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ABSTRACT  

  

The  ErbB2  receptor  is  found  to  be  overexpressed  and/or  amplified  in  20-‐30%  of  

all  breast  cancer  cases,  which  tend  to  have  aggressive  behaviors  and  often  metastasize  

to   distant   organs   making   them   difficult   to   treat   in   the   clinic.   It   has   been   previously  

shown   that   the  Dock180   and   ELMO1  proteins  work   together   to   promote   cell  motility  

and   invasion   in   a   Rac-‐dependant   manner   under   physiological   and   pathological  

conditions.   Rac   is   a   small   GTPase   well   known   to   act   on   proliferation,   migration   and  

invasion  and  has  been  linked  to  development  and  metastasis  of  several  types  of  human  

cancers.  This  prompted  us  to  study  in  more  detail  the  implication  of  Dock180  in  breast  

cancer  progression  and  metastasis.  Here,  we  use  a  transgenic  MMTV-‐NIC  mouse  model,  

in  which  we  introduced  a  conditional  deletion  of  Dock180  to  investigate  its  importance  

in  ErbB2-‐mediated  mammary  tumorigenesis  and  metastasis.  Our  data  suggest  that  the  

expression  of  Dock180  is  dramatically  increased  at  the  periphery  and  invasive  fronts  of  

tumors.  We   found   that   deletion   of   Dock180   did   not   significantly   alter   ErbB2-‐induced  

tumor  onset  but  does  have  an  impact  on  tumor  growth.  Moreover,  the  loss  of  Dock180  

decreased  the  number  of  metastases  to  lungs  by  7-‐fold.  Interestingly,  both  Dock180  and  

STAT3,   a   Rac   target,   are   highly   activated   at   invasive   fronts   of   tumors.   Conversely,  we  

found  less  activation  of  STAT3  in  tumors  arising  from  Dock180  deficient  mice,  suggesting  

a  role  for  Dock180  upstream  of  STAT3  in  tumor  invasiveness.  Here,  we  identify  Dock180  

as  an  important  mediator  of  ErbB2-‐driven  tumor  dissemination  and  suspect  that  it  may  

be  acting  by  promoting  STAT3  activation  at  the  invasive  front  of  breast  tumors.  
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ABRÉGÉ  

  

Le   récepteur   ErbB2   est   surexprimé   et/ou   amplifié   dans   20   à   30%   des   cas   de  

cancer   du   sein.   Ces   cancers   du   sein   ErbB2-‐surexprimés   ont   tendance   à   avoir   un  

phénotype  agressif   et   souvent  métastasent   vers  des  organes  éloignés,   ce  qui   les   rend  

difficiles   à   traiter   en   clinique.   Il   a   été   précédemment   démontré   que   les   protéines  

Dock180   et   ELMO1   travaillent   ensemble   pour   promouvoir   la   motilité   cellulaire   et  

l'invasion   de   manière   Rac-‐dépendante   dans   des   conditions   physiologiques   et  

pathologiques.  Rac  est  une  petite  GTPase  bien  connue  pour  agir  sur   la  prolifération,   la  

migration  et  l’invasion  et  qui  a  été  liée  au  développement  de  plusieurs  types  de  cancer  

et  de  métastases  chez  l'homme.  Cela  nous  a  incité  à  étudier  plus  en  détail  l'implication  

de  Dock180  dans  la  progression  du  cancer  du  sein  et  des  métastases.  Ici,  nous  utilisons  

un  modèle  de  souris  transgénique,  le  MMTV-‐NIC,  où  nous  y  avons  introduit  une  délétion  

conditionnelle   de   Dock180   afin   d'investiguer   son   importance   dans   la   tumorigénèse  

mammaire   et   les   métastases   médiées   par   ErbB2.   Nos   données   suggèrent   que  

l'expression  de  Dock180  est  dramatiquement  augmentée  à   la  périphérie  et  aux   fronts  

invasifs  des  tumeurs.  Par  ailleurs,   l’absence  de  Dock180  ne  modifie  pas   l'apparition  de  

tumeurs  ErbB2-‐induites  mais  a  un  impact  sur  la  croissance  tumorale.  En  outre,  la  perte  

de  Dock180  diminue  de  7  fois  le  nombre  de  métastases  aux  poumons.  De  plus,  Dock180  

et   STAT3,   une   cible   de   Rac,   sont   fortement   activés   aux   fronts   invasifs   des   tumeurs.  

Inversement,   nous   avons   trouvé   moins   d'activation   de   STAT3   dans   les   tumeurs  

provenant  de  souris  déficientes  pour  Dock180,  suggérant  un  rôle  pour  cette  protéine  en  

amont   de   STAT3   dans   l'envahissement   tumoral.   Ici,   nous   avons   identifié   Dock180  

comme   un  médiateur   important   de   la   dissémination   tumorale   conduite   par   ErbB2   et  

nous  suspectons  qu'il  pourrait  agir  en  favorisant  l'activation  de  STAT3  aux  fronts  invasifs  

des  tumeurs  mammaires.  
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REVIEW  OF  THE  LITERATURE  
  

1.1  INTRODUCTION  TO  BREAST  CANCER  

  

     1.1.1  Introduction  

  

Worldwide,  cancer  originating  in  the  mammary  gland  is  the  most  common  type  

of   cancer   in  women.   Breast   cancer   comprises   23%  of   all   cancer   incidence   among   the  

female  population,  making  it  by  far  the  most  frequent  type  of  malignancy  diagnosed  in  

2008  and  the   fifth  most  common  cause  of  cancer  death   in  women  [1].   In  Canada,   the  

latest   analyses   report   that   approximately   445   women   will   be   diagnosed   with   breast  

cancer   every   week.   This   means   that   around   1   out   of   9   Canadian   women   will   be  

diagnosed  with   breast   cancer   at   some  point   in   her   life.   Although   a   notable   decline   in  

breast  cancer  mortality  has  been  observed  over   the   last   twenty  years,  around  20-‐30%  

will   eventually   die   of   this   disease,  mainly   due   to   the   development   of  metastases,   an  

incurable  condition  in  most  cancer  types  [2].    

  

In   the   following   paragraphs,   factors   involved   in   mammary   gland,   breast   cancer   and  

metastasis   development   will   be   discussed.   Improved   understanding   of   signaling  

cascades  implicated  in  these  physiological  and  pathological  events  will  ultimately  lead  to  

more  effective  cancer  therapies  to  combat  this  life-‐threatening  disease.  

  

1.1.2  Mammary  gland  development  

  

Much   of   our   knowledge   about   mammary   gland   development   is   based   on  

experiments  on  mouse  models.  They  can  be  extrapolated  to  humans,  while  accounting  

for  both  genetic  and  physical  differences  between  these  species  (see  chapter  1.2.3).    
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Mammary   gland   development   is   a   very   dynamic   process   in   which   proliferation,  

apoptosis,  differentiation  and  migration  are  all  essential  for  the  formation  of  the  highly  

organized  branched  ductal  network  of  epithelial  cells  (reviewed  in  [3-‐5]).  In  the  mouse,  

development   of   the   mammary   gland   begins   during   foetal   development   although   it  

undergoes   the   majority   of   its   maturation   after   birth.   At   about   embryonic   day   11.5  

(E11.5)  the  formation  of  five  placodes  begins  along  each  of  two  milk  lines.  After  one  day,  

these  placodes  will  differentiate  into  epithelial  buds  and  each  bud  elongates  to  form  a  

sprout  at  E15.5.  Invading  the  underlying  fat  pad,  the  sprout  will  eventually  open  on  the  

surface   of   the   skin,   where   epidermal   invagination   forms   the   nipple.   Until   birth,   the  

sprouts   will   develop   ramifications   and   form   small,   arborized   glands   [6].   The   major  

regulatory   genes   involved   in   early   embryonic   mammary   gland   development   are  

dependent  mostly   on   the   canonical  Wnt   pathway   [7,   8]   and   fibroblast   growth   factor  

(FGF)  signaling  [9].    

  

Newborn   mice   harbor   a   rudimentary   gland   that   will   grow   isometrically   with   body  

growth  until  puberty,   starting  at  approximately  3  weeks  of  age,  which  corresponds   to  

the   onset   of   hormone   secretion   by   the   ovaries.   At   this   time,   the   terminal   end   buds  

(TEBs,   Figure   1.1)   appear   and   start   the   process   of   ductal   elongation,  which   continues  

until   10-‐12  weeks   of   age   [10].   These   highly   proliferative   structures   consist   of   a   single  

outer   layer  of  undifferentiated  cap  cells  and  multiple   inner   layers  of  body  cells.  Those  

body   cells,   along   with   the   maturation   of   the   mammary   gland,   will   give   rise   to   the  

luminal  epithelial  cells,  whereas  the  trailing  edges  of  the  cap  cell  layer  will  differentiate  

into  myoepithelial   cells   [11].   TEBs   create   the  branching  architecture  of   the  epithelium  

and  persist  until   the  ducts  have  reached  the  outer   limits  of  the  fat  pad  at  which  point  

they   regress.   Lateral   branches   also   form   at   separate   sites   along   the   subtending   ducts  

and  can  also  be  referred  to  as  side  branches  with  end  buds  or  alveolar  buds.  This  phase  

of  ductal  morphogenesis  is  dependent  on  the  estrous  cycle  [12].    
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Figure  1.1:  Schematic  representation  of  a  terminal  end  bud  and  the  trailing  mammary  duct.  The  TEBs  are  

located   at   the   tips   of   the   growing   ducts,   surrounded   by   a   fibroblast-‐   and   adipocyte-‐rich   stroma.   TEBs  

consist  of  multiple  layers  of  epithelium  with  an  outlayer  of  undifferentiated,  pluripotent  stem  cells  called  

cap   cells   that   contact   the   basement  membrane,   and   inner   layers   of   body   cells.   Surrounding   these   cap  

cells,   the   connective   stroma   is   absent   (represented   by   the   blue   dots).   Trailing   body   cells   during   ductal  

elongation  will  give  rise  to  luminal  cells  and  the  cap  cells  will  differentiate  into  myoepithelial  cells.  Stromal  

macrophages  are  also  depicted.  Adapted  from  [13].  

  

The  final  developmental  fate  of  the  mammary  gland  is  accomplished  during  pregnancy  

and   lactation.   Upon   stimulation   by   reproductive   hormones,   the  mammary   epithelium  

expands  and  differentiates  into  milk-‐producing  lobular  alveoli.  At  parturition,  the  alveoli  

begin  copious  milk  secretion,  which  continues   for  about  3  weeks   in  mice.  At  weaning,  

the   gland   begins   a   process   of   important   tissue   remodeling   via   the   apoptosis   of  

mammary  epithelial  cells.  This  process,  termed  involution,  takes  approximately  2  weeks,  

with  a  peak  of  apoptosis  at  2  days  post-‐weaning.  Finally,  the  gland  goes  back  to  a  pre-‐

pregnant  morphology  and  is  ready  to  initiate  another  cycle  of  pregnancy,  lactation  and  

involution  (Figure  1.2).    
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Figure   1.2:   Mouse   mammary   gland   development.   Each   stage   of   the   schematic   (i.e.   puberty,   virgin  

adulthood,  pregnancy,   lactation  and  involution  corresponds  with  the  whole-‐mount  preparations  (below)  

at  the  matching  time-‐points.  The  fat  pad,  ducts,  lymph  node,  TEB,  nipple  and  alveoli  are  depicted  in  the  

schematic.  Adapted  from  [14].  

  

  

1.1.3  Breast  cancer    

  

1.1.3.1  Multistep  mammary  tumorigenesis  

  

Breast   cancer   is   a   very   complex   and   heterogeneous   disease.   It   is   in   fact   a  

collection   of   different   types   of   breast   malignancies   that   have   diverse   genetic   and  

genomic   variations,   histopathologies,   and   clinical   outcomes   [15].   From   a   normal  

mammary  epithelium  to  a  transformed  -‐  potentially  metastatic  -‐  tumor,  cells  have  to  go  

through   a   series   of   critical   steps   (reviewed   in   [16],   Figure   1.3).   Classic   pathology  

progresses   from  normal   terminal  ductal   lobular  units   (TDLUs)   to  hyperplastic  enlarged  

lobular  unit  (HELUs),  the  earliest  histologically  identifiable  potential  precursor  of  breast  

cancer.  HELUs  may  differentiate   to  more   complex   lesions   including  ductal   hyperplasia  

(ADH)   or   atypical   lobular   hyperplasia   (ALH),   during   which   time   cells   exhibit   almost  
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normal   histology   but   display   an   unusually   high   cell   division   rate   within   the   duct   or  

lobule.   Selective   pressure   leads   to   further   damage   and/or   cell   changes,   with   the  

epithelium  no  longer  forming  a  well-‐ordered  cell  layer.  This  abnormally  proliferative  and  

shaped  region  is  said  to  be  dysplastic.  A  much  larger  and  more  deviant  growth  that  has  

dysplastic  cells  and  marked   thickening   is   called  ductal  carcinoma   in   situ   (DCIS),  or   less  

frequently   lobular   carcinoma   in   situ   (LCIS).  DCIS   are  not   considered   invasive   as   tumor  

growth   is   confined  within   the  milk   duct.   It   can   be   detected   by   a  mammogram  and   is  

generally  too  small  to  be  noticed  by  physical  palpation  [17].  These  benign  tumors  may  

give  rise  to  an  invasive  ductal,  or  lobular,  carcinoma  (IDC  or  ILC),  but  it  is  unclear  how  to  

predict  which  lesions  will  progress  to  a  more  aggressive  form  of  cancer.    

  

  
Figure   1.3:   Multistep   mammary   tumorigenesis.   Breast   cancer   is   a   heterogeneous   disease   that   goes  

through  a  series  of  critical  steps.  From  normal  TDLUs,  hyperplastic  breast  epithelial  cells  gradually  enlarge  

to  form  HELUs.  These  cells  exhibit  almost  normal  histology  but  a  high  rate  of  proliferation.  Once  a  cell  or  a  

number  of  cells  acquire  irreversible  mutations  that  confer  them  an  uncontrolled  growth  property,  added  

mutations  might  arise  and  a  precancerous  lesion  is  formed,  named  ADH  or  ALH.  With  time,  this  region  of  

atypical  hyperplasia  may  acquire  more  DNA  and  phenotypic  damages,   leading   to  a  ductal   carcinoma   in  

situ   (DCIS)   or   lobular   carcinoma   in   situ   (LCIS).   DCIS   or   LCIS  may   become   invasive   and   spread   to   other  

tissues,  termed  invasive  ductal  carcinoma  (IDC)  or  invasive  lobular  carcinoma  (ILC).  Modified  from  [18].  

  

Once  cells  have  broken   through   the  basement  membrane  and   invaded   the  underlying  

stromal   tissue,   the   risk   of   developing  metastasis   significantly   increases.   Invasive   cells  

must   enter   the   vasculature   (intravasate),   survive   in   the   absence   of   adhesion,   exit   the  

vasculature  (extravasate)  and  colonize  a  foreign  environment  (see  chapter  1.4).  
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1.1.3.2  Breast  cancer  classification  

  

The   heterogeneity   of   breast   cancer   may   originate   from   different   target   cell  

populations  and/or  may  be  the  result  of  different  combinations  of  oncogene  activation  

and  loss  of  tumor  suppressor  gene  function  in  a  normal  breast  stem  cell  or  committed  

progenitor  [19].  Over  the  years,  clinicians  have  been  able  to  classify  different  aspects  of  

mammary   tumors,   including   the   stage   [20],   histopathology   [21],   grade   [22],   receptor  

status  [23],  and  the  presence  or  absence  of  genes  as  determined  by  DNA  testing  [24].  As  

each   category   hs   its   own   individual   prognosis,   the   field   is   now   moving   towards  

personalized   medicine,   offering   an   adapted   treatment   and   increasing   overall   survival  

rates.    

  

Breast   cancer   has   been   stratified   into   five   major   subtypes   on   the   basis   of   gene  

expression   profiling.   These   include   the   luminal   A   or   B,   basal-‐like,   HER2/ERBB2-‐

overexpressing,  and  normal-‐breast-‐like  subtypes  [23,  25,  26].  The  differences   in  tumor  

subtypes  are  hypothesized  to  reflect  different  mutation  profiles,  as  well  as  differences  in  

the  cell  of  origin  [19,  25].  Most  breast  cancers,  including  the  common  types  of  invasive  

ductal  and  invasive  lobular  carcinomas,  display  evidence  of   luminal  cell  differentiation.  

