.	
   	
   This	
   could	
   be	
  

explained	
  that	
  as	
  the	
  size	
  of	
  the	
  DNA	
  increases,	
  the	
  proportion	
  of	
  affected	
  area	
  by	
  

the	
   cross-­‐linking	
  distortion	
   to	
   the	
  DNA	
  substrate	
   is	
   reduced,	
   and	
   therefore	
   the	
  

complex	
   could	
   still	
   bind	
   to	
   the	
   rest	
   of	
   the	
   unaffected	
   double	
   helix	
   of	
   the	
  

substrate.	
  	
  To	
  verify	
  that	
  the	
  protein-­‐DNA	
  interaction	
  was	
  specifically	
  originated	
  

from	
   the	
   recombinant	
   protein,	
   anti-­‐HA	
   antibody	
  was	
   used	
   to	
   conduct	
   a	
   super-­‐

shift	
   assay,	
   which	
   can	
   bind	
   to	
   the	
   recombinant	
   FANCD2	
   and	
   cause	
   a	
   further	
  

retardation	
   of	
   the	
   protein-­‐DNA	
   complex.	
   	
   The	
   anti-­‐HA	
   antibody	
   showed	
   no	
  

binding	
  activity	
  to	
  the	
  radioactive	
  labeled	
  80bp	
  double-­‐stranded	
  DNA	
  substrate	
  

when	
  incubated	
  alone	
  with	
  the	
  DNA	
  (Fig.	
  3.4B).	
   	
  Then	
  we	
  added	
  800ng	
  anti-­‐HA	
  

antibody	
   into	
   the	
   binding	
   reaction	
   with	
   FANCD2/FANCI.	
   	
   As	
   shown	
   in	
   Figure	
  

3.4C,	
  the	
  shifted	
  band	
  of	
  protein	
  bound	
  DNA	
  is	
  further	
  shifted	
  in	
  the	
  presence	
  of	
  

the	
   antibody	
   (lanes	
   2	
   to	
   3),	
  which	
   indicates	
   that	
   the	
   complex	
   formed	
  between	
  

protein	
  and	
  DNA	
  in	
  lane	
  2	
  is	
  specific.	
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cells by WB (α-FANCD2: FI17); B. EMSA of ICL1 using proteins FANCD2 and FANCD2-Ub.  
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FANCD2 (lanes 4-6) did not enhance its DNA binding activity.  
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FANCD2, FANCI and FANCD2/FANCI complex puri�ed from Sf9 cells (proteins puri�ed 
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3.2.3	
  FANCD2/FANCI	
  has	
  lower	
  binding	
  activity	
  to	
  HJ	
  and	
  Y-­fork	
  than	
  

other	
  DNA	
  structures	
  

	
  

Since	
   the	
   FANCD2/FANCI	
   heterodimer	
   is	
   recruited	
   to	
   chromatin	
   and	
   forms	
  

nuclear	
  foci	
  in	
  response	
  to	
  DNA	
  damage,	
  we	
  aimed	
  to	
  investigate	
  if	
  the	
  complex	
  

recognizes	
   other	
   DNA	
   structures,	
   which	
   could	
   potentially	
   represent	
   the	
  

intermediate	
   DNA	
   products	
   during	
   repair	
   (161).	
   	
   Hence,	
   we	
   tested	
  

FANCD2/FANCI	
  DNA	
   affinity	
   towards	
   ssDNA,	
   dsDNA,	
   3’-­‐overhang	
   (OH),	
   5’-­‐OH,	
  

Holliday	
   Junction	
   (HJ)	
   and	
   replication	
   fork	
   (Y-­‐fork)	
   (Fig.	
   3.5A).	
   	
   With	
   the	
  

increased	
  amount	
  of	
  protein,	
  all	
  six	
  DNA	
  substrates	
  had	
  an	
  increased	
  population	
  

that	
  was	
   bound	
   by	
   the	
   complex	
   (Fig.	
   3.5B	
   and	
   Fig.	
   3.6).	
   	
  We	
   found	
   that	
  while	
  

FANCD2/FANCI	
  could	
  bind	
  to	
  ssDNA,	
  dsDNA,	
  3’-­‐OH	
  and	
  5’-­‐OH,	
  its	
  bindings	
  to	
  HJ	
  

and	
   Y-­‐fork	
   are	
   weaker	
   (Fig.	
   3.5B,	
   lanes	
   9-­‐12,	
   and	
   Fig.	
   3.6,	
   lanes	
   9-­‐12).	
   	
   The	
  

interactions	
  of	
  the	
  complex	
  with	
  dsDNA,	
  5’-­‐OH	
  and	
  3’-­‐OH	
  were	
  comparable.	
  	
  This	
  

is	
   consistent	
   with	
   the	
   reported	
   FANCI	
   DNA	
   binding	
   activity	
   (98).	
   	
   Hence,	
   we	
  

believe	
  that	
  the	
  heterodimer	
  of	
  FANCD2/FANCI	
  possesses	
  intrinsic	
  DNA	
  affinity,	
  

but	
  may	
  not	
  specifically	
  recognize	
  certain	
  DNA	
  structure.	
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FIG. 3.5 FANCD2/FANCI interacts with di�erent DNA structures. A. Schematic diagrams 
show the di�erent DNA structures used in the following experiments: a. ssDNA; b. dsDNA; 
c. 5’-OH; d. 3’-OH; e. HJ; f. Y-fork; B. EMSA shows the binding of FANCD2/FANCI to ssDNA 
(lanes 1-4), dsDNA (lanes 5-8) and HJ (lanes 9-12), with the amount of protein as indicated; 
* in lanes 9-12: denatured DNA strands from HJ.
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with the amount of protein as indicated; * in lanes 9-12: denatured DNA strands from Y-fork.
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3.3	
  Discussion	
  

	
  

The	
   photochemistry	
   of	
   psoralen	
   is	
   rather	
   versatile.	
   	
   The	
   cross-­‐link	
   is	
   formed	
  

through	
   the	
   initial	
   formation	
   of	
   a	
   monoadduct	
   (160).	
   	
   The	
   ratio	
   between	
   the	
  

formation	
  of	
  mono-­‐adducts	
  and	
  cross-­‐links	
  can	
  be	
  controlled	
  by	
  the	
  wavelength	
  

and	
  the	
  delivery	
  time	
  of	
  the	
   light	
  (162).	
   	
  The	
  method	
  described	
  in	
  this	
  study	
  of	
  

creating	
   site-­‐specific	
   inter-­‐strand	
   cross-­‐links	
   in	
   DNA	
   gives	
   high	
   efficiency	
   and	
  

only	
  generates	
  a	
  minor	
  population	
  of	
  the	
  mono-­‐adduct	
  product.	
  

	
  

A	
  previous	
  study	
  has	
  shown	
  that	
  FANCI	
  could	
  bind	
  to	
  different	
  DNA	
  structures,	
  

including	
  dsDNA,	
  overhangs,	
  Y-­‐fork	
  and	
  HJ,	
  but	
  prefers	
  Y-­‐fork	
  and	
  HJ	
  structure	
  

(96).	
   	
   Also,	
   using	
   comparable	
   conditions	
   as	
   in	
   this	
   study,	
   FANCD2	
   has	
   been	
  

reported	
  to	
  bind	
  to	
  these	
  four	
  structures	
  as	
  well,	
  and	
  preferably	
  binds	
  to	
  ssDNA	
  

(96,	
  163,	
  164).	
  	
  Based	
  on	
  our	
  data,	
  FANCD2	
  and	
  FANCI	
  monomers	
  do	
  not	
  display	
  

significant	
   dsDNA	
   binding	
   activities.	
   	
   Since	
   the	
   series	
   of	
   DNA	
   binding	
   assays	
  

performed	
   in	
   the	
   structural	
   study	
   of	
   FANCD2/FANCI	
   heterodimer	
   used	
  mouse	
  

protein,	
  the	
  difference	
  between	
  our	
  results	
  and	
  the	
  previous	
  data	
  may	
  reflect	
  the	
  

difference	
  between	
  the	
  proteins	
  from	
  difference	
  species	
  (96).	
  	
  However,	
  it	
  is	
  also	
  

likely	
   that	
   the	
   FANCD2	
   or	
   FANCI	
   binding	
   of	
   dsDNA	
   in	
   our	
   experiment	
   was	
  

attenuated	
  by	
  the	
  presence	
  of	
  non-­‐radioactive	
  labeled	
  DNA	
  competitors	
  (salmon	
  

sperm	
   DNA),	
   which	
   was	
   added	
   to	
   differentiate	
   the	
   binding	
   with	
   a	
   structural	
  

specificity	
   from	
   the	
   general	
   nucleic	
   acid	
   affinity	
   of	
   the	
   protein.	
   	
   To	
   study	
   the	
  

binding	
   of	
   FANCD2	
   or	
   FANCI	
   to	
   normal	
   dsDNA	
   in	
   future,	
   the	
   non-­‐radioactive	
  

DNA	
   competitors	
   can	
   be	
   removed.	
   	
   Nevertheless,	
   we	
   observed	
   that	
   the	
  

heterodimer	
  formation	
  of	
  FANCD2/FANCI	
  increased	
  the	
  DNA	
  binding	
  activity	
  of	
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the	
  two	
  proteins,	
  and	
  could	
  generate	
  a	
  relatively	
  stable	
  complex	
  with	
  dsDNA.	
  

	
  

Although	
  it	
   is	
  understood	
  that	
  monoubiquitination	
  of	
  FANCD2/FANCI	
  is	
  critical	
  

step	
   for	
   its	
   chromatin	
   recruitment	
   (105,	
  106),	
   the	
   exact	
   timing	
  of	
   FANCD2	
  and	
  

FANCI	
   heterodimer	
   formation	
   is	
   still	
   unclear,	
   in	
   relation	
   to	
   ubiquitination	
   and	
  

chromatin	
   association.	
   	
   Based	
   on	
   our	
   in	
   vitro	
   data,	
   it	
   is	
   possible	
   that	
   the	
  

FANCD2/FANCI	
  complex	
  binds	
  to	
  DNA	
  better	
  than	
  the	
  monomers.	
  	
  Therefore,	
  it	
  

is	
  more	
   likely	
   that	
   FANCD2	
   and	
   FANCI	
   form	
  heterodimer	
   first	
   and	
   then	
   locate	
  

onto	
   chromatin.	
   	
   This	
   is	
   in	
   line	
   with	
   the	
   structural	
   study	
   of	
   FANCD2/FANCI	
  

complex,	
   showing	
   that	
   the	
  heterodimer	
  has	
   a	
   lower	
  dissociation	
   constant	
  with	
  

DNA	
   than	
   FANCD2	
   or	
   FANCI	
   (96).	
   	
   The	
   DNA	
   structural	
   preference	
   of	
  

FANCD2/FANCI	
   complex	
   is	
   mild	
   from	
   our	
   observation.	
   	
   However,	
   upon	
  

ubiquitination,	
  there	
  could	
  be	
  potential	
  conformational	
  change	
  of	
  the	
  complex,	
  to	
  

increase	
  DNA	
  affinity	
  of	
   the	
  heterodimer,	
  and	
  perhaps	
  the	
  structural	
  specificity	
  

could	
   also	
   be	
  more	
   pronounced.	
   	
   Finally	
   it	
   is	
   likely	
   that	
   the	
   recognition	
   of	
   ICL	
  

DNA	
   requires	
   other	
   protein	
   factors,	
   with	
   their	
   recruitment	
   closely	
   associated	
  

with	
  FANCD2/FANCI	
  complex.	
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Chapter	
   4	
   Detection,	
   purification	
   and	
   identification	
   of	
  

nuclear	
  proteins	
  that	
  are	
  able	
  to	
  recognize	
  DNA	
  ICLs	
  

	
  

4.1	
  Introduction	
  

	
  

The	
  two	
  key	
  components	
  of	
  the	
  FA	
  pathway,	
  FANCD2	
  and	
  FANCI	
  are	
  activated	
  by	
  

ubiquitination	
  upon	
  DNA	
  damage	
  and	
  localize	
  to	
  the	
  sites	
  of	
  damages	
  (107,	
  161).	
  	
  

The	
  loss	
  of	
  ubiquitination	
  results	
  in	
  failure	
  of	
  chromatin	
  recruitment	
  and	
  defects	
  

in	
  downstream	
  repair	
  (95,	
  107).	
  	
  Studies	
  have	
  shown	
  that	
  the	
  FA	
  core	
  complex	
  is	
  

required	
   for	
   the	
   FANCD2/FANCI	
   heterodimer	
   monoubiquitination	
   and	
   its	
  

chromatin	
   recruitment	
   (78,	
   98,	
   165).	
   	
   Among	
   the	
   core	
   complex,	
   FANCA	
   and	
  

FANCM	
   have	
   been	
   reported	
   to	
   possess	
   nucleic	
   acid	
   affinity	
   (166,	
   167),	
   but	
  

neither	
  has	
  been	
  linked	
  to	
  the	
  binding	
  to	
  inter-­‐strand	
  cross-­‐links.	
  	
  The	
  molecular	
  

mechanism	
   of	
   the	
   precise	
   recruitment	
   of	
   the	
   ubiquitinated	
   FANCD2/FANCI	
  

complex	
   to	
   the	
   inter-­‐strand	
  cross-­‐links	
   remains	
  elusive.	
   	
   It	
   seems	
  unlikely	
   that	
  

FANCD2	
   or	
   FANCI	
   could	
   localize	
   to	
   the	
   sites	
   of	
   damages	
   directly	
   prior	
   to	
  

ubiquitination	
   as	
   described	
   in	
   the	
   previous	
   chapter,	
   therefore,	
   other	
   protein	
  

factor(s)	
  may	
  act	
  as	
  the	
  upstream	
  initiator(s)	
  of	
  the	
  pathway,	
  by	
  binding	
  to	
  the	
  

cross-­‐linked	
  DNA	
  to	
  initiate	
  the	
  ubiquitination	
  of	
  FANCD2	
  and	
  FANCI.	
  

	
  

In	
  order	
  to	
  discover	
  proteins	
  that	
  can	
  associate	
  with	
  DNA	
  ICLs	
  in	
  human	
  cells,	
  we	
  

designed	
   a	
   strategy	
   to	
   use	
   biotin-­‐labeled	
   DNA	
   substrate	
   as	
   a	
   bait,	
   to	
   purify	
  

components	
   that	
   interact	
   with	
   DNA	
   from	
   a	
   pool	
   of	
   nuclear	
   proteins	
   extracted	
  

from	
  HeLa	
  cells.	
   	
  By	
  comparing	
  the	
  purification	
  products	
  from	
  non-­‐cross-­‐linked	
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DNA	
  with	
  the	
  cross-­‐linked	
  DNA,	
  we	
  could	
  isolate	
  the	
  proteins	
  that	
  recognize	
  the	
  

cross-­‐linked	
   DNA	
   directly.	
   	
   The	
   purification	
   process	
   utilized	
   the	
   interaction	
  

between	
  biotin	
  and	
  streptavidin,	
  which	
   is	
   the	
  strongest	
  non-­‐covalent	
  biological	
  

interaction	
   known	
   (168).	
   	
   Streptavidin	
   is	
   a	
   protein	
   secreted	
   by	
   Streptomyces	
  

avidinii.	
  	
  It	
  interacts	
  with	
  biotin	
  of	
  high	
  affinity	
  and	
  generates	
  very	
  low	
  unspecific	
  

binding	
  (169,	
  170).	
   	
  Streptavidin	
  sepharose	
  beads	
  captured	
   the	
  proteins	
  bound	
  

to	
   the	
   biotin-­‐labeled	
   cross-­‐linked	
   DNA.	
   	
   Then	
   the	
   DNA	
   was	
   digested	
   by	
  

benzonase	
   to	
  allow	
  the	
  elution	
  of	
   the	
  protein.	
   	
  Finally,	
   the	
  purification	
  product	
  

was	
  analyzed	
  by	
  mass-­‐spectrometry	
  protein	
  identification.	
  

	
  

4.2	
  Results	
  

	
  

4.2.1	
  Preparation	
  of	
  nuclear	
  extract	
  from	
  HeLa	
  cells	
  

	
  

It	
   has	
   been	
   shown	
   that	
   upon	
   DNA	
   damage,	
   some	
   protein	
   localization	
   can	
   be	
  

changed,	
   and	
   certain	
   post-­‐translational	
   modifications	
   can	
   take	
   place.	
   	
   For	
  

instance,	
   FA	
   proteins	
   are	
   recruited	
   to	
   chromatin	
   (112),	
   and	
   NBS1	
   is	
  

phosphorylated	
   in	
   response	
   to	
   DNA	
   damage	
   (99).	
   	
   In	
   some	
   FA	
   deficient	
   cells,	
  

certain	
  protein	
  expression	
  levels	
  are	
  altered	
  in	
  the	
  presence	
  of	
  DNA	
  damage.	
  	
  For	
  

example,	
  cyclin-­‐dependent	
  kinase	
  inhibitor	
  1	
  (p21)	
  is	
  up-­‐regulated	
  in	
  FANCC	
  or	
  

FANCA	
   deficient	
   cells	
   (171).	
   	
   These	
   changes	
   of	
   nuclear	
   proteins	
   may	
   be	
  

important	
   for	
   the	
   initiation	
  of	
  DNA	
  ICL	
  repair.	
   	
  Therefore,	
  we	
  used	
   the	
  nuclear	
  

extracts	
   from	
   cells	
   treated	
   with	
   MMC	
   to	
   incubate	
   with	
   biotin-­‐labeled	
   DNA	
  

substrate	
   to	
   purify	
   ICL	
   interacting	
  proteins.	
   	
   This	
  may	
   enhance	
   the	
   abundance	
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and	
   the	
   specificity	
   of	
   the	
   proteins,	
   and	
   hence	
   the	
   detection	
   of	
   them	
   as	
   the	
  

damage	
  sensors.	
  	
  	
  

	
  

We	
   tested	
   the	
   activation	
  of	
   the	
  DDR	
  using	
  MMC.	
   	
  After	
  6hr	
  of	
  MMC	
   treatment,	
  

FANCD2	
   was	
   ubiquitinated	
   and	
   BRCA1	
   was	
   shifted,	
   possibly	
   due	
   to	
  

phosphorylation	
   in	
   response	
   to	
   DNA	
   damage	
   (Fig.	
   4.1A,	
   lanes	
   3).	
   	
   The	
  

ubiquitination	
   of	
   FANCD2	
   and	
   phosphorylation	
   of	
   BRCA1	
   continued	
   following	
  

the	
   time	
   course,	
   suggesting	
   that	
   these	
   cells	
  were	
   going	
   through	
  DDR,	
   although	
  

the	
   24hr	
   treatment	
   only	
   showed	
   marginal	
   increase	
   from	
   9hr	
   	
   (lanes	
   4&5).	
  	
  

Therefore,	
   to	
   purify	
   nuclear	
   extract	
   from	
   cells	
   experiencing	
   an	
   active	
  DDR,	
  we	
  

treated	
   HeLa	
   S3	
   cells	
   with	
   160ng/ml	
   MMC	
   for	
   16hr	
   prior	
   to	
   cell	
   harvesting.	
  	
  

Using	
  the	
  method	
  described	
  previously	
  (156),	
  we	
  obtained	
  nuclear	
  extract	
  from	
  

these	
  cells.	
  	
  We	
  separated	
  most	
  of	
  the	
  cytoplasmic	
  protein	
  from	
  the	
  nuclei,	
  as	
  α-­‐

Tubulin	
  was	
  only	
  detected	
  in	
  the	
  cytoplasmic	
  fraction	
  of	
  the	
  extracts	
  but	
  not	
  in	
  

the	
  nuclear	
   fraction	
   (Fig.	
  4.1B).	
   	
  We	
  also	
   retained	
   the	
  nuclei	
   integrity,	
   as	
  DNA-­‐

PKcs	
  was	
  largely	
  preserved	
  in	
  the	
  nuclear	
  fraction	
  (Fig.	
  4.1C,	
  lanes	
  1&2	
  and	
  lanes	
  

4&5).	
   	
   The	
   extract	
   of	
   the	
   nuclear	
   protein	
  was	
   also	
   efficient,	
   that	
   only	
   a	
  minor	
  

population	
   of	
   DNA-­‐PKcs	
   remained	
   in	
   the	
   chromatin	
   pellet	
   (lanes	
   3&6).	
   	
   We	
  

noticed	
   that	
   there	
   was	
   slightly	
   less	
   DNA-­‐PKcs	
   left	
   in	
   the	
   cytoplasmic	
   fraction	
  

after	
  the	
  treatment	
  with	
  MMC	
  than	
  before	
  (lane	
  4	
  compared	
  with	
  lane	
  1).	
   	
  This	
  

may	
  reflect	
  the	
  nuclear	
  recruitment	
  of	
  DNA-­‐PKcs	
  in	
  response	
  to	
  DNA	
  damage.	
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FIG. 4.1 The preparation of nuclear extracts from HeLa cells. A. HeLa S3 cells were 
treated with 160ng/ml MMC for indicated amount of time.  WB shows that in the whole 
cell lysate BRCA1 (α-BRCA1: D9) was shifted, possibly due to phosphorylation upon DDR 
activation and FANCD2 (α-FANCD2: FI17) was monoubiquitinated; B. Fractionation of 
cells treated with or without MMC, into nuclear extract and cytoplasmic population 
using Western blot of tubulin (α-α−tubulin: DM1A) as control; C. From the same cell 
fractionation, DNA-PKcs (antibody is a gift from Dr. Lakin) is shown in WB as a control of 
e�cient extraction from the chromatin and the preservation of the in the nuclear extract. 
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4.2.2	
  Purification	
  of	
  nuclear	
  proteins	
  that	
  recognize	
  DNA	
  ICLs	
  

	
  

To	
  purify	
  the	
  proteins	
  bound	
  specifically	
  to	
  the	
  cross-­‐linked	
  DNA,	
  we	
  designed	
  a	
  

strategy	
  using	
  biotin-­‐streptavidin	
   affinity	
  purification.	
   	
   Biotin-­‐labeled	
   ICL1	
   and	
  

ICL1-­‐XL	
   were	
   incubated	
   with	
   nuclear	
   extracts	
   treated	
   with	
   MMC	
   (in	
   buffer	
  

containing	
  5	
  mM	
  Tris,	
  pH	
  7.9,	
  30	
  mM	
  KCl,	
  1	
  mM	
  DTT,	
  10	
  mM	
  Hepes-­‐KOH	
  pH	
  7.9,	
  

1	
   mM	
   EDTA,	
   5%	
   glycerol,	
   0.3	
   mg/ml	
   BSA,	
   and	
   5	
   µg/ml	
   salmon	
   sperm	
   DNA),	
  

captured	
   by	
   streptavidin	
   sepharose	
   beads	
   and	
   eluted	
   by	
   benzonase	
   digestion	
  

(Fig.	
   4.2A).	
   	
   The	
   eluates	
   were	
   analyzed	
   on	
   a	
   gradient	
   polyacrylamide	
   gel	
   to	
  

obtain	
  the	
  best	
  separation	
  and	
  the	
  visualization	
  of	
  proteins	
  of	
  variable	
  sizes.	
  	
  In	
  

the	
  mock	
  purification	
  (Fig.	
  4.2B,	
   lane	
  1),	
  no	
  DNA	
  substrate	
  was	
  added.	
   	
  Most	
  of	
  

the	
  bands	
  were	
  identical	
  from	
  the	
  purification	
  with	
  non-­‐cross-­‐linked	
  (lane	
  2)	
  or	
  

cross-­‐linked	
   	
   (lane	
   3)	
   DNA,	
   and	
   some	
   proteins	
   may	
   interact	
   better	
   with	
   non-­‐

cross-­‐linked	
  DNA	
  than	
  cross-­‐linked	
  DNA	
  (lane	
  2,	
  Bands	
  1,	
  2	
  and	
  3).	
  	