While   the   luminal   A   and   B   subtypes   are   generally   associated   with   a   good   prognosis,  

those   tumors   that   overexpress   or   show   amplification   of   the   HER2   receptor   usually  

display  luminal  features,  but  are  associated  with  poor  overall  survival  [27].  The  basal-‐like  

subtype   is   very   heterogeneous   and   comprises   15–20%  of   breast   cancers   (reviewed   in  

[28]).  This  group  of  tumors  is  among  the  most  clinically  aggressive  and  tends  to  exhibit  a  

triple-‐negative   phenotype   (i.e.,   lack   of   expression   of   ER,   PR,   and   HER2/ErbB2),   thus  

being  difficult  to  treat  in  the  clinic.  
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1.1.4  Breast  cancer  metastasis    

  

In  10%  of  breast  cancer  diagnoses,  tumor  cells  have  migrated  invaded  out  of  the  

primary  tumor  and  are  colonizing  in  distant  sites.  Among  these  metastatic  breast  cancer  

cases,  only  23%  of  women  will  survive  after  five  years  [29].  Metastatic  breast  cancer  is  

the   most   advanced   stage   of   breast   cancer,   meaning   that   primary   cancer   cells   have  

spread  past  the  breast  and  axillary  lymph  nodes  to  other  areas  of  the  body  where  they  

continue  to  grow  and  multiply  [20].  The  most  common  targets  of  human  breast  cancer  

metastasis  are  the  bone,  followed  by  the  lung,  liver  and  brain  [30].  

  

Reorganization   of   the   actin   cytoskeleton   and   the   recruitment   of   the   migration  

machinery   at   the   leading   edge   of   the   cancer   cell   facilitates   invasion   into   the   healthy  

mammary   stroma   and   development   of   metastasis   in   distant   organs.   In   order   to  

successfully  establish  a  metastatic  focus  in  a  distant  location,  primary  breast  cancer  cells  

have  to  complete  a  number  of  successive  steps  [31,  32].  The  sequence  of  basic  steps  of  

the  metastatic   cascade   can  be   summarized   as:   (i)   local   invasion,   (ii)   intravasation,   (iii)  

survival   in  the  circulation,   (iv)  extravasation  and  (v)  colonization  (Figure  1.4).  Although  

intimately  linked  to  genetic  mechanisms,  the  first  steps  toward  invasion  and  metastasis  

are   also   controlled   by   the   interactions   of   the   cancer   cells   with   their   surrounding  

environment.  Cell-‐intrinsic  and  external  pressure  to  limit  the  outgrowth  and  invasion  of  

tumors  at  the  primary  sites  drive  the  selection  for  traits  that  enable  cancerous  cells  to  

bypass   such   barriers   [33].   Acquisition   of   self-‐renewing   mechanisms,   altered   cellular  

adhesions,   enhancement   in   cell   motility,   resistance   to   extracellular   death   signals   and  

disruption  of  the  basement  membrane  and  extracellular  matrix  are  the  primary  events  

in  the  progression  from  a  DCIS  to  an  invasive  breast  tumor  [33,  34].    
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Figure  1.4:  The  metastatic  cascade.  Beginning  with  an   in  situ  cancer  surrounded  by  an   intact  basement  

membrane,   tumor   cells   invade   into   the   healthy   stroma,   intravasate   via   the   lymphatic   circulation   or  

directly  into  the  systemic  circulation,  survive  and  extravasate  to  colonize  secondary  sites.  Modified  from  

[35].  

  

Of   all   the   processes   involved   in   carcinogenesis,   local   invasion   and   the   formation   of  

metastases   are   clinically   the   most   relevant,   but   remain   poorly   understood   at   the  

molecular   level.   Revealing   their   mechanisms   is   one   of   the   main   challenges   for  

exploratory   and   applied   cancer   research.   Since   the   subject   of   the   present   thesis   is  

focused   on   the   invasion   and  metastasis   of   breast   cancer,   an   in   depth   section   on   cell  

motility  and  the  principal  molecular  mechanisms  regulating  cell  migration  and  invasion  

will  be  presented  in  chapter  1.4.    

  

  

1.2  MOUSE  MODELS  OF  BREAST  CANCER      

  

   Over   the   past   two   decades,   genetically   engineered   mice   (GEM)   have   been   a  

precious   tool   to   better   understand   molecular   mechanisms   underlying   breast   cancer  
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initiation   and   progression.   In   this   chapter,   descriptions   of   commonly   used   mouse  

models   of   breast   cancer,   specifically   the   model   used   in   this   thesis,   the   ErbB2-‐based  

MMTV.Neu-‐NDL2.5-‐IRES-‐Cre  (MMTV-‐NIC)  mice,  and  the  relevance  of  mouse  models  of  

breast  cancer  will  be  discussed.  

  

1.2.1  Commonly  used  mouse  models  of  breast  cancer    

  

   Since  the  development  of  the  first  transgenic  mouse  models  of  breast  cancer  in  

the  late  1980s,  a  panel  of  GEM  encompassing  a  wide  array  of  targets  including  growth  

factors,   receptors,   oncogenes,   tumor   suppressor   genes   and   cell   cycle   regulators   have  

been  generated  for  use  in  breast  cancer  research.  Being  a  very  heterogeneous  disease,  

no   single   mouse   model   can   recapitulate   all   the   aspects   and   stages   of   human   breast  

cancer.  As  such,  individual  models  are  useful  for  studying  distinct  signaling  interactions  

that  contribute  to  breast  cancer  progression  and  potentially  for  testing  novel  therapies  

that  target  these  pathways.    

  

The   first   transgenic  models   of   breast   cancer  were   generated   by   targeting  well-‐known  

oncogenes  such  as  c-‐myc,  Polyomavirus  middle  T  antigen  (PyMT),  rat  ErbB2  (also  known  

as  Neu)  and  Hras  under  the  control  of  the  mouse  mammary  tumor  virus   long  terminal  

repeat   (MMTV-‐LTR)   and   the  whey   acidic   protein   (WAP)   promoters.   Others  mammary  

specific  promoters  have  been  used  (Table  1.1),  but  the  MMTV  and  WAP  promoters  are  

the  most  widely  used  in  the  field.  This  section  will  be  limited  to  the  MMTV-‐PyMT  and  -‐

ErbB2-‐based  mouse  models,  whose  role   is  supported  by  extensive  data   implicates  and  

which  are  relevant  for  the  further  comprehension  of  this  thesis.  
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Table  1.1:  Mammary-‐specific  promoters  
Promoter   Origin   Expression   Activation   References  
MMTV-‐LTR   Mouse  mammary  

tumor  virus  
Mammary  epithelial  
cells,  low  expression  in  
several  other  tissues  

Steroid  hormones   [36]  

WAP   Whey  acidic  protein   Secretory  mammary  
epithelium  

Lactogenic  hormones   [37,  38]  

C3(l)   Rat  prostate  steroid-‐
binding  protein  (PSBP)  

Epithelial  cells  of  
prostate  and  mammary  
gland  

Estrogen  (ductal  and  
alveolar  mammary  
epithelium)  

[39]  

B-‐GL   Bovine  ß-‐lactoglobulin   Mammary  gland   Pregnancy  and  lactation   [40,  41]  
MT   Metallothionein   Most  mammary  cells   Zn2+   [42]  

Table   1.1:   List   of   mammary-‐specific   promoters.   Listed   with   their   corresponding   origin,   location   of  

expression,  means  of  activation  and  references.  

  

1.2.2  MMTV-‐LTR  promoter  

  

The   most   extensively   used   promoter   to   target   transgene   expression   into   the  

mammary   epithelium   is   the   MMTV-‐LTR.   The   mouse   mammary   tumor   virus   is   a  

retrovirus   associated  with   the  development  of  mammary   carcinomas   in   infected  mice  

[43].   The   long   terminal   repeat   (LTR)   of   MMTV   contains   a   glucocorticoid   hormone  

responsive  element  (GRE)  and  is  sensitive  to  progesterone  and  dihydrotestosterone  but  

is  not   induced  by  estrogen  [36].   In   fact,   the  MMTV-‐LTR  drives  high   levels  of  transgene  

expression  during  all  stages  of  mammary  gland  development,  detectable  between  6-‐21  

days   post-‐partum,   but   has   significantly   greater   activity   in   the   mammary   epithelium  

during  puberty,  pregnancy  and   lactation,  as  a  result  of  hormonal  stimulation  [44].  Like  

the   vast  majority   of   promoters,   the  MMTV-‐LTR   is   leaky.   Depending   on   its   integration  

site,  the  MMTV-‐LTR  may  not  only  induce  transgene  expression  in  the  ductal  and  alveolar  

luminal   mammary   epithelial   cells   along   with   myoepithelial   cells,   but   can   be   also  

detected,   to   a   lower   level,   in   the   skin,   salivary   gland,   ovary,   lungs,   kidneys,   seminar  

vesicles,  testes,  prostate,  B  and  T   lymphocytes  and  hematopoietic  cells  of  female  mice  

[45].  Despite  its  leakiness,  tumors  induced  under  the  MMTV-‐LTR  promoter  only  arise  in  

the  mammary  glands  [45].  Since  the  original  description  of  the  MMTV-‐c-‐myc  mice  by  the  

Leder  Laboratory   in  1984,   further   studies   targeted   the  expression  of  a  wide  variety  of  
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genes   under   the   control   of   the   MMTV   promoter.   Importantly,   the   majority   of   these  

mouse  models  resemble  the  human  breast  adenocarcinomas  at  the  pathological  level.  

  

1.2.3  Polyoma  virus  middle  T  antigen  

  

One   of   the  most   utilized  mammary   gland   tumor  mouse  models   is   the  MMTV-‐

polyomavirus  middle  T  antigen  transgenic  mice  (MMTV-‐PyMT).  The  PyMT  was  isolated  

from   the   murine   Polyomavirus   and   was   demonstrated   to   induce   a   fully   tumorigenic  

phenotype   [46].   This   mouse   model   develops   fully   penetrant,   multifocal   mammary  

tumors   as   early   as   7-‐8   weeks   post-‐partum   (Table   1.2).   In   addition   to   its   rapid   tumor  

onset,   this   transgenic   mouse   exhibits   a   high   rate   of   metastasis   to   lungs.   Despite   its  

highly  aggressive  phenotype,   tumors  progress   through   four  stages,   from  the   induction  

of   hyperplasia,   followed   by   formation   of   adenomas,   early   carcinomas   and   eventually  

invasive   carcinomas   [47].   Due   to   its   rapid   onset   and   metastasis   development,   the  

MMTV-‐PyMT  model  is  frequently  used  to  explore  the  role  of  potential  tumor  suppressor  

proteins,  like  TGFß1  [48],  kinases  like  Src  [49],  FAK  [50],  AKT  [51],  adaptor  proteins  like  

ShcA   [52]   and   integrin-‐mediated   tumorigenesis   like   ß3   and   ß5   integrin   [53]   and   to  

investigate  the  progression  of  metastatic  disease  like  MMPs  [54]  overexpressing  mice.    

  

To  exert  its  highly  transforming  and  metastatic  potential,  the  PyMT  has  to  associate  and  

activate   a   number   of   critical   signaling  molecules   including   the   Src   family   kinases,   the  

ShcA  adapter  protein,  the  p85  sub -‐3-‐3  family  

(reviewed  in  [55]).  The  middle  T  antigen  binds  the  plasma  membrane  and  it  essentially  

functions   as   a   constitutively   activated   growth   factor   receptor   through   its   interaction  

with   the   aforementioned   cellular   proteins,   despite   lacking   intrinsic   enzymatic   activity.  

After   activating   several   downstream   targets,   the   PyMT   can   mediate   cell   survival,  

proliferation,  migration  and  apoptosis  via  the  Ras/MAPK  and  PI3K/AKT  pathway.    
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1.2.4  ErbB2-‐based  mouse  models  

  

   Since   ErbB2   is   such   a   prominent   human   oncogene,   several   transgenic   mouse  

models   using   the   rat   orthologue   Neu   have   been   generated   to   study   its   molecular  

mechanisms  and  downstream  targets.  ErbB2  was  originally  identified  from  a  chemically-‐

induced  neuroblastoma  and  demonstrated  to  be  homologous  to  a  retroviral  oncogene,  

the  v-‐ErbB  [56].  Since  the  first  generation  of  MMTV-‐ErbB2-‐based  mouse  models  in  1988  

by   the   Leder   laboratory   (MMTV-‐Neu-‐NT  mice)   [45],   advances   in   genomic   technology  

have   provided  more   systems   that   recapitulate   breast   cancer   overexpressing   the   Neu  

oncogene  (reviewed  in  [57]).  The  activated  form  of  Neu  (Neu-‐NT)  contains  a  Valine  to  a  

Glutamate  substitution  at  the  amino  acid  664  in  its  transmembrane  domain  (Figure  1.5)  

[58]  which   permits   the   aggregation   of   receptors   homodimers   at   the   cell   surface   [59].  

Subsequent   studies   on   the   MMTV-‐Neu-‐NT   clearly   showed   that   the   activated   Neu   is  

sufficient   to   induce   transformation   in   mammary   epithelial   cells,   thus   developing  

multiple  tumor  burden  beginning  at  approximately  12-‐14  weeks  of  age  (Table  1.2)  [60].    

  

Although  the  MMTV-‐Neu-‐NT  was  able  to  induce  mammary  tumors,  clinical  studies  had  

shown  that  ErbB2-‐overexpressing  breast  cancer  patients  had  no  comparable  activating  

mutation.  In  fact,  when  overexpressing  wt-‐Neu  using  the  MMTV  promoter  (MMTV-‐Neu),  

focal   mammary   tumors   developed   only   after   a   long   latency   (Table   1.2)   [61].   Further  

characterization  of  the  MMTV-‐Neu  mice  revealed  that  close  to  100%  of  the  tumors  that  

arose   in   those   strains   harboured   in-‐frame   deletions   or   insertions   of   cysteine   residues  

within   a   small   region   of   the   Neu   extracellular   domain   (Figure   1.5).   This   imbalance   of  

cysteines   promotes   Neu   homodimerization   through   the   formation   of   intermolecular  

disulfide  bridges,  resulting  in  a  constitutive  activation  of  the  receptor  [62-‐64].  Consistent  

with  the  transforming  ability  of  these  altered  Neu  proteins,   transgenic  mice  carrying  a  

distinct   in-‐frame  deletion  of   the   transgene   (MMTV.Neu-‐NDL1  and   -‐NDL2)  were  shown  

to   display   elevated   expression   and   phosphorylation   of   Neu   and   induce   rapid   tumor  

onset  [65].    
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Figure  1.5:  Schematic  representation  of  the  Neu  proto-‐oncogene  and  its  mutated  variants.  The  activated  

form  of  Neu  (Neu-‐NT)  display  a  Valine  to  a  Glutamate  substitution.  The  Neu-‐NDL-‐2  presents  an  in-‐frame  

deletion,   which   confers   its   constitutively   active   form.   A   16   amino-‐acid   deletion   seen   in   the   wild-‐type  

human  ErbB2  of  breast  cancer  patients  resembles  the  Neu-‐NDL-‐2  construct.  

  

  

Moreover,   tumors   arising   in   these  mice   also   showed   co-‐expression  of  Neu   and   ErbB3  

proteins,  consistent  with  frequently  high  levels  of  ErbB2  and  ErbB3  transcripts  in  human  

primary  breast  tumors  [65].    

  

More   recently,   a   bigenic   mouse   that   conditionally   expressed   Neu-‐NT   under   the   dual  

control  of  the  MMTV  promoter  and  a  tetracycline  regulatory  element  (MMTV-‐rTA;TetO-‐

Neu-‐NT  mice)   has   been   generated   to   directly   assess  whether   sustained   expression   of  

Neu   is   required   for   the   maintenance   of   a   transformed   phenotype   [66].   Doxycycline-‐

induced  expression  of  the  Neu-‐NT  transgene  resulted  in  the  formation  of  multifocal  and  

metastatic  mammary  tumors  with  kinetics  and  latency  period  similar  to  the  MMTV-‐Neu-‐

NT  mice   (Table  1.2)   [60,  66].  Regression  of  mammary   tumors  and  metastasis   to   lungs  

was   observed   following   doxycycline-‐free   diet.   However,   animals   bearing   completely  

regressed   tumors   went   back   on   developing   Neu-‐independent   mammary   tumors,  
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possibly  through  the  reactivation  of  dormant  tumor  cells  that  remained  into  the  primary  

tumor.    

  

To  circumvent  the  effect  of  random  insertion  and  high  copies  of  the  Neu  transgene   in  

the   MMTV-‐based   mice,   a   transgenic   mouse   that   places   the   activated   Neu   under   its  

endogenous   mouse   ErbB2   promoter   has   been   developed.   The   MMTV-‐

Cre/FloxNeoNeuNT  (herein  referred  to  as  ErbB2  knock-‐in)  mice  form  focal  tumors  in  one  

mammary   gland   after   an   extended   period   and   extremely   low   metastasis   occurrence  

[67].  Given  its  non-‐invasive  phenotype,  this  model  does  not  recapitulate  the  aggressive  

phenotype  and  shortened  overall  survival  that  characterize  ErbB2-‐postive  human  breast  

carcinomas.  Despite  these  limitations,  the  ErbB2  knock-‐in  mice  may  still  provide  crucial  

information   on   the   mechanisms   that   regulate   oncogene   induction   and   their  

downstream  signaling  pathways.  Not  only  its  endogenous  promoter  better  recapitulates  

ErbB2  expression  level  as  in  the  endogenous  mouse  ErbB2  allele,  but  most  importantly  

the   ErbB2   amplicon   is   frequently   amplified   in   this   mouse   model,   such   as   in   human  

breast  cancers.      

  

Table  1.2:  Phenotypic  characteristics  of  the  ErbB2-‐based  mouse  models.  

Strain  
Average  age  of  
mammary  tumor  
onset  (days)  

Penetrance  
Mammary  tumor  

morphology  

%  metastasis  to  
lungs  positive-‐

animals  
References  

MMTV-‐NeuWT   288   100   Focal  adenocarcinoma   72   [61]  
MMTV-‐Neu-‐NT   93   100   Multifocal  adenocarcinoma   ND   [45]  
ErbB2  KI  

419   83  
Focal,  comedo  
adenocarcinoma  

6   [67]  

MMTV-‐PyMT  
66   100  

Papillary,  glandular  
carcinoma  

100   [68]  

MMTV-‐Neu-‐
NDL.2.5  

161   81  
Multifocal,  solid  
adenocarcinoma  

67   [65]  

MMTV-‐NIC  
146   100  

Multifocal,  solid  
adenocarcinoma  

63   [69,  70]  

Table   1.2:  Phenotypic   characteristics   of   some   ErbB2-‐based  mouse  models   of   breast   cancer.   Listed  with  

their   corresponding   average   age   of   mammary   tumor   onset,   penetrance,   tumor   morphology   and  

percentage  of  lung  metastasis-‐positive  animals.  KI:  Knock-‐in.  

  

Finally,  with  the  first  introduction  of  the  Cre-‐lox  system  in  the  eukaryotic  genome  [71],  

transgenic  mouse  models  featuring  the  excisive  feature  of  the  Cre  recombinase  [72,  73]  
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has   been   extensively   used   to   efficiently   target   site-‐specific   recombination   of   genes  

implicated  in  mammary  gland  development  and  cancer.  The  MMTV-‐Cre  transgenic  line  

is  able  to  direct  the  Cre-‐mediated  recombination  in  luminal  and  myoepithelial  mammary  

[74]  as  early  as  6  to  22  days  post-‐partum  [75].  However,  recombination  of  conditional  

alleles   following   the   breeding   with   the   MMTV-‐Cre   mice   has   been   shown   to   occur  

incompletely   in   the  mammary   epithelium.   In   fact,   animals   bearing   the  GTRosa26   and  

MMTV-‐Cre  allele  revealed  expression  of  the  Cre  recombinase  ranging  from  50  to  100%  

in  luminal  epithelial  cells  [76].  Therefore,  the  Cre-‐negative  cells  retain  expression  of  the  

conditional  allele  and  may  be  selected  for  oncogenic  transformation  [76].  To  circumvent  

the  stochastic  expression  of  the  Cre  recombinase,  a  novel  transgenic  mouse  harbouring  

both  the  Neu-‐NDL2.5  and  the  Cre  recombinase   in  the  same  bicistronic  cDNA  has  been  

generated.   This   recent   transgenic   mouse   model   of   breast   cancer   is   the   model   used  

throughout  my  research  and  will  be  discussed  in  depth  in  the  next  section.  

  

1.2.4.1  MMTV.NIC  

  

The  latest  MMTV-‐ErbB2-‐based  mouse  model  to  be  generated  is  the  MMTV-‐Neu-‐

NDL2.5-‐IRES-‐Cre   (MMTV-‐NIC)   transgenic   mice   [77].   These   transgenic   mice   co-‐express  

both   activated   Neu   (NDL2.5)   and   the   Cre   recombinase   from   the   same   bicistronic  

transcript,  due  to  the  presence  of  an  internal  ribosome  entry  site  [78]  between  the  two  

cDNA  sequences.  The  expression  of  activated  Neu  and  Cre   is  coupled  within  the  same  

mammary  epithelial  cell,  thus  avoiding  the  possibility  of  obtaining  Neu-‐expressing,  Cre-‐

negative  “escapee”  population.  To  date,  four  studies  on  breast  cancer  progression  and  

metastasis  had  used  this  transgenic  line.  The  direct  role  of  the  adaptor  protein  SchA  in  

Neu-‐induced  mammary   tumorigenesis   was   assessed   in   the  MMTV-‐NIC   mice   and   was  

shown   to   be   a   critical   player   during   tumor   induction   [77].   Studies   analyzing   the  

importance   of   PTEN   [69],   STAT3   [70]   and   ILK   [79]   in   relation   to   ErbB2-‐mediated  

tumorigenesis   using   the   MMTV-‐NIC   mice   gave   deeper   insights   on   this   novel   model.  

Consistent  with  the  MMTV-‐Neu-‐NDL2.5  pathology,  the  MMTV-‐NIC  mice  display  multiple  
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mammary  adenocarcinomas,  arising  at  approximately  125  to  198  days  of  age  [69,  70,  77,  

79].  All  virgin  female  mice  carrying  the  transgene  were  tumor-‐positive  and  60  to  67%  of  

them   developed   lung  metastasis   (Table   1.2)   [69,   70,   79].   These   animals   also   showed  

high  levels  of  transgene  mRNA  transcript  in  the  mammary  gland,  with  significantly  lower  

levels  in  the  adrenal  gland,  lung,  ovary,  pancreas  and  salivary  gland  [77].  In  conclusion,  

the  MMTV-‐NIC  mouse  model  of  ErbB2-‐overexpressing  breast  cancer  is  a  highly  relevant  

model   to   investigate   the   role   of   a  wide   array   of   genes   in  mammary   tumor   initiation,  

progression  and  metastasis,   in  bigenic  strategies.  A  thorough  description  on  the  ErbB2  

receptors  and  its  downstream  signaling  pathways  will  be  discussed  in  chapter  1.3.  

  

1.2.5  Relevance  of  mouse  models  to  study  human  breast  cancer  

  

Some  of  the  most  extensively  studied  mouse  models  of  breast  cancer  have  been  

described   above.   Despite   the   invaluable   impact   that   these   experimental  models   have  

had   on   our   knowledge   of   the   genetics   and   biology   of   breast   cancer,   some   aspects   in  

regard  to  their  mammary  morphology  and  their  developed  pathology  have  to  be  taken  

into  consideration.  

  

The   morphological   differences   between   mouse   and   human   mammary   tissue   are  

notable.  The  human  breast  is  characterized  by  a  branching  network  of  ducts  that  end  in  

clusters   of   small   ductules,  which   constitute   the   terminal   ductal   lobular   units   (TDLUs).  

The  earliest  stages  of  cancer,  commonly  termed  carcinoma  in  situ  or  DCIS,  begin  as  small  

foci  of  abnormal  cells  within  the  TDLUs.  In  contrast,  the  mouse  mammary  epithelial  tree  

does   not   possess   TDLUs   but   instead   consists   of   alveolar   buds   that   are   formed   during  

each   estrous   cycle.   Furthermore,   the   mouse   mammary   gland   contains   less   fibrous  

connective   tissue   than   the  human  breast,  but   significantly  more  adipocytes.  However,  

the  precancerous  stage  is  also  evident  and  is  called  mammary  intraepithelial  neoplasia  

(MIN),  demonstrating  that  these  pre-‐transformed  cells  have  their  tumorigenic  potential  

pre-‐encoded  at  this  early  stage  [57].    
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A  consensus  report  developed  by  the  US  National  Institutes  of  Health  [80]  Breast  Cancer  

Think   Tank   and   Annapolis   Pathology   Panel   concluded   that   the   histology   and   the  

progression  of  the  mouse  mammary  tumor  shows  some  discrepancies  in  comparison  to  

human  breast   cancer   [81].  Whereas   human  breast   cancer   is   strikingly  heterogeneous,  

mouse  mammary   tumors  of  GEM  are  mostly   represented  by  one  of   the  major   cancer  

subtypes.   In   fact,   the   hormone   receptor   status   is   a   component   that   is   lacking   in  

transgenic   mice.   While   roughly   50%   of   all   human   breast   cancer   cases   are   estrogen  

receptor   (ER)  positive  and  responsive   to  estrogen,   the  majority  of   lesions   that  arise   in  

GEM  are   ER  negative   and  hormone-‐independent   [81].  However,   the  MMTV-‐Met  mice  

are   an   exception,   where   each   animal   induces   mammary   tumors   with   diverse  

phenotypes   [82].   Another   major   difference   between   mouse   and   human   mammary  

cancer   is   the   sites   of   metastasis.   Human   breast   cancer   typically   spreads   through   the  

local  lymph  circulation  and  eventually  forms  distant  metastases  mostly  to  the  bone  and  

lung  and  in  a  smaller  proportion,  liver  and  brain.  In  contrast,  mammary  tumors  in  GEM  

metastasize  exclusively  to  the  lungs  via  the  blood  or  the  lymphatic  stream.    

  

Despite   the   diversity   of   human   breast   cancers   and   species   morphological   and  

pathological   differences,   GEM   should   be   considered   as   useful   tools   for   investigating  

precise  genes  of  interest  in  a  given  signaling  pathway.    

  

  

1.3  ERBB2  AND  ITS  IMPLICATION  IN  BREAST  CANCER      

  

   The  ErbB  family  of  tyrosine  kinase  receptors  (RTKs)  has  important  roles  in  human  

cancer.  Particularly,  the  expression  and  activation  of  ErbB2  is  altered  in  many  epithelial  

tumors.   In   fact,   20-‐30%   of   all   breast   cancer   cases   overexpress   and/or   amplify   this  

oncogene  and  correspond  to  an  aggressive  phenotype  and  poor  survival  rate.  Since  the  

establishment   of   ErbB2   as   a   potent   oncogene   in   1987,   these   receptors   have   been  

extensively  studied  in  order  to  better  understand  their  importance  in  cancer  biology  and  



  29  

as   therapeutic   targets.   In   spite   of   their   widely   accepted   clinical   relevance   in   human  

breast  cancer,  the  ErbB2  receptors  and  their  downstream  signaling  pathways  still  need  

to  be   investigated  to  better  understand  and  treat  this  disease.   In  the  present  chapter,  

an  overview  of  the  ErbB  family  and  the  ErbB2  downstream  signaling  and  crosstalks  with  

other  pathways  will  be  presented.  

  

1.3.1  ErbB  family  of  receptors  

  

   The  ErbB  family  of  receptors  belong  to  the  type  1  receptor  tyrosine  kinases  and  

consists  of   four  members  who  are  named  for  their  homology  to  the  v-‐erbB  oncogene:  

ErbB1   (EGFR,  HER1),  ErbB2   (HER2/Neu),  ErbB3   (HER3)  and  ErbB4   (HER4).  All  members  

have  an  extracellular  region,  a  single  transmembrane  region  and  a  cytoplasmic  tyrosine-‐

kinase-‐containing  domain.  They  have  molecular  weight  of  170-‐185  kDa  and  share   two  

structural  aspects  by  which  they  can  be  distinguished  from  the  other  receptor  tyrosine  

kinases:   two   cysteine   rich   clusters   in   the   extracellular   region   and   an   uninterrupted  

tyrosine   kinase   domain   in   the   cytoplasmic   region   [83,   84].   The   highest   degree   of  

homology   is   observed   within   the   kinase   domain,   with   ErbB2   and   ErbB4   sharing  

approximately  80%  identity  with  EGFR  [85].  ErbB3  on  the  other  hand,  shares  only  59%  

identity  and   lacks   four   residues   that  are  conserved   in   the  kinase  domain  of  numerous  

protein  kinases,  which  confers  its  status  of  kinase-‐inactive  receptor  [86].    

  

The   signaling   diversity   coming   from   the   four   ErbB   receptors   is   generated   by   the  

repertoire  of  ErbB  ligands  and  the  combinatorial  nature  of  induced  receptor  dimers.  To  

date,   10   ErbB-‐specific   ligands   have   been   documented:   epithelial   growth   factor   (EGF),  

amphiregulin  (AR)  and  transforming  growth  factor-‐alpha  (TFG ),  which  bind  specifically  

to   ErbB1,   betacellulin   (BTC),   heparin-‐binding   EGF   (HB-‐EGF)   and   epiregulin   [87],   which  

exhibit  dual  specificity  for  ErbB1  and  ErbB4  [88],  neuregulin  1  and  2  (NRG-‐1  and  NRG-‐2),  

both   bind   ErbB3   and   ErbB4   [89,   90],   and   NRG-‐3   [91]   and   NRG-‐4   [92]   are   specific   to  

ErbB4.  Despite  the  large  number  of  ligands  described  for  ErbB1,  3  and  4,  no  direct  ligand  
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for  ErbB2  has  been  yet  discovered.    

  

Ligand  binding  to  the  receptor  promotes  ErbBs  homo-‐  or  heterodimers  and  activation  of  

an   intrinsic   kinase   domain   that   leads   to   a   conformational   change   resulting   in  

phosphorylation  of   the   tyrosines   in   the   cytoplasmic   tail.  Unlike  other  members  of   the  

family,   heterodimerization   is   essential   in   the   case   of   ErbB2   and   ErbB3.   In   fact,   ErbB2  

ligands   have   not   been   identified,  whereas   ErbB3   is   devoid   of   intrinsic   kinase   activity.  

Therefore,   numerous   studies   have   established   ErbB2   and   ErbB3   as   obligate   partners  

where   their   heterodimerization   forms   the   most   active   signaling   partnership   of   the  

whole  family  [93-‐96].  Overall,  ErbB2  is  the  preferred  heterodimerization  partner  for  all  

other  ErbB  members  and  has  the  strongest  catalytic  kinase  activity  [97,  98].  

  

Once   they   undergo   dimerization   and   transphosphorylation   of   their   intracellular  

domains,   the   phosphorylated   tyrosine   residues   of   the   ErbB   receptors   can   bind   Src  

homology   2   (SH2)   or   phosphotyrosine   binding   (PTB)   domain-‐containing-‐proteins  

required  for  the  propagation  of  the  signal  [99].  Large-‐scale  phosphoproteomic  screening  

illustrated   that   ErbB   receptors   potentially   bind   over   100   proteins   [100,   101].   These  

include  adaptor  and  scaffolding  proteins  such  as  Shc,  Crk,  Grb2,  Grb7,  Gab1  and  Gab2  

and  kinases  such  as  Src,  Chk  and  PI3K.  All  ErbB  family  members  couple  via  Shc  and/or  

Grb2   to   the  mitogen-‐activated  protein   (MAP)  kinase  pathway   [102].  When   in  complex  

with  the  activated  receptor,  these  molecules  provide  docking  sites  for  the  activation  and  

phosphorylation   of   additional   downstream   effectors   (reviewed   in   [102,   103]).   In   this  

manner,   the   signaling   pathways   that   ErbB2   activates   will   lead   to   a   wide   array   of  

biological  responses  including  cell  division,  migration,  differentiation  and  survival  [104].    

  

Examination   of   the   diversity   and   signaling   potency   emanating   from   ErbB   receptor  

combinations  highlight  the  synergetic  impact  on  the  deregulation  of  cellular  responses.  