  These	
  bands	
  

may	
  contain	
  proteins	
  that	
  interact	
  with	
  normal	
  dsDNA,	
  and	
  when	
  a	
  cross-­‐link	
  is	
  

introduced,	
   the	
  DNA	
  double	
  helix	
  structure	
  was	
  distorted,	
  resulting	
   in	
  a	
   loss	
  of	
  

binding	
   from	
   the	
   protein.	
   	
   We	
   found	
   that	
   a	
   band	
   at	
   a	
   position	
   around	
   97kDa	
  

(Band	
  4)	
  was	
  stronger	
  in	
  the	
  sample	
  purified	
  with	
  ICL1-­‐XL	
  than	
  ICL1	
  (Fig.	
  4.2B,	
  

indicated	
  with	
  an	
  arrow),	
  suggesting	
   that	
   it	
  may	
  comprise	
  proteins	
   that	
  have	
  a	
  

tighter	
   association	
   with	
   cross-­‐linked	
   DNA	
   than	
   with	
   non-­‐cross-­‐linked	
   DNA.	
  	
  

Hence,	
   we	
   hypothesized	
   that	
   this	
   band	
   potentially	
   contained	
   protein(s)	
   that	
  

could	
  recognize	
  inter-­‐strand	
  cross-­‐linked	
  DNA	
  specifically.	
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FIG. 4.2 Puri�cation of proteins recognizing DNA inter-strand cross-links. A. 
Schematic diagram shows the puri�cation strategy.  Biotinylated ICL1 and ICL1-XL 
were incubated with nuclear extract treated with MMC.  Streptavidin sepharose beads 
were added to capture the biotin-labeled DNA.  After washing, the DNA substrates 
were digested with benzonase and the proteins were eluted; B. The puri�cation 
products were analyzed by electrophoresis followed by silver staining: lane 1, mock; 
lane 2, nuclear extract with biotinylated ICL1; lane 3, nuclear extract with biotinylated 
ICL1-XL.  The band indicated by an arrow in lane 4 was cut out, processed and 
identi�ed by mass-spectrometry.
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4.2.3	
  Identification	
  of	
  nuclear	
  proteins	
  that	
  recognize	
  DNA	
  ICLs	
  

	
  

Mass-­‐spectrometry	
   was	
   used	
   to	
   identify	
   those	
   proteins	
   by	
   measuring	
   and	
  

analyzing	
   the	
   peptide	
   components	
   of	
   the	
   proteins.	
   	
   It	
   is	
   known	
   that	
   the	
   thiol	
  

group	
   of	
   cysteines	
   of	
   a	
   protein	
   is	
   highly	
   susceptible	
   to	
   oxidization,	
   which	
  

generates	
   disulfide	
   derivative	
   cystine.	
   	
   These	
   side	
   reactions	
   give	
   rise	
   to	
  

heterogeneous	
   protein	
   modificiations	
   that	
   complicate	
   mass-­‐spectrometry	
   data	
  

analysis.	
   	
   Iodoacetic	
   acid	
   is	
   an	
   alkylating	
   agent	
   that	
   can	
   react	
   with	
   and	
   form	
  

irreversible	
  block	
  of	
   the	
   free	
   thiol	
   group,	
  preventing	
  undesired	
  modification	
  of	
  

the	
   protein	
   during	
   analysis	
   (172).	
   	
   Separated	
   alkylation	
   of	
   the	
   samples	
   can	
  

generate	
  uniformed	
  and	
  quantitative	
  cysteine	
  modification.	
  	
  Thus,	
  it	
  becomes	
  an	
  

important	
  step	
  before	
  mass-­‐spectrometry	
  identification	
  to	
  avoid	
  the	
  complexity	
  

of	
  protein	
  analysis	
   (173).	
   	
  We	
  excised	
  Band	
  4	
   from	
  the	
  silver-­‐stain	
  gel,	
  and	
  de-­‐

stained,	
  dehydrated	
  and	
  alkylated	
  the	
  sample	
  using	
  iodoacetic	
  acid.	
  

	
  

The	
   sample	
   was	
   analyzed	
   by	
   mass-­‐spectrometry	
   (in	
   collaboration	
   with	
   Prof.	
  

Steve	
  Gygi,	
  Harvard	
  Medical	
  School).	
   	
  354	
  unique	
  peptides	
  were	
  identified	
  (Fig.	
  

4.3A).	
  	
  The	
  most	
  prominent	
  hits	
  from	
  the	
  identification	
  were	
  UHRF1	
  and	
  UHRF2,	
  

present	
   with	
   76	
   and	
   11	
   peptides,	
   respectively.	
   	
   UHRF1	
   was	
   clearly	
   the	
   most	
  

dominant	
   species	
   over	
   common	
   contaminations,	
   e.g.	
   keratins.	
   	
   The	
   peptide	
  

coverage	
  of	
  UHRF1	
  is	
  48.8%	
  and	
  of	
  UHRF2	
  is	
  16.6%	
  (Fig.	
  4.3B&C).	
  	
  Both	
  proteins	
  

belong	
   to	
   the	
   UHRF	
   family,	
   composed	
   by	
   structural	
   domains	
   including	
   an	
  

ubiquitin-­‐like	
   domain,	
   a	
   planthomeodomain	
   (PHD),	
   SRA	
   domain	
   and	
   RING	
  

domain.	
  	
  Human	
  UHRF1	
  is	
  an	
  806aa	
  protein,	
  with	
  a	
  molecular	
  weight	
  of	
  95kDa,	
  

whereas	
  UHRF2	
  has	
  802aa,	
  and	
  the	
  two	
  proteins	
  are	
  of	
  52.6%	
  identical	
  (174).	
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FIG. 4.3 The results from mass-spectrometry identi�cation. A. The list of peptides 
found in the puri�cation sample, showing the total and unique number of peptides 
detected, and the proteins identi�ed; B. The peptide coverage of UHRF1; C. The 
peptide coverage of UHRF2, green underlined letters showing the amino acids 
detected from the sample.

Unique Total AVG Gene Name MW (kDa)
39 76 4.2381 UHRF1 95
33 79 3.5044 KRT1 66
26 117 5.4927 KRT9 64
26 45 4.1946 KRT10 56
25 42 4.1763 KRT2 65
16 23 3.277 KRT5 58
9 11 3.5121 UHRF2 90
7 8 2.8194 AZGP1 34
7 7 3.46 DSG1 150
6 6 3.0455 EXOSC10 100
5 9 3.1493 KRT6B 60
5 9 2.6848 CAPRIN1 78
5 8 4.7448 KRT14 52

Protein
(354 unique, 690 total, 94 total protein)

Figure 4.3
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4.3	
  Discussion	
  

	
  

The	
  observation	
  of	
  BRCA1	
  phosphorylation	
  with	
  MMC	
   treatment	
  of	
   the	
   cells	
   is	
  

consistent	
  with	
  previous	
  studies,	
  that	
  FANCD2	
  and	
  BRCA1	
  are	
  co-­‐localized	
  at	
  the	
  

sites	
   of	
   DNA	
   damage	
   upon	
   activation,	
   and	
   the	
   two	
   proteins	
   function	
   as	
   a	
   link	
  

between	
  the	
  FA	
  pathway	
  and	
  the	
  downstream	
  repair	
  process	
  (106,	
  107).	
  

	
  

To	
  differentiate	
   the	
  protein	
  binding	
   to	
   cross-­‐linked	
  DNA	
  versus	
  undamaged	
  or	
  

other	
  DNA	
  structures,	
  we	
  experimented	
  with	
  different	
  types	
  of	
  non-­‐specific	
  DNA	
  

competitors,	
   including	
   poly(dI:dC),	
   plasmid	
   DNA	
   and	
   salmon	
   sperm	
   genomic	
  

DNA.	
   	
   In	
   this	
   study,	
  we	
   found	
   that	
  with	
   the	
   addition	
   of	
   sheared	
   genomic	
  DNA	
  

from	
   salmon	
   sperm,	
   while	
   the	
   interaction	
   of	
   many	
   proteins	
   with	
   the	
   DNA	
  

substrates	
  was	
  reduced,	
  certain	
  protein	
  complexes	
  with	
  DNA	
  ICL	
  persisted.	
  	
  It	
  is	
  

likely	
   that	
   potential	
   endogenous	
   DNA	
   damage	
   in	
   salmon	
   sperm	
   generates	
  

different	
  species	
  of	
  DNA	
  structures,	
  resembling	
  DSBs,	
  oxidative	
  adducts,	
  etc.	
  	
  As	
  

a	
  result,	
  salmon	
  sperm	
  genomic	
  DNA	
  became	
  a	
  better	
  competitor	
  than	
  the	
  others	
  

to	
  enhance	
  the	
  detection	
  of	
  proteins	
  with	
  direct	
  interaction	
  with	
  DNA	
  ICLs.	
  	
  	
  

	
  

Previously,	
   attempts	
   have	
   been	
   made	
   to	
   purify	
   ICL-­‐interacting	
   protein	
   using	
  

cisplatin	
  cross-­‐linked	
  DNA,	
  and	
  several	
  proteins	
  have	
  been	
  identified,	
   including	
  

poly(ADP-­‐ribose)	
  polymerase	
  1	
   (PARP-­‐1),	
  MutSβ,	
   etc.	
   (175,	
  176).	
   	
   Photo-­‐cross-­‐

linking	
   of	
   proteins	
   and	
   the	
   DNA	
   has	
   been	
   used	
   prior	
   to	
   purification	
   in	
   these	
  

studies,	
  which	
  helped	
  to	
  preserve	
  the	
  interaction	
  between	
  proteins	
  and	
  DNA,	
  but	
  

may	
   also	
   increase	
   the	
   risk	
   of	
   unspecific	
   DNA	
   binding	
   of	
   a	
   protein	
   due	
   to	
   the	
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artificial	
   cross-­‐linking.	
   	
   Although	
   PARP-­‐1	
   and	
   MutSβ	
   have	
   been	
   shown	
   to	
   be	
  

required	
  for	
  DNA	
  repair,	
  the	
  direct	
  and	
  specific	
  interaction	
  of	
  with	
  ICL	
  DNA	
  has	
  

not	
   been	
   verified.	
   	
   Also,	
   in	
   contrast	
   to	
   our	
   purification,	
   non-­‐specific	
   DNA	
  

competitors	
  were	
   not	
   included	
   in	
   the	
   previous	
   studies,	
   which	
  may	
   potentially	
  

result	
   in	
   obtaining	
   proteins	
   that	
   recognize	
   damaged	
   DNA	
   but	
   not	
   specifically	
  

inter-­‐strand	
  cross-­‐linked	
  DNA.	
  

	
  

Using	
  individual	
  protein	
  bands	
  from	
  silver-­‐stain	
  gel	
  for	
  identification	
  provides	
  a	
  

set	
  of	
   clean	
  and	
   straightforward	
  mass-­‐spectrometry	
   results	
   for	
   the	
   subsequent	
  

analysis.	
   	
   However,	
   we	
   could	
   possibly	
   have	
   over-­‐looked	
   some	
   potentially	
  

interesting	
  candidates	
  due	
  to	
  the	
  low	
  abundance	
  in	
  the	
  sample,	
  as	
  they	
  may	
  not	
  

be	
   clearly	
   visible	
   from	
   the	
   gel.	
   	
   It	
  may	
   help	
   to	
   overcome	
   this	
   limitation	
   in	
   our	
  

strategy	
   in	
   future	
   by	
  using	
   the	
   entire	
   purification	
  product	
   for	
   identification,	
   in	
  

addition	
  to	
  analyzing	
  individually	
  isolated	
  protein	
  bands.	
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Chapter	
   5	
   In	
   vitro	
   characterization	
   of	
   UHRF1:	
   UHRF1	
  

recognizes	
  DNA	
  ICLs	
  directly	
  

	
  

5.1	
  Introduction	
  

	
  

UHRF1	
   contains	
   an	
   N-­‐terminal	
   ubiquitin-­‐like	
   domain,	
   a	
   tandem	
   tudor	
   domain	
  

(TTD),	
  a	
  plant	
  homeodomain	
  (PHD),	
  an	
  SET	
  and	
  RING	
  associated	
  (SRA)	
  domain,	
  

and	
   a	
   RING	
   finger	
   motif	
   (Fig.	
   1.3A).	
   	
   It	
   is	
   a	
   nuclear	
   protein	
   and	
   was	
   initially	
  

identified	
   as	
   an	
   inverted	
   CCAAT	
   box	
   binding	
   factor	
   of	
   the	
   topoisomerase	
   IIα	
  

promoter	
   to	
   regulate	
   its	
   expression	
   (119).	
   	
   Subsequent	
   studies	
   have	
  

demonstrated	
   that	
   UHRF1	
   can	
   affect	
   DNA	
   methylation	
   (131,	
   141),	
   histone	
  

deacetylation	
  (121),	
  histone	
  methylation	
  (177),	
  and	
  histone	
  ubiquitination	
  (123,	
  

124).	
   	
   Therefore	
   UHRF1	
   has	
   been	
   long	
   believed	
   to	
   be	
   very	
   important	
   for	
  

regulating	
  gene	
  expression	
  epigenetically.	
  	
  	
  

	
  

Its	
   interaction	
   with	
   the	
   DNA	
   methyltransferase	
   DNMT1,	
   histone	
   and	
   hemi-­‐

methylated	
   DNA	
   has	
   been	
   studied	
   in	
   depth.	
   	
   The	
   crystal	
   structure	
   of	
   the	
   SRA	
  

domain	
  of	
  UHRF1	
  has	
  been	
  presented	
  in	
  complex	
  with	
  DNA	
  containing	
  a	
  hemi-­‐

methylated	
  CpG	
  site	
   (139).	
   	
   It	
   is	
  believed	
   that	
  when	
   the	
  SRA	
  domain	
  of	
  UHRF1	
  

binds	
  to	
  hemi-­‐methylated	
  DNA,	
  it	
  creates	
  an	
  access	
  for	
  DNMT1	
  to	
  methylate	
  the	
  

complementary	
   DNA	
   strand	
   (178).	
   	
   Multiple	
   regions,	
   including	
   PHD,	
   TTD	
   and	
  

SRA,	
  are	
  suggested	
  be	
  responsible	
   for	
   its	
  histone	
  binding	
  activity,	
  and	
  different	
  

histone	
  markers	
  recognition,	
  e.g.	
  methylation	
  and	
  acetylation	
  (125,	
  128,	
  141).	
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Possibly	
   due	
   to	
   its	
   important	
   function	
   in	
   the	
  maintenance	
   of	
  DNA	
  methylation	
  

and	
   the	
   regulation	
   of	
   gene	
   expression	
   during	
   development	
   and	
   DNA	
   repair,	
  

knockout	
  of	
  Uhrf1	
   in	
  mice	
   causes	
  embryonic	
   lethality	
   (134,	
  141).	
   	
  As	
  UHRF1	
   is	
  

also	
  required	
  for	
  genome	
  stability	
  in	
  the	
  cells,	
  the	
  disruption	
  of	
  UHRF1	
  in	
  mouse	
  

embryonic	
  stem	
  cells	
  results	
  in	
  an	
  increased	
  sensitivity	
  to	
  DNA	
  damage	
  inducing	
  

agents	
   (134).	
   	
   Other	
   studies	
   reported	
   a	
   critical	
   role	
   for	
   human	
   UHRF1	
   in	
   the	
  

cellular	
  response	
  to	
  different	
  types	
  of	
  DNA	
  damages,	
  e.g.	
  γ-­‐irradiation,	
  X-­‐ray,	
  UV	
  

light,	
   base	
  damaging	
   agents	
   and	
  hydroxyurea	
   (134,	
  147),	
   suggesting	
   a	
   possible	
  

dual-­‐function	
  or	
  link	
  of	
  UHRF1	
  in	
  DNA	
  methylation	
  and	
  DNA	
  damage	
  repair.	
  

	
  

Based	
   on	
   the	
   design	
   and	
   result	
   of	
   our	
   purification,	
   as	
   well	
   as	
   the	
   previous	
  

literature,	
  we	
  hypothesized	
   that	
  UHRF1	
  may	
  participate	
   in	
   the	
  DNA	
   ICL	
   repair	
  

through	
   its	
  direct	
  binding	
   to	
   ICLs.	
   	
  To	
  confirm	
  UHRF1’s	
  direct	
   interaction	
  with	
  

DNA	
   ICLs,	
  we	
  expressed	
  and	
  purified	
  UHRF1,	
   and	
   tested	
   its	
  binding	
  activity	
   to	
  

ICL	
  DNA	
  by	
  DNA	
  pull-­‐down	
  assay	
  and	
  EMSA.	
  	
  	
  

	
  

Ubiquitination	
   is	
   a	
   common	
   post-­‐translational	
   modification,	
   which	
   plays	
   an	
  

important	
  role	
  in	
  regulation	
  of	
  many	
  aspects	
  of	
  cell	
  physiology,	
  and	
  RING	
  domain	
  

proteins	
   have	
   been	
   widely	
   demonstrated	
   to	
   mediate	
   ubiquitin	
   ligase	
   activity	
  

(179,	
  180).	
   	
  The	
  auto-­‐ubiquitination	
  activity	
  of	
  UHRF1’s	
  RING	
  domain	
  has	
  been	
  

studied,	
   and	
   the	
  RING	
   domain	
   possibly	
   interacts,	
   as	
  well	
   as	
   ubiquitinates	
   core	
  

histones	
  (123,	
  124).	
  	
  Besides	
  histones,	
  DNMT1	
  and	
  PML	
  have	
  also	
  been	
  proposed	
  

as	
  substrates	
  of	
  UHRF1	
  (181-­183).	
  	
  We	
  confirmed	
  the	
  E3	
  ubiquitin	
  ligase	
  activity	
  

of	
  UHRF1	
  by	
  auto-­‐ubiquitination	
  assay.	
   	
   In	
  collaboration	
  with	
  Chih-­‐Chao	
  Liang,	
  

we	
   also	
   identified	
   the	
   domains	
   that	
  were	
   important	
   for	
   its	
   recognition	
   of	
   ICLs	
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and	
   ubiquitination	
   activity,	
   to	
   investigate	
   whether	
   there	
   was	
   any	
   interplay	
  

between	
  the	
  two	
  functions.	
  

	
  

5.2	
  Results	
  

	
  

5.2.1	
  Cloning,	
  expression	
  and	
  purification	
  of	
  UHRF1	
  

	
  

Full	
   length	
   human	
   UHRF1	
   (Ref.	
   Seq.	
   NP_037414.3)	
   (Fig.	
   1.3A)	
   was	
   cloned	
   by	
  

reverse	
   transcription	
   PCR	
   from	
   human	
   total	
   RNA.	
   	
   We	
   used	
   Invitrogen	
  

Baculovirus	
   Expression	
   Vector	
   System	
   for	
   protein	
   expression	
   in	
   Sf9	
   cells	
   (Fig.	
  

5.1A).	
  	
  The	
  cDNA	
  of	
  UHRF1	
  was	
  digested	
  by	
  XhoI	
  and	
  PspOMI,	
  and	
  inserted	
  into	
  

a	
  pFastBac	
  vector	
  containing	
  the	
  Flag	
  and	
  HA	
  epitope	
  tags.	
  	
  The	
  pFastBac.UHRF1	
  

vector	
   was	
   then	
   transfected	
   into	
   DH10Bac	
   cells	
   to	
   generate	
   recombinant	
  

bacmids.	
   	
   Sf9	
   cells	
   were	
   subsequently	
   transfected	
   by	
   the	
   bacmids	
   for	
   48hr	
   to	
  

produce	
   baculovirus.	
   	
   This	
   transfection	
   step	
   was	
   repeated	
   three	
   times	
   to	
  

generate	
  virus	
  of	
  high	
  titre,	
  determined	
  by	
  expression	
  level.	
  	
  Finally,	
  the	
  Sf9	
  cells	
  

were	
   infected	
  by	
   the	
  baculovirus	
   for	
  72hr	
  and	
   the	
  cells	
  were	
  harvested	
   for	
   the	
  

purification	
  of	
  expressed	
  UHRF1.	
  	
  	
  

	
  

Expressed	
   UHRF1	
   was	
   purified	
   by	
   column	
   chromatography	
   using	
   α-­‐Flag	
   M2	
  

agarose	
  beads.	
  	
  The	
  protein	
  was	
  eluted	
  by	
  competition	
  with	
  excess	
  Flag	
  peptide.	
  	
  

The	
   purification	
   product	
   was	
   then	
   analysed	
   by	
   electrophoresis	
   on	
   a	
  

polyacrylamide	
  gel	
  followed	
  by	
  Coomassie	
  staining	
  (Fig.	
  5.1B).	
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5.2.2	
   UHRF1	
   binds	
   to	
   DNA	
   ICLs	
   and	
   hemi-­methylated	
   CpG	
  

preferentially	
  

	
  

To	
   test	
  whether	
  UHRF1	
   interacts	
  with	
  DNA	
   ICLs	
  directly,	
  we	
  used	
   the	
  purified	
  

recombinant	
  UHRF1,	
  and	
  as	
  a	
  negative	
  control	
  FANCL,	
  to	
  perform	
  the	
  DNA	
  pull-­‐

down	
  assay	
  that	
  is	
  similar	
  to	
  the	
  purification	
  strategy	
  described	
  in	
  the	
  chapter	
  2	
  

(Fig.	
  4.2A).	
   	
  Biotin-­‐labeled	
  ICL2	
  (Fig.	
  5.2A)	
  and	
  cross-­‐linked	
  ICL2-­‐XL	
  (cross-­‐link	
  

shown	
   in	
   red)	
   were	
   incubated	
   with	
   UHRF1	
   or	
   FANCL.	
   	
   FANCL	
   is	
   also	
   an	
   E3	
  

ubiquitin	
  ligase,	
  and	
  it	
  is	
  a	
  part	
  of	
  the	
  FA	
  core	
  complex	
  (77).	
  	
  There	
  is	
  no	
  evidence	
  

showing	
   that	
   it	
   binds	
   to	
   DNA,	
   hence	
   it	
   was	
   introduced	
   as	
   a	
   negative	
   control.	
  	
  

After	
  DNA	
  capture	
  and	
  protein	
  elution,	
  the	
  protein	
  bound	
  to	
  DNA	
  was	
  analyzed	
  

by	
  Western	
  blot.	
  	
  No	
  protein	
  was	
  pull-­‐down	
  in	
  the	
  absence	
  of	
  DNA	
  substrate	
  (Fig.	
  

5.2A,	
  lanes	
  2&6).	
  	
  There	
  was	
  more	
  UHRF1	
  pull-­‐down	
  by	
  ICL2-­‐XL	
  than	
  with	
  non-­‐

cross-­‐linked	
  ICL2,	
  indicating	
  a	
  stronger	
  interaction	
  with	
  cross-­‐linked	
  DNA	
  (lanes	
  

3&4).	
  	
  As	
  expected,	
  there	
  was	
  no	
  detectable	
  FANCL	
  protein	
  bound	
  to	
  either	
  of	
  the	
  

DNA	
  substrate	
  (lanes	
  7&8).	
   	
  This	
  result	
  indicates	
  that	
  UHRF1	
  can	
  recognize	
  ICL	
  

DNA	
  in	
  vitro	
  specifically	
  and	
  directly.	
  	