In  fact,  many  human  cancers  present  a  hyperactivated  ErbB  receptor  network  and  their  

pathogenic  potential  correlates  with  a  more  aggressive  disease  [105].  In  particular,  the  
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ligand-‐independent  activation  of  overexpressed  ErbB2,  combined  with  its  preferred  role  

as   a   partner   for   the   other   ErbB   members,   explain   its   oncogenic   potential.   ErbB2  

involvement  in  tumorigenesis  will  be  discussed  in  the  following  sections.  

  

1.3.2  ErbB2  structure  and  function  

  

   The   erbB2   gene,   located   on   chromosome   17,   encodes   for   a   185   kDa  

transmembrane   receptor   tyrosine   kinase,   ErbB2,   and   was   originally   identified   as   the  

transforming   component   in   several   rat   neuro/glioblastomas   [106].   The   term   ErbB2   is  

used  to  refer  to  the  gene  across  both  human  and  rat  species,  while  HER2  refers  to  the  

human   gene   only   and  Neu   its   rodent   counterparts.   ErbB2   consists   of   an   extracellular  

domain   (with   two   cysteine-‐rich   regions   and   two   ligand   binding   regions),   a   short  

transmembrane  domain,  and  an   intracellular  domain  with  5   carboxy-‐terminal   tyrosine  

residues.  Interestingly,  ErbB2,  an  orphan  receptor,  remains  in  a  perpetually  “open”  or  in  

a  ligand-‐activated-‐like  conformation,  with  its  dimerization  arm  exposed.  In  fact,  analysis  

of  the  crystal  structure  of  a  portion  of  the  ErbB2  extracellular  domain  spanning  residues  

1  to  509  confirmed  an  ErbB2  conformation  similar  to  activated  ErbB1  [107].  Thus,  ErbB2  

remains  essentially  primed  for  interaction  with  other  ErbB  molecules  and  increases  the  

affinity  of  ligand  binding  to  all  ErbB  receptor  heterodimers  [88].  As  might  be  expected,  

overexpression   of   ErbB2   can   bias   dimer   formation   and   spontaneously   generate  

homodimers  in  ErbB2-‐overexpressing  cells  [108].      

  

1.3.3  ErbB2  in  normal  development  

  

During  normal  development,  ErbB2  plays  physiological  roles   in  mammary  gland  

and   heart   development,   and   a   minimum   threshold   level   of   ErbB2   is   necessary   for  

normal   development   [109,   110].   It   has   also   been   shown   that   ErbB2   is   crucial   in   the  

development  of  Schwann  cells  and  proper  myelin  formation  [111].  Total  inactivation  of  

the  ErbB2  locus  is  embryonic  lethal  [112],  however  targeted  ErbB2  knockout  restricted  
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to  the  mammary  gland  avoids  embryonic  lethality  and  leads  to  abnormal  development  

of   the   mammary   gland,   notably   improper   duct   formation   and   incomplete   ductal  

branching  [113,  114].    

  

1.3.4  ErbB2  overexpression  in  human  breast  cancer  

  

   The   overexpression   of   the   ErbB2   receptor   in   primary   human   breast   cancers  

occurs   either   through   gene   amplification   or   through   transcriptional   deregulation.  

Clinical   reports   on   ErbB2-‐overexpressing   breast   cancers   demonstrate   that   high   erbB2  

gene   copy   number   and   up   to   40-‐   to   100-‐fold   increase   in   ErbB2   protein   expression   is  

seen  in  these  tumors,  resulting  in  up  to  2  million  receptors  expressed  at  the  tumor-‐cell  

surface  [115].  Previous  studies  had  pointed  a  unique  portrait  of  ErbB2  amplified  breast  

cancers,  correlating  with  higher  tumor  grade,  the  development  of  metastases,  and  poor  

prognostic   outcome   [27,   116,   117],   along  with   a   high   proliferation   index,   negative   ER  

and  PR  status  and  p53  mutation  [118,  119].    

  

Increased  expression  of  ErbB2  is  an  essential  aspect  for  its  function.  Overexpression  of  

ErbB2  in  tumors  leads  to  constitutive  activation  of  the  receptor,  presumably  because  of  

increased   receptor   concentrations   at   the   plasma  membrane   [105].   Moreover,   ErbB2-‐

overexpressing   breast   cancer   and   transgenic  mice   expressing   activated   Neu   display   a  

significant   increase   of   ErbB2-‐containing   heterodimers   and   ErbB2   homodimers   [103].  

Indeed,   ErbB2   cooperates  with   ErbB1   and   ErbB3,   suggesting   that   this   association   can  

contribute   to   the   activation   of   additional   intracellular   pathways   as   well   as   the  

maintenance   of   increased   proliferation   rates   and   cell   survival   [65,   120,   121].  

Consistently,   the   coupling   of   ErbB2   to   ErbB3   receptors,   along   with   the   constitutive  

activation   of   the   ErbB2   homodimers,   results   in   significant   prolonged   activation   of  

downstream   Ras/MAPK   and   c-‐Jun,   PI3K/AKT,   Src   kinases,   transcriptional   activation   of  

the  STATs,  PAR  complex  and  PKC.    
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1.3.5  ErbB2  downstream  signaling  in  breast  cancer  

  

   A  number  of  genes  have  been  implicated  in  human  ErbB2-‐overexpressing  breast  

cancer  development  and  metastasis.  This   section   focuses  on   the   three  main  pathways  

downstream   of   ErbB2   [122]   that   are   known   to   be   highly   activated   and   to   play   an  

important  role  in  ErbB2-‐overexpressing  breast  tumor  progression  and  the  formation  of  

metastases,   along   with   the   p130Cas/Crk   pathway   which   is   relevant   to   the   future  

understanding  of  the  thesis  (Figure  1.6).  

  

1.3.5.1  Ras/MAP  kinase  pathway  

  

The   Ras   proteins   are   evolutionarily   conserved   GTPases   implicated   in   various  

cellular   processes,  many   of  which   are   growth-‐regulating   signals.   Activation   of   the   Ras  

pathway   ultimately   leads   to   the   stimulation   of   the   mitogen-‐activated   protein   (MAP)  

kinase,  an  enzyme  with  a  number  of  intracellular  targets  including  transcription  factors  

[123,  124].  Activation  of  Ras  by  ErbB2  is  accomplished,  in  part,  through  the  recruitement  

of  the  Ras  exchange  factor  Sos  to  the  plasma  membrane  via  the  binding  of  Grb2  and  Shc  

within  the  C-‐terminal  region  of  activated  ErbB2  dimers  [125].  Although  fewer  than  5%  of  

breast   cancers   have   Ras   mutations,   hyperactivation   of   the   Ras   signaling   pathway   in  

breast   cancer   has   been   described   [126,   127].   Also,   Ras   activity   being   required   for  

efficient   ErbB2   and   PyMT-‐mediated   signaling,   its   modulators   like   Grb2   and   Shc   also  

appear   to   play   a   critical   role   in   the   rapid   generation   of   mammary   tumors   [77,   128].  

Several   studies   on   ErbB2-‐overexpressing   breast   cancer   argue   that   the   Ras/MAPK  

pathway   is   important   for   tumor   cell   proliferation,   survival,   angiogenesis,   and   regulate  

the  expression  of  genes  associated  with  invasion  and  metastasis  [52,  122,  129-‐131].    

  

1.3.5.2  PI3K/AKT  pathway  

  

   Another   critical   kinase   cascade   that   plays   an   essential   role   in   ErbB2-‐mediated  
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tumor  induction  and  progression  is  the  PI3K/AKT  pathway.  This  pathway  is  an  important  

driver  of  cell  proliferation  and  cell  survival  by  activating  a  key  survival  kinase,  AKT,  and  

by   opposing   the   tumor   suppressor   effect   of   PTEN   [132].   PI3K   activation   is   achieved  

through  the  binding  of  the  p85  regulatory  subunit  of  PI3K  to  phosphotyrosine  motifs  on  

RTKs,  which  triggers  activation  of  its  p110  catalytic  subunit.  Apart  from  being  activated  

following  RTKs  dimerization,   the  adaptor  protein  Grb2   in  complex  with  the  scaffolding  

protein  GAB,  binds  to  the  p85  subunit  of  PI3K,  leading  to  the  activation  of  the  PI3K/AKT  

pathway.   Moreover,   Ras   itself   can   directly   activate   p110   independently   of   p85  

(reviewed   in   [132]).   PI3K   is   responsible   for   the   phosphorylation   of  

phosphatidylinositol(4,5)P2  (PIP2)  which  generates  the  second  messenger  PI(3,4,5)P3  (PIP3).  

In  turn,  PIP3  is  able  to  recruit  to  the  plasma  membrane  and  interact  with  many  distinct  

targets   that   contain   PIP3-‐binding   domains,   such   as   protein   kinases,   GEFs   and  

phospholipases  (reviewed  in  [133]).  For  example,  the  GEF  Dock180  gets  localized  to  the  

plasma  membrane  upon  generation  of  PIP3  by  PI3K  via   its  DHR-‐1  lipid-‐binding  domain,  

thus   leading   to   Rac   GTPase-‐mediated   cytoskeletal   rearrangement   [134,   135].   Tumors  

from   MMTV-‐Neu   mice   also   have   activation   of   PI3K   signaling   [136]   and   apart   from  

inducing   proliferation   and   survival,   high   PI3K   activation   correlates  with   a   pro-‐invasive  

phenotype  [137].  Due  to  its  dramatic  importance  in  breast  tumorigenesis,  PI3K  has  been  

an  interesting  pharmaceutical  target,  with  many  PI3K  inhibitors  currently  in  clinical  trials  

(summarized   in   [138]).   In   fact,   a   recent   study  demonstrated   that  both   trastuzumab,   a  

monoclonal  antibody  against  HER2,  and  GDC-‐0941,  a  novel  PI3K  inhibitor,  treatment  on  

trastuzumab-‐sensitive   and   insensitive   HER2-‐amplified   breast   cancer   cells,   leads   to   a  

drastic  synergical  antiproliferative  effect  [139].  

  

Phosphoinositide  products  of  PI3K  form  high-‐affinity  binding  sites  for  the  PH  domains  of  

intracellular   molecules.   Akt   is   one   of   the   many   targets   of   PI3K   products   in   cells  

(reviewed   in   [140]).   Following   binding   of   the   Akt   to   PI3K   products,   Akt   gets   correctly  

positioned  at  the  plasma  membrane  via  its  PH  domain.  Akt  can  then  be  phosphorylated  

by  its  activating  kinases,  PDK1  and  mTORC2.  Once  activated,  Akt  activation  is  channeled  



  35  

into   a   plethora   of   downstream   biological   responses   reaching   from   angiogenesis,   cell  

survival  and  proliferation.  AKT  activation  is  typically  linked  to  PI3K  activity,  and  has  also  

been   associated  with   overexpression   and   activation   of   the   Src   and   FAK   kinases   [141-‐

144].   For   instance,   treatment   of  MCF-‐7   breast   cancer   cells   with   a   dominant-‐negative  

Src-‐inhibitor   led   to   decreased   proliferation   concomitant   with   decreased   AKT  

phosphorylation,   indicating   a   role   for   AKT   downstream   of   Src   [145].   Additionally,   the  

ability  of  FAK  to  interact  with  integrin  subunits  may  be  dependent  on  the  Src-‐PI3K-‐AKT  

pathway  [146].  Thus,  AKT  activation  may  potentially   function  at  the  crux  of  ErbB2  and  

integrin  signaling  via  Src  and  FAK.    

  

1.3.5.3  Src/FAK  pathway  

  

Several   studies   suggest   that   Src   kinases   are   important   second   messengers   of  

ErbB2.   Src   is   the   prototype   of   the   large   family   of   cytoplasmic   tyrosine   kinases.  

Membrane   targeting   has   been   shown   to   be   critical   for   Src’s   capacity   to   induce   cell  

transformation,   as   membrance   localization   affords   Src   proximity   with   both   upstream  

and   downstream   signal   effectors   [56,57].   Targeting   to   the   cell   membrane   may,   for  

instance,  enable  Src  proximity  with  FAK,  an  interaction  that  has  been  well  documented.  

  

Src  kinases  are  potent   transformants  and  oncogenic  when  constitutively  activated  and  

their   activation   is   seen   in  many   human   cancers,   including  mammary   cancers   with   or  

without   ErbB2   overexpression   [147-‐149].   Src   proteins   associate  with   ErbB2   in   human  

breast   cancer   cells   [148,   150,   151],   an   interaction   that   is   required   upon   the   tyrosine  

phosphorylation  of  the  cytoplasmic  and/or  kinase  domain  of  ErbB2  and  the  SH2  domain  

of  Src  [152],  thus  resulting  in  elevated  Src  activity  [150].  Furthermore,  pharmacological  

inhibition  of  Src  causes  a   reduction   in  ErbB2-‐mediated  soft  agar  colony   formation  and  

motility   [148,   151].   Additionally,   the   ability   of   Src   to   bind   and   phosphorylate   FAK   in  

breast   carcinoma   cells   requires   integrin   engagement   [153].   FAK   is   a   kinase   which  

functions   as   both   a   signaling   and   scaffolding   protein   at   focal   adhesions,   where   it   is  
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involved  in  focal  adhesion  turnover  and  downstream  signaling.  Following  binding  of  FAK  

to   the  SH2  domain  of   Src,   FAK  phosphorylated   tyrosine   residues   can   serve  as  docking  

sites   for   further   downstream   signaling   proteins,   including   PI3K   and   Grb2   [154].   In  

addition,   FAK   can   signal   via   MEK/ERK   and   JNK   to   the   nucleus   thereby   regulating  

transcription  of  genes  that  regulate  cell  growth  as  well  as  invasion  (reviewed  in  [155]).  

FAK   has   also   been   shown   to   be   required   for   ErbB2/3-‐induced   tumorigenesis   and  

metastasis:   Cells   co-‐transfected   with   ErbB2   and   ErbB3   and   expressing   wild-‐type   FAK  

formed   tumors   with   lung   metastasis   following   transplantation   into   immunodeficient  

mice,   whereas   ErbB2/3-‐positive   but   FAK-‐/-‐   cells   failed   to   form   tumors   [156].   As   well,  

mammary-‐specific  deletion  of  FAK  in  the  PyMT  model  results  in  a  significant  block  of  the  

transition  of  premalignant  hyperplasias  to  carcinomas  and  their  subsequent  metastases  

[50].  

  

1.3.4  p130Cas  in  ErbB2-‐mediated  tumorigenesis  and  invasion  

  

Interestingly,   a   recent   paper   suggested   a   role   for   p130Cas   in   ErbB2-‐mediated  

tumorigenesis   and   invasion,   where   ErbB2,   Src,   FAK   and   p130Cas   form   a   molecular  

complex   which   markedly   enhance   Rac1   and   MMP9   signaling   [157].   Consistent   with  

these  results,  the  assembly  of  p130Cas/Crk/Dock180  in  a  Src-‐dependant  manner  drives  

lamellipodia  formation,  which  ultimately  leads  to  JNK  activation  and  induction  of  MMPs  

[158-‐160].   Therefore,   p130Cas   seems   to   be   a   key  player   in   a   novel   signaling   platform  

including   ErbB2,   FAK   and   Src,  which   in   turn   drives  migration   and   invasion.  Moreover,  

double-‐transgenic  mice  derived  from  crossing  MMTV-‐p130Cas  with  MMTV-‐Neu-‐NT  mice  

accelerate   tumor  onset,  mainly   via  hyperactivation  of   Src   kinase,   ERK1/2,  MAP  kinase  

(MAPK),  and  Akt  pathways  [161].  
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Figure   1.6:  The   ErbB2   signaling   pathways.   ErbB2-‐mediated   tumorigenesis   signals   primarily   through   the  

Ras/MAPK   cascade,   PI3K/AKT   cascade   and   the   Src/FAK   cascade.   These   pathways   ultimately   lead   to  

enhanced  cell  proliferation,  survival  and  invasion.  

  

  

1.3.5  Crosstalk  between  ErbB2  and  integrins  

  

Integrin   engagement   has   been   shown   to   modulate   the   activity   of   various  

receptor   tyrosine   kinases   (RTKs),   including   platelet-‐derived   growth   factor   receptor  

(PDGFR)  [162],  vascular  endothelial  growth  factor  receptor-‐2  (VEGFR)  [163],  Met  [164],  

ErbB1   [165]   and   ErbB2   [166].   As   found   by   Guo   and   collegues,   6 4   integrins   bind  

directly  with   ErbB2  which   drive   ErbB2-‐induced  mammary   tumor   cell   proliferation   and  

invasion  [167].   6 4  via  

intracellular  modulators   such  as   Src   and   FAK,  which  may   serve   as  both   structural   and  

signaling   proteins   [166].   This   study  
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enhances  activation  of  the  transcriptional  factor  STAT3  and  JNK  /c-‐Jun.    

  

1.3.6  Implication  of  STAT3  in  tumor  invasion  and  metastasis  

  

   Several   studies   highlighted   a   role   for   the   transcriptional   factor   STAT3   as   a   key  

player   in   tumor   cell   invasion   and   metastasis   development   of   ErbB2-‐mediated   breast  

cancer.   In   fact,   the   loss  of   STAT3   in   the  MMTV-‐NIC  mouse  model   impairs   lung   lesions  

development  due  to  hindered  angiogenesis  and  cell  autonomous  defects  in  colonization  

[70].  Moreover,  recent  studies  using  a  constitutively  active  form  of  STAT3  in  the  MMTV-‐

NeuNT   transgenic  model   supports   the   role   of   this   protein   in   cell   invasion,   anchorage-‐

independent  growth  and  metastasis  development,  but  does  not  affect  mammary  tumor  

initiation   [168,   169].   As   described   in   the   previous   section,   STAT3   is   activated  

[166].  In  this  case,  STAT3  

contributes   to   the   disruption   of   cellular   polarity   thus   promoting   cell   invasion,   while  

JNK/c-‐Jun  is  required  for  proliferation.  Furthermore,  STAT3  is  found  to  be  constitutively  

active  in  a  high  percentage  of  human  breast  cancers  [170,  171].  Due  to  their  important  

role   in   invasion   and   metastasis   downstream   of   ErbB2   signaling,   STAT3   is   a   potential  

target  for  molecular  therapy  of  breast  cancer.    

  

  

1.4  MECHANISMS  OF  TUMOR  INVASION  AND  METASTASIS      

  

Tumor  cell  motility  is  the  hallmark  of  invasion  and  is  regarded  as  the  first  step  in  

metastatic   dissemination   [172,   173].   To   date,   metastasis   accounts   for   over   90%   of  

breast  cancer  deaths  and  studying  motility  mechanisms  used  by  cancer  cells  would  give  

important  information  on  the  key  events  influencing  this  dramatic  process.  This  section  

summarizes  how  the  mechanisms  and  pathways  that  regulate  cell  motility  contribute  to  

invasion  and  metastasis  of  breast  cancer  cells,  with  an  emphasis  on  the   implication  of  
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the  integrins  and  the  Rho  family  of  small  GTPases.  

  

1.4.1  Motility  and  cytoskeletal  rearrangement  

  

   Tumor  cells  move  within  the  surrounding  tissues  during  invasion  and  metastasis  

by  their  own  motility  machinery.  This  process  of  cell  migration  has  been  well  studied  in  

untransformed   cells   such   as   fibroblast   and   epithelial   cells,   as   well   as   numerous  

cancerous  cells,  and  the  molecular  mechanisms  underlying  cell  motility  are  common  to  

both  normal  and  cancer  cells.    

  

The   actin   cytoskeleton   and   the   proteins   that   regulate   cytoskeletal   rearrangement   are  

essential  players  in  cell  migration.  Together  with  the  microtubules  and  the  intermediate  

filaments,   the  actin   filaments  compose   the  cytoskeleton  of   the  cell.   In  order   to  move,  

cancer  cells  produce  protrusive  structures  at  the  leading  edge  of  the  plasma  membrane.  

These  protrusions  consist  of  actin  filaments  that  are  organized  into  different  shapes  to  

form   lamellipodia,   filopodia   and   invadopodia   (Figure   1.7).   Lamellipodia   are   sheet-‐like  

membrane  protrusions  observed  at   the  cell   front  during   cell  migration  and   spreading.  

Their   formation   is   dependent   on   actin   polymerization   by   the   Arp2/3   complex,   which  

nucleates  a  new  filament  from  the  side  of  an  existing  filament.  The  Apr2/3  complex   is  

regulated   by   the   WAVE   complex   during   assembly   of   the   actin   network   (reviewed   in  

[174]).   This   rather   large   complex   interacts  with   the   small   GTPase   Rac1   and   has   been  

proposed   to  be   recruited   to   the  plasma  membrane  at   sites  of   lamellipodial   formation  

[175].   Conversely,   filopodia   are   thin,   finger-‐like   protrusions   emerging   from   the  

lamellipodial  sheet  that  function  as  a  directional  sensor  [176].  This  structure  adheres  to  

the  substratum  and  is  thought  to  be  formed  from  the  reorganization  of  the  lamellipodial  

Arp2/3   complex   [177].   Filopods   are   controlled   by   various   proteins   such   as   fascin,  

diaphanous  and  WASP,  and  are  known   to  be   regulated  by   the   small  GTPases  Rac  and  

Cdc42   [178-‐180].   Last   but   not   least,   invadopodia   are   intermediate-‐width   extensions  

present   specifically   on   the   ventral   side   of   invasive   cells   (reviewed   in   [181]).   Each  
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invadopod  present   an  actin-‐rich   core   surrounded  by   a   ring  of   several   actin-‐associated  

proteins   and   signalling   proteins.   Similar   to   lamellipodia,   formation   of   invadopodia  

depends  on  branched  actin  assembly  by  the  Apr2/3  complex  [182].  Likewise,  the  Apr2/3  

complex   is   regulated   by   the   N-‐WASP   and  WAVE   complex   but   also   cortactin,   an   actin  

assembly   molecule,   acting   specifically   on   invadopodia   formation   [183,   184]   and   is  

frequently  used  as  a  marker  for  this  structure.  These  highly  dynamic  protrusions  involve  

an   orchestrated   complex   of   proteins,   including   integrins,   Src,   FAK,   ILK,   Rac1,   Cdc42,  

MMPs  as  well  as  uPAR,  to  migrate  over  thick  extracellular  matrices,  and  mediate  matrix  

degradation  to  breach  physical  barriers  [185-‐187].    

  

  
Figure   1.7:   Formation   of   protrusions   during   migration.   Actin   filament   reorganization   generates   the  

formation  of  protrusions  at  the  leading  edge  of  the  plasma  membrane  that  drives  cell  motility  in  a  specific  

direction.  Lamellipods  are  sheet-‐like  structures  at  the  cell  front  where  filopodia  emerge,  forming  a  finger-‐

like   protrusion.   Invadopods   are   present   on   the   ventral   side   and   serve   for   directional   movement   by  

invasive  tumor  cells.  Modified  from  [188].  
  

The  currently  accepted  model  of  cell  motility  consists  of  four  successive  steps  (reviewed  

in   [189,   190]):   (1)   Protrusion   of   a   broad   lamellipodium   in   the   desired   direction   of  

movement   where   de   novo   actin   polymerization   occurs   at   the   leading   edge   after  

activation  by  extracellular  stimuli.  Polymerized  actin  filaments   induce  the  formation  of  
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membrane  protrusions   such  as   filopodia  and   lamellipodia;   (2)  Adhesion  of   the   leading  

membrane   to   the   underlying   substratum   through   focal   adhesions,   integrin-‐containing  

adhesive   structures   at   the   leading   edge;   (3)   Contraction   of   the   polymerized   actin  

filament  (also  known  as  F-‐actin)  stress  fiber  network  which  generates  sufficient  traction  

to  translocate  the  nucleus  and  cell  body  forward;  and  (4)  Disassembly  of  focal  adhesions  

at   the   trailing   edge   of   the   cell,   allowing   the   cells   to   retract   and   be   dragged   in   the  

direction  of  migration.    

  

1.4.2  Modes  of  cell  migration  in  cancer  

  

Different   types   of   cancer   cell   migration   seem   to   exist,   including   individual  

mesenchymal  or  amoeboid  migration  and  collective  cell  migration  [191].  Structural  and  

molecular  determinants  of  both  tissue  environment  and  cell  behavior  dictate  the  most  

relevant  mode  of  migration.  In  the  present  section,  these  modes  of  migration  in  cancer  

are  discussed.  

  

Amoeboid   migration   refers   to   the   movement   of   rounded   or   ellipsoid   cells   that   lack  

mature  focal  adhesions  and  stress  fibers  [192,  193].  Individual  cells  undergoing  this  type  

of  migration   show   a   rounded,   blebbly   shape   in   3D   substrate   and   squeeze   their   body  

through  gaps  in  the  ECM  fibers  [192,  194,  195].  The  enhanced  contractility  of  cells  that  

use  amoeboid  movement   is  promoted  by  the  Rho/ROCK  signaling  pathway  [196,  197],  

and   can  be   conterbalanced  by   increased  Rac   activation,  which   induces   cell   protrusion  

and  inhibits  cell  rounding  [198].  Amoeboid  dissemination  allows  tumor  cells  to  undergo  

early   detachment   and   metastatic   spread   from   a   small   primary   tumour,   and   is   most  

commonly  seen  in  lymphomas  and  small-‐cell  lung  carcinomas  [199].    

  

In  contrast   to  amoeboid  migration,   individual   cells  with  high   levels  of  attachment  and  

cytoskeletal   elongation   develop   mesenchymal   migration,   which   involves   cell-‐matrix  

interactions  and  move  in  a  fibroblast-‐like  manner  [200,  201].  This  type  of  motility  can  be  
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seen   in   2D   or   3D   matrices   and   is   characterized   by   an   elongated,   spindle-‐like   and  

polarized   shape   [201].   The  migration  begins  with   the   formation  of   actin-‐rich   filopodia  

and   lamellipodia   at   the   leading   edge,   primiraly   driven   by   Rac   and   Cdc42   [202,   203].  

Mesenchymal   movement   is   predominantly   found   in   cells   from   connective-‐tissue  

tumours,   such   as   fibrosarcomas   [195],   gliomas   [204]   and   in   epithelial   cancers   such   as  

breast  cancer  [205].  In  such  cases,  the  process  wherein  an  epithelial  cancer  cell  switches  

its   mode   of   migration   to   a   mesenchymal-‐like   migration   is   termed   epithelial-‐to-‐

mesenchymal  transition  (EMT).  

  

On  the  other  hand,  collective  migration  is  defined  by  two  or  more  cells  that  retain  their  

cell-‐cell  junctions  and  move  together  across  a  2D  or  a  3D  matrix  [206,  207].  This  type  of  

movement   is   relevant   in   many   processes   such   as   morphogenesis,   tissue   repair   and  

cancer   invasion   [208-‐210].   Similarly   to   single-‐cell   migration,   collective   cell   motility  

results  from  actomyosin  polymerization  and  contractility  coupled  to  cell  polarity  [211].  It  

is  possible  that  most  cancer  types  contain  invasive  zones,  also  termed  invasive  fronts,  of  

intact  cell-‐cell  cohesion  and  collective  invasion  [212].  These  areas  display  expression  of  

cell-‐cell  adhesion  molecules,  including  claudins  1  and  4,  zona  occludens  1  (ZO-‐1)  [213],  

and   gap   junctions,   like   connexins   CX26   and   CX43   [214].   The   formation   of   actin-‐rich  

protrusions   and   focalized   proteolysis   in   collective   cell   migration   ressembles   the  

mesenchymal  type  of  motility.   In   fact,  both  of  them  require   lamellipodia  and  filopodia  

formation  by  Rac  and  Cdc42  at  their  plasma  membrane,  as  well  as  the  actin-‐nucleating  

Arp2/3   complex   [215].   “Leader”   cells   at   the   tip  of   the   collective   front  utilize   focalized  

proteolysis   by  MT1-‐MMP   to   generate   tracks   that   enable   a   group   of   cells   to   undergo  

subsequent   collective   invasion   [216]   and   show   clusters   of   [217].   These  

characteristics  are  histologically  detectable  in  invasive  mammary  carcinoma  [218],  colon  

carcinoma  [219]  and  other  forms  of  invasive  cancers.  
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1.4.3  Integrins  in  migration  

  

Integrins  are  a   large  family  of  heterodimeric  transmembrane  glycoproteins  that  

mediate  cell-‐cell  or  cell-‐matrix  adhesion.  These  receptors  contain  two  distinct  subunits,  

,   and  

characterized   in  mammals.   In   addition   to   their   roles   in   cell   survival,   proliferation   and  

differentiation,  integrins  are  known  to  be  a  critical  players  in  the  movement  of  all  motile  

cell   types,   such   as   T   cells,   macrophages,   fibroblast   and   epithelial   cells   during   wound  

healing  and  development  [220].    

  

For  migration  to  occur,  a  protrusion  must  form  and  then  be  stabilized  by  attaching  to  its  

surroundings.   Although   many   receptors   are   involved   in   this   process,   integrins   are   a  

major  component  in  cell  migration  by  supporting  adhesion  to  extracellular  matrix  (ECM)  

via   linking   adaptors  with   actin   filaments   on   the   inside   of   the   cell.   Activated   integrins  

preferentially   localize   to   the   leading   edge   of   the   cells   [221]   and   cluster   with   other  

integrins   or   other   types   of   receptors   at   focal   adhesion   sites.   As   previously   described,  

both   in   normal   and   transformed   cells,   integrin-‐dependent   mechanisms   have   been  

shown   to   implicate   crosstalk  between   integrin   receptors   and  other   growth  promoting  

molecules  such  as  growth  factor  receptors  [165,  222,  223].  After  migration  is   initiated,  

integrin  clustering  at  these  focal  adhesions  drive  actin  polymerization  along  the  leading  

edge   of   the   cell,   which   in   turn   reinforces   the   formation   of   integrin-‐based   adhesion  

complexes  [221].  During  this  process,  members  of  the  Rho  family  of  small  GTP-‐binding  

proteins   are   activated   and   contribute   to   integrin-‐mediated   changes   in   cell   shape   and  

polarity.    

  

The  intracellular  signaling  pathways  activated  by  integrin-‐ligand  interactions  give  better  

insight  of   the   function  of   integrins   in   cell  motility   (Figure  1.8).  Direct   cytoplasmic   tail-‐

binding  proteins   (for  example,   talin,  vinculin  and  paxillin)  act  as  adaptors  and  also   link  

integrins   to   the   cytoskeleton   by   binding   F-‐actin   [224-‐226].   Integrins   signal  
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predominantly   through   the   recruitment  and  activation  of   the  Src-‐family  kinases   (SFKs)  

and  FAK,  which  causes  the  phosphorylation  of  many  substrates.  First  of  all,  FAK  is  able  

to   initiate   lamellipodia   formation.   Its   activation   leads   to   the   phosphorylation   of   the  

adaptor   protein   p130Cas,   which   in   turn   recruits   Crk.   This   p130Cas/Crk   complex   can  

initiate   the   activation   of   the   Rac1   GTPase,   via   the   the   guanine   nucleotide   exchange  

factor   Dock180   [227-‐229]   (described   in   chapter   1.5)   thus   leading   to   the   formation   of  

lamellipodia   at   the   leading   edge   of   the  moving   cell.  Moreover,   FAK   can   also   activate  

signaling   from   phosphatidylinositol   3-‐kinase   (PI3K)   to   AKT/protein   kinase   B   (PKB),  

through  phosphatidylinositol-‐3,4,5-‐trisphosphate   (PtdIns(3,4,5)P3   or   PIP3).  As  well,   FAK  

can   activate   the   protein   kinase   Src   and   permit   direct   interaction   with   the   ß   subunit  

cytoplasmic   tail   of   integrins.   These   coordinated   events   activate  multiple   downstream  

signaling   pathways   including   MAPK,   JNK   and   the   Rho   family   of   GTPases   [230-‐232].  

Integrins   also   associate   with   other   plasma   membrane   proteins,   such   as   receptor   Tyr  

kinases   (RTKs)   for  coordinated  signaling,  and  with  MMPs   to  connect  ECM  degradation  

with  cell  adhesion  and  signaling.  Urokinase-‐type  plasminogen  activator  receptor  (uPAR)  

[233]   can   v 3   integrin,   by   regulating  

activation,  signaling,  integrin–RTK  interactions  and  pericellular  ECM  proteolysis.  