  

	
  

Since	
  hemi-­‐methylated	
  DNA	
  has	
  already	
  been	
  reported	
  as	
  a	
  preferred	
  substrate	
  

of	
   UHRF1,	
   we	
   sought	
   to	
   compare	
   UHRF1’s	
   binding	
   specificity	
   to	
   ICLs	
   and	
   to	
  

hemi-­‐methylated	
   CpGs.	
   	
   Four	
   DNA	
   substrates	
   were	
   designed	
   with	
   mostly	
  

identical	
  sequence,	
  except	
  the	
  site	
  where	
  	
  -­‐TA-­‐	
  site	
  was	
  introduced	
  for	
  cross-­‐link	
  

substrates,	
   i.e.	
   ICL8	
  and	
   ICL8-­‐XL	
  (Fig.	
  5.3A),	
  while	
   -­‐CG-­‐	
  site	
  was	
   introduced	
   for	
  

hemi-­‐methylation	
  probes,	
  i.e.	
  CpG3	
  and	
  CpG3-­‐me	
  (Fig.	
  5.3B).	
  	
  We	
  could	
  see	
  that	
  

there	
  was	
  more	
  protein/DNA	
  complex	
   formation	
   for	
  UHRF1	
  with	
  both	
   ICL8-­‐XL	
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and	
   CpG3-­‐me	
   than	
   with	
   ICL8	
   and	
   CpG3	
   (Fig.	
   5.3C,	
   lanes	
   5-­‐8).	
   	
   Using	
   α-­‐HA	
  

antibody,	
  we	
  could	
  see	
  a	
  further	
  retardation	
  in	
  the	
  gel	
  of	
  the	
  complex,	
  confirming	
  

that	
  the	
  complex	
  is	
  indeed	
  formed	
  with	
  DNA	
  by	
  UHRF1	
  (Fig.	
  5.3C,	
  lanes	
  10&11).	
  	
  

Quantification	
   by	
   phosphor-­‐imager	
   showed	
   that	
   there	
   was	
   about	
   1.5	
   fold	
  

increased	
   interaction	
   with	
   either	
   cross-­‐linked	
   or	
   hemi-­‐methylated	
   DNA	
   (Fig.	
  

5.3D).	
  	
  These	
  data	
  suggest	
  that	
  the	
  protein	
  preferential	
  recognition	
  to	
  these	
  two	
  

types	
  of	
  DNA	
  structures	
  is	
  at	
  a	
  comparable	
  level.	
  

	
  

5.2.3	
  UHRF1	
  has	
  E3	
  ubiquitin	
  ligase	
  activity	
  through	
  its	
  RING	
  domain	
  

	
  

To	
   study	
   UHRF1’s	
   E3	
   ubiquitin	
   ligase	
   activity,	
   we	
   expressed	
   and	
   purified	
   E1	
  

ubiquitin	
   activating	
   enzyme,	
   i.e.	
   Flag-­‐HA	
   tagged	
   Uba1,	
   and	
   6xHis-­‐tagged	
  

ubiquitin	
  (Uba1	
  was	
  cloned	
  by	
  Jean	
  Tian,	
  and	
  ubiquitin	
  was	
  cloned	
  and	
  purified	
  

by	
   Jean	
   Tian	
   and	
   Maarten	
   van	
   der	
   Velden).	
   	
   We	
   also	
   cloned,	
   expressed	
   and	
  

purified	
  UbcH5b	
  in	
  Sf9	
  cells,	
  an	
  E2	
  ubiquitin	
  conjugating	
  enzyme,	
  which	
  has	
  been	
  

shown	
   to	
   function	
   together	
   with	
   UHRF1	
   to	
   perform	
   ubiquitination	
   (124)	
   (Fig.	
  

5.4,	
  A-­‐C).	
  

	
  

We	
  established	
  an	
  in	
  vitro	
  ubiquitination	
  assay	
  using	
  these	
  components.	
  	
  E1	
  and	
  

E2	
  were	
  shown	
  in	
  the	
  HA	
  blot	
  in	
  Fig.	
  5.4D,	
  lane	
  1.	
  	
  After	
  the	
  addition	
  of	
  ubiquitin	
  

(lane	
  2)	
  and	
  ATP,	
  both	
  proteins	
  were	
  activated	
  and	
  E2	
  was	
  ubiquitinated	
  to	
  form	
  

mono-­‐	
   and	
   di-­‐ubiquitination	
   products	
   (lane	
   3).	
   	
   It	
   may	
   be	
   unusual	
   to	
   have	
  

ubiquitination	
   without	
   E3,	
   however,	
   E3-­‐independent	
   substrate	
   ubiquitination	
  

have	
   been	
   reported	
   previously	
   in	
   ubiquitin-­‐binding	
   domains	
   (UBD)	
   containing	
  

protein	
  (184).	
  	
  As	
  UbcH5b	
  has	
  an	
  ubiquitin-­‐binding	
  interface	
  (185),	
  it	
  is	
  possible	
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that	
   when	
   at	
   high	
   concentration	
   of	
   ubiquitin,	
   the	
   protein	
   carries	
   out	
   auto-­‐

ubiquitination	
  activity	
  in	
  the	
  absence	
  of	
  E3	
  or	
  a	
  substrate.	
  	
  	
  

	
  

We	
   then	
   used	
   this	
   protocol	
   to	
   introduce	
   E3,	
   UHRF1	
   to	
   perform	
   ubiquitination	
  

assay,	
   and	
   analyzed	
   the	
   products	
   by	
   WB	
   using	
   anti-­‐His	
   tag	
   antibody.	
   	
   In	
   the	
  

presence	
   of	
   ATP,	
   UHRF1	
   and	
   ubiquitin	
   were	
   incubated	
   in	
   the	
   reaction	
   as	
  

negative	
  control	
  (Fig.	
  5.4E,	
  lane	
  1).	
  	
  When	
  only	
  E1	
  and	
  ubiquitin	
  were	
  incubated	
  

with	
  ATP,	
  we	
  could	
  see	
  the	
  charging	
  of	
  E1	
  with	
  one	
  or	
  two	
  ubiquitin	
  molecules	
  

(lane	
  2).	
   	
  With	
  E1,	
  E2,	
   ubiquitin	
   and	
  ATP,	
  we	
  observed	
   a	
  minor	
  ubiquitination	
  

activity	
   (lane	
  3),	
   likely	
  originated	
   from	
  E2	
  ubiquitination	
  as	
  we	
  saw	
  previously	
  

(Fig.	
   5.4D,	
   lane	
  3).	
   	
   Finally,	
  we	
   introduced	
  all	
   components,	
   and	
  we	
   could	
   see	
   a	
  

pronounced	
   mono-­‐	
   and	
   di-­‐ubiquitination	
   of	
   UHRF1	
   (Fig.	
   5.4E,	
   lane	
   4,	
   bands	
  

pointed	
  by	
  arrows).	
  	
  Also,	
  there	
  were	
  poly-­‐ubiquitin	
  products	
  forming	
  above	
  the	
  

position	
   of	
   mono-­‐and	
   di-­‐ubiquitinated	
   UHRF1,	
   indicating	
   a	
   robust	
   auto-­‐

ubiquitination	
  activity	
  of	
  UHRF1	
  (Fig.	
  5.4E,	
  lane	
  4).	
  

	
  

We	
  then	
  questioned	
  that	
  whether	
   the	
  RING	
  domain	
  entailed	
  UHRF1’s	
  E3	
   ligase	
  

activity.	
   	
   Chih-­‐Chao	
   Liang	
   designed	
   and	
   purified	
   several	
   mutants	
   of	
   UHRF1,	
  

including	
   ubiquitin-­‐like	
   domain	
   deletion	
   (ΔUBL),	
   SRA	
   deletion	
   (ΔSRA),	
   RING	
  

deletion	
   (ΔRING),	
   TTD	
   point	
   mutation	
   (F165A)	
   (128)	
   and	
   PHD	
   double-­‐point	
  

mutation	
   (D347A/E348A)	
   (186)	
   (Fig.	
   5.5A).	
   	
   It	
   has	
   been	
   demonstrated	
   that	
   in	
  

TTD	
   domain,	
   Phe-­‐165	
   contributes	
   to	
   an	
   aromatic	
   cage	
   and	
   interacts	
   with	
  

trimethylammonium	
  moiety	
  of	
  H3K9me3,	
   and	
   its	
  mutation	
   to	
  Ala	
  destroys	
   the	
  

binding	
  pocket	
   (128).	
   	
   In	
  PHD	
  domain,	
  Asp-­‐347	
  and	
   the	
  adjacent	
  Glu-­‐348	
   form	
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hydrogen	
   bonds	
   with	
   guanidinium	
   group	
   of	
   H3	
   Arg	
   2,	
   and	
   when	
   they	
   are	
  

mutated	
   to	
   Ala,	
   the	
   PHD	
   domain	
   loses	
   binding	
   to	
   H3	
   peptide	
   (187).	
   	
   These	
  

mutants	
   were	
   used	
   in	
   the	
   ubiquitination	
   assay	
   as	
   described	
   previously	
   (Fig.	
  

5.5B).	
   	
   We	
   found	
   that	
   only	
   in	
   the	
   reaction	
   with	
   ΔRING	
   mutant,	
   the	
   auto-­‐

ubiquitination	
  activity	
  was	
  abolished	
  (Fig.	
  5.5B,	
  lane	
  6),	
  which	
  is	
  consistent	
  with	
  

previous	
   literature	
   on	
   RING	
   domain’s	
   function	
   in	
   UHRF1	
   (124,	
   153).	
   	
  We	
   also	
  

noticed	
  that	
  there	
  was	
  an	
  increased	
  level	
  of	
  auto-­‐ubiquitination,	
  possibly	
  di-­‐	
  and	
  

tri-­‐ubiquitination	
  in	
  the	
  ΔUBL	
  mutant	
  (lane	
  4).	
   	
  UBL	
  domain	
  has	
  been	
  reported	
  

to	
   be	
   important	
   for	
   protein-­‐protein	
   interactions	
   in	
  many	
   examples	
   (188,	
  189).	
  	
  

Its	
   presence	
   may	
   actually	
   hinder	
   the	
   protein’s	
   auto-­‐ubiquitination	
   activity,	
   or	
  

multi-­‐ubiquitination	
   conjugation	
   at	
   certain	
   regions	
   of	
   the	
   protein,	
   to	
   therefore	
  

enhance	
  the	
  specific	
  interaction	
  with	
  ubiquitination	
  substrates.	
  

	
  

5.2.4	
   Both	
   SRA	
   and	
   RING	
   domains	
   may	
   be	
   required	
   for	
   UHRF1’s	
  

recognition	
  of	
  DNA	
  ICLs	
  

	
  

It	
   has	
   been	
   demonstrated	
   that	
   the	
   SRA	
   domain	
   is	
   responsible	
   for	
   UHRF1’s	
  

interaction	
  with	
  hemi-­‐methylated	
  DNA.	
  	
  We	
  raised	
  the	
  question	
  whether	
  UHRF1	
  

recognized	
  cross-­‐linked	
  DNA	
  using	
  the	
  same	
  domain	
  and	
  mechanism.	
  	
  ΔUBL	
  did	
  

not	
  alter	
   the	
  DNA	
  binding	
  activity	
  and	
  specificity	
  of	
  UHRF1	
  compared	
  with	
   the	
  

WT	
  protein,	
   and	
  neither	
   did	
   the	
  mutations	
   in	
  TTD	
  and	
  PHD	
  domains	
   (Fig.	
   5.6,	
  

lanes	
  1-­‐8	
  and	
  lanes	
  17-­‐28).	
  	
  As	
  expected,	
  the	
  deletion	
  of	
  SRA	
  domain	
  caused	
  the	
  

loss	
  of	
  specific	
  binding	
  to	
  ICL8-­‐XL	
  and	
  CpG3-­‐me	
  (lanes	
  9-­‐12).	
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Based	
   on	
   the	
   previous	
   study,	
   SRA	
   domain	
   is	
   sufficient	
   to	
   bind	
   to	
   DNA,	
   and	
   to	
  

provide	
  specificity	
  to	
  the	
  hemi-­‐methylated	
  DNA	
  (139).	
  	
  Since	
  the	
  SRA	
  domain	
  is	
  

dispensable	
  for	
  UHRF1	
  E3	
  ubiquitin	
  ligase	
  activity	
  (Fig.	
  5.5B,	
  lane	
  5),	
  UHRF1	
  ICLs	
  

interaction	
  should	
  be	
  independent	
  from	
  its	
  enzymatic	
  activity.	
  	
  However,	
  DRING	
  

mutant	
  also	
  had	
  a	
  similar	
  defect	
  in	
  specific	
  binding,	
  although	
  overall	
  binding	
  to	
  

DNA	
  was	
  better	
  preserved	
  than	
  DSRA	
  (Fig.	
  5.6,	
   lanes	
  13-­‐16).	
   	
  It	
   is	
  possible	
  that	
  

the	
  RING	
  domain	
  may	
  be	
   important	
   for	
   the	
  overall	
   protein	
   folding,	
  which	
  may	
  

enhance	
  the	
  protein/DNA	
  interaction	
  in	
  the	
  full-­‐length	
  UHRF1.	
  	
  It	
  could	
  be	
  more	
  

physiological	
   to	
   study	
   the	
   DNA	
   binding	
   activity	
   of	
   the	
   RING	
   domain	
   by	
  

introducing	
  point	
  mutations	
  than	
  deleting	
  the	
  entire	
  domain	
  in	
  future.	
  	
  Finally,	
  it	
  

is	
   possible	
   that	
   there	
   can	
   be	
   a	
   difference	
   between	
   in	
   vitro	
   and	
   in	
   vivo	
   DNA	
  

recognition.	
  	
  It	
  will	
  be	
  important	
  to	
  study	
  whether	
  both	
  domains	
  are	
  required	
  for	
  

its	
  function	
  in	
  DNA	
  repair	
  in	
  vivo.	
  

	
  

5.3	
  Discussion	
  

	
  

Baculovirus	
   expression	
   system	
   in	
   Sf9	
   cells	
   enables	
   us	
   to	
   express	
   and	
   purify	
  

proteins	
  of	
  relatively	
  high	
  molecular	
  weight,	
  and	
  it	
  is	
  easy	
  to	
  generate	
  high	
  yield	
  

from	
  the	
  cell	
  culture	
  (190).	
  	
  We	
  purified	
  UHRF1	
  to	
  a	
  high	
  degree	
  of	
  homogeneity,	
  

which	
  facilitates	
  the	
  subsequent	
  biochemical	
  assays.	
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This	
  is	
  the	
  first	
  report	
  on	
  a	
  protein	
  that	
  interacts	
  directly	
  and	
  preferentially	
  with	
  

inter-­‐strand	
  cross-­‐linked	
  DNA	
   in	
  vitro.	
   	
  UHRF1	
  could	
  potentially	
  function	
  as	
  the	
  

missing	
   link	
   between	
   the	
   DNA	
   ICL	
   damages	
   and	
   the	
   current	
   Fanconi	
   Anemia	
  

pathway.	
   	
   Its	
  direct	
  DNA	
  binding	
  activity	
  and	
  association	
  with	
  heterochromatin	
  

region	
  (125,	
  127)	
  could	
  promote	
  DNA	
  repair	
  in	
  both	
  replication	
  independent	
  and	
  

dependent	
  manner.	
  

	
  

Our	
   results	
   demonstrate	
   that	
   UHRF1	
   recognizes	
   DNA	
   ICLs,	
   similar	
   to	
   its	
  

recognition	
  to	
  hemi-­‐methylated	
  DNA.	
   	
  From	
   in	
  vitro	
  DNA	
  binding	
  assay,	
  UHRF1	
  

binds	
   to	
  hemi-­‐methylated	
  DNA	
  with	
  about	
  2-­‐fold	
   increase	
  compared	
  with	
  non-­‐

methylated	
  DNA	
  or	
  fully	
  methylated	
  DNA	
  (131,	
  139).	
  	
  However,	
  the	
  knockout	
  of	
  

Uhrf1	
  in	
  mESCs	
  results	
  in	
  a	
  significant	
  decrease	
  in	
  genomic	
  methylation	
  and	
  up	
  

to	
  70%	
  decrease	
  of	
  methylation	
  in	
  individual	
  genes	
  (131).	
  	
  This	
  suggests	
  that	
  its	
  

in	
  vivo	
  association	
  with	
  DNA	
  ICLs	
  may	
  be	
  much	
  higher	
  than	
  what	
  we	
  can	
  observe	
  

from	
   the	
  biochemical	
   experiments	
   in	
  vitro.	
   	
  Hence,	
  we	
  have	
   reasons	
   to	
   believe	
  

that	
   its	
   recognition	
  DNA	
   ICLs	
   is	
  potentially	
   sufficient	
   to	
   support	
   its	
   function	
   in	
  

the	
  damage	
  repair.	
  

	
  

We	
   confirmed	
   that	
   UHRF1	
   possesses	
   E3	
   ubiquitin	
   ligase	
   activity,	
   however,	
   its	
  

specific	
   substrate	
   remains	
   a	
   question.	
   	
   DNMT1	
   and	
   histones	
   have	
   all	
   been	
  

proposed	
  to	
  be	
  the	
  substrate	
  of	
  UHRF1	
  (123,	
  124,	
  181-­183).	
  	
  In	
  a	
  previous	
  study,	
  

the	
   RING	
   domain	
   mutant	
   of	
   UHRF1	
   creates	
   a	
   dominant	
   negative	
   DNA	
   repair	
  

defect	
   phenotype	
   (153).	
   	
   Therefore,	
   it	
   can	
   be	
   very	
   useful	
   to	
   determine	
  UHRF1	
  

substrate	
   in	
   DNA	
   repair	
   pathway.	
   	
   We	
   have	
   not	
   yet	
   been	
   able	
   to	
   isolate	
   and	
  

identify	
  any	
  UHRF1	
  ubiquitination	
  substrate	
  in	
  vitro.	
   	
  However,	
  based	
  on	
  a	
  very	
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preliminary	
   in	
  vivo	
   IP	
   data,	
  H2AX	
  ubiquitination	
  may	
   be	
   affected	
   by	
   the	
  KD	
   of	
  

UHRF1	
  (data	
  not	
  shown).	
   	
  H2AX	
  ubiquitination	
   is	
  a	
  critical	
  marker	
   in	
  signaling	
  

transduction	
  and	
  DNA	
  repair	
  (191-­193),	
  which	
  could	
  be	
  a	
  meaningful	
  substrate	
  

of	
  UHRF1.	
  	
  It	
  is	
  important	
  to	
  study	
  whether	
  UHRF1	
  E3	
  ligase	
  activity	
  is	
  required	
  

in	
  DNA	
  ICLs	
  repair,	
  as	
  well	
  as	
  its	
  mechanism.	
  

	
  

Consistent	
  with	
   UHRF1’s	
   binding	
   to	
   hemi-­‐methylated	
  DNA,	
   the	
   SRA	
   domain	
   is	
  

also	
   required	
   for	
   the	
   interaction	
   with	
   cross-­‐linked	
   DNA.	
   	
   The	
   mechanism	
   of	
  

UHRF1	
  binding	
  to	
  hemi-­‐methylated	
  DNA	
  has	
  been	
  well	
  documented	
  (139,	
  140).	
  	
  

The	
  overall	
   structure	
  of	
   the	
  SRA	
  domain	
   is	
   globular,	
  which	
   looks	
   like	
  a	
   saddle,	
  

composing	
   a	
   concave	
   on	
   the	
   open	
   side.	
   	
   The	
   conserved	
   residues	
   in	
   the	
   SRA	
  

domain	
  contribute	
   to	
  a	
  positively	
  charged	
  surface	
   in	
   the	
   inner	
  concave.	
   	
  Hemi-­‐

methylated	
   DNA	
   fits	
   in	
   the	
   concave,	
   the	
   DNA	
   binding	
   causes	
   a	
   change	
   in	
   the	
  

structure	
   the	
   region.	
   	
   The	
   methylated	
   cytosine	
   is	
   therefore	
   flipped	
   out,	
   and	
  

inserted	
   into	
   the	
   inner	
   concave	
   of	
   the	
   domain.	
   	
   We	
   suspect	
   that	
   the	
   SRA	
  

interaction	
  with	
  DNA	
  ICLs	
  does	
  not	
  use	
  the	
  same	
  flipping-­‐out	
  mechanism,	
  as	
  the	
  

structure	
   of	
   psoralen/UVA	
   cross-­‐linked	
   DNA	
   is	
   quite	
   different	
   from	
   the	
   hemi-­‐

methylated	
  DNA.	
  	
  The	
  psoralen	
  cross-­‐link	
  causes	
  unwinding	
  at	
  the	
  -­‐TA-­‐	
  site	
  and	
  

the	
   neighboring	
   3	
   base	
   parings	
   are	
   distorted	
   (194).	
   	
   However,	
   the	
   increased	
  

flexibility	
  of	
  the	
  sugar-­‐phosphate	
  backbone	
  of	
  the	
  DNA	
  could	
  provide	
  amino	
  acid	
  

contact	
  area,	
  which	
  might	
  fit	
  into	
  the	
  concave	
  of	
  the	
  SRA	
  domain.	
  

	
  

It	
   is	
  quite	
  surprising	
  to	
  us	
  that	
  the	
  RING	
  domain	
  deletion	
  caused	
  a	
  similar	
  DNA	
  

binding	
  defect	
  as	
  the	
  SRA	
  domain	
  deletion.	
  	
  On	
  the	
  other	
  hand,	
  although	
  the	
  SRA	
  

domain	
   has	
   been	
   shown	
   to	
   be	
   sufficient	
   to	
   recognize	
   hemi-­‐methylated	
   DNA	
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(139),	
  published	
  data	
  indicate	
  that	
  the	
  deletion	
  of	
  the	
  RING	
  domain	
  may	
  reduce	
  

the	
  overall	
  binding	
  activity	
  (121).	
  	
  RING	
  finger	
  domains	
  are	
  specialized	
  Zn-­‐finger	
  

motifs,	
  which	
  are	
  involved	
  in	
  DNA	
  and	
  RNA	
  binding	
  (195,	
  196).	
  	
  It	
  is	
  possible	
  that	
  

the	
   RING	
   domain	
   of	
   UHRF1	
   inherites	
   some	
   of	
   the	
   nucleic	
   acid	
   affinity,	
   and	
  

therefore	
   facilitates	
   the	
   overall	
   binding	
   to	
  DNA	
   of	
   the	
   protein.	
   	
   Also,	
   the	
   RING	
  

domain	
  may	
   affect	
   UHRF1’s	
   heterochromatin	
   association	
   (124)	
   and	
   H3K9me3	
  

interaction	
   (125),	
  which	
  may	
   imply	
  an	
  alteration	
  of	
   the	
  DNA	
  association	
  of	
   the	
  

protein.	
   	
   It	
  would	
  be	
  interesting	
  to	
  study	
  the	
  individual	
  SRA	
  and	
  RING	
  domains	
  

DNA	
  binding	
   activity	
   to	
   understand	
   if	
   the	
   defect	
   in	
  ΔRING	
   is	
   a	
   result	
   of	
   direct	
  

DNA	
  interaction	
  of	
  the	
  RING	
  domain,	
  or	
  the	
  effect	
  on	
  the	
  change	
  of	
  the	
  full-­‐length	
  

protein	
   structure/multiple-­‐domain	
   interaction.	
   	