  

Being   a   protypical   regulator   of   inter-‐   and   extracellular   interactions   in   a   physiological  

context,   the   contribution  of   integrins   to   tumor  progression  and  metastasis   have  been  

studied   in  great  detail.  Genetic  manipulation  of  experimental  mouse  models  of  breast  

cancer  has  demonstrated  the  requirement  of  these  proteins  in  cell  survival,  proliferation  

and   migration   in   the   context   of   mammary   epithelial   cells   undergoing   neoplastic  

transformation   by   activated   oncogenes   such   as   ErbB2/Neu.   For   example,   targeted  

and   their   associated   intracellular   effectors  

including   FAK   or   Src   has   been   demonstrated   to   impair   tumorigenesis   and   reduce   the  

invasive  phenotype  [76],  [166].    
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Figure   1.8:   The   integrin   signaling   pathway   and   crosstalk   with   ErbB2.   Integrin   signaling   regulates  

cytoskeletal   reorganization   during   adhesion   and   migration   and   also   control   cell   survival   and   cell  

proliferation.  Integrins  activate  FAK  and  thereby  Src,  which  causes  the  recruitment  and  activation  of  the  

p130Cas/Crk   complex.   Subsequently,   Dock180   gets   recruited   to   the   complex   thus   activating   the   Rac  

GTPase   which   signals   through   JNK/JUN.   The   FAK/Src   complex   can   also   signals   through   PI3K   and   the  

Ras/MAPK   pathway.   Crosstalk   between   integrins   and   several   RTKs   has   been   shown   to   enhance   RTKs  

signaling  and  is  responsible  for  optimal  cellular  output.    

  

1.4.4  Rho  family  of  small  GTPases  in  breast  cancer  invasion    

  

The  Rho  family  of  small  GTPases,  a  subgroup  of  the  Ras  superfamily  of  GTPases,  

consists  of  22  members   in  mammals.  Rho,  Rac  and  Cdc42,   the  protypical  members  of  

the  Rho  family,  are  regulators  of  the  actin  cytoskeleton.  These  GTPases  act  as  molecular  

switches  that  are  either   inactive  when  bound  to  GDP  or  active  when  bound  to  GTP.   In  

their  active  conformation,  GTPases  can   interact  and,   in   turn,  activate  several  effectors  

[234,  235].  This   cycle  between   the  active  or   inactive   form   is   regulated  by   the  guanine  
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nucleotide   exchange   factors   (GEFs),   the   GTPase-‐activating   proteins   (GAPs)   and   the  

guanine   nucleotide-‐dissociation   inhibitors   (GDIs)   (Figure   1.9)   [236].   GEFs   promote  

GTPase  activation  by  catalyzing  the  exchange  of  GDP  for  GTP,  GAPs  negatively  regulate  

the  switch  by  enhancing  the  intrinsic  GTPase  activity  of  the  Rho  proteins,  returning  their  

equilibrium   toward   the   GDP-‐bound   state,   whereas   GDIs   prevent   dissociation   of   GDP  

from  the  GTPases  by  sequestering  the  GDP-‐bound  form  in  the  cytosol,  keeping  them  in  

their  inactive  form  [237].  These  proteins  are  activated,  in  part,  by  integrin  engagement,  

contributing  to  integrin-‐driven  modifications  in  cell  shape  and  polarity.  In  1992,  the  Hall  

Laboratory   provided   evidence   of   the   crucial   role   of   the   Rac   GTPase   in   lamellipodia  

formation   and   membrane   ruffling   in   fibroblasts   [202].   Rac1,   a   member   of   the   Rac  

subgroup,   is   known   to   directly   interact   with   the   WAVE   complex,   which   induces  

activation   of   the   Arp2/3   complex   leading   to   actin   polymerization   and   lamellipodia  

formation   [238].   Rho   induces   the   formation   of   stress   fibers,   whereas   Cdc42   induces  

actin  polymerization  leading  to  filopodia  formation.  

  

  

  

  

  

  

  

Figure  1.9:  The  Rho  GTPase  cycle.  Actin  filament  reorganization  generates  the  formation  of  protrusions  at  

the  leading  edge  of  the  plasma  membrane  that  drives  cell  motility  in  a  specific  direction.    

  

  

Several  members   of   the   Rho   family   including   RhoA,   RhoC,   Rac1   and   Rac3   have   been  

extensively   characterized   in   breast   cancer  motility.   Although  no  mutations   in   the   Rho  

family  have  been  found  in  breast  tumors,  these  GTPases  are  often  either  overexpressed  

or   hyperactive   in   mammary   carcinomas   [239,   240].   An   increasing   body   of   evidence  

highlights   that   Rac   is   a   positive   regulator   of   breast   cancer  migration.   First   of   all,   in   a  
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number  of  non-‐invasive  (MCF-‐7  [241,  242],  T47D  [242])  or  highly  invasive  (MDA-‐MB-‐435  

[242-‐244],  MDA-‐MB-‐231   [241,   242],   C3L5   [242],   BT549   [245])   breast   cancer   cell   lines,  

increased  activation  of  Rac1  directly  correlates  with  invasive  potential.  Conversely,  the  

expression   of   a   dominant   negative   form   of   active   Rac1   results   in   a   less   invasive   and  

motile  phenotype  [243,  244]  and  inhibition  of  Rac1  has  powerful  inhibitory  effect  on  the  

invasion  of   human  breast   carcinoma   cells   [241,   244].  Moreover,   several   reports   show  

that  Rac   is  overexpressed   in  human  tumors.   In  breast  and  colon  cancers,   for  example,  

Rac1   expression   is   significantly   higher   in   tumor   tissues   than   in   corresponding   healthy  

tissue  [240,  246].  Interestingly,  patients  with  recurrent  breast  cancer  showed  increased  

membrane  localization  of  Rac1  [246].  All  these  lines  of  evidence  suggest  that  the  level  of  

activated  Rac1  increases  along  with  breast  cancer  invasion  and  metastasis.  

  

  

1.5  DOCK180  PROTEIN  

     

The  Dock180  protein  is  a  highly  specific  activator  of  the  small  GTPase  Rac  during  

several   biological   functions   such  as   cell  migration,   phagocytosis   of   apoptotic   cells   and  

myoblast  fusion  (reviewed  in  [247]).  Matsuda  and  colleagues  originally  discovered  it  as  a  

binding  partner  for  the  SH3  domain  of  the  proto-‐oncogene  CrkII  through  its  C-‐terminal  

Proline-‐rich   (PxxP)   region   [248].   This   was   further   confirmed   by   independent  

experiments,   all   revealing   the   existence   of   a   CrkII/p130Cas/Dock180   complex  

responsible  for  the  activation  of  JNK  via  Rac  in  an  integrin-‐dependant  fashion  [158,  249].  

Further  study  suggested  a  role  for  Dock180  as  a  Rac1  activator,  upon  integrin  signaling  

through   the   CrkII/p130Cas   complex   [229,   250].   In   2002,   Côté   et   al.   showed   that   the  

Dock180   proteins   possess   a  DHR-‐2   domain  which   specifically   binds   to   nucleotide-‐free  

Rac   and   activates   Rac   in   vitro   and   in   vivo   [251].   Studies   in  C.   elegans  and  Drosophila  

uncovered  several  biological  processes  for  the  orthologs  of  Dock180  in  these  organisms,  
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Ced-‐5   and  Myoblast   City   (MBC)   respectively,   such   as   phagocytosis,   cell  migration   and  

myoblast  fusion  [252,  253].    

  

The  Dock  family  of  proteins  contains  11  members:  Dock1  (also  referred  as  Dock180)  to  

Dock11.   The   family   can   be   subdivided   in   4   groups,   depending   on   their   sequence  

homology,  in  turn  named  DockA,  B,  C  and  D.  The  most  studied  and  well  characterized  of  

the   Dock   family   member   is   undoubtedly   the   Dock180   protein.   However,   its   role   in  

various   mammalian   biological   and   pathological   events   such   as   breast   cancer,   is   just  

starting  to  be  uncovered.      

  

1.5.1  Dock180  structure  and  function  

  

   Two  distinct   families  of  GEFs   for   the  Rho  GTPases  have  been  reported  to  date:  

the  classical  Dbl  homology-‐pleckstrin  homology  domain  (DH-‐PH)-‐containing  family  [254]  

and   the   Dock180-‐related   family.   Common   to   all   Dock   family   members   are   the   two  

evolutionary   conserved   domains:   the   Dock   homology   region   (DHR)-‐1   and   -‐2   domain  

[255]  (Figure  1.10).  The  DHR-‐2  of  Dock180  is  the  catalytic  domain  able  to  interact  with  

the  nuclotide-‐free   form  of   Rac   and  promotes   its   activation,  whereas   the  DHR-‐1  has   a  

lipid   binding   domain   which   permits   the   translocation   of   Dock180   to   the   plasma  

membrane   in  a  PIP3-‐dependant  manner   [134,   135,   229,  251].   In   fact,   accumulation  of  

PIP3   at   the   plasma   membrane   following   PI3K   activation,   recruits   the  

CrkII/ELMO1/Dock180   complex,   which   activates   Rac   and   promote   directional   cell  

migration  [135].  This  180kDa  protein  also  displays  an  N-‐terminal  SH3  domain,  which   is  

the   binding   site   for   the   ELMO-‐family   of   proteins   [256]   and   a   C-‐terminal   PxxP   region  

which   bind   CrkII   protein.   The   ELMO   protein,   orthologs   of   Ced-‐12   in  C.   elegans   [257],  

physically  binds  Dock180  and   is  dispensable  for   its  GEF  activity  towards  Rac,   impairing  

Rac  signaling  [258].  
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Figure  1.10:  Structure  of  the  Dock180  protein.  The  schematic  illustration  of  the  Dock180  architecture:  the  

SH3  domain,  DHR-‐1   domain,  DHR-‐2   domain   and   the   Proline-‐rich   domain   (PxxP)   along  with   the   binding  

regions  of  the  ELMO  protein,  the  Rac  GTPase  and  the  adaptor  protein  Crk.  

  

  

As  mentioned  previously,  our  knowledge  concerning  the  functions  of  Dock180  has  been  

mainly   uncovered   by   studies   in  Drosophila   and   C.   elegans,   but   further   supported   by  

studies   in   mammalian   cells   and   mouse   models.   In   fact,   a   genetic   screen   in   the  

Drosophila   aiming   to   identify   novel   genes   implicated   in   myoblast   fusion   identified  

Myoblast  City  (MBC),  which  was  subsequently  revealed  to  be  the  ortholog  of  Dock180  

[259].  Consistent  with  the  role  of  Dock180  as  a  GEF  for  Rac,  MBC  mutant  flies  had  the  

same  myoblast   fusion   defects   as   the   Rac   (dRac)   mutant   flies   and   demonstrated   that  

MBC  acts  upstream  of  dRac   in  a  signaling  cascade  [260,  261].  Conversely,  a  screen  for  

the  discovery  of  novel  genes  regulating  the  phagocytosis  of  apoptotic  cells  in  C.  elegans  

resulted   in   the   identification  of  Ced-‐5,  where   this  process   requires  Ced-‐2  and  Ced-‐10,  

later  cloned  and   revealed  as  orthologues  of  human  CrkII  and  Rac1,   respectively   [262].  

Beyond  phagocytosis  defects,  mutations   in  Ced-‐5/Dock180   impair  axon  outgrowth  and  

migration   of   P   cells   during   brain   development   [263].  Most   prominently,  mutations   in  

either  Ced-‐2/CrkII,  Ced-‐5/Dock180  or  Ced-‐10/Rac1  compromise  distal  tip  cell  migration  

of  developing  gonads,  by  abolishing  the  polarized  extension  of  cell  surfaces  [253,  264].  

Still  in  C.  elegans,  Ced-‐5/Dock180  has  been  demonstrated  to  cooperate  with  Ced-‐2/CrkII  

and   Ced-‐12/ELMO1   to   promote   phagocytosis   and   collective   cell   migration   [256].   The  

role  of  the  Dock180/ELMO1  complex  in  lamellipodia  formation,  cell  polarization  and  cell  

migration  has  also  been  shown  and  studied   in  various  mammalian  cell   lines  [135,  265,  
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266].   Several   studies   in  mammalian  cells   indicate  a   role   for   the  Crk/p130Cas/Dock180  

complex   signaling   through  Rac1   to   induce   cell   spreading  and   cell  migration   [158,  159,  

249,  267].  For  example,  the  binding  of  integrins  to  fibronectin  leads  to  the  activation  of  

Src   and   FAK   and   subsequent   phosphorylation   of   p130Cas   [268].   After   its   activation,  

p130Cas  binds  to  the  Crk  SH3  domain  and  recruits  Dock180  through  its  PxxP  region  and  

localizes  Dock180  to  focal  adhesions  [248].    

  

1.5.2  In  vivo  functions  of  Dock180  

  

Similar  to  the  myoblast  fusion  defect   in  the  Drosophila,  Dock180-‐deficient  mice  

die   at   birth,   probably   due   to   asphyxia,   and   present   severe   reduction   in   all   skeletal  

muscle   tissues,   ascribable   to   a   block   in   myoblast   fusion   during   embryogenesis   [269].  

More   recently,   Dock180   has   been   shown   to   mediate   basement-‐dependent   epiblast  

survival  during  embryonic  epithelial  embryogenesis.  This  event  requires  the  recruitment  

of   Dock180   by   Crk,   which   in   turn   activates   Rac1   and   leads   to   the   activation   of   the  

PI3K/AKT  pathway  [270].  

  

1.5.3  Dock180  and  cancer  

  

Many   aspects   of   cellular   motility   and   invasion,   including   cellular   polarity,  

cytoskeletal  reorganization,  and  transduction  of  signals  from  the  outside  environment,  

are   controlled   through   an   interplay   between   the   Rho-‐GTPases   and   their   regulatory  

members.  Because  of  their  ability  to  catalyze  the  exchange  of  GDP  for  GTP,  the  GEFs  of  

the  Rho  family  of  GTPases  are  good  candidates  for  aberrant  GTPase  activation  in  human  

cancer  [271].  Dock180  has  been  linked  to  the  induction  of  a  pro-‐invasive  phenotype  in  

various  malignant  human  breast  cancer  cell  lines.  However,  no  direct  evidence  of  a  role  

for  Dock180  during  cell  invasion  and  metastasis  in  an  in  vivo  model  of  breast  cancer  has  

been  previously  demonstrated.  In  the  present  section,  studies  on  Dock180  and  its  role  in  

tumor  invasiveness  will  be  described.    
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The  most  direct  implication  of  Dock180  in  cancer  motility  has  come  from  in  vitro  studies  

with  the  application  of  Matrigel  assays  which  mimic  basement  membrane  invasion  and  

migration   in   the   ECM.   Firstly,   in   a   metastatic   carcinoma   cell   line,   the   coupling   of  

p130Cas   and   Crk   signaling   through   the   Dock180-‐Rac   pathway   has   been   shown   to   be  

necessary  for  cell  invasion  and  survival  [166,  267,  272].    Moreover,  in  v-‐Src  transformed  

fibroblasts,   cell   invasion   was   linked   to   transient   FAK   accumulation   at   lamellipodia,  

formation   of   a   FAK-‐Src-‐p130Cas   complex   which   recruits   Dock180,   thus   leading   to   an  

elevated   Rac   and   c-‐Jun   activation   and   increased  MMPs   expression   and   activity   [159].  

Finally,  Dock180  is  required  for  cell  invasion  in  the  MDA-‐MB-‐231  breast  cancer  cell  line,  

by  activating  Rac  following  the  formation  of  the  p130Cas/CrkII  complex  downstream  of  

egrin   [272].   Additionally,   studies   in   brain   cancer  

demonstrated  a  role  for  Dock180  in  induction  of  tumor  invasion.  Interestingly,  in  human  

glioma  brain  tissue  sections,  high  expression  of  Dock180,  together  with  ELMO1,  is  seen  

at  invasive  fronts  of  brain  tumors  while  single  tumor  cells  detaching  and  migrating  out  in  

the   surrounding   stroma  also   contain  high  Dock180  protein   levels   [273].  As  mentioned  

previously,   key   proteins   in   Dock180   activation   such   as   p130Cas   and   FAK   have   been  

correlated  with  increased  cell  invasion  and  metastasis  following  ErbB2  overexpression  in  

both  in  vitro  and  in  vivo  models.    
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1.6  RATIONAL  AND  OBJECTIVES  

  

RATIONALE         

  

Both  cell  migration  and  invasion  are  highly  regulated  biological  processes  where  

spatial  and  temporal  remodeling  of  the  actin  cytoskeleton  is  essential.  Tumor  cells  that  

gain   the   ability   to   invade   the   surrounding   stroma   possess   the   potential   to   undergo  

metastasis.   Identification   of   the   molecular   players   that   activate   or   contribute   to   the  

migration  machinery   is  critical   in  understanding  tumor  cell  dissemination  to  secondary  

sites.  

  

Key   regulators   of   actin   reorganization   are   overexpressed   in   a   wide   array   of   human  

cancers.   Proteins   such   as   integrins,   FAK,   p130Cas,   Crk,   and   PI3K   among   others   are  

commonly  known  to  promote  cancer  cell   invasion  [76,  137,  156,  157,  166].  One  of  the  

major  players  in  cell  motility,  the  small  GTPase  Rac1,  is  widely  known  to  be  activated  in  

several   human   cancers,   including   the   ErbB2-‐overexpressing   breast   cancer   [240,   246].  

Dock180   is  known  to  mediate  Rac  activation,   in  turn   leading  to   lamellipodia  formation  

and   cell   migration.   Moreover,   Dock180   has   been   shown   to   induce   cell   invasion   in  

normal   and   cancerous   cell   lines.   In   fact,   in   complex  with   p130Cas   and   CrkII,   Dock180  

promotes  invasion  in  Matrigel  downstream  of  FAK  and  Src  kinases,  by  activating  the  Rac  

GTPase  [159,  274].  Additionally,  Dock180  is  required  for  uPAR-‐driven  Rac  activation  and  

invasion   through   the   recruitment   of   p130Cas   and   Crk   via   ß3-‐integrin   stimulation   in  

breast  MDA-‐MB-‐231  cancer  cells  [272].  Interestingly,  one  in  vivo  study  reports  that  high  

levels  of  ELMO1  and  Dock180  are  detected  in  invasive  glioma  cells  in  human  brain  [273].  

Experimentally,   downregulation   of   either   ELMO1   or   DOCK180   dramatically   impaired  

glioma   invasion   in   vitro.  While   these  multiple   lines   of   evidence   suggest   that  DOCK180  

contributes   to   tumor   invasion,   and   potentially  metastasis,   its   role   in   cancer   has   never  

been   tested   in   an   experimental   in   vivo   model.   Therefore,   the   straightforward   central  
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hypothesis  of  this  thesis  is  that  DOCK180  is  a  key  regulator  of  tumor  cell  invasion  and  

metastasis.  Preliminary  data   in  the   laboratory  suggested  that  DOCK180   is  required  for  

ErbB2  transformed  cell  invasion  in  vitro.  To  address  this  hypothesis,  we  decided  to  use  a  

mouse  model  of  metastatic  breast  cancer  where  an  activated  version  of  the  oncogene  

ErbB2   is  expressed   in   the  mammary  epithelium.  With   this  model   in  hand,  we  are   in  a  

unique  position  to  address  whether  DOCK180  is  required  for  breast  tumorigenesis  and  

metastasis   by   crossing   a   novel   conditional   allele   of   Dock180   with   this   ErbB2   breast  

cancer  model.  

  

OBJECTIVES         

  

AIM  1  

  

Characterization   of   mammary   gland   development   in   the   Dock180-‐conditional  

knockout   mouse.   Before   investigating   the   role   of   Dock180   in   ErbB2-‐overexpressing  

breast  cancer  in  vivo,  it  is  important  to  define  if  Dock180  contributes  to  mammary  gland  

development,   as   this   could   have   major   implications   for   further   interpretation   of  

tumorigenesis   studies.   To   answer   this   question,  we  will   use   the   conditional   knockout  

mice  of  Dock180  that  we  developed  in  our  laboratory.  This  mouse  line  will  be  interbred  

with  the  MMTV.CRE  mice  allowing  the  deletion  of  the  floxed  Dock180  alleles  only  within  

the  mammary  epithelial  cells  due  to  its  specific  promoter  in  a  FVB  genetic  background.  

In  this  in  vivo  model,  we  will  study  the  gross  development  of  the  mammary  gland  from  

post-‐puberty  to  verify  if  the  loss  of  Dock180  impairs  its  function.    
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AIM  2  

  

Define  the  consequences  of  disrupting  Dock180  within  the  mammary  gland  in  an  

ErbB2-‐overexpressing  breast  cancer  model.  To  address  the  biological  impact  of  Dock180  

in  ErbB2-‐induced  mammary  tumorigenesis  and  metastasis,  our  CKO  Dock180  mice  will  

be  crossed  with  the  novel  ErbB2-‐based  model  of  breast  cancer,  the  MMTV.NDL2-‐5-‐IRES-‐

CRE   (MMTV-‐NIC)   animals.   These   transgenic   mice   co-‐express   both   activated   ErbB2  

(NDL2-‐5)  and  the  Cre  recombinase  via  an  internal  ribosome  entry  site  between  the  two  

cDNA  sequences.    The  resulting  CKO  Dock180:NIC  will  be  studied  to  evaluate  the  kinetics  

of   tumor  burden  appearance  by  ultra-‐sound  monitoring  and  physical  palpation,   tumor  

multiplicity,   tumor   invasiveness   in   the   surrounding   stroma,   activation   of   downstream  

effectors  of  Dock180  and  metastasis  to  lungs.  
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Chapter  2  

Results  
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RESULTS  

  

Generation  of  a  conditional  mutant  allele  of  Dock180.  

  

We  previously  characterized  a  total  knockout  mouse  of  Dock180  and  reported  an  

essential  role  for  this  gene  in  myoblast  fusion  [269].  To  study  the  role  role  of  Dock180  in  

cancer,   we   generated   a   conditional   knockout   mouse   of   this   gene   (CKO   Dock180,  

described   in   Materials   and   Methods)   to   circumvent   embryonic   lethality.   Briefly,   we  

constructed   a   targeting   vector  where   the   exon1   of   the  Dock180   gene  was   flanked   by  

two  LoxP  sites  (Dock180flx/flx),  followed  by  a  PGK-‐neomycin  resistance  cassette  between  

two  FRT  sites,  and  inserted  this  gene  via  homologous  recombination  in  embryonic  stem  

(ES)  cells  (Figure  2.1a).  Successfully  recombined  ES  cells  were  identified  by  Southern  blot  

and   the   PKG-‐neomycin   cassette  was   removed   by   transient   expression   of   FLP   enzyme  

(Figure   2.1b).   Chimeric   animals   were   obtained   and   crossed   with   129/SV   mice   and  

offspring  with   the  desired  mutation  were   confirmed  by   Southern  blot   analysis   (Figure  

2.1c).  The  Dock180flx/flx  mice  were  viable,  fertile,  and  did  not  show  gross  abnormalities.    
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Figure  2.1:  Generation  of  the  CKO  Dock180  mice.  a)  Partial  representation  of  the  Dock180  locus,  structure  

of   the   targeting   vector,   the   organization   of   the   rearranged  Dock180   targeted   allele   after   homologous  

recombination,  the  targeted  Dock180   locus  after  FLP  recombination  and  the  resulting  targeted  Dock180  

locus   following  Cre  recombination.  b)  Screening  of   targeted  ES  cells  by  Southern  blot  analysis   (Probe  1,  

SpeI  digestion).  First  lane  represents  the  control  BAC  library.  Second,  third  and  fourth  lanes  represent  ES  

cell   clones   with   a   targeted   Dock180   locus.   c)   Screening   of   targeted   ES   cells   after   FLP   and   Cre  

recombination.  First   two   lanes   represent  clones-‐containing  Targeted  vector  without  FLP   recombination,  

lane   3,   4,   5   represent   clones   after   FLP   recombination   and   lane   6   to   9   represent   clones   after   Cre  

recombination.      
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Dock180  is  not  required  for  mammary  gland  development  but  plays  a  role  

during  the  involution  phase.  

  

Prior  to  the  investigation  of  the  role  of  Dock180  in  Neu-‐driven  tumorigenesis  and  

metastasis,   we   verified   whether   the   loss   of   this   gene   impaired   mammary   gland  

development.  This   is   an   important   control  as   such  a  phenotype  would  complicate   the  

interpretation   of   the   data   obtained   in   tumorigenesis   experiments.   To   address   this  

question,   we   interbred   our   CKO   Dock180  mice  with   transgenic  mice   carrying   the   Cre  

recombinase   under   the   MMTV   promoter,   and   studied   the   gross   morphology   of   the  

mammary  gland   throughout  post-‐pubertal  development.  We   found   that  whole-‐mount  

mammary   glands   of   virgin   females   from   each   genotype   (Dock180wt/wt:CRE;  

Dock180wt/flx:CRE;   Dock180flx/flx:CRE)   at   9,   12,   15   weeks   of   age   presented   no   gross  

difference   in   their   morphology   (Figure   2.2a,   data   not   shown   for   Dock180wt/flx:CRE).  

Interestingly,   the   targeted   deletion   of   Dock180   in   the   mammary   gland   affected   the  

involution  phase,  as  seen   in  whole-‐mounts  and  H&E  preparation  of   inguinal  mammary  

glands  of  mothers   that   fed  pups   for  21  days  and  were  sacrificed  4  days  after  weaning  

(Figure   2.2b).   At   the   time   of   involution,   the   single   layer   of   epithelium  of   the   alveolar  

structure  in  wild-‐type  animals  started  to  collapse  and  reabsorb  residual  milk  whereas  in  

the  Dock180-‐null  mammary  gland,   the  alveoli  were  still  extended  and   filled  with  milk.  

However,  the  Dock180flx/flx:CRE  mice  pursued  normal  pregnancy,  lactation  and  the  pups  

had  no  developmental  defects.  These  observations  suggest  that  Dock180  is  not  required  

for  the  proper  development  of  virgin  mammary  gland  throughout  adulthood  but  hinders  

the  normal  involution  process.  
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Figure  2.2:  Targeted  deletion  of  Dock180   in  the  mammary  gland  impairs  the  involution  phase.  a)  Whole-‐

mount  analyses  of   inguinal  mammary  glands  of  Dock180wt/wt:CRE  and  Dock180flx/flx:CRE  mice  at  9,  12,  15  

weeks   of   age   (n=9   for   each   genotype).   b)  Whole-‐mount   analyses   (left   panel)   and   H&E   sections   (right  

panel)   of   Dock180wt/wt:CRE   and   Dock180flx/flx:CRE   inguinal   mammary   glands   at   4   days   post-‐weaning.  

Dock180flx/flx:CRE   animals   show   dilated   alveoli   filled   with   milk,   whereas   alveoli   of   wild-‐type   mice   had  

undergone  normal  regression  and  milk  absorption  (n=2  for  each  genotype).  
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Characterization   of   breast   tumors   arising   in   Dock180wt/wt:NIC,  

Dock180wt/flx:NIC  and  Dock180  flx/flx:NIC  mice.  

  

In   this   section,   we   will   directly   test   the   contribution   of   Dock180   in   ErbB2-‐

mediated   pathogenesis.   In   order   to   characterize   the   ErbB2-‐overexpressing   tumors  

arising  from  either  the  loss  of  one  or  two  Dock180  alleles,  we  interbred  the  MMTV-‐NIC  

mice  with  our  CKO  Dock180.  The  transgenic  MMTV-‐NIC  mice  can  bypass  the  stochastic  

expression  of   the  Cre  recombinase  seen   in  other  ErbB2  based  mouse  models   [77]  and  

developed  metastatic  mammary  tumors  starting  at  approximately  140  days  of  age  [69,  

70,  77,  79].    

  

Cohorts   of   virgin   females   from   each   genotype   (Dock180wt/wt:NIC;   Dock180wt/flx:NIC;  

Dock180flx/flx:NIC)   were   monitored   weekly   by   physical   palpation.   Mice   from   each  

genotype  were   euthanized   5  weeks   after   the   first   palpable   tumor.   Tumors   and   lungs  

were   harvested   as   described   in  Materials   and  Methods.   Complete   loss   of   the   floxed  

Dock180   allele   by   the   expression   of   the   Cre   recombinase   in   tumors   from  MMTV-‐NIC  

mice   was   confirmed   by   PCR   (Figure   2.3a)   and   the   expected   elimination   of   Dock180  

expression  was  confirmed  by  western  blot  and  immunohistological  analyses  (Figure  2.3b  

and  c).  Together,   these  data   illustrate  that   floxed  Dock180  alleles  are  properly  excised  

following   Cre   recombinase   expression,   resulting   in   the   complete   ablation   of   Dock180  

expression    in  mammary  tumors  arising  from  Dock180flx/flx:NIC  mice.  
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Figure  2.3:  Efficient  Cre-‐mediated  excision  of  the  floxed  Dock180  allele   in  NIC  tumors.  a)  PCR  analysis  of  

Dock180wt/wt,  Dock180wt/flx  and  Dock180flx/flx  :NIC  tumor  lysates  all  showing  presence  of  the  Neu  transgene  

(630  bp  band).  The  floxed  Dock180  allele  from  Dock180wt/flx  and  Dock180flx/flx   :NIC  tumors  was  efficiently  

recombined  by   the  Cre   recombinase   (452  bp  band).   Loss   of   the   floxed  Dock180   allele   in  NIC   tumors   is  

illustrated   by   the   absence   of   a   364   bp   band   in   tumor   lysates   from  Dock180wt/flx   and   Dock180flx/flx   :NIC  

mice.  c)  Western  blot   illustrating  complete   loss  of  Dock180  expression   in  Dock180flx/flx:NIC  mice.  d)  DAB  

staining  of  Dock180wt/wt  and  Dock180flx/flx  :NIC  tumor  sections  demonstrating  the  complete  loss  of  Dock180  

expression   within   the   epithelial   tumor   cells,   using   anti-‐Cre   antibody   (left   panel)   and   anti-‐Dock180  

antibody  (right  panel).    

  

  

Wild-‐type,   heterozygous   and   homozygous   Dock180:NIC  mice   all   developed  multifocal  

mammary   tumors   at   124,   125   and   132   days   of   age   respectively   (Figure   2.4a),   and   all  

display   characteristics   of   solid   adenocarcinomas   (Figure   2.4b),   in   agreement   with  

previous  studies  using  the  MMTV-‐NIC  mice  [69,  70,  77,  79].  Finally,  these  data  suggest  

that   the   loss   of   one   or   both   alleles   of   Dock180   has   no   impact   on   tumor   onset   and  

histological  properties  of  the  NIC  tumors.  
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Figure   2.4:   Dock180wt/flx:NIC   and   Dock180flx/flx:NIC   mice   display   the   same   tumor   onset   and   histological  

characteristics   as   MMTV-‐NIC   mice.   a)   Kaplan   Meier   analysis   of   tumor   onset   of   Dock180wt/wt:NIC,  

Dock180wt/flx:NIC   and  Dock180flx/flx:NIC   cohorts   (t=   124,   125,   132   days,   respectively).   b)  H&E   staining   of  

mammary  tumor  sections  of  each  genotype,  all  displaying  characteristics  of  solid  adenocarcinomas.  Scale  

bar  represent  10  µm.  

  

Dock180  is  not  required  for  tumor  initiation  and  multiplicity  but  contributes  

to  the  outgrowth  of  Neu-‐induced  tumors.  