   Given	
   the	
   distinct	
   in	
   vitro	
  

characteristics	
  of	
   the	
  two	
  domains,	
   it	
   is	
   important	
   to	
  discover	
  whether	
  there	
   is	
  

any	
  cross	
  talk	
  of	
  DNA	
  binding	
  and	
  ubiquitination	
  activity	
  in	
  the	
  FA	
  pathway.	
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Chapter	
   6	
   In	
   vivo	
   characterization	
   of	
   UHRF1	
   (Part	
   1):	
  

UHRF1	
  is	
  required	
  for	
  cells	
  to	
  repair	
  DNA	
  ICLs	
  

	
  

6.1	
  Introduction	
  

	
  

Several	
  studies	
  have	
  suggested	
  a	
  critical	
  role	
  for	
  UHRF1	
  in	
  the	
  cellular	
  response	
  

to	
  different	
  types	
  of	
  DNA	
  damage.	
  	
  It	
  has	
  been	
  shown	
  that	
  UHRF1	
  is	
  up-­‐regulated	
  

in	
  certain	
  cancer	
  cell	
   lines,	
  such	
  as	
  MCF7	
  (153),	
  and	
   it	
   is	
  required	
  for	
  cell	
  cycle	
  

checkpoint	
   regulation	
   upon	
   DNA	
   damage	
   although	
   the	
   mechanism	
   remains	
  

controversial	
   (148,	
  197).	
   	
  The	
  reduction	
  of	
   the	
  protein	
  (by	
  knock-­‐out	
   in	
  mESCs	
  

and	
  by	
  knock-­‐down	
  in	
  human	
  cell	
  lines)	
  causes	
  hyper-­‐sensitivity	
  to	
  γ-­‐irradiation,	
  

X-­‐ray,	
   UV	
   light,	
   base	
   damaging	
   agents	
   (e.g.	
   MNNG),	
   and	
   replication	
   inhibitors	
  

(e.g.	
  hydroxyurea)	
  (134,	
  147).	
  	
  Other	
  phenotypes	
  include	
  reduction	
  of	
  γH2AX	
  foci	
  

formation,	
  as	
  well	
  as	
  an	
  increased	
  frequency	
  of	
  chromosomal	
  aberrations	
  (147).	
  

	
  

To	
  date,	
  there	
  has	
  not	
  been	
  any	
  report	
  on	
  UHRF1’s	
  function	
  in	
  the	
  FA	
  pathway	
  or	
  

its	
  involvement	
  in	
  the	
  DNA	
  ICL	
  repair.	
  	
  Given	
  UHRF1’s	
  recognition	
  of	
  DNA	
  ICLs	
  in	
  

vitro,	
  and	
  its	
  role	
  in	
  general	
  DNA	
  repair	
  process,	
  we	
  hypothesized	
  that	
  it	
  was	
  also	
  

required	
  in	
  the	
  FA	
  pathway.	
   	
  DNA	
  ICLs	
  inducing	
  agents,	
  e.g.	
  MMC	
  and	
  cisplatin,	
  

have	
   been	
   used	
   to	
   diagnose	
   FA	
   patients.	
   	
   FA	
   cells	
   demonstrate	
   much	
   higher	
  

sensitivity	
   to	
   DNA	
   ICLs,	
   and	
   after	
   damage	
   has	
   occurred,	
   the	
   cells	
   have	
   much	
  

more	
   chromosomal	
   breaks	
   and	
   chromatids	
   exchange	
   radials	
   than	
   aplastic	
  

anemia	
   cells	
   or	
   healthy	
   cells	
   (198,	
   199).	
   	
   Hence,	
   we	
   decided	
   to	
   use	
   the	
   same	
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approach	
  to	
  measure	
  the	
  survival	
  of	
  cells	
  when	
  UHRF1	
  expression	
  was	
  reduced	
  

and	
  to	
  study	
  whether	
  UHRF1	
  is	
  required	
  for	
  the	
  FA	
  pathway.	
  

	
  

6.2	
  Results	
  

	
  

6.2.1	
  Down-­regulation	
  of	
  UHRF1	
  increases	
  cellular	
  sensitivity	
  to	
  MMC	
  

	
  

To	
  understand	
  UHRF1’s	
   involvement	
   in	
   the	
  FA	
  pathway,	
  we	
  wanted	
  to	
   test	
   the	
  

cell	
  sensitivity	
  to	
  MMC	
  when	
  UHRF1	
  expression	
  was	
  reduced.	
  	
  We	
  found	
  that	
  the	
  

KD	
  of	
  UHRF1	
  in	
  293T	
  cells	
  was	
  generally	
  not	
  stable,	
  probably	
  due	
  to	
  its	
  role	
   in	
  

regulating	
   cell	
   contact	
   inhibition.	
   	
   It	
   has	
   been	
   discovered	
   that	
   when	
   UHRF1	
  

expression	
   is	
   disrupted,	
   cell	
   proliferation	
   stops	
  when	
   cells	
   are	
   in	
   contact	
  with	
  

each	
  other	
  (119),	
  which	
  is	
  a	
  feature	
  not	
  present	
  in	
  normal	
  293T	
  cells.	
  	
  As	
  a	
  result,	
  

the	
  growth	
  of	
  cells	
  with	
  large	
  degree	
  of	
  UHRF1	
  reduction	
  was	
  probably	
  inhibited,	
  

while	
   cells	
   with	
   higher	
   amount	
   of	
   UHRF1	
   grew	
   into	
   dominance.	
   	
   Hence,	
   we	
  

decided	
  to	
  use	
  an	
  inducible	
  KD	
  system	
  in	
  these	
  cells.	
  

	
  

We	
   designed	
   a	
   single-­‐plasmid	
   tetracycline-­‐controlled	
   transcriptional	
   activation	
  

(Tet-­‐On)	
   KD	
   vector	
   to	
   introduce	
   UHRF1	
   KD	
   shRNA,	
   based	
   on	
   the	
   pSuperior	
  

(Oligoengine)	
  vector	
  system.	
   	
  In	
  the	
  pSuperior	
  Tet-­‐On	
  system,	
  the	
  transcription	
  

of	
  the	
  shRNAs	
  follows	
  a	
  Tet-­‐response	
  element.	
  	
  When	
  pSuperior.shUHRF1	
  vector	
  

is	
   transfected	
   into	
   tetracycline	
  repressor	
   (TetR)	
  expressing	
  cells,	
  TetR	
  binds	
   to	
  

its	
  Tet-­‐response	
  element,	
  and	
  the	
  shRNAs	
  transcription	
  is	
  blocked.	
  	
  Tetracycline	
  

or	
  its	
  derivative,	
  doxycyline,	
  when	
  added	
  onto	
  the	
  cells,	
  will	
  bind	
  to	
  TetR	
  protein	
  

and	
  release	
   it	
   from	
  the	
  Tet-­‐response	
  element,	
   thus	
  the	
  transcription	
  of	
  shRNAs	
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can	
   progress.	
   	
   Traditionally,	
   TetR	
   is	
   generated	
   from	
   cells	
   expressing	
   a	
   TetR	
  

expressing	
   vector,	
   and	
   the	
   pSuperior.puro	
   construct	
   will	
   be	
   transfected	
   into	
  

those	
  cells	
  as	
  a	
  second	
  step.	
   	
  Cells	
  need	
  to	
  go	
   through	
  two	
  rounds	
  of	
  antibiotic	
  

selection	
   before	
   forming	
   a	
   stable	
   cell	
   line	
   for	
   this	
   purpose.	
   	
   To	
   simplify	
   the	
  

system,	
   we	
   cloned	
   the	
   TetR	
   gene,	
   together	
   with	
   its	
   CMV	
   promoter	
   from	
  

pcDNA6/TR	
   vector	
   and	
   inserted	
   them	
   into	
   pSuperior.puro	
   vector	
   (Fig.	
   6.1).	
  	
  

Therefore,	
   through	
   a	
   single-­‐step	
   transfection	
   and	
   puromycin	
   selection,	
  we	
   can	
  

obtain	
  the	
  cells	
  that	
  express	
  both	
  TetR	
  and	
  the	
  shRNA	
  construct.	
  	
  

	
  

Using	
   this	
   vector	
   system,	
   we	
   established	
   UHRF1	
   KD	
   in	
   HEK293T	
   cells.	
   	
   Two	
  

shRNA	
   sequences	
   were	
   introduced,	
   sh2	
   and	
   sh3.	
   	
   After	
   the	
   addition	
   of	
  

doxycycline,	
   the	
   shRNA	
   expression	
   was	
   activated.	
   	
   Cells	
   were	
   treated	
   with	
   or	
  

without	
   doxycycline	
   for	
   72hr	
   before	
   harvested	
   for	
  WB	
   to	
   test	
   for	
   the	
   level	
   of	
  

UHRF1.	
   	
   Both	
   shRNA	
   sequences	
   reduced	
   UHRF1	
   protein	
   level	
   efficiently	
   (Fig.	
  

6.2A,	
  lane	
  2	
  compared	
  with	
  lane	
  1,	
  and	
  lane	
  4	
  compared	
  with	
  lane	
  3).	
   	
  We	
  then	
  

performed	
  survival	
  assay	
  using	
  these	
  cells,	
  where	
  the	
  KD	
  cells	
  were	
  maintained	
  

in	
  doxycyline	
  at	
  the	
  time	
  of	
  DNA	
  damage	
  treatment.	
  	
  Cells	
  were	
  seeded	
  in	
  a	
  fixed	
  

amount	
   in	
   6-­‐well	
   tissue	
   culture	
   plates.	
   	
   Different	
   dosages	
   of	
  MMC	
  were	
   added	
  

after	
  24hr	
  when	
  the	
  cells	
  had	
  adhered,	
  and	
  the	
  colony	
  formation	
  was	
  evaluated	
  

after	
   2	
  weeks.	
   	
   In	
   all	
   cell	
   lines,	
   the	
   survival	
   rate	
  was	
   gradually	
   reduced	
   as	
   the	
  

dose	
   of	
   MMC	
   increased.	
   	
   However,	
   between	
   1-­‐8ng/ml	
   of	
   MMC,	
   both	
   cell	
   lines	
  

treated	
   with	
   doxycycline,	
   sh2+Dox	
   and	
   sh3+Dox	
   (Fig.	
   6.2B,	
   the	
   red	
   and	
   the	
  

purple	
  curves)	
  had	
  about	
  20%	
  lower	
  survival	
  than	
  the	
  control	
  cells,	
  sh2-­‐Dox	
  and	
  

sh3-­‐Dox	
  (Fig.	
  6.2B,	
  the	
  blue	
  and	
  the	
  turquoise	
  curves).	
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FIG. 6.1 Generation of pSuperior.TetR inducible shRNA vector. Schematic 
diagram shows the map of constructed pSuperior.TetR.inducible vector.  TetR gene 
and CMV promoter were cloned from pcDNA6/TR vector and inserted into 
pSuperior.puro vector.  shRNA sequence was to be inserted at position indicated, 
using HindIII and BglII sites.
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FIG. 6.2 Inducible KD of UHRF1 in 293T cells leads to hypersensitivity to MMC. A. 
WB shows the inducible KD (α-UHRF1: H8) using two shRNA sequences in 293T cells.  
Cells transfected with sh2 (lanes 1 and 2) and sh3 (lanes 3 and 4) vectors were grown 
with (lanes 2 and 4) or without (lanes 1 and 3) 10μg/ml doxycyline for 72hr before 
being harvested.  Tubulin (α-α-Tubulin: DM1A) blot was used for a loading control; B. 
After the doxycyline treatment to reduce the protein level, cells (sh2±Dox, the blue and 
red curves, and sh3±Dox, the turquoise and the purple curves, as labeled) were seeded 
in a �xed amount in 6-well plates.  Di�erent dose of MMC, up to 32ng/ml was added 
into the culture after 24hr, and the cells were maintained for about 2 weeks.  Then the 
survived colonies were counted and the survival rate was calculated.  The survival 
percentage at 0ng/ml MMC treatment was normalized as 100%.  The experiments were 
repeated three times with triplicates.  Error bars indicate stand error.
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To	
  confirm	
  this	
  phenotype	
  and	
  to	
  test	
  if	
  UHRF1	
  was	
  sufficient	
  for	
  cells	
  to	
  endure	
  

DNA	
  ICL	
  damages,	
  we	
  repeated	
  the	
  experiment	
  using	
  a	
  different	
  cell	
   line,	
  HeLa,	
  

and	
   introduced	
   WT	
   UHRF1	
   (tagged	
   with	
   Flag	
   and	
   HA)	
   expression	
   in	
   the	
   sh2	
  

(target	
  sequence	
   in	
   the	
  untranslated	
  region,	
  3’-­‐UTR)	
  KD	
  cells	
   (to	
  see	
   if	
   it	
   could	
  

reverse	
  the	
  hypersensitivity.	
  	
  This	
  was	
  also	
  an	
  additional	
  test	
  in	
  case	
  of	
  any	
  off-­‐

target	
   effect	
   generated	
   by	
   using	
   shRNA	
   KD.	
   	
   We	
   were	
   able	
   to	
   reduce	
   UHRF1	
  

expression	
  constitutively	
  using	
  sh2	
  sequence	
  in	
  HeLa	
  cells	
  stably	
  (Fig.	
  6.3A,	
  lanes	
  

1&2),	
  and	
  complemented	
  with	
  the	
  WT	
  protein	
  to	
  the	
  endogenous	
  level	
  (Fig.	
  6.3A,	
  

lane	
   3).	
   	
  We	
   noticed	
   that	
   HeLa	
   control	
   cells	
   were	
   generally	
  more	
   sensitive	
   to	
  

MMC	
  than	
  HEK293T	
  cells,	
  which	
  is	
  probably	
  due	
  to	
  the	
  intrinsic	
  characteristics	
  

between	
  cell	
  lines.	
  	
  We	
  also	
  observed	
  a	
  ~20%	
  reduction	
  of	
  survival	
  between	
  the	
  

control	
  and	
  KD	
  cells	
  (Fig.	
  6.3B,	
   the	
  blue	
  and	
  the	
  red	
  curves).	
   	
  The	
  survival	
  rate	
  

was	
   elevated	
   back	
   to	
   the	
   control	
   level	
   when	
   the	
   addition	
   of	
   WT	
   protein	
  

complemented	
   the	
   UHRF1	
   expression	
   (Fig.	
   6.3B,	
   the	
   green	
   curve).	
   	
   Hence,	
   we	
  

believe	
  that	
  UHRF1	
  is	
  required	
  for	
  cells	
  to	
  tolerate	
  DNA	
  ICL	
  damage.	
  

	
  

6.2.2	
  UHRF1	
   can	
   support	
  DNA	
   ICL	
   tolerance	
   independently	
   from	
   its	
  

function	
  in	
  DNA	
  methylation	
  

	
  

The	
  maintenance	
   of	
   methylation	
   is	
   critical	
   for	
   normal	
   protein	
   expression,	
   cell	
  

cycle	
   progression,	
   etc.,	
   and	
   UHRF1	
   has	
   been	
   proposed	
   as	
   a	
   link	
   between	
  DNA	
  

methylation	
   and	
   DNA	
   repair	
   (148).	
   	
   It	
   is	
   not	
   clear	
   if	
   UHRF1	
   bears	
   separate	
  

functions	
  in	
  both	
  epigenetics	
  and	
  DNA	
  repair,	
  or	
  if	
  UHRF1	
  affecting	
  DNA	
  repair	
  is	
  

a	
  result	
  of	
  its	
  effect	
  on	
  DNA	
  methylation.	
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FIG. 6.3 Constitutive KD of UHRF1 in HeLa cells leads to an increased sensitivity to 
MMC.  A. WB (α-UHRF1: H8) shows control cells with empty vector, HeLa.pSuper (lane 
1), KD cells using sh2 sequence, HeLa.shUHRF1 (lane 2), and WT complemented cells, 
HeLa.shUHRF1+WT (lane 3).  The complemented WT exogenous protein in lane 3 had 
Flag-HA tag, thus the shift from endogenous protein showing in lane 1.  Tubulin 
(α-α-Tubulin: DM1A) blot was used as a loading control; B. The clonogenic assay shows 
the survival rates of HeLa.pSuper (the blue curve), HeLa.shUHRF1 (the red curve) and 
HeLa.shUHRF1+WT (the green curve) cell lines treated with di�erent dosages of MMC.  
The experiment was repeated three times with triplicates within each experiment.  Error 
bars indicate stand error.
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We	
  took	
  advantage	
  of	
  two	
  pairs	
  of	
  established	
  cell	
  lines:	
  E14	
  (control)	
  and	
  Uhrf1	
  

knock-­‐out	
   mESCs,	
   UKO	
   (a	
   generous	
   gift	
   from	
   Dr.	
   Haruhiko	
   Koseki,	
   RIKEN	
  

Institute	
   of	
  Allergy	
   and	
   Immunology,	
   Yokohoma,	
   Japan);	
   as	
  well	
   as	
   JI	
   (control)	
  

and	
  Dnmt1,	
  Dnmt3a	
  and	
  Dnmt3b	
  knock-­‐out	
  cell	
  lines,	
  TKO	
  (a	
  generous	
  gift	
  from	
  

Dr.	
  Masaki	
  Okano,	
  RIKEN	
  Centre	
  of	
  Developmental	
  Biology,	
  Kobe,	
  Japan).	
   	
   	
  UKO	
  

cells	
   have	
   normal	
   level	
   of	
   DNMT1,	
   but	
   largely	
   reduced	
   genome-­‐wide	
   DNA	
  

methylation	
  (141).	
  	
  They	
  are	
  hypersensitive	
  to	
  a	
  series	
  of	
  DNA	
  damage	
  inducing	
  

agents	
   (134).	
   	
   TKO	
   cells	
   have	
   all	
   three	
   Dnmts	
   knocked	
   out,	
   but	
   with	
   UHRF1	
  

expression	
   unaffected.	
   	
   They	
   have	
   greatly	
   lost	
   DNA	
  methylation	
   genome-­‐wide,	
  

but	
  maintain	
  the	
  global	
  chromatin	
  structure	
  (130).	
  	
  We	
  could	
  therefore	
  compare	
  

the	
   two	
   pairs	
   of	
   cells	
   survival	
   rates	
   under	
  DNA	
   damage	
   stress,	
   and	
   determine	
  

whether	
  the	
   loss	
  of	
  methylation	
  causes	
  an	
   increased	
  sensitivity	
  to	
  ICL-­‐inducing	
  

agents.	
  

	
  

To	
  investigate	
  whether	
  UHRF1’s	
  requirement	
  in	
  DNA	
  ICLs	
  repair	
  is	
  a	
  secondary	
  

effect	
   of	
   its	
   function	
   in	
  DNA	
  methylation,	
  we	
   compared	
   the	
   sensitivity	
   to	
  MMC	
  

between	
   the	
   cells	
   lack	
   of	
   UHRF1	
   expression	
   and	
   the	
   cells	
   lack	
   of	
   DNA	
  

methylation.	
   	
   The	
   upper	
   panel	
   of	
   the	
   WB	
   in	
   Fig.	
   6.4A	
   confirmed	
   the	
   normal	
  

UHRF1	
  expression	
  in	
  E14	
  cells	
  and	
  the	
  loss	
  of	
  expression	
  of	
  UHRF1	
  in	
  UKO	
  cells.	
  	
  

The	
   WB	
   in	
   Fig.	
   6.4B	
   showed	
   the	
   normal	
   level	
   of	
   UHRF1	
   expression	
   in	
   both	
  

control	
  J1	
  and	
  DNMTs	
  KO	
  cells,	
  TKO.	
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FIG. 6.4 The loss of UHRF1 causes MMC hypersensitivity in cells independent of 
methylation defects.  A. WB shows the UHRF1 (α-UHRF1: H8) level of control, E14 cells, 
and UHRF1 KO, UKO cells.  Tubulin (α-α-Tubulin: DM1A) blot was used as a loading 
control; B. WB shows no change of UHRF1 level in control, J1 cells, and DNMTs KO, TKO 
cells; C. The clonogenic assay shows that the survival rates of E14 and UKO cells, 
indicating that the loss of UHRF1 in mESCs sensitized the cells to MMC treatment; D. The 
clonogenic assay shows the survival curve of J1 and TKO cells, indicating that there was 
no major di�erence in MMC sensitivity when DNA methylation was defective.  
Experiments were repeated three times with triplicates within each experiment.  Error 
bars indicate standard errors.
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We	
  used	
  the	
  same	
  method	
  to	
  measure	
  the	
  MMC	
  sensitivity	
  of	
  these	
  two	
  pairs	
  of	
  

cell	
   lines.	
   	
  UKO	
  cells	
  were	
  more	
  sensitive,	
   i.e.	
  ~20%	
  reduction	
   in	
  survival,	
   than	
  

E14	
  cells	
  at	
  1	
  and	
  2ng/ml	
  of	
  MMC	
  concentration	
  (Fig.	
  6.4C).	
  	
  On	
  the	
  other	
  hand,	
  

there	
  was	
  no	
  difference	
  on	
  the	
  survival	
  rate	
  between	
  J1	
  and	
  TKO	
  cells	
  at	
  most	
  of	
  

the	
  MMC	
  concentration	
  tested.	
   	
  Towards	
  the	
  very	
  high	
  dose	
  of	
  MMC	
  treatment,	
  

when	
   both	
   survival	
   rates	
   dropped	
   below	
   20%,	
   there	
   may	
   even	
   be	
   a	
   slight	
  

increase	
   of	
   survival	
   of	
   the	
   TKO	
   cells	
   (Fig.	
   6.4D).	
   	
   Since	
   the	
   genome-­‐wide	
   DNA	
  

methylation	
   is	
  significantly	
  reduced	
  in	
  the	
  TKO	
  cells	
  (130),	
  we	
  conclude	
  that	
   in	
  

these	
  mESCs,	
   the	
   loss	
   of	
  DNA	
  methylation	
  did	
  not	
   result	
   in	
   hypersensitivity	
   to	
  

DNA	
   ICLs.	
   	
   Therefore,	
   although	
   UHRF1	
   has	
   a	
   significant	
   role	
   in	
   maintaining	
  

genome-­‐wide	
   DNA	
   methylation,	
   it	
   is	
   likely	
   to	
   facilitate	
   DNA	
   ICL	
   repair	
   in	
   a	
  

methylation	
   independent	
   manner.	
   	
   In	
   future,	
   it	
   can	
   be	
   also	
   important	
   to	
  

introduce	
  UHRF1	
  KD	
  in	
  TKO	
  cells,	
  to	
  conduct	
  epistasis	
  analysis	
  between	
  UHRF1	
  

and	
  DNA	
  methylation	
  in	
  response	
  to	
  DNA	
  damage.	
  

	
  

6.2.3	
  UHRF1	
  is	
  epistatic	
  with	
  FANCD2	
  in	
  the	
  DNA	
  ICL	
  repair	
  pathway	
  

	
  

Although	
  we	
  think	
  UHRF1	
  is	
  required	
  for	
  DNA	
  ICL	
  repair,	
  it	
  is	
  unclear	
  whether	
  it	
  

functions	
   as	
   part	
   of	
   the	
   FA	
   pathway.	
   	
   In	
   the	
   lab,	
  we	
   obtained	
   two	
   FA	
   patient-­‐

derived	
   cell	
   lines,	
   PD20,	
   an	
   immortalized	
   patient	
   derived	
   FANCD2	
   deficient	
  

fibroblast	
  cell	
  line	
  (80)	
  and	
  EUFA1421	
  (a	
  kind	
  gift	
  from	
  Dr.	
  Johan	
  de	
  Winter,	
  VU	
  

University	
   Medical	
   Center,	
   Amsterdam,	
   the	
   Netherlands).	
   	
   PD20	
   cells	
   have	
  

normal	
   UHRF1	
   expression	
   but	
   are	
   defective	
   in	
   FANCD2	
   expression	
   (Fig.	
   6.5A,	
  

lanes	
  1&4),	
  and	
  the	
  same	
  is	
  observed	
  for	
  EUFA1421	
  cells	
  (Fig.	
  6.5B,	
  lane	
  1).	
  	
  	
  

	
  



200

116

116
97

66
55

FANCD2

UHRF1

α-Tubulin

PD20
PD20+FA

NCD2

PD20+FA
NCD2.sh

UHRF1

PD20
PD20.sh

UHRF1

PD20+FA
NCD2.sh

UHRF1

1    2   3          4    5   6

EU
FA

14
21

EU
FA

14
21

+FA
NCD2

EU
FA

14
21

+FA
NCD2.s

hUHRF1

EU
FA

14
21

.sh
UHRF1

200

116

116
97

66

55

FANCD2

UHRF1

α-Tubulin

1    2    3    4

Figure 6.5

A

B

FIG. 6.5 Complementation of FANCD2 and KD of UHRF1 in the FA patient-derived cell 
lines. A. WB shows the expression level of FANCD2 (α-FANCD2: FI17) and UHRF1 (α-UHRF1: 
H8) in the patient derived FANCD2 de�cient cells, PD20 (lanes 1 and 4), FANCD2 corrected 
cells, PD20+FANCD2 (lane 2), UHRF1 KD using sh2 sequence in FANCD2 corrected cells, 
PD20+FANCD2.shUHRF1 (lane 3 and 6), and UHRF1 KD in FANCD2 de�cient cells, 
PD20.shUHRF1 (lane 5); B. WB shows the expression level of FANCD2 and UHRF1 in the 
patient derived FANCD2 de�cient cells, EUFA1421 (lane 1), EUFA1421+FANCD2 (lane 2), 
EUFA1421+FANCD2.shUHRF1 (lane 3) and EUFA1421.shUHRF1 (lane 4). Tubulin (α-α-Tubulin: 
DM1A) blots were used as controls.
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We	
  expressed	
  fully	
  functional	
  WT	
  FANCD2	
  in	
  PD20	
  and	
  EUFA1421	
  to	
  be	
  used	
  as	
  

control	
  cells,	
  where	
  UHRF1	
  was	
  at	
  normal	
  level	
  and	
  the	
  FANCD2	
  expression	
  was	
  

restored	
  (Fig.	
  6.5A,	
  lane	
  2,	
  and	
  Fig.	
  6.5B,	
  lane	
  2,	
  FANCD2	
  blot).	
  	
  UHRF1	
  KD	
  vector,	
  

pSuper.UHRF1.sh2,	
  was	
  transduced	
  into	
  these	
  control	
  cells,	
  and	
  the	
  UHRF1	
  level	
  

was	
   reduced,	
   as	
   shown	
   in	
   PD20+FANCD2.shUHRF1	
   (Fig.	
   6.5A,	
   lane	
   3)	
   and	
  

EUFA1421+FANCD2.shUHRF1	
  (Fig.	
  6.5B,	
  lane	
  3).	
  	
  Cells	
  had	
  disrupted	
  expression	
  

for	
   both	
   proteins	
   when	
   pSuper.UHRF1.sh2	
   was	
   introduced	
   into	
   PD20	
   and	
  

EUFA1421	
   cells	
   (Fig.	
   6.5A,	
   lane	
   5,	
   and	
   Fig.	
   6.4B,	
   lane	
   4).	
   	
   Then	
  we	
   conducted	
  

epistasis	
   analysis,	
   measuring	
   cell	
   sensitivity	
   to	
   MMC	
   using	
   control	
   cells,	
  

PD20+FANCD2	
   and	
   EUFA1421+FANCD2,	
   FANCD2	
   deficient	
   cells,	
   PD20	
   and	
  

EUFA1421,	
   UHRF1	
   deficient	
   cells,	
   PD20+FANCD2.shUHRF1	
   and	
  

EUFA1421+FANCD2.shUHRF1,	
   and	
   FANCD2/UHRF1	
   double	
   deficient	
   cells,	
  

PD20.shUHRF1	
   and	
   EUFA1421.shUHRF1	
   (the	
   cell	
   lines	
   described	
   above	
   were	
  

generated	
  by	
  Dr.	
  Martin	
  Cohn).	
  

	
  

In	
  the	
  presence	
  of	
  MMC,	
  the	
  survival	
  of	
  the	
  FANCD2	
  deficient	
  cell	
  lines,	
  i.e.	
  PD20	
  

and	
   EUFA1421,	
   was	
   dramatically	
   reduced	
   (Fig.	
   6.6A&B,	
   the	
   blue	
   and	
   the	
   red	
  

curves).	
   	
   The	
   UHRF1	
   deficient	
   cells	
   were	
   more	
   resistant	
   to	
   the	
   damage	
   than	
  

PD20	
   and	
   EUFA1421,	
   but	
   were	
   more	
   sensitive	
   than	
   the	
   control	
   cells	
   (Fig.	
  

6.6A&B,	
  the	
  green	
  curves).	
  	
  We	
  noticed	
  that	
  when	
  treated	
  with	
  0.5ng/ml	
  of	
  MMC,	
  

EUFA1421+FANCD2.shUHRF1	
  and	
  EUFA1421.shUHRF1	
  cells	
  are	
  more	
  sensitive	
  

than	
  PD20+FANCD2.shUHRF1	
  and	
  PD20.shUHRF1,	
  whereas	
  EUFA1421+FANCD2	
  

cells	
  are	
  more	
  resistant	
   than	
  PD20+FANCD2	
  cells.	
   	
  This	
  could	
  be	
  a	
  result	
  of	
  an	
  

increased	
   level	
   of	
   KD	
   of	
   UHRF1	
   in	
   the	
   EUFA1421	
   cells,	
   or	
   PD20	
   cells	
   had	
   an	
  

alternative	
   pathway	
   to	
   repair	
   the	
   damage,	
   which	
   was	
   independent	
   of	
   UHRF1.	
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The	
   double	
   deficiency	
   of	
   FANCD2	
   and	
   UHRF1	
   did	
   not	
   augment	
   the	
   extent	
   of	
  

hypersensitivity	
  to	
  MMC.	
  	
  PD20.shUHRF1	
  and	
  EUFA1421.shUHRF1	
  had	
  a	
  similar	
  

survival	
  level	
  as	
  PD20	
  and	
  EUFA1421	
  cells	
  (Fig.	
  6.6A&B,	
  the	
  purple	
  curves).	
  	
  This	
  

suggests	
   that	
   in	
   cellular	
   response	
   to	
   MMC,	
   UHRF1	
   is	
   epistatic	
   with	
   FANCD2,	
  

making	
  it	
  very	
  likely	
  to	
  function	
  within	
  the	
  FA	
  pathway.	
  

	
  

We	
   noticed	
   that	
   there	
   was	
   still	
   a	
   fraction	
   of	
   UHRF1	
   remaining	
   in	
   the	
  

PD20+FANCD2.shUHRF1	
  and	
  EUFA1421+FANCD2.shUHRF1	
  cells,	
   in	
  contrast	
  to	
  

the	
  FANCD2	
  expression	
   in	
  PD20	
  and	
  EUFA1421	
   cells	
  which	
  was	
  nearly	
   absent	
  

(Fig.	
  6.5A,	
  lane	
  1	
  vs.	
   lane	
  3,	
  and	
  lane	
  4	
  vs.	
   lane	
  6;	
  and	
  Fig.	
  6.5B,	
  lane	
  1	
  vs.	
   lanes	
  

3/4).	
   	
   This	
  might	
   explain	
  why	
   there	
  was	
   less	
   sensitivity	
   of	
   UHRF1	
  KD	
   cells	
   to	
  

MMC	
  than	
  the	
  FANCD2	
  deficient	
  cells,	
  although	
  they	
  were	
  epistatic.	
  	
  However,	
  it	
  

is	
   also	
   possible	
   that	
   after	
   the	
   activation	
   of	
   FANCD2,	
   there	
   could	
   be	
   a	
   repair	
  

pathway	
  of	
  ICLs	
  that	
  is	
  independent	
  of	
  UHRF1,	
  and	
  therefore	
  UHRF1	
  KD	
  would	
  

lead	
  to	
  a	
  less	
  severe	
  phenotype	
  than	
  FANCD2	
  deficiency.	
  	
  

	
  

6.2.4	
   UHRF1	
   SRA	
   domain	
   is	
   required	
   for	
   its	
   function	
   in	
   the	
   FA	
  

pathway	
  	
  

	
  

Since	
  UHRF1	
  specifically	
  binds	
  to	
  DNA	
  ICLs,	
  and	
  it	
  is	
  required	
  in	
  the	
  FA	
  pathway,	
  

we	
  hypothesize	
  that	
  it	
  facilitates	
  repair	
  by	
  recognizing	
  the	
  ICLs	
  as	
  the	
  first	
  step.	
  	
  

To	
   test	
   this	
  hypothesis,	
  we	
  attempted	
   to	
  mutate	
   regions	
   that	
  were	
   responsible	
  

for	
  DNA	
  binding,	
   and	
   to	
   study	
  whether	
   these	
  mutations	
   could	
   cause	
  DNA	
   ICLs	
  

repair	
  failures.	
  	
  	
  

	
  



A

B

FIG. 6.6 UHRF1 is epistatic with FANCD2 in DNA ICLs repair. A&B. Epistatic survival assay 
shows that UHRF1 KD in FANCD2 corrected cells were more sensitive to MMC than the 
control cells (PD20+FANCD2 and EUFA1421+FANCD2), but less sensitive than FANCD2 
de�cient cells (PD20 and EUFA1421).  The double-de�ciency in the cells did not increase the 
sensitivity further (PD20.shUHRF1 and EUFA1421.shUHRF1).  Experiments were repeated for 
three times in triplicates, and the representative data is shown here.  Error bars indicate 
standard deviation. 
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In	
  collaboration	
  with	
  Chih-­‐Chao	
  Liang,	
  we	
  introduced	
  two	
  SRA	
  domain	
  mutants,	
  

D482G	
  and	
  R504A	
  (both	
  were	
  tagged	
  with	
  Flag	
  and	
  HA),	
  with	
  point	
  mutations	
  on	
  

the	
  amino	
  acid	
  sites	
  that	
  are	
  believed	
  to	
  be	
  important	
  for	
  DNA	
  binding	
  based	
  on	
  

the	
   structure	
   study	
   of	
   the	
   SRA	
  domain	
   (139,	
  140).	
   	
   It	
   has	
   been	
   confirmed	
   that	
  

both	
  of	
  the	
  mutations	
  reduced	
  UHRF1’s	
  interaction	
  with	
  DNA	
  and	
  abolished	
  the	
  

specificity	
   to	
   hemi-­‐methylated	
   DNA	
   (Chih-­‐Chao	
   Liang,	
   Fig.	
   6.7A),	
   but	
   do	
   not	
  

affect	
   its	
   auto-­‐ubiquitination	
   activity	
   compared	
   with	
   the	
   WT	
   (Fig.	
   6.7B,	
   lanes	
  

4&5).	
  	
  	
  

	
  

We	
   expressed	
   these	
   two	
   mutants	
   into	
   the	
   UHRF1	
   KD	
   cells	
   in	
   HeLa	
   cells	
   to	
   a	
  

physiological	
   level	
   (Fig.	
   6.8A,	
   lanes	
   4&5),	
   and	
   the	
   two	
   mutants	
   were	
   slightly	
  

more	
   abundant	
   in	
   the	
   cells	
   than	
   the	
   WT	
   complemented	
   (Fig.	
   6.8A,	
   HA	
   blot,	
  

compared	
   to	
   lane	
   3).	
   	
   Survival	
   assay	
   was	
   performed	
   in	
   parallel	
   with	
   the	
  

experiment	
  described	
  previously	
   (Fig.	
  6.3B).	
   	
  UHRF1	
  KD	
  cells	
  were	
  about	
  20%	
  

more	
  sensitive	
  to	
  MMC	
  treatment	
  than	
  control	
  cells	
  when	
  using	
  low	
  dosage	
  (Fig.	
  

6.8B,	
   the	
   blue	
   and	
   the	
   red	
   curves).	
   	
   SRA	
   mutant	
   D482G	
   failed	
   to	
   rescue	
   the	
  

sensitivity	
  back	
  to	
  the	
  control	
  level,	
  and	
  the	
  survival	
  rate	
  was	
  similar	
  to	
  the	
  KD	
  

cells	
  (Fig.	
  6.8B,	
  the	
  green	
  curve).	
  	
  The	
  mutant	
  R504A	
  also	
  failed	
  to	
  rescue	
  the	
  KD	
  

phenotype,	
   and	
   it	
   appeared	
   to	
   be	
   even	
  more	
   sensitive	
   than	
   the	
   KD	
   cells	
   (Fig.	
  

6.8B,	
   the	
  purple	
   curve),	
  possibly	
   suggesting	
  a	
  dominant	
  negative	
  effect.	
   	
  These	
  

data	
   indicate	
   that	
   the	
  SRA	
  domain	
   is	
   critical	
   for	
  UHRF1’s	
   function	
   in	
  DNA	
   ICLs	
  

repair,	
  consistent	
  with	
  our	
  hypothesis	
  that	
  its	
  direct	
  interaction	
  with	
  the	
  cross-­‐

linked	
   DNA	
   supports	
   its	
   function.	
   	
   It	
   would	
   also	
   be	
   important	
   in	
   future	
   to	
  

introduce	
  a	
  series	
  of	
  point	
  mutations	
  in	
  the	
  SRA	
  domain	
  to	
  analyze	
  whether	
  the	
  

residues	
  recognizing	
  hemi-­‐methylated	
  DNA	
  are	
  the	
  same	
  to	
  recognize	
  DNA	
  ICLs.
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FIG. 6.8 SRA domain is required for UHRF1’s function in the FA pathway. A. WB shows 
the expression of exogenous UHRF1 WT and SRA mutant proteins (lanes 3-5) in 
complementation of the KD (lane 2) in HeLa cells.  The UHRF1 (H8) blot includes both the 
endogenous and exogenous proteins, and the HA (12CA5) blot shows only the 
exogenous proteins.  Tubulin (α-α-Tubulin: DM1A) was used as a loading control.  Samples 
for lanes 1-5 were loaded in the same gel; B. MMC survival assay shows that 
HeLa.shUHRF1 was more sensitive than HeLa.pSuper control cells (the blue and the red 
curves), and the two SRA mutants could not rescue the hypersensitivity (the green and 
the purple curves).  The R504A mutant caused an even higher sensitivity than UHRF1 KD 
cells (the purple curve).  The experiment was repeated twice with triplicate.  Error bars 
indicate stand error.
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RING	
  finger	
  motif	
  was	
  first	
   identified	
  as	
  a	
  zinc	
  binding	
  motif	
  with	
  DNA	
  binding	
  

activity,	
   although	
   subsequent	
   studies	
   show	
   that	
   it	
   mediates	
   protein-­‐protein	
  

interaction	
  and	
  bears	
  E3	
  ubiquitin	
  ligase	
  activity	
  (200).	
  	
  As	
  the	
  RING	
  domain	
  may	
  

also	
   be	
   important	
   for	
   UHRF1’s	
   DNA	
   binding	
   activity	
   (Fig.	
   5.6),	
   and	
   possibly	
  

required	
  for	
  the	
  recognition	
  of	
  ICLs,	
  it	
  will	
  be	
  important	
  to	
  measure	
  the	
  effect	
  on	
  

cell	
   survival	
   to	
   ICL-­‐inducing	
   agents	
   when	
   the	
   RING	
   domain	
   is	
   disrupted.	
   	
   We	
  

have	
  not	
  been	
  able	
  to	
  express	
  the	
  RING	
  domain	
  mutants	
  stably	
   in	
  the	
  HeLa	
  KD	
  

cells.	
   	
  One	
  possibility	
   is	
   that	
  although	
   they	
  can	
  be	
  expressed	
  and	
  purified	
   from	
  

Sf9	
  cells,	
  they	
  are	
  not	
  functionally	
  stable	
  in	
  the	
  human	
  cell	
  lines.	
  	
  It	
  may	
  help	
  in	
  

future	
  if	
  we	
  introduce	
  the	
  mutants	
  in	
  the	
  inducible	
  KD	
  system	
  instead.	
  	
  Since	
  the	
  

SRA	
   mutants	
   are	
   fully	
   defective	
   in	
   rescuing	
   the	
   hypersensitivity	
   of	
   UHRF1	
  

depleted	
  cells,	
  it	
  is	
  likely	
  that	
  some	
  of	
  the	
  RING	
  domain	
  mutants,	
  that	
  reflect	
  the	
  

DNA	
  binding	
  defects	
  as	
  we	
  observed	
  in	
  ΔRING	
  mutant,	
  have	
  similar	
  phenotype.	
  	
  

Future	
  work	
  is	
  needed	
  to	
  demonstrate	
  the	
  relationship	
  between	
  SRA	
  and	
  RING	
  

domains	
  in	
  UHRF1’s	
  function	
  in	
  the	
  FA	
  pathway.	
  

	
  

From	
   the	
   epistatic	
   analysis,	
  we	
   demonstrated	
   that	
   in	
   the	
   process	
   of	
   DNA	
   ICLs	
  

repair,	
  UHRF1	
  was	
  epistatic	
  with	
  FANCD2,	
  which	
  makes	
   it	
  highly	
  possible	
   that	
  

UHRF1	
  functions	
  within	
  the	
  FA	
  pathway.	
  	
  In	
  the	
  lab,	
  we	
  have	
  established	
  Flag-­‐HA	
  

tagged	
   UHRF1,	
   FANCD2	
   and	
   FANCI	
   expressing	
   HeLa	
   S3	
   cell	
   lines	
   (in	
  

collaboration	
  with	
  Dr.	
  Martin	
  Cohn	
  and	
  Chih-­‐Chao	
  Liang).	
  	
  To	
  date,	
  there	
  has	
  not	
  

been	
  detectable	
  direct	
  interaction	
  of	
  UHRF1	
  with	
  FANCD2	
  or	
  FANCI	
  by	
  immuno-­‐

precipitation	
   followed	
  by	
  WB	
   (Dr.	
  Martin	
  Cohn,	
   Fig.	
   6.9,	
   panel	
   1),	
   although	
  we	
  

could	
  pull-­‐down	
  FANCD2	
  by	
  FANCI,	
  and	
  pull-­‐down	
  FANCI	
  by	
  FANCD2,	
  efficiently	
  

(panels	
  2&3).	
   	
  From	
   in	
  vivo	
   experiments,	
   it	
   seems	
   that	
   there	
   is	
   some	
  degree	
  of	
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interaction	
   between	
   UHRF1	
   and	
   ubiquitinated	
   FANCD2	
   detected	
   by	
   mass-­‐

spectrometry	
  (Chih-­‐Chao	
  Liang,	
  unpublished	
  data).	
   	
  However,	
  the	
  interaction	
  is	
  

very	
  mild	
   and	
   possibly	
   indirect.	
   	
   As	
   UHRF1	
   is	
   a	
   very	
   abundant	
   protein	
   in	
   the	
  

cells,	
   and	
   bears	
   other	
   epigenetic	
   functions,	
   the	
   fraction	
   of	
   the	
   protein	
   directly	
  

interacting	
   with	
   FA	
   proteins	
   could	
   be	
   relatively	
   small.	
   	
   It	
   may	
   require	
   the	
  

presence	
  of	
  DNA,	
  histones	
  or	
  some	
  other	
  protein	
  factors.	
  	
  	
  

	
  

6.3	
  Discussion	
  

	
  

UHRF1	
  has	
  been	
  placed	
  in	
  the	
  DNA	
  repair	
  process	
  by	
  many	
  studies.	
  	
  The	
  degree	
  

of	
   the	
   survival	
   reduction	
   in	
   response	
   to	
  MMC	
   is	
   similar	
   to	
   reported	
   treatment	
  

such	
   as	
   HU	
   and	
   γ-­‐irridiation	
   (134,	
   147),	
   whereas	
   UHRF1	
   disruption	
   in	
   mESCs	
  

seems	
  to	
  cause	
  a	
  more	
  severe	
  sensitization	
  to	
  UV	
  and	
  MNNG	
  (134).	
  	
  Since	
  UHRF1	
  

can	
  recognize	
  both	
  hemi-­‐methylated	
  and	
   inter-­‐strand	
  cross-­‐linked	
  DNA,	
   it	
  may	
  

generally	
  have	
  a	
  higher	
  affinity	
  to	
  modified	
  DNA	
  structures,	
  and	
  is	
  required	
  for	
  

other	
  DNA	
  repair	
  pathways	
  as	
  well.	
  	
  The	
  increased	
  sensitivity	
  to	
  a	
  variety	
  of	
  DNA	
  

damage	
   inducing	
   agents	
   is	
   also	
   observed	
   in	
   some	
   of	
   the	
   characterized	
   FA	
  

deficient	
   cells	
   (57-­59,	
   61).	
   	
   It	
   has	
   been	
   suggested	
   that	
   the	
   FA	
   pathway	
   can	
  

coordinate	
   other	
   types	
   of	
   DNA	
   damage	
   repair	
   processes,	
   for	
   example	
   DNA	
  

double-­‐strand	
   break	
   repair,	
   by	
   regulating	
   both	
   recombinational	
   and	
   non-­‐

recombinational	
  activity	
  (61,	
  201,	
  202).	
   	
  It	
  is	
  possible	
  that	
  UHRF1	
  is	
  essential	
  in	
  

regulating	
  different	
  steps	
  of	
  the	
  repair	
  process	
  upon	
  initiation,	
  depending	
  on	
  the	
  

cell	
   cycle	
   and	
   its	
   interaction	
   with	
   histones	
   or	
   other	
   DNA	
   repair	
   proteins,	
   and	
  

therefore	
  entails	
  its	
  requirement	
  in	
  other	
  types	
  of	
  DNA	
  damage	
  repair	
  as	
  well.	
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FIG. 6.9 No direct interaction of UHRF1 with FANCD2 or FANCI observed. 
Immuno-precipitation experiment using anti-Flag M2 agarose beads from Flag-HA tagged 
FANCD2, FANCI and UHRF1 expressing HeLa.S3 cells. HeLa.S3 cells were used as mock 
puri�cation.  20μg of cell lysate was used as input in lane 1.  For lanes 3, 4 and 5: 1) Flag-IP 
from FANCD2, FANCI and UHRF1 expressing cells, blotting against UHRF1 (H8); 2) IP from 
UHRF1, FANCD2 and FANCI expressing cells, blotting for FANCI; 3) IP from UHRF1, FANCI and 
FANCD2 expressing cells, blotting for FANCD2 (FI17).  There was 30% of total IP product 
loaded in lanes 3&4, and 3% in lane 5, in all three panels.  This experiment was performed by 
Dr. Martin Cohn.
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Our	
  data	
  suggest	
  that	
  the	
  loss	
  of	
  DNA	
  methylation	
  does	
  not	
  sensitize	
  cells	
  to	
  DNA	
  

ICLs	
  damage.	
  	
  However,	
  the	
  knock-­‐out	
  of	
  Uhrf1	
  causes	
  an	
  increased	
  sensitivity	
  to	
  

MMC,	
   indicating	
   that	
  UHRF1	
   is	
   required	
   for	
  DNA	
   ICL	
   tolerance	
   independent	
  of	
  

DNA	
  methylation.	
  	
  In	
  fact,	
  although	
  UHRF1	
  has	
  been	
  shown	
  to	
  be	
  critical	
  for	
  DNA	
  

methylation	
  maintenance	
  in	
  mESCs	
  (131),	
  knock-­‐out	
  of	
  Dnmt1,	
  the	
  downstream	
  

effector	
  of	
  UHRF1,	
  only	
  causes	
  about	
  10%	
  of	
  loss	
  of	
  CpG	
  methylation	
  in	
  HCT116	
  

cells	
   (203).	
   	
   Therefore	
   it	
   is	
   possible	
   that	
   in	
   the	
  HeLa	
   and	
  HEK293T	
   cell	
   based	
  

assays,	
  the	
  effect	
  on	
  DNA	
  methylation	
  caused	
  by	
  UHRF1	
  KD	
  is	
  very	
  mild,	
  and	
  yet	
  

the	
  cells	
  are	
  much	
  more	
  sensitive	
  to	
  MMC	
  than	
  the	
  control	
  cells.	
  	
  However,	
  when	
  

DNMT1	
   and	
   UHRF1	
  were	
   depleted	
   in	
   human	
   colon	
   carcinoma	
   cells	
   (HCT116),	
  

the	
   cells	
   present	
   mitotic	
   catastrophe,	
   suggesting	
   that	
   UHRF1	
   may	
   be	
   more	
  

important	
  for	
  maintaining	
  genomic	
  integrity	
  in	
  these	
  cells	
  than	
  mESCs	
  (148,	
  197,	
  

203),	
  which	
   could	
   also	
   explain	
   the	
   attenuated	
   hypersensitivity	
  we	
   observed	
   in	
  

UKO	
  cells	
  compared	
  with	
  UHRF1	
  KD	
  in	
  HeLa	
  or	
  HEK293T	
  cells.	
  

	
  

It	
  is	
  expected	
  that	
  if	
  the	
  SRA	
  domain	
  were	
  critical	
  for	
  DNA	
  ICLs	
  recognition,	
  the	
  

mutations	
  of	
  the	
  domain	
  would	
  abolish	
  the	
  protein’s	
  function	
  in	
  DNA	
  repair.	
  	
  In	
  

general,	
  RING	
  finger	
  motif	
  does	
  not	
  only	
  possess	
  E3	
   ligase	
  activity,	
   it	
  may	
  bear	
  

different	
   functions	
   depending	
   on	
   the	
   protein.	
   	
   In	
   some	
   cases,	
   the	
   integrity	
   of	
  

RING	
  domain	
  for	
  maintaining	
  protein-­‐protein	
  interaction	
  is	
  more	
  important	
  than	
  

for	
   its	
   ubiquitin	
   ligase	
   activity	
   (204,	
  205).	
   	
   It	
  will	
   be	
   an	
   important	
  next	
   step	
   to	
  

determine	
   the	
   regions	
   that	
   are	
   responsible	
   for	
   DNA	
   binding	
   versus	
   E3	
   ligase	
  

activity,	
  and	
  therefore	
  dissect	
  the	
  mechanism	
  of	
  UHRF1’s	
  role	
  in	
  the	
  FA	
  pathway.	
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Chapter	
   7	
   In	
   vivo	
   characterization	
   of	
   UHRF1	
   (Part	
   2):	
  

UHRF1	
  is	
  required	
  for	
  FANCD2	
  recruitment	
  in	
  response	
  

to	
  DNA	
  ICLs	
  

	
  

7.1	
  Introduction	
  

	
  

The	
   repair	
   of	
   DNA	
   ICLs	
   requires	
   an	
   intact	
   FA	
   pathway	
   (107).	
   	
   The	
  

phosphorylation	
  of	
  FANCD2	
  by	
  ATM	
  and	
  ATR	
   is	
   considered	
  as	
   the	
   first	
   step	
  of	
  

the	
   pathway	
   activation	
   (99,	
   206).	
   	
   Phosphorylated	
   FANCD2	
   is	
   subject	
   to	
  

monoubiquitination	
   (61,	
  207),	
   and	
   the	
  ubiquitinated	
   form	
  of	
  FANCD2	
  has	
  been	
  

regarded	
  as	
  a	
  marker	
  of	
  an	
  activated	
  pathway	
  (107).	
   	
  Eight	
  proteins	
  (FANCA,	
  B,	
  

C,	
  E,	
  F,	
  G,	
  L	
  and	
  M)	
  have	
  been	
  identified	
  to	
  compose	
  the	
  FA	
  core	
  complex,	
  which	
  

acquire	
   an	
   E3	
   ubiquitin	
   ligase	
   activity	
   from	
   FANCL,	
   and	
   mutations	
   of	
   these	
  

components	
   can	
   result	
   in	
   failure	
   of	
   FANCD2	
   activation	
   and	
   recruitment	
   to	
   the	
  

sites	
  of	
  DNA	
  damage	
  (78,	
  94,	
  107,	
  165,	
  208).	
  	
  	
  

	
  

Although	
  the	
  FA	
  core	
  complex	
  has	
  been	
  proposed	
  to	
  associate	
  with	
  chromatin	
  to	
  

some	
   degree	
   in	
   the	
   absence	
   of	
   DNA	
   ICLs	
   (209),	
   it	
   is	
   generally	
   believed	
   that	
  

FANCD2	
  is	
  not	
  ubiquitinated	
  or	
  does	
  not	
  form	
  nuclear	
  foci	
  without	
  DNA	
  damage,	
  

except	
   a	
   mild	
   activation	
   during	
   replication	
   (106,	
   107,	
   206).	
   	
   It	
   is	
   unclear	
   how	
  

FANCD2	
   is	
   ubiquitinated	
   in	
   response	
   specifically	
   to	
   DNA	
   ICL	
   damage.	
   	
   Should	
  

UHRF1	
   act	
   as	
   a	
   detector	
   of	
   ICLs,	
   it	
   is	
   possible	
   that	
   UHRF1	
   regulates	
   FANCD2	
  

ubiquitination.	
   	
   We	
   examined	
   the	
   FANCD2	
   ubiquitination	
   in	
   UHRF1	
   KD	
   cells	
  

using	
   UVA	
   irridiation	
   in	
   combination	
   with	
   psoralen	
   (PUVA)	
   to	
   introduce	
   ICLs	
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besides	
   MMC.	
   	
   PUVA	
   creates	
   specific	
   ICLs,	
   and	
   has	
   also	
   long	
   been	
   used	
   for	
  

treating	
  skin	
  diseases	
  and	
  for	
  diagnostic	
  differentiation	
  of	
  FA	
  patient	
  cells	
  (210,	
  

211).	
  	
  	
  

	
  

Many	
   other	
   proteins	
   involved	
   in	
   the	
   FA	
   pathway	
   also	
   form	
   nuclear	
   foci	
   in	
  

response	
   to	
   DNA	
   damage,	
   such	
   as	
   FANCA,	
   FAN1,	
   SLX4,	
   etc.	
   (102,	
   212,	
   213).	
  	
  

UHRF1	
  forms	
  the	
  most	
  distinctive	
  foci	
  during	
  S	
  phase	
  (117,	
  118),	
  although	
  it	
  also	
  

has	
   a	
   strong	
  association	
  with	
  heterochromatin	
   independent	
  of	
   cell	
   cycle	
   (214).	
  	
  

No	
  change	
   in	
   foci	
   formation	
  of	
  UHRF1	
   is	
  observed	
  using	
  whole	
  cell	
  γ-­‐irridation	
  

(117),	
  however,	
  when	
  using	
  UV	
  laser	
  in	
  combination	
  with	
  5-­‐iodo-­‐2-­‐deoxyuridine	
  

to	
   introduce	
   localized	
  strand	
  breaks,	
  UHRF1	
   is	
   recruited	
   to	
   the	
  damage	
  stripes	
  

(148).	
  	
  It	
  is	
  unknown	
  whether	
  UHRF1’s	
  direct	
  interaction	
  with	
  cross-­‐linked	
  DNA	
  

in	
  vitro	
  can	
  translate	
  into	
  its	
  recognition	
  of	
  ICLs	
  in	
  vivo.	
  	
  To	
  answer	
  this	
  question,	
  

we	
   conducted	
   immuno-­‐fluorescence	
  microscopy	
   to	
   study	
  whether	
   UHRF1	
   also	
  

formed	
  nuclear	
  foci	
  after	
  ICLs	
  damage.	
  

	
  

There	
   has	
   been	
   evidence	
   showing	
   that	
   down-­‐regulation	
   of	
   UHRF1	
   causes	
  

reduction	
  of	
  γH2AX	
  foci	
  formation	
  when	
  double-­‐strand	
  breaks	
  are	
  introduced	
  by	
  

γ-­‐irradiation	
   (147).	
   	
   γH2AX	
   foci	
   formation	
   is	
   one	
   of	
   the	
   first	
   DNA	
   damage	
  

responses,	
  and	
  it	
  is	
  important	
  for	
  the	
  recruitment	
  of	
  several	
  DNA	
  repair	
  factors	
  

(215).	
   	
  Studies	
  have	
  shown	
  that	
  FANCD2	
  co-­‐localizes	
  with	
  γH2AX	
  when	
  treated	
  

with	
   MMC,	
   and	
   the	
   phosphorylation	
   of	
   H2AX	
   may	
   be	
   required	
   for	
   FANCD2	
  

localization	
  to	
  sites	
  of	
  DNA	
  damage	
  (216,	
  217).	
   	
  However,	
  the	
  mechanism	
  of	
  the	
  

recruitment	
  of	
  FANCD2	
  and	
  downstream	
  repair	
  proteins	
  precisely	
  to	
  the	
  sites	
  of	
  

damage	
  remains	
  elusive.	
   	
  Under	
  our	
  hypothesis,	
   if	
  UHRF1	
  recognizes	
  DNA	
  ICLs	
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directly	
  and	
  facilitates	
  the	
  FA	
  pathway,	
  it	
  may	
  play	
  a	
  role	
  as	
  a	
  link	
  between	
  the	
  

occurrence	
   of	
   DNA	
   ICLs	
   and	
   the	
   repair	
   process	
   by	
   recruiting	
   FANCD2	
   to	
   the	
  

cross-­‐link	
  sites.	
  	
  Hence,	
  we	
  studied	
  the	
  FANCD2	
  foci	
  formation	
  in	
  UHRF1	
  KD	
  cells	
  

complemented	
   with	
   an	
   SRA	
   domain	
   mutant,	
   to	
   investigate	
   whether	
   UHRF1	
  

recruits	
  FANCD2	
  to	
  DNA	
  ICLs	
  through	
  its	
  direct	
  recognition	
  of	
  the	
  damage.	
  

	
  

7.2	
  Results	
  

	
  

7.2.1	
  The	
  main	
  role	
  of	
  UHRF1	
  in	
  the	
  FA	
  pathway	
  does	
  not	
   lie	
  within	
  

the	
  regulation	
  of	
  FANCD2	
  ubiquitination	
  

	
  

We	
   treated	
   control	
   HeLa.pSuper	
   and	
   UHRF1	
   KD	
   HeLa.shUHRF1	
   cells	
   with	
  

50mJ/cm2	
   UVA	
   after	
   2hr	
   of	
   incubation	
   with	
   50ng/ml	
   psoralen.	
   	
   Cells	
   were	
  

harvested	
   for	
  whole	
  cell	
   lysate	
  after	
   the	
   indicated	
  amount	
  of	
   time	
   for	
   recovery	
  

(Fig.	
   7.1A).	
   	
   From	
   the	
   UHRF1	
   blot,	
   we	
   could	
   see	
   the	
   level	
   of	
   the	
   protein	
   was	
  

reduced	
  by	
  shRNA	
  in	
  HeLa.shUHRF1	
  cells.	
   	
  For	
  HeLa.pSuper	
  cells,	
  FANCD2	
  was	
  

gradually	
  ubiquitined	
  following	
  the	
  time	
  course	
  (Fig.	
  7.1A,	
  lanes	
  1-­‐5).	
  	
  After	
  6hr	
  

of	
   recovery,	
   the	
   ratio	
   of	
   ubiquitinated	
   FANCD2	
   versus	
   non-­‐ubiquitinated	
  

FANCD2	
   reached	
   about	
   1:1	
   in	
   control	
   cells	
   (lane	
   4),	
   and	
   there	
   was	
   more	
  

ubiquitinated	
   than	
   non-­‐ubiquitined	
   form	
   after	
   8hr	
   of	
   recovery	
   (lane	
   5).	
   	
   For	
  

HeLa.shUHRF1	
   cells,	
   we	
   also	
   observed	
   the	
   gradual	
   increase	
   of	
   FANCD2	
  

ubiquitination	
   (Fig.	
   7.1A,	
   lanes	
   6-­‐10).	
   	
   However,	
   the	
   activation	
   seemed	
   to	
   be	
  

slightly	
  delayed,	
  where	
   the	
  ubiquitination	
   level	
  after	
  8hr	
  recovery	
  was	
  close	
   to	
  

4hr	
   of	
   recovery	
   of	
   the	
   control	
   cells	
   (lane	
   10	
   compared	
   with	
   lane	
   3).	
   	
   The	
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ubiquitinated	
   FANCD2	
   never	
   reached	
   the	
   same	
   level	
   as	
   the	
   non-­‐ubiquitinated	
  

form.	
   	
  This	
  experiment	
   indicates	
  that	
  although	
  the	
  ubiquitination	
  of	
  FANCD2	
  is	
  

not	
   abolished,	
   there	
   is	
   a	
  degree	
  of	
   reduction	
  when	
   the	
  expression	
  of	
  UHRF1	
   is	
  

reduced.	
  

	
  

To	
   investigate	
   whether	
   UHRF1	
   affects	
   FANCD2	
   ubiquitination	
   in	
   response	
   to	
  

other	
   DNA	
   ICL	
   inducing	
   agents,	
   we	
   used	
   MMC	
   as	
   an	
   alternative	
   treatment.	
  	
  

Suspension	
   HeLa.S3	
   cells	
   were	
   transfected	
   with	
   the	
   pSuperior.TetR.shUHRF1	
  

vector,	
   and	
   in	
   response	
   to	
   doxycycline,	
   UHRF1	
   expression	
   was	
   reduced	
   (Fig.	
  

7.1B,	
  lanes	
  6-­‐10	
  compared	
  with	
  lanes	
  1-­‐5).	
  	
  Cells	
  were	
  treated	
  with	
  160ng/ml	
  of	
  

MMC,	
  which	
  has	
  been	
  shown	
  to	
  activate	
  DDR	
  effective	
  in	
  mitotic	
  cells	
  (106),	
  for	
  

indicated	
  period	
  of	
  time.	
  	
  In	
  the	
  control	
  -­‐Dox	
  cells,	
  the	
  ubiquitination	
  of	
  FANCD2	
  

peaked	
  at	
  4hr	
  when	
  about	
  50%	
  of	
  the	
  protein	
  was	
  ubiquitinated,	
  and	
  persisted	
  

till	
   the	
  8hr	
   (lanes	
  3-­‐5).	
   	
  However,	
   the	
   same	
  dynamic	
  was	
   also	
   observed	
   in	
   the	
  

+Dox	
  cells,	
   in	
  which	
   the	
  ubiquitination	
  of	
  FANCD2	
  also	
  peaked	
  at	
  4hr	
   (lane	
  8).	
  	
  

We	
  noticed	
  that	
   in	
  the	
  MMC	
  treatment,	
   the	
   final	
  ratio	
  of	
  ubiquitinated	
  FANCD2	
  

versus	
  non-­‐ubiquitinated	
  FANCD2	
  was	
   lower	
   than	
   in	
   the	
  PUVA	
   treatment	
   (Fig.	
  

7.1B,	
  lane	
  5	
  compared	
  with	
  Fig.	
  7.1A,	
  lane	
  5),	
  even	
  with	
  longer	
  treatment	
  or	
  an	
  

increased	
  dosage	
  of	
  MMC	
  up	
  to	
  240ng/ml	
  (data	
  not	
  shown).	
   	
   It	
   is	
  possible	
  that	
  

PUVA	
  causes	
  mainly	
  ICLs,	
  but	
  less	
  other	
  types	
  of	
  DNA	
  damage	
  as	
  seen	
  from	
  cells	
  

treated	
   with	
   MMC,	
   and	
   therefore	
   has	
   a	
   more	
   specific	
   activation	
   of	
   the	
   FA	
  

pathway.	
  	
  If	
  so,	
  some	
  of	
  the	
  ICL	
  repair	
  phenotype	
  defects	
  in	
  UHRF1	
  KD	
  cells	
  may	
  

be	
  shielded	
  for	
  this	
  reason.	
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As	
  we	
  observed	
  a	
  discrepancy	
  of	
  FANCD2	
  ubiquitination	
  dynamics	
  in	
  UHRF1	
  KD	
  

cells	
  in	
  response	
  to	
  different	
  DNA	
  damage	
  treatments,	
  we	
  hypothesized	
  that	
  the	
  

main	
   function	
   of	
   UHRF1	
   in	
   the	
   FA	
   pathway	
   may	
   not	
   be	
   regulating	
   the	
  

ubiquitination	
  of	
  FANCD2.	
  	
  Since	
  it	
  is	
  believed	
  that	
  FANCD2	
  is	
  ubiquitinated	
  and	
  

recruited	
   to	
   the	
   nucleus	
   after	
   DDR	
   activation,	
  we	
   next	
   addressed	
  whether	
   the	
  

nuclear	
   recruitment	
   of	
   ubiquitinated	
   FANCD2	
  was	
   compromised	
  when	
  UHRF1	
  

was	
   down	
   regulated.	
   	
   After	
   MMC	
   treatment,	
   we	
   separated	
   the	
   cells	
   into	
  

cytoplasmic	
   and	
   nuclear	
   fractions,	
   to	
   follow	
   the	
   nuclear	
   enrichment	
   of	
   the	
  

ubiquitinated	
  protein.	
  	
  Shown	
  in	
  Fig.	
  7.2A,	
  the	
  nuclear	
  fraction	
  of	
  control	
  cells	
  (-­‐

Dox)	
  and	
  UHRF1	
  KD	
  (+Dox)	
  cells,	
  which	
  were	
  treated	
  with	
  MMC,	
  was	
  analyzed	
  

by	
  WB.	
  	
  In	
  both	
  control	
  and	
  KD	
  cells,	
  we	
  noticed	
  an	
  increase	
  of	
  the	
  ubiquitinated	
  

form	
   of	
   FANCD2	
   (lanes	
   1-­‐5	
   and	
   lanes	
   6-­‐10).	
   	
   There	
   might	
   be	
   slightly	
   less	
   of	
  

FANCD2	
   in	
   the	
   KD	
   cells	
   than	
   the	
   control	
   cells	
   at	
   time	
   point	
   9hr	
   and	
   24hr,	
  

although	
   the	
   difference	
   was	
   very	
   minimal	
   (lanes	
   4&5	
   compared	
   with	
   lanes	
  

9&10).	
  

	
  

We	
   also	
   used	
   the	
   same	
   way	
   of	
   fractionation	
   to	
   evaluate	
   the	
   FANCD2	
  

ubiquitination	
   and	
   nuclear	
   enrichment	
   in	
   PD20	
   corrected	
   cell	
   lines,	
  

PD20+FANCD2	
  and	
  PD20+FANCD2.shUHRF1.	
   	
  Possibly	
  due	
   to	
   the	
  high	
   level	
  of	
  

FANCD2	
   expression	
   in	
   these	
   corrected	
   cell	
   lines,	
   FANCD2	
   ubiquitination	
   has	
  

been	
   difficult	
   to	
   observe	
   using	
   whole	
   cell	
   lysate	
   (Dr.	
   Yasunaga	
   Yoshikawa,	
  

unpublished	
   data).	
   	
   By	
   using	
   cytoplasmic	
   and	
   nuclear	
   fractionation,	
   we	
   could	
  

remove	
  the	
  majority	
  of	
  non-­‐ubiquitinated	
  FANCD2	
  in	
  the	
  cytoplasm,	
  which	
  was	
  

why	
  only	
  ubiquitinated	
  FANCD2	
  was	
  detected	
  in	
  the	
  nuclear	
  extract	
  in	
  HeLa	
  cells	
  

(Fig.	
   7.2A).	
   	
   However,	
   as	
   FANCD2	
   was	
   expressed	
   at	
   a	
   much	
   higher	
   level	
   in	
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PD20+FANCD2	
   cells,	
   we	
   could	
   not	
   eliminate	
   the	
   non-­‐ubiquitinated	
   FANCD2	
  

entirely,	
   and	
   there	
   was	
   still	
   some	
   left	
   in	
   the	
   nuclear	
   fraction	
   (Fig.	
   7.2B).	
  	
  

Nevertheless,	
  we	
  could	
  observe	
  an	
  increase	
  of	
  exogenous	
  FANCD2	
  ubiquitination	
  

in	
  the	
  corrected	
  PD20	
  cells.	
  	
  The	
  ratio	
  of	
  ubiquitinated	
  versus	
  non-­‐ubiquitinated	
  

FANCD2	
  is	
  about	
  1:1	
  in	
  PD20+FANCD2	
  cells	
  without	
  the	
  treatment	
  of	
  MMC	
  (Fig.	
  

7.2B,	
   lane	
   1).	
   	
   The	
   ubiquitinated	
   FANCD2	
   accumulated	
   in	
   the	
   nuclear	
   fraction	
  

following	
   the	
   MMC	
   time	
   course,	
   and	
   reached	
   a	
   higher	
   amount	
   than	
   non-­‐

ubiquitinated	
  FANCD2	
  at	
  9hr	
  (lane	
  4).	
  	
  In	
  the	
  UHRF1	
  KD	
  cells,	
  the	
  ubiquitinated	
  

form	
  of	
  FANCD2	
  was	
  nearly	
  undetectable	
  without	
  the	
  treatment	
  of	
  MMC	
  (lane	
  5).	
  	
  

There	
  was	
  also	
  an	
  increase	
  of	
  ubiquitination,	
  and	
  it	
  reached	
  the	
  same	
  level	
  as	
  the	
  

non-­‐ubiquitinated	
   FANCD2	
   at	
   9hr	
   (lane	
   8),	
  which	
  was	
   slightly	
   less	
   than	
   in	
   the	
  

control	
   cells.	
   	
   We	
   noticed	
   that	
   in	
   the	
   cells	
   expressing	
   UHRF1	
   KD	
   shRNA,	
   the	
  

degree	
  of	
  KD	
  observed	
  in	
  the	
  nuclear	
  fraction	
  (Fig.	
  7.2B,	
  lanes	
  5-­‐8)	
  was	
  less	
  than	
  

in	
  the	
  whole	
  cell	
  lysate	
  (Fig.	
  6.5A,	
  lanes	
  3,	
  4	
  and	
  6).	
  	
  It	
  is	
  possible	
  that	
  as	
  UHRF1	
  

functions	
   mainly	
   inside	
   the	
   nucleus,	
   when	
   the	
   overall	
   level	
   of	
   the	
   protein	
   is	
  

largely	
  reduced,	
  the	
  remaining	
  population	
  becomes	
  more	
  retained	
  in	
  the	
  nucleus	
  

to	
  preserve	
  some	
  of	
  the	
  normal	
  activities	
  of	
  the	
  cell.	
  	
  

	
  

From	
  the	
  data	
  above,	
  it	
  appears	
  that	
  UHRF1	
  has	
  very	
  minor	
  regulatory	
  effect	
  on	
  

the	
   ubiquitination	
   of	
   FANCD2,	
   or	
   the	
   nuclear	
   enrichment	
   of	
   ubiquitinated	
  

FANCD2.	
   	
   However,	
   it	
   remains	
   questionable	
   how	
   ubiquitinated	
   FANCD2	
   is	
  

localized	
  to	
  the	
  damage.	
  	
  Should	
  UHRF1	
  recognize	
  DNA	
  ICLs,	
  it	
  may	
  be	
  involved	
  

in	
   the	
  recruitment	
  of	
  FANCD2	
  to	
  precise	
   locations,	
  anchoring	
   the	
  ubiquitinated	
  

protein	
  to	
  the	
  sites	
  of	
  damage.	
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FIG 7.2 UHRF1 marginally a�ects the nuclear enrichment of ubiquitinated FANCD2 
in response to MMC. A. The UHRF1 KD in HeLa.S3.TetR.shUHRF1 was introduced by 
doxycyline, and the cells were treated with MMC.  Cells were harvested and subject to 
cytoplasmic and nuclear fractionation at the indicated time points.  The nuclear extract 
was analyzed, and the WB shows the nuclear enrichment of ubiquitinated FANCD2 
(α-UHRF1: H8; α-FANCD2: FI17).  Histone H3 (Ab12079-100) was used as a loading 
control; B. PD20+FANCD2 (lanes 1-4) and PD20+FANCD2.shUHRF1 (lanes 5-8) were 
treated with MMC.  Cells were harvested at the indicated time points and fractionated.  
The exogenous FANCD2 ubiquitination was shown in the nuclear fraction in response 
to the MMC treatment.  Lamin B (sc-6216) was used as a loading control.
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7.2.2	
   UHRF1	
   is	
   required	
   for	
   FANCD2	
   foci	
   formation	
   in	
   response	
   to	
  

MMC	
  

	
  

It	
  has	
  been	
  demonstrated	
  that	
  FANCD2	
  accumulates	
  at	
  nuclear	
  foci	
   in	
  response	
  

to	
  DNA	
  damage,	
   and	
   the	
   increase	
  of	
   the	
   foci	
   formation	
  coincides	
  with	
  FANCD2	
  

ubiquitination,	
   suggesting	
   that	
   the	
   protein	
   is	
   recruited	
   to	
   the	
   sites	
   of	
   damage	
  

(107).	
   	
   Therefore,	
  we	
   used	
   immuno-­‐fluorescence	
   antibody	
   staining	
   in	
   the	
   cells	
  

after	
  treatment	
  of	
  MMC	
  to	
  observe	
  the	
  foci	
  formation	
  of	
  FANCD2	
  and	
  to	
  study	
  the	
  

effect	
  on	
  FANCD2	
  recruitment	
  when	
  the	
  expression	
  of	
  UHRF1	
  was	
  reduced.	
   	
  To	
  

be	
   able	
   to	
   better	
   visualize	
   the	
   foci	
   formation	
   of	
   nuclear	
   enriched	
   protein,	
   the	
  

cytoplasmic	
  fraction	
  of	
  the	
  cells	
  was	
  extracted	
  away	
  before	
  the	
  cells	
  were	
  fixed	
  

for	
  staining.	
  	
  Fig.	
  7.3	
  shows	
  the	
  endogenous	
  level	
  of	
  UHRF1	
  in	
  HeLa.pSuper	
  cells	
  

(Fig.	
  7.3,	
  panel	
  b),	
  and	
  the	
  remaining	
  UHRF1	
  after	
  the	
  KD	
  (panel	
  e).	
  	
  We	
  treated	
  

these	
   two	
   cell	
   lines	
   with	
   160ng/ml	
  MMC	
   for	
   a	
   time	
   course	
   up	
   to	
   9hr.	
   	
   In	
   the	
  

control	
  cells,	
   the	
  number	
  of	
  cells	
  with	
  FANCD2	
  foci	
   increased	
  after	
  3hr	
  of	
  MMC	
  

treatment,	
  and	
  it	
  continued	
  to	
  increase	
  up	
  to	
  9hr	
  (Fig.	
  7.4A,	
  panels	
  b,	
  e,	
  h	
  and	
  k).	
  	
  

The	
  quantification	
  of	
   the	
  percentage	
  of	
  cells	
  with	
  FANCD2	
   foci	
   is	
  shown	
   in	
  Fig.	
  

7.4B.	
  	
  The	
  positive	
  cells	
  increased	
  from	
  22%	
  at	
  time	
  0	
  to	
  66%	
  after	
  9hrs.	
  	
  In	
  the	
  

UHRF1	
  KD	
  cells,	
  most	
  of	
  the	
  FANCD2	
  foci	
  formation	
  was	
  absent,	
  although	
  some	
  

cells	
  did	
  respond	
  to	
  the	
  treatment	
  at	
  the	
  end	
  of	
  the	
  time	
  course	
  (Fig.	
  7.4A,	
  panels	
  

n,	
   q,	
   t	
   and	
  w).	
   	
   The	
  quantification	
  of	
   positive	
   cells	
   showed	
   that	
   the	
  population	
  

with	
  FANCD2	
   foci	
   in	
   the	
  KD	
  cells	
  only	
   increased	
   from	
  12%	
  to	
  22%	
  during	
   this	
  

time	
  course	
  (Fig.	
  7.4B).	
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FIG 7.3 The KD of UHRF1 in HeLa cells con�rmed by IF. HeLa.pSuper and 
HeLa.shUHRF1 cells were stained with UHRF1 antibody (H8).  DAPI was used to stain 
the nuclear area.  The microscopy images demonstrate the level of KD in 
HeLa.shUHRF1 cells (panel e compared with panel b).  Scale bars represent 10μm.
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FIG 7.4 UHRF1 is required for FANCD2 nuclear foci formation. A. HeLa.pSuper and 
HeLa.shUHRF1 cells were treated with MMC for the indicated amount of time.  After 
�xation and cytoplasmic pre-extraction, the nuclei were stained with FANCD2 antibody 
(FI17), showing the nuclear foci formation of the protein; B. Quanti�cation of the 
percentage of cells with greater than 20 foci per cell.  The error bars were calculated 
based on two individual experiments (n=2).
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To	
  confirm	
  that	
  UHRF1	
  is	
  indeed	
  required	
  for	
  FANCD2	
  recruitment,	
  and	
  to	
  rule	
  

out	
  the	
  possibility	
  of	
  artefacts	
  caused	
  by	
  off-­‐target	
  effects	
  of	
  shRNA	
  KD,	
  we	
  used	
  

KD	
   cells	
   expressing	
   exogenous	
   WT	
   UHRF1	
   in	
   a	
   parallel	
   experiment.	
   	
   When	
  

treated	
  with	
  MMC	
  for	
  a	
   time	
  course	
  of	
  up	
  to	
  9hr	
  (images	
  not	
  shown	
  for	
  3&6hr	
  

time	
  points),	
   the	
   exogenous	
  UHRF1	
  was	
   sufficient	
   to	
   support	
   the	
   FANCD2	
   foci	
  

formation	
   in	
   response	
   to	
   MMC,	
   similar	
   to	
   the	
   endogenous	
   protein	
   (Fig.	
   7.5A,	
  

panels	
  h	
  and	
  q,	
  compared	
  with	
  b	
  and	
  k).	
  	
  The	
  quantification	
  shows	
  that	
  it	
  rescued	
  

the	
  phenotype	
  from	
  UHRF1	
  KD	
  cells	
  back	
  to	
  the	
  control	
  level	
  (Fig.	
  7.5B).	
  

	
  

We	
   conclude	
   that	
   the	
   reduction	
   of	
   UHRF1	
   disrupts	
   FANCD2	
   foci	
   formation	
   in	
  

response	
  to	
  DNA	
  ICLs.	
   	
  These	
  findings	
  supported	
  our	
  hypothesis,	
  that	
  UHRF1	
  is	
  

required	
  for	
  FANCD2	
  recruitment	
  to	
  sites	
  of	
  damages,	
  independent	
  of	
  altering	
  its	
  

ubiquitination	
  level.	
  

	
  

7.2.3	
  UHRF1	
  forms	
  nuclear	
  foci	
  independent	
  of	
  DNA	
  damage	
  but	
  may	
  

re-­locate	
  in	
  response	
  to	
  MMC	
  

	
  

So	
   far,	
   whether	
   UHRF1	
   in	
   vitro	
   DNA	
   ICLs	
   binding	
   activity	
   endows	
   its	
   direct	
  

interaction	
   in	
   vivo	
   remains	
   an	
   open	
   question,	
   as	
   we	
   have	
   not	
   been	
   able	
   to	
  

observe	
   this	
   type	
  of	
   interaction	
  directly	
   in	
   the	
  cells.	
   	
  However,	
  by	
  studying	
   the	
  

pattern	
  of	
  UHRF1	
  nuclear	
  staining	
  in	
  response	
  to	
  MMC	
  by	
  IF,	
  we	
  would	
  be	
  able	
  to	
  

understand	
  whether	
  UHRF1	
  could	
  form	
  nuclear	
  foci	
  and	
  be	
  recruited	
  to	
  sites	
  of	
  

damage	
  as	
  other	
  FA	
  proteins,	
  e.g.	
  FANCD2.	
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FIG 7.5 Exogenous UHRF1 can support FANCD2 recruitment in response to MMC. A. 
HeLa.pSuper (C), HeLa.shUHRF1 (KD) and HeLa.shUHRF1+WT (+WT) cells were treated 
with MMC time course for up to 9hr.  After �xation and cytoplasm extraction, the nuclei 
were stained with FANCD2 antibody (FI17), showing the nuclear foci formation of the 
protein before (0hr) and after (9hr) the treatment. Scale bars represent 10μm; B. 
Quanti�cation of the percentage of cells with greater than 20 foci per cell, in all cell lines.  
The error bars were calculated based on two individual experiments (n=2).  This set of 
experiments was performed together with the experiment in Fig. 7.4.  Therefore, the 
data points for HeLa.pSuper and HeLa.shUHRF1 are the same as shown in Fig. 7.4.
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We	
   treated	
   HeLa.pSuper	
   cells	
   with	
   160ng/ml	
   of	
  MMC,	
   and	
   used	
   FANCD2	
   as	
   a	
  

positive	
  control	
  for	
  foci	
  formation.	
  	
  After	
  9hrs,	
  FANCD2	
  nuclear	
  foci	
  became	
  very	
  

pronounced,	
   indicating	
   that	
   the	
   cells	
   were	
   going	
   through	
   the	
   DNA	
   damage	
  

response,	
   and	
   the	
   FA	
   pathway	
   was	
   activated	
   (Fig.	
   7.6A,	
   panels	
   b&h).	
   	
   UHRF1	
  

already	
   formed	
   strong	
   foci	
   before	
   the	
   treatment,	
   and	
   after	
   9hr	
   of	
   MMC	
  

treatment,	
  the	
  percentage	
  of	
  positive	
  cells	
  did	
  not	
  change	
  significantly	
  (Fig.	
  7.6B,	
  

panels	
  b&h).	
  	
  	
  

	
  

Interestingly,	
  we	
  noticed	
  that	
  there	
  was	
  an	
  uneven	
  distribution	
  of	
  UHRF1	
  foci	
  in	
  

the	
  untreated	
  cells,	
  where	
  some	
  had	
  very	
  intense	
  foci	
  (Fig.	
  7.6B,	
  panel	
  b,	
  marked	
  

with	
   circles),	
  while	
   others	
   had	
   quite	
   dim	
   or	
   nearly	
   undetectable	
   foci	
   (panel	
   b,	
  

marked	
  with	
  arrows).	
  	
  This	
  may	
  reflect	
  UHRF1’s	
  localization	
  in	
  association	
  with	
  

the	
  cell	
  cycle,	
  which	
  has	
  been	
  shown	
  to	
  form	
  strong	
  nuclear	
  foci	
  during	
  S	
  phase	
  

in	
  published	
  studies	
  (117,	
  118).	
  	
  After	
  the	
  treatment	
  of	
  MMC,	
  the	
  majority	
  of	
  cells	
  

were	
  positive	
  and	
  the	
  degree	
  of	
  staining	
  in	
  those	
  cells	
  was	
  very	
  similar,	
  with	
  no	
  

distinguishable	
  strong	
  or	
  weak	
  patterns	
  (panel	
  h).	
  

	
  

These	
   data	
   suggest	
   that	
   there	
   might	
   be	
   a	
   cellular	
   relocation	
   of	
   UHRF1	
   in	
  

response	
  to	
  DNA	
  damage.	
  	
  At	
  this	
  stage,	
  it	
  is	
  not	
  clear	
  whether	
  UHRF1	
  recognizes	
  

DNA	
   ICLs	
   in	
   vivo	
   directly.	
   	
   It	
   would	
   be	
   useful	
   to	
   determine	
   the	
   relationship	
  

between	
   cell	
   cycle	
   profiles	
   and	
   UHRF1	
   nuclear	
   staining	
   in	
   the	
   presence	
   and	
  

absence	
  of	
  DNA	
  damage	
  by	
  using	
  cell	
   cycle	
  marker	
  such	
  as	
  cyclin	
  proteins	
  and	
  

PCNA.	
   	
   This	
   will	
   help	
   us	
   to	
   understand	
   whether	
   UHRF1	
   can	
   form	
   foci	
  

independent	
  of	
  DNA	
  replication	
  and	
  be	
  recruited	
  to	
  sites	
  of	
  DNA	
  damage.	
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FIG 7.6 UHRF1 may undergo a re-localization in the presence of DNA damage. A. 
HeLa.pSuper cells were treated with MMC for 9hr and the nuclear FANCD2 (FI17) was 
stained for IF, showing the foci formation (panel b and h).  Scale bars represent 10μm; B. In 
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indicate the cells with weak UHRF1 foci.
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Another	
  way	
  of	
  studying	
  the	
  recruitment	
  of	
  UHRF1	
  to	
  sites	
  of	
  DNA	
  damage	
  is	
  to	
  

use	
   more	
   localized	
   method	
   to	
   introduce	
   DNA	
   ICLs.	
   	
   For	
   example,	
   UVA	
   laser	
  

following	
   psoralen	
   incubation	
   can	
   concentrate	
   the	
   damage	
   to	
   the	
   stripes	
   or	
  

spots,	
  which	
  will	
  make	
  the	
  observation	
  of	
  UHRF1	
  localization	
  more	
  specific.	
  

	
  

7.2.4	
  UHRF1	
  SRA	
  domain	
  is	
  important	
  for	
  recruiting	
  FANCD2	
  to	
  form	
  

foci	
  	
  	
  

	
  

As	
  part	
   of	
   the	
   investigation	
   into	
   the	
  mechanism	
  of	
  UHRF1’s	
   function	
   in	
   the	
  FA	
  

pathway,	
  we	
  would	
  like	
  to	
  find	
  out	
  whether	
  its	
  DNA	
  binding	
  activity	
  is	
  required	
  

for	
   the	
   recruitment	
   FANCD2	
   to	
   sites	
   of	
   the	
   damages.	
   	
   We	
   introduced	
   a	
   point	
  

mutation	
  of	
  UHRF1	
   in	
   the	
  SRA	
  domain,	
  D482G,	
   into	
   the	
  KD	
  cells,	
   to	
   see	
   if	
   they	
  

could	
   complement	
   the	
   KD	
   phenotype	
   and	
   rescue	
   FANCD2	
   foci	
   formation	
   in	
  

response	
   to	
  MMC.	
   	
   The	
  mutation	
  disrupts	
   its	
  DNA	
  binding	
   activity	
   but	
   not	
   the	
  

auto-­‐ubiquitination	
  activity	
  (Fig.	
  6.7A,	
  lanes	
  5-­‐8,	
  and	
  Fig.	
  6.7B,	
  lanes	
  4&5)	
  and	
  its	
  

expression	
  could	
  not	
  complement	
  the	
  KD	
  cells	
  (Fig.	
  6.8B).	
  

	
  

Using	
   IF	
   microscopy	
   monitoring	
   FANCD2	
   recruitment,	
   we	
   saw	
   that	
   the	
   WT	
  

protein	
  formed	
  clear	
  foci	
   in	
  HeLa.pSuper	
  cells	
  after	
  9hr	
  of	
  MMC	
  treatment	
  (Fig.	
  

7.7A,	
   panels	
   b&k),	
   which	
   was	
   greatly	
   reduced	
   in	
   the	
   UHRF1	
   KD	
   cells	
   (panels	
  

e&n).	
   	
  However,	
   the	
   foci	
   formation	
  could	
  not	
  be	
   restored	
  with	
   the	
  SRA	
  mutant	
  

D482G	
   (Fig.	
   7.7A,	
   panels	
   h&q;	
   and	
   Fig.	
   7.7B).	
   	
   Since	
   SRA	
   domain	
   mainly	
  

contributes	
  to	
  the	
  specificity	
  of	
  ICL	
  recognition	
  and	
  the	
  DNA	
  binding	
  activity	
  of	
  

UHRF1	
  in	
  vitro,	
   it	
  is	
  likely	
  that	
  the	
  binding	
  to	
  DNA	
  ICLs	
  of	
  UHRF1	
  facilitates	
  the	
  

recruitment	
   of	
   FANCD2.	
   	
   It	
   would	
   also	
   be	
   interesting	
   to	
   investigate	
   whether	
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mutations	
   in	
   the	
   SRA	
   domain	
   in	
   the	
   cells	
   could	
   affect	
   the	
   re-­‐location	
   of	
   the	
  

protein	
   in	
   response	
   to	
   DNA	
   ICL	
   damage	
   as	
  we	
   observed	
   from	
   the	
  WT	
   protein	
  

(Fig.	
   7.6B),	
   to	
   be	
   able	
   to	
   conclude	
   on	
   the	
   relationship	
   between	
   UHRF1	
   DNA	
  

binding	
  activity	
  and	
  its	
  function	
  in	
  the	
  recruitment	
  of	
  FANCD2	
  in	
  vivo.	
  

	
  

It	
   is	
   generally	
   believed	
   that	
   ICL	
   repair	
   is	
   DNA	
   replication	
   dependent,	
   and	
   the	
  

activation	
  of	
  FANCD2	
  occurs	
   in	
  S	
  phase	
  (95,	
  106).	
   	
   In	
   this	
  study,	
  we	
   found	
   that	
  

using	
  the	
  similar	
  concentration	
  of	
  MMC,	
  500nM	
  for	
  24hr,	
  there	
  was	
  about	
  10%	
  of	
  

increase	
  in	
  the	
  population	
  of	
  S	
  and	
  G2/M	
  phase	
  cells	
  (Fig.	
  7.8A&B).	
  	
  It	
  has	
  been	
  

reported	
   that	
   in	
   normal	
   and	
   FA	
   patient	
   derived	
   cells,	
   MMC	
   treatment	
   causes	
  

accumulation	
  of	
  cells	
  in	
  G2/M	
  phase	
  (66).	
  	
  As	
  we	
  observed	
  more	
  than	
  half	
  of	
  the	
  

population	
  of	
  the	
  cells	
  has	
  FANCD2	
  foci	
  formation	
  after	
  DNA	
  damage,	
  we	
  suspect	
  

that	
   some	
   of	
   the	
   FANCD2	
   foci	
   positive	
   cells	
  were	
   not	
   in	
   S	
   phase.	
   	
   In	
   future,	
   it	
  

would	
   be	
   important	
   to	
   use	
   cell	
   cycle	
   marker,	
   such	
   as	
   cyclin	
   proteins,	
   to	
  

determine	
   the	
   cell	
   cycle	
   stage	
   of	
   those	
   positive	
   cells.	
   	
   This	
   will	
   help	
   us	
   to	
  

understand	
   whether	
   an	
   UHRF1-­‐involved	
   DNA	
   ICL	
   repair	
   is	
   replication-­‐

dependent.	
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FIG 7.7 UHRF1 SRA domain is required for FANCD2 nuclear foci formation. A. 
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were shown in the IF images.  Scale bars represent 10μm; B. Quanti�cation of the 
percentage of cells with greater than 20 foci per cell (the experiment was performed twice, 
and the representative data is shown here).
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FIG 7.8 MMC treatment in HeLa cells increases slightly the percentage of S phase cells. A. 
HeLa.pSuper cells were treated with (lower panel) or without (upper panel) MMC for 500nM for 
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(experiment was performed for three times, and the representative data is shown here).
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7.3	
  Discussion	
  
	
  

The	
  mechanism	
  of	
  FANCD2	
  ubiquitination	
  by	
  FANCL	
  in	
  association	
  with	
  the	
  FA	
  

core	
  complex	
  has	
  been	
  established	
  (77).	
   	
  The	
  chromatin	
  affinity	
  by	
  the	
  FA	
  core	
  

complex	
   suggests	
   that	
   it	
   is	
   possible	
   that	
   FANCD2	
   is	
   constantly	
   being	
  

ubiquitinated	
  (209),	
  but	
   that	
   the	
  USP1/UAF1	
  deubiquitinase	
  complex	
  regulates	
  

its	
  response	
  to	
  DNA	
  damage	
  (157,	
  218-­220).	
   	
  Hence,	
  the	
  key	
  to	
  the	
  activation	
  of	
  

the	
  FA	
  pathway	
  may	
  lie	
  in	
  the	
  recruitment	
  of	
  FANCL	
  and	
  the	
  FA	
  core	
  complex	
  to	
  

the	
   sites	
   of	
   damage,	
   and	
   the	
   balance	
   between	
   ubiquitination	
   and	
  

deubiquitination	
  activities	
  during	
  the	
  repair.	
   	
  Therefore,	
  as	
  a	
  potential	
  DNA	
  ICL	
  

sensor,	
  UHRF1	
  may	
  serve	
  a	
  more	
  important	
  role	
   in	
  the	
  recruitment	
  of	
  FANCD2	
  

rather	
  than	
  its	
  ubiquitination.	
  	
  	
  

	
  

It	
  has	
  been	
  demonstrated	
  that	
  RAD18-­‐mediated	
  ubiquitination	
  of	
  PCNA	
  may	
  be	
  

required	
   for	
   FANCD2	
   ubiquitination	
   and	
   the	
   Fanconi	
   anemia	
   DNA	
   repair	
  

activation	
   (221).	
   	
   FANCD2	
   also	
   co-­‐localizes	
   with	
   PCNA	
   in	
   response	
   to	
   DNA	
  

damage	
  (222).	
   	
   It	
  has	
  been	
  shown	
  that	
  UHRF1	
  co-­‐localizes	
  with	
  PCNA	
  during	
  S	
  

phase,	
  and	
  possibly	
  through	
  DNMT1	
  (118,	
  223),	
  but	
  PCNA	
  can	
  be	
  ubiquitinated	
  

and	
   form	
   nuclear	
   foci	
   in	
   response	
   to	
   DNA	
   damage	
   independently	
   of	
   DNA	
  

replication	
  (224,	
  225).	
   	
  Whether	
  UHRF1	
  interacts	
  with	
  PCNA	
  outside	
  S	
  phase	
  in	
  

response	
   to	
   DNA	
   damage	
   is	
   not	
   clear,	
   however,	
   there	
   is	
   the	
   possibility	
   that	
  

UHRF1	
   recognizes	
   DNA	
   ICLs	
   and	
   anchor	
   PCNA	
   to	
   the	
   sites	
   of	
   damage	
   as	
   an	
  

intermediate.	
  	
  Then	
  FANCD2	
  is	
  subsequently	
  recruited.	
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If	
  it	
  is	
  indeed	
  by	
  SRA	
  domain	
  that	
  UHRF1	
  anchors	
  to	
  the	
  sites	
  of	
  cross-­‐links	
  and	
  

recruit	
   FANCD2,	
   another	
   important	
   question	
   would	
   be	
   whether	
   mutations	
   in	
  

SRA	
   domain	
   disrupt	
   UHRF1	
   nuclear	
   relocation	
   as	
   well	
   in	
   response	
   to	
   DNA	
  

damage.	
   	
   To	
   gain	
   a	
   thorough	
   understanding	
   of	
   the	
   mechanism	
   of	
   FANCD2	
  

recruitment	
   by	
  UHRF1,	
  we	
   also	
  need	
   to	
   study	
   the	
   functions	
   and	
  behaviours	
   of	
  

the	
  other	
  domains	
   in	
  response	
  to	
  DNA	
  damage,	
  such	
  as	
  the	
  UBL,	
  TTD	
  and	
  PHD	
  

domains.	
   	
   In	
   particular,	
   as	
   the	
   RING	
   domain	
   possesses	
   both	
   DNA	
   binding	
  

specificity	
  and	
  possibly	
  E3	
  ubiquitin	
  ligase	
  activity,	
  it	
  could	
  potentially	
  be	
  a	
  very	
  

important	
  regulatory	
  region	
  of	
  the	
  protein	
  function	
  in	
  the	
  FA	
  pathway.	
  

	
  

On	
   the	
   other	
   hand,	
   in	
   the	
   absence	
   of	
   DNA	
   damage,	
   UHRF1	
   is	
   predominantly	
  

associated	
   with	
   heterochromatin	
   (127,	
   128).	
   	
   The	
   re-­‐location	
   of	
   UHRF1	
   in	
  

response	
  to	
  MMC	
  may	
  reflect	
  a	
  switch	
  of	
  function	
  between	
  DNA	
  replication/gene	
  

expression	
  regulation	
  and	
  DNA	
  damage	
  repair.	
  	
  SRA	
  domain	
  may	
  be	
  important	
  in	
  

serving	
   this	
   switch,	
   as	
   it	
   is	
   able	
   to	
  bind	
   to	
  naked	
  DNA	
  (138,	
  139),	
   and	
  possibly	
  

recognize	
  histone	
  markers	
  as	
  well	
  (125).	
  	
  In	
  animals,	
  SRA	
  domain	
  has	
  only	
  been	
  

found	
  in	
  UHRF1	
  and	
  UHRF2	
  so	
  far.	
  	
  Its	
  mechanism	
  in	
  potential	
  dual-­‐function,	
  and	
  

interaction	
  with	
  other	
  DNA	
  repair	
  proteins	
  are	
  to	
  be	
  further	
  investigated.	
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Chapter	
  8.	
  Discussion	
  

	
  

8.1	
  Conclusion	
  

	
  

Among	
   the	
   current	
   discovered	
  FA	
  proteins,	
   the	
   structure	
   specific	
  DNA	
  binding	
  

factors	
   are	
   functioning	
   towards	
   the	
   downstream	
   of	
   the	
   pathway,	
   such	
   as	
  

FANCJ/BRIP1,	
   FANCP/SLX4	
   and	
   XPF	
   (85,	
   92,	
   212).	
   	
   Also,	
   the	
   association	
   of	
  

upstream	
   FA	
   core	
   complex	
  with	
   chromatin	
   does	
   not	
   seem	
   to	
   be	
   DNA	
   damage	
  

dependent	
   (209).	
   	
  We	
   confirmed	
   that	
   FANCD2/FANCI	
   complex	
  binds	
  DNA,	
   but	
  

does	
   not	
   specifically	
   interact	
   with	
   DNA	
   ICLs.	
   	
   From	
   our	
   ICL	
   DNA	
   interacting	
  

protein	
   purification,	
   we	
   identified	
   UHRF1,	
   which	
   can	
   directly	
   recognize	
   cross-­‐

linked	
  DNA	
   in	
  vitro.	
   	
  Subsequent	
   in	
  vivo	
  experiments	
  showed	
  that	
   it	
   is	
  required	
  

for	
   cells	
   to	
   tolerate	
   DNA	
   ICL	
   damage,	
   and	
   participates	
   in	
   the	
   FA	
   pathway	
   by	
  

recruiting	
  FANCD2	
  to	
  sites	
  of	
  damage.	
  	
  Therefore,	
  we	
  propose	
  that	
  UHRF1	
  senses	
  

the	
  DNA	
  ICLs	
  in	
  the	
  FA	
  pathway.	
  	
  	
  

	
  

8.2	
  The	
  function	
  of	
  UHRF1	
  in	
  epigenetics	
  in	
  relations	
  to	
  FA	
  

	
  

It	
  seems	
  that	
  UHRF1	
  has	
  dual	
  functions	
  in	
  DNA	
  methylation	
  and	
  DNA	
  repair,	
  and	
  

these	
  two	
  aspects	
  are	
  independent	
  from	
  each	
  other	
  (203).	
  	
  We	
  show	
  that	
  the	
  SRA	
  

domain	
  is	
  important	
  for	
  binding	
  to	
  ICL	
  DNA	
  besides	
  hemi-­‐methylated	
  DNA,	
  and	
  

the	
  amino	
  acids	
  responsible	
  for	
  hemi-­‐methylated	
  DNA	
  binding	
  are	
  also	
  required	
  

for	
   ICL	
  binding	
   and	
   repair.	
   	
  However,	
   it	
   remains	
   to	
  be	
   seen	
  whether	
   there	
   are	
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other	
  amino	
  acids	
  of	
  the	
  SRA	
  domain	
  that	
  can	
  affect	
  DNA	
  ICL	
  recognition	
  but	
  not	
  

the	
  hemi-­‐methylation	
  binding.	
  	
  	
  

	
  

The	
  significance	
  of	
  UHRF1’s	
  function	
  in	
  the	
  two	
  areas	
  may	
  depend	
  on	
  the	
  stage	
  of	
  

development.	
  	
  During	
  early	
  development,	
  although	
  stem	
  cells	
  can	
  maintain	
  self-­‐

renewal	
   properties	
   and	
   proliferate	
   without	
   DNA	
   methylation,	
   they	
   cannot	
  

differentiate	
   (130,	
   135).	
   	
   The	
   embryonic	
   lethality	
   and	
   organ	
   developmental	
  

failures	
  have	
  been	
  shown	
  in	
  different	
  organisms	
  when	
  UHRF1	
  expression	
  is	
  lost	
  

(134,	
   135,	
   226).	
   	
   Also,	
   UHRF1	
   is	
   suggested	
   to	
   promote	
   the	
   turnover	
   of	
   the	
  

promyelocytic	
   leukemia	
   (PML)	
   protein	
   through	
   ubiquitination-­‐mediated	
  

degradation,	
   and	
   the	
   knockdown	
   of	
   UHRF1	
   inhibits	
   the	
   cell	
   migration	
   and	
   in	
  

vitro	
   capillary	
   tube	
   formation	
   of	
   human	
   umbilical	
   vein	
   endothelial	
   cells	
  

(HUVECs)	
  (183).	
   	
  When	
  knocked	
  down	
  in	
  hESCs,	
  among	
  the	
  FA	
  genes,	
  FANCD2	
  

and	
  FANCA	
  are	
  shown	
  to	
  cause	
  developmental	
  defects	
  as	
  well,	
  especially	
  in	
  the	
  

hematopoietic	
   lineage,	
   but	
   the	
   mechanism	
   is	
   undiscovered	
   (227).	
   	
   Given	
   the	
  

similarity	
  between	
  UHRF1	
  and	
  the	
  two	
  FA	
  genes	
  knockdown	
  phenotype	
  during	
  

early	
   development,	
   UHRF1	
   may	
   be	
   the	
   link	
   between	
   developmental	
  

abnormalities	
  and	
  defects	
  in	
  DNA	
  repair	
  in	
  the	
  FA	
  patients.	
  	
  

	
  

8.3	
  The	
  association	
  of	
  UHRF1	
  with	
  heterochromatic	
  DNA	
  ICLs	
  

repair	
  

	
  

The	
  DNA	
  damage	
  response	
   in	
  heterochromatin	
   is	
  believed	
   to	
  be	
  different	
   from	
  

euchromatin	
   (228).	
   	
   Although	
   the	
   damage	
   can	
   be	
   sensed	
   in	
   the	
   compact	
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chromatin	
   structure,	
   as	
   seen	
   in	
   mitotic	
   chromosomes,	
   the	
   damage	
   signaling	
  

transduction	
   can	
   be	
   much	
   less	
   efficient	
   than	
   in	
   euchromatin	
   (229).	
   	
   The	
  

restrained	
  DDR	
  in	
  heterochromatin	
  may	
  be	
  a	
  mechanism	
  that	
  protects	
  cells	
  from	
  

undesired	
  consequences	
  such	
  as	
  apoptosis	
  or	
  unregulated	
  recombination	
  (228).	
  	
  

It	
  has	
  been	
  shown	
  that	
  there	
  is	
  an	
  increased	
  level	
  of	
  heterochromatin	
  instability	
  

in	
   the	
   FA	
   cells,	
   and	
   their	
   metaphase	
   chromosomes	
   cannot	
   be	
   separated	
   well	
  

(230).	
   	
   This	
   is	
   also	
   observed	
   in	
   UHRF1	
   KD	
   cells,	
   where	
   the	
   heterochromatin	
  

shows	
   a	
   more	
   diffused	
   staining	
   pattern	
   than	
   control	
   cells	
   and	
   the	
   S	
   phase	
  

progression	
  is	
  prolonged	
  (126,	
  127).	
  	
  Multiple	
  domains	
  of	
  UHRF1	
  are	
  involved	
  in	
  

H3	
   lysine	
   9	
   methylation	
   marker	
   recognition	
   (128),	
   which	
   is	
   important	
   for	
  

heterochromatic	
   genome	
   stability.	
   	
   Cells	
   defective	
   in	
   H3K9me3	
   have	
   an	
  

increased	
  level	
  of	
  DNA	
  damage	
  in	
  heterochromatin	
  region	
  (231).	
  	
  Hence,	
  UHRF1	
  

may	
   also	
   contribute	
   to	
   the	
   maintenance	
   of	
   heterochromatin	
   stability	
   in	
   the	
  

presence	
  of	
  DNA	
  damage.	
  	
  	
  

	
  

8.4	
  The	
  role	
  of	
  UHRF1	
  in	
  the	
  FA	
  pathway	
  

	
  

8.4.1	
  A	
  working	
  model	
  

	
  

Our	
  data	
  suggest	
  that	
  UHRF1	
  can	
  recognize	
  ICL	
  damage	
  through	
  its	
  SRA	
  domain	
  

(Fig.	
  8.1,	
  step	
  A,	
  pathway	
  I),	
  and	
  activates	
  the	
  pathway	
  by	
  recruiting	
  FANCD2	
  for	
  

the	
  downstream	
   repair.	
   	
   It	
   is	
   unclear	
   at	
   this	
   stage	
  whether	
  UHRF1	
   serves	
   as	
   a	
  

structural	
   platform	
   for	
   downstream	
   protein	
   recruitment	
   or	
   it	
   acts	
   as	
   the	
   E3	
  

ubiquitin	
  ligase	
  to	
  contribute	
  to	
  the	
  transduction	
  of	
  signal.	
  	
  In	
  our	
  purification	
  of	
  

proteins	
   binding	
   to	
  DNA	
   ICLs,	
  we	
   also	
   identified	
  ATR.	
   	
   Although	
  we	
   could	
   not	
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detect	
   any	
   direct	
   interaction	
   of	
   ATR	
   and	
   cross-­‐linked	
   DNA	
   from	
   subsequent	
  

experiments	
  (data	
  not	
  shown),	
   it	
   is	
  possible	
  that	
  ATR	
  and	
  the	
  FA	
  core	
  complex	
  

are	
   localized	
  to	
   the	
  cross-­‐link	
  sites	
   through	
  other	
  protein	
  partners,	
  and	
  UHRF1	
  

may	
  be	
  able	
  to	
  serve	
  this	
  interaction	
  (step	
  B).	
  	
  Then	
  the	
  FANCD2/FANCI	
  complex	
  

is	
   phosphorylated	
   and	
  mono-­‐ubiquitinated,	
   followed	
   by	
   its	
   recruitment	
   to	
   the	
  

site	
  of	
  damage	
  (step	
  C).	
  

	
  

UHRF1	
   can	
   potentially	
   recruit	
   nucleases	
   to	
   enable	
   the	
   repair	
   as	
   well.	
   	
   SLX4	
  

interacts	
   with	
   different	
   nucleases,	
   and	
   its	
   recruitment	
   depends	
   on	
   FANCD2	
  

mono-­‐ubiquitination	
   and	
   an	
   intact	
   SLX4	
   ubiquitin	
   binding	
   UBZ	
   domain	
   (212).	
  	
  

However,	
   it	
   is	
   unclear	
   whether	
   SLX4	
   binds	
   to	
   the	
   ubiquitination	
   marker	
   of	
  

FANCD2	
   directly.	
   	
   The	
   UBL	
   domain	
   of	
   UHRF1	
   can	
   also	
   possibly	
   be	
   a	
   binding	
  

partner	
   of	
   the	
   UBZ	
   domain	
   of	
   SLX4,	
   and	
   since	
   UHRF1	
   is	
   required	
   for	
   Eme1	
  

localization	
  in	
  response	
  to	
  DNA	
  damage	
  (152),	
  UHRF1	
  can	
  be	
  very	
  important	
  to	
  

coordinate	
   these	
   nucleases	
   to	
   excise	
   the	
   cross-­‐linked	
   nucleotides	
   in	
   the	
   FA	
  

pathway,	
  and	
  for	
  the	
  assembly	
  of	
  the	
  downstream	
  repair	
  complex	
  (step	
  D).	
  

	
  

Whether	
  UHRF1	
  E3	
  ubiquitin	
  ligase	
  activity	
  is	
  required	
  for	
  its	
  function	
  in	
  the	
  FA	
  

pathway	
   is	
   unspecified,	
   although	
   evidence	
   indicates	
   that	
   the	
   RING	
   domain	
   is	
  

important	
   for	
  UHRF1’s	
  DNA	
  binding	
  and	
   is	
  required	
   for	
  DNA	
  damage	
  response	
  

(152,	
  153).	
   	
  Histone	
  components	
  are	
  likely	
  to	
  be	
  UHRF1’s	
  ubiquitination	
  targets	
  

(124),	
  and	
  the	
  ubiquitination	
  event	
  may	
  be	
  critical	
  for	
  signaling	
  the	
  FA	
  pathway	
  

activation.	
   	
   Upon	
   binding	
   to	
   DNA	
   ICL,	
   UHRF1	
   may	
   participate	
   in	
   the	
   FA	
   core	
  

complex	
  to	
  enhance	
  the	
  overall	
  ubiquitination	
  activity	
  (step	
  E,	
  pathway	
  II).	
  	
  Then	
  

UHRF1	
  and	
  ubiquitinated	
  FANCD2/FANCI	
  recruit	
  the	
  nucleases	
  and	
  other	
  repair	
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proteins	
   (step	
   F,	
   pathway	
   II).	
   	
   It	
   can	
   also	
   ubiquitinate	
   some	
   other	
   substrates	
  

unknown	
  to	
  the	
  current	
  FA	
  proteins	
  (step	
  G,	
  substrates	
  represented	
  by	
  protein	
  X,	
  

pathway	
   III).	
   	
   The	
  modified	
   substrate,	
   histones	
   being	
   one	
   possibility,	
   can	
   then	
  

propagate	
  the	
  damage	
  signaling,	
  to	
  recruit	
  FANCD2/FANCI	
  (step	
  H,	
  pathway	
  III)	
  

(216).	
  	
  Finally	
  the	
  nucleases	
  and	
  the	
  downstream	
  repair	
  complex	
  are	
  engaged	
  to	
  

complete	
  the	
  repair	
  (step	
  I,	
  pathway	
  III).	
  

	
  

8.4.2	
  Future	
  work	
  

	
  

It	
   is	
  notable	
  that	
  there	
  are	
  still	
  several	
  aspects	
  unrevealed	
  in	
  this	
  model.	
   	
  From	
  

existing	
  evidence,	
  it	
  seems	
  that	
  UHRF1	
  can	
  be	
  critical	
  in	
  both	
  DNA	
  DSB	
  and	
  ICL	
  

repair.	
   	
   Biochemical	
   data	
   suggest	
   that	
   UHRF1	
   is	
   the	
   sensor	
   for	
   ICLs,	
   but	
   the	
  

immediate	
   downstream	
   events	
   after	
   the	
   damage	
   detection	
   are	
   still	
   unclear.	
  	
  

These	
  events	
  may	
  entail	
  UHRF1’s	
  connection	
  with	
  other	
  repair	
  pathways.	
  	
  Since	
  

there	
  is	
  a	
  high	
  degree	
  of	
  cross	
  talking	
  between	
  DSB	
  and	
  ICL	
  repair,	
  UHRF1	
  may	
  

potentially	
  participate	
   in	
  both	
  pathways.	
   	
  However,	
   it	
  will	
  also	
  be	
   important	
   to	
  

determine	
   whether	
   UHRF1	
   is	
   more	
   specifically	
   demanded	
   in	
   the	
   FA	
   pathway	
  

than	
  others,	
  or	
  it	
  is	
  generally	
  involved	
  in	
  all	
  types	
  of	
  DNA	
  damage	
  response.	
  	
  We	
  

are	
  currently	
  conducting	
  more	
  in	
  vitro	
  DNA	
  binding	
  assays,	
  to	
  test	
  the	
  interaction	
  

of	
   UHRF1	
   with	
   different	
   DNA	
   structures,	
   and	
   to	
   understand	
   if	
   UHRF1	
   could	
  

accommodate	
  and	
  recognize	
  damaged	
  DNA	
  in	
  general.	
  

	
  

Moreover,	
   it	
   needs	
   to	
   be	
   clarified	
  whether	
   the	
   enzymatic	
   activity	
   of	
   UHRF1	
   is	
  

required	
  in	
  DNA	
  ICL	
  repair,	
  e.g.	
  by	
  measuring	
  sensitivity	
  to	
  MMC	
  and	
  assessing	
  

FANCD2	
   foci	
   formation	
  when	
   cells	
   express	
  RING	
  domain	
  deletion	
  or	
  mutation.	
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This	
   would	
   help	
   to	
   position	
   UHRF1	
   in	
   the	
   pathway	
   in	
   relation	
   to	
   other	
   FA	
  

proteins	
   accurately.	
   	
   Should	
   it	
   be	
   required,	
   the	
   substrate	
   of	
   UHRF1	
   becomes	
  

critical	
   in	
   the	
   process.	
   	
   We	
   can	
   examine	
   proteins	
   that	
   are	
   ubiquitinated	
   by	
  

UHRF1	
   both	
   in	
  vivo	
  and	
   in	
  vitro,	
   and	
   analyze	
   if	
   ubiquitination	
   defects	
   of	
   those	
  

proteins	
  causes	
   the	
  same	
  phenotype	
  as	
  UHRF1	
  RING	
  mutants.	
   	
   Since	
  UHRF1	
   is	
  

unlikely	
  to	
  have	
  a	
  strong	
  interaction	
  with	
  FANCD2/FANCI,	
  it	
  will	
  be	
  necessary	
  to	
  

study	
  whether	
   it	
   directly	
   cooperates	
  with	
   other	
   factors,	
   such	
   as	
   ATR,	
   FA	
   core	
  

complex,	
   downstream	
   repair	
   proteins	
   and	
   nucleases	
   such	
   as	
   Eme1	
   and	
   SLX4.	
  	
  

Such	
  exploration	
  can	
  enable	
  us	
  to	
  understand	
  the	
  molecular	
  mechanism	
  of	
  how	
  

UHRF1	
  initiates	
  the	
  rest	
  of	
  the	
  FA	
  pathway	
  after	
  recognizing	
  DNA	
  ICLs.	
  

	
  

We	
  also	
   identified	
  UHRF2	
   from	
  our	
  purification.	
   	
   Structurally,	
  UHRF2	
   is	
  highly	
  

identical	
   to	
   UHRF1,	
   and	
   also	
   belongs	
   to	
   the	
   UHRF	
   family.	
   	
   UHRF2	
   can	
   also	
  

interact	
   with	
   hemi-­‐methylated	
   DNA,	
   but	
   seems	
   to	
   be	
   dispensable	
   for	
   DNA	
  

methylation	
  maintenance	
  (214).	
  	
  So	
  far,	
  UHRF2	
  has	
  been	
  reported	
  to	
  be	
  involved	
  

in	
   apoptosis,	
   but	
   it	
   is	
   unclear	
   whether	
   UHRF2	
   also	
   have	
   a	
   role	
   in	
   DNA	
   repair	
  

(232).	
  	
  It	
  would	
  be	
  important	
  to	
  study	
  if	
  UHRF2	
  can	
  also	
  recognize	
  DNA	
  ICLs	
  and	
  

participate	
  in	
  the	
  FA	
  pathway.	
  	
  We	
  can	
  also	
  investigate	
  the	
  cellular	
  phenotype	
  in	
  

response	
  to	
  DNA	
  damage	
  when	
  both	
  proteins	
  are	
  knocked-­‐down,	
  to	
  understand	
  

if	
  there	
  is	
  any	
  functional	
  redundancy	
  between	
  the	
  proteins.	
  

	
  

Given	
   its	
  multi-­‐functions	
   in	
   epigenetic	
   regulation	
   and	
   DNA	
   repair,	
   UHRF1	
   is	
   a	
  

good	
  candidate	
  to	
  answer	
  why	
  we	
  see	
  various	
  facets	
  of	
  defective	
  cell	
  behaviors	
  

in	
  FA	
  patients.	
  	
  In	
  future,	
  it	
  may	
  be	
  appropriate	
  to	
  study	
  the	
  functions	
  of	
  UHRF1	
  

in	
  development	
  in	
  relation	
  to	
  the	
  FA	
  phenotype	
  in	
  vivo.	
  	
  For	
  example,	
  conditional	
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knockdown	
  mice	
  can	
  be	
  generated	
  to	
  study	
  UHRF1’s	
  function	
  in	
  different	
  stages	
  

of	
  development.	
  	
  This	
  can	
  help	
  us	
  to	
  answer	
  questions	
  such	
  as	
  whether	
  it	
  causes	
  

the	
   same	
   type	
   of	
   bone	
   structure	
   and	
   bone	
  marrow	
  malformation,	
   hematologic	
  

failures,	
  and	
  other	
  symptoms,	
  which	
  are	
  seen	
  in	
  the	
  FA	
  patients.	
  

	
  

Finally,	
   it	
   is	
   still	
  under	
  discussion	
  whether	
  UHRF1	
   is	
  a	
   specific	
   sensor	
   for	
  DNA	
  

ICLs,	
   and	
   also	
   an	
   FA	
   gene,	
   as	
   it	
   is	
   likely	
   that	
  UHRF1	
  has	
   a	
   general	
   recognition	
  

function	
   to	
  damaged	
  DNA.	
   	
  So	
   far,	
  most	
  of	
   the	
  FA	
  patients	
  are	
  categorized	
   into	
  

complementation	
  groups	
  corresponding	
  to	
  the	
  16	
  FA	
  genes,	
  but	
  several	
  patients	
  

are	
  yet	
  to	
  be	
  assigned	
  and	
  there	
  are	
  probably	
  more	
  patients	
  to	
  be	
  identified.	
   	
  It	
  

will	
  be	
  very	
  exciting	
  to	
  conduct	
  genetic	
  screen	
  among	
  the	
  FA	
  patient	
  population	
  

to	
  study	
  whether	
  any	
  of	
   them	
  can	
  be	
   found	
  with	
  mutations	
  of	
  UHRF1.	
  A	
  better	
  

understanding	
   of	
   the	
   molecular	
   mechanisms	
   underlying	
   the	
   FA	
   pathway,	
  

including	
   UHRF1,	
   as	
   well	
   as	
   the	
   genetic	
   functional	
   analysis	
   and	
   clinical	
  

symptoms,	
   will	
   increase	
   our	
   chances	
   of	
   developing	
   better	
   and	
   more	
   targeted	
  

modes	
  of	
  treatment	
  in	
  future.	
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