  

Although   the   role   of   Dock180   in   breast   carcinoma   cell   invasion   has   been  

previously  documented  [272],  its  contribution  to  tumorigenesis  in  an  in  vivo  setting  has  

not  been  studied.  To  precisely  determine  tumor  onset  in  the  mice,  ultrasound  was  used  

for   a   group   from   each   genotype   (n=6,   9,   7   for   Dock180wt/wt:NIC;   Dock180wt/flx:NIC;  

Dock180flx/flx:NIC   mice,   respectively)   as   described   in   Materials   and   Methods   (Figure  

2.5a).  Contrary  to  the  standard  physical  palpation  of  tumors,  ultrasound  facilitates  the  

visualisation  of  mammary  intraepithelial  neoplasia  (MIN)  lesions  as  small  as  0.02  mm2  of  

diameter,  1  to  2  months  before  first  tumor  palpation  [275].  No  significant  difference  in  
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tumor  onset  using  this  technique  is  seen  between  the  genotypes,  although  a  small  delay  

is  noted  for  Dock180flx/flx:NIC  mice.  When  analysing  tumor  onset  by  physical  palpation,  

Dock180flx/flx:NIC   mouse   tumorigenesis   also   slightly   delayed,   although   this   difference  

was   not   significant   using   the   student   t-‐test   (Figure   2.5b).   The   number   of   palpable  

tumors   was   not   significantly   different   between   the   three   genotypes,   although  

Dock180flx/flx:NIC   mice   display   a   tendency   to   have   less   tumors   than   wild-‐type   and  

heterozygous   animals   (Figure   2.5c).   However,   the   number   of   MIN   lesions   in   the  

Dock180-‐null   mammary   tumors   is   about   2-‐fold   less   than   the   Dock180   wild-‐type   or  

heterozygous  mice,  analyzed  by  whole-‐mount  and  quantified  by  calculating  the  average  

MIN  lesions  of  both  inguinal  mammary  glands  at  necropsy  (Figure  2.5d  and  e).    Since  the  

role  of  Dock180   in   tumor  growth  has  not  been   studied  either   in   vitro   or   in   vivo,   total  

tumor   burden   in   Dock180wt/wt:NIC;   Dock180wt/flx:NIC;   Dock180flx/flx:NIC   mice   was  

quantified   by   both   mass   and   tumor   volume   at   necropsy.   Dock180wt/wt:NIC   animals  

exhibited   an   average   total   tumor   weight   of   1.74   g,   whereas   the   average   total   tumor  

weight   measured   in   Dock180wt/flx:NIC   and   Dock180flx/flx:NIC   was   1.89   g   and   0.86   g  

respectively  (Figure  2.5f).  This  decrease  in  Dock180-‐deficient  tumor  mass   is  significant.  

Moreover,  the  total  tumor  volume  is  significantly  lower  in  the  Dock180-‐null  NIC  mice  in  

comparison   to   the   wild-‐type   and   heterozygous   animals.   Dock180wt/wt:NIC   and  

Dock180wt/flx:NIC      mice   have   a   total   tumor   volume   of   1.9   and   2.3   cm3   respectively,  

whereas   the   Dock180flx/flx:NIC   has   a   total   tumor   volume   of   1.12   cm3   (Figure   2.5g).  

Collectively,   these  observations   suggest   that  Dock180   is   largely  dispensable   for   tumor  

initiation  and  multiplicity  but  contributes  to  tumor  growth.  
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Figure  2.5:  Dock180  is  not  required  for  tumor  initiation  and  multiplicity  but  contributes  to  tumor  growth.  a)  

Tumor  onset  for  Dock180wt/wt:NIC,  Dock180wt/flx:NIC  and  Dock180flx/flx:NIC  cohorts  measured  by  ultrasound  

technology   (t=  90,  89,  94  days,   respectively).  b)   Tumor  onset   in  Dock180wt/wt:NIC,  Dock180wt/flx:NIC  and  

Dock180flx/flx:NIC  mice  measured  by  physical   palpation   (t=   124,   125,   132  days,   respectively).   c)  Average  

number  of  palpable  tumors  at  necropsy  for  each  genotype.  d)  Whole-‐mounts  of  inguinal  mammary  glands  

of   Dock180wt/wt   and   Dock180flx/flx:NIC   mice.   e)   Average   number   of   MIN   lesions   per   mouse   for   each  

genotype.   f)   Tumor   growth   measured   by   total   tumor   weight   per   mouse   per   genotype   (n=19,   13,   9,  

respectively).  g)  Tumor  growth  measured  by  average  total  tumor  volume  per  mouse  per  genotype  (n=19,  

13,  9,  respectively).  All  p-‐values  were  calculated  using  one-‐way  ANOVA  (Bonferroni’s  multiple  comparison  

test).  *  p-‐value  <  0,05.  
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Reduced   proliferation   and   increased   apoptosis   in   Dock180-‐deficient   NIC  

tumors.  

  

To   dissect   the   mechanism   by   which   the   loss   of   Dock180   signaling   suppresses  

tumor   growth,   average   sized   tumors   (between   0.5   and   1   cm2   diameter)   from  

Dock180wt/wt:NIC,   Dock180wt/flx:NIC   (data   not   shown)   and   Dock180flx/flx:NIC   mice   were  

stained  with  anti-‐Ki67,  a  marker  of  proliferation,  and  anti-‐cleaved-‐Caspase  3,  a  marker  

of  apoptosis,  and  quantified  as  described   in  Materials  and  Methods   (Figure  2.6a).  The  

percentage   of   Ki67-‐positive   cells   of   mammary   tumors   is   significantly   lower   in  

Dock180flx/flx:NIC  mice  than  Dock180wt/wt:NIC  and  Dock180wt/flx:NIC  animals  (60,  62,  38%  

for   wild-‐type,   heterozygous   and   homozygous   Dock180:NIC   mice,   respectively;   Figure  

2.6b).   Moreover,   the   Dock180flx/flx:NIC   mice   had   significantly   more   cells   undergoing  

apoptosis,   about   2.3%,   compare   to   wild-‐type,   0.5%,   and   heterozygous,   0.3%   (Figure  

2.6c).   Taken   together,   the   loss   of   Dock180   has   a   negative   effect   on   proliferation   and  

facilitates  apoptosis,  which  is  reflected  by  smaller  tumors  at  necropsy.    
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Figure  2.6:  Dock180-‐deficient  NIC   tumors  present   reduced  proliferation  and   increased  apoptosis.   a)  DAB  

staining   of  mammary   tumor   sections   from  Dock180wt/wt:NIC   and  Dock180flx/flx:NIC  mice,   using   antibody  

against   Ki67   (top  panel)   and   cleaved-‐Caspase  3   (bottom  panel).   b)   Percentage  of   Ki67-‐positive   cells   for  

each   genotype.   c)   Percentage   of   cleaved-‐Caspase   3-‐positive   cells   for   each   genotype.   All   p-‐values  were  

calculated  using  one-‐way  ANOVA  (Bonferroni’s  multiple  comparison  test).  *  p-‐value  <  0,05.  

  

Dock180  is  critical  to  establish  metastases  to  lungs  in  MMTV-‐NIC  mice.  

  

Next,  we  assessed  the  role  of  Dock180  in  metastases  development  in  the  MMTV-‐

NIC  mouse  model.  As  previously  described,  MMTV-‐NIC  mice  display  metastatic   lesions  

to   lungs,  with   an   approximately   60-‐67%   penetrance   [69,   70,   77,   79].   In   our  mice,   no  

difference   is   seen   in   the   penetrance   of   the   metastatic   lesions   to   lungs   between   the  

three   genotypes   (53%,   54%   and   56%   for   Dock180wt/wt:NIC;   Dock180wt/flx:NIC;  

Dock180flx/flx:NIC  mice,   respectively;  Figure  2.7a).  Strikingly,  Dock180flx/flx:NIC  mice  only  

developed   an   average   of   3   metastatic   lung   lesions   per   animals,   whereas   the  
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Dock180wt/wt:NIC   and      Dock180wt/flx:NIC   mice   exhibit   metastases   to   lungs   with   an  

average  of  22  and  18  lesions  per  mouse,  respectively  (Figure  2.7b).  This  7-‐fold  reduction  

in  lung  metastases  is  highly  significant  (p<0.02)  and  strongly  suggests  that  Dock180  is  a  

key  player  in  metastases  development  downstream  of  ErbB2.  

  

  

Figure  2.7:  The  loss  of  Dock180  in  NIC  tumors  dramatically  decreases  the  number  of  metastases  to  lungs.  

a)   Percentage   of   Dock180wt/wt:NIC,   Dock180wt/flx:NIC   and   Dock180flx/flx:NIC  mice   harboring   one   or  more  

metastases   to   lungs   (n=   17,   11,   9,   respectively).   b)   Average   number   of   metastatic   lung   lesions   per  

metastases-‐positive  animals  for  each  genotype  (n=  9,  6,  5,  respectively).  p-‐value  was  calculated  using  one-‐

way  ANOVA  (Bonferroni’s  multiple  comparison  test).  *  p-‐value  <  0,05.  

  

Dock180  is  highly  expressed  at  tumor  periphery  and  invasive  fronts  of  NIC  

tumors.    

  

Since   Dock180   is   a   specific   GEF   for   the   Rac   GTPase,   we   next   wanted   to  

investigate   if   the   loss   of   Dock180   in   mammary   tumors   would   reduce   the   invasive  

property   of   ErbB2-‐overexpressing  breast   cancer.   To   address   this   question,  we   stained  

mammary   tumors   sections   from   mice   of   each   genotype   (Dock180wt/wt:NIC;  

Dock180wt/flx:NIC  (data  not  shown);  Dock180flx/flx:NIC)  with  an  antibody  against  Dock180  
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and   investigated   its   overall   expression   level   in   tumors   (Figure   2.8a).   Interestingly,   we  

observed   a   high   level   of   Dock180   expression   at   the   tumor   periphery   and   at   invasive  

fronts,   whereas   the   center   of   tumors   had   low   Dock180   expression.  Moreover,   single  

(data   not   shown)   and   collective   cells   invading   the   surrounding   stroma   typically   highly  

expressed  Dock180   (Figure  2.8b).  These  cells  were  confirmed   to  be   tumor  cells  by  co-‐

staining  of  Dock180  and  EpCAM,  an  epithelial  tumor  cell  marker  (Figure  2.8b).    

  

The   localized   Dock180   expression   level   at   invasive   areas   correlates   with  

disruption  of  basement  membrane  and  increase  of  invasive  cells.  

  

After  examining  Dock180  expression  at  the  tumor  periphery  and  invasive  fronts,  

we   next   evaluated   whether   this   increase   in   local   cell   invasion   could   be   explained   by  

differential   ability   to   digest   the   basement   membrane   of   tumors.   First,   when   we  

quantified  the  average  number  of  invading  cells  within  a  specific  stroma  area  (described  

in   Materials   and   Methods)   of   Dock180wt/wt:NIC   and   Dock180flx/flx:NIC   mice,   a   5-‐fold  

reduction  in  the  number  of  invading  cells  of  the  Dock180-‐null  mammary  tumors  is  seen  

(Figure   2.8b   and   c).   Consistent   with   these   results,   the   quantification   of   the   loss   of  

basement   membrane   (described   in   Materials   and   Methods)   in   Dock180wt/wt:NIC   and  

Dock180flx/flx:NIC  mice,  uncovered  by  pan-‐laminin  antibody  staining,  demonstrated  that  

the   loss   of   Dock180   in   mammary   tumors   diminishes   the   disruption   of   the   basement  

membrane  (Figure  2.8d  and  e).  All  together,  these  data  suggest  that  Dock180  expression  

correlates   with   the   pro-‐invasive   characteristic   of   ErbB2-‐driven   tumors   facilitating  

basement  membrane  disruption  and  tumor  cells  invasion  into  the  surrounding  stroma.  
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Figure  2.8:  Dock180   is   important   for   the   invasive  phenotype  of  ErbB2-‐driven   tumors.  a)  Dock180   is  highly  expressed  at   tumor  periphery  and   invasive   fronts  
(depicted   by   surrounded   area   in  white   line,   top  middle   panel)   shown   by   immunofluoresence   staining   against   Dock180.   b)   Immunofluoresence   staining   of  
mammary  tumor  sections  representing  collective  invasive  tumor  cells  of  Dock180wt/wt:NIC  mice  (top  panel)  expressing  both  Dock180  and  EpCAM,  whereas  no  
invasive  cells  is  seen  in  Dock180flx/flx:NIC  (bottom  panel).  c)  Quantification  of  the  number  of  invasive  tumor  cells  for  each  genotype  (n=4  for  each  genotype).  d)  
Immunofluorescence  staining  of  mammary  tumor  sections  representing  the  surrounding  basement  membrane  of  the  tumor  stained  with  pan-‐laminin  antibody  
and  tumor  cells  with  an  antibody  against  EpCAM.  Dock180wt/wt:NIC  mice  shows  disruption  of  basement  membrane   (depicted  by   the  dashed  white   line,   top  
panel),  whereas  Dock180flx/flx:NIC  basement  membrane  remains  undisrupted.  e)  Quantification  of  the  loss  of  basement  membrane  for  each  genotype  (n=  4  for  
each  genotype).  All  pictures  were  taken  at  100x  magnification,  except  a)   in  40x  magnification.  Nuclei  are  stained  with  Hoescht.  All  p-‐values  were  calculated  
using  Student  t-‐test  (unpaired,  Welch’s  correction,  two-‐tailed).  *  p-‐value  <  0,05.  ***  p-‐value  <  0,0001.    
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pSTAT3  might  play  a  role  in  increasing  tumor  cell  invasiveness  downstream  

of  Dock180  in  NIC-‐positive  tumors.  

  

Because  STAT3  is  regulated  in  part  by  Rac  and  is  emerging  as  a  key  regulator  of  

ErbB2-‐induced  metastasis,  we  investigated  whether  the  activation  level  of  STAT3  would  

be   altered   in   Dock180-‐null/ErbB2-‐overexpressing   mammary   tumors.   Interestingly,   as  

demonstrated   by   immonofluorescence   staining   of   frozen   tumor   sections   using   an  

antibody  against  Dock180  and  pSTAT3,   activated  STAT3   is   seen  within   cells   located  at  

the   tip   of   invasive   fronts,   whereas   in   the   Dock180flx/flx:NIC   tumors,   no   expression   of  

pSTAT3   is   seen   either   at   the   center   or   the   periphery   of   the   tumors   (Figure   2.9).   This  

suggest  that  STAT3  might  be  activated  downstream  of  Dock180  to  promote  tumor  cell  

invasion.    

  

Figure   2.9:   Dock180   and   pSTAT3   are   co-‐expressed   at   invasive   areas   of   NIC   mammary   tumors.  

Immunofluoresence   staining   of   tumor   sections   from  Dock180wt/wt:NIC   (top   panel)   and   Dock180flx/flx:NIC  

(bottom  panel)  mice,  using  both  antibody  against  Dock180  and  pSTAT3.  Dock180   is  highly  expressed  at  

the   invasive   front   (top   panel),   along   with   elevated   levels   of   pSTAT3   at   the   tip   of   the   invasive   front.  

Conversely,   no   pSTAT3   is   seen   in   Dock180flx/flx:NIC   tumor   sections   (n=3   for   each   genotype).   Nuclei   are  

stained  with  Hoescht.  



  71  

MATERIALS  AND  METHODS  

  

Generation  of  CKO  Dock180  mouse  

The  three  arms  of  homology  to  construct  the  Dock180  CKO  strategy  were  generated  by  

PCR   from   C57Bl/6   BAC   clones   containing   the   Dock180   locus.   All   arms   were   fully  

sequenced   to   ensure   their   integrity   before   being   sequentially   inserted   into  

PGKNeoF2L2DTA   vector   using   different   restriction   enzymes.   The   construct   was  

linearized  by  a  NotI  site  and  electroporated  in  C57Bl/6  embryonic  stem  cells  (ES).  After  

screening  G418-‐resistant  colonies  by  Southern  blot  analysis,  G418-‐resistant  clones  were  

electroporated  with  an  expression  vector  of  FLP  to  remove  the  PGK-‐Neo  cassette,  and  

subsequently  screened  by  Southern  blot  for  positive-‐FLP  recombined  clones.  The  final  ES  

cells   were   injected   into   129/SV   blastocysts.   Both   electroporation   and   blastocyst  

injection   steps   were   done   with   the   support   of   Aurora   Burd   and   the   “Cell   Migration  

Consortium”.   The   chimeras   were   identified   on   the   basis   of   coat   color   and   were  

interbred   with   129/SV  mice.   Finally,   the  mice   were   backcrossed   6   times   in   a   FVB/NJ  

background.   The   genotype   of   the   mice   was   determined   by   Southern   blot   and   PCR  

analysis  on  tail  DNA.    

  

Transgenic  mice,  genotyping  and  tumorigenesis  studies  

Generation   of   MMTV-‐CRE   and   MMTV-‐NIC   transgenic   mice   has   been   previously  

characterized  in  [67,  74,  77].  Since  the  MMTV  promoter   is  affected  by  strains,  all  mice  

strain  were  backcrossed  for  6  rounds  to  FVB/N  background.  Genotyping  of  conditional  

Dock180  and   transgenic  MMTV-‐CRE  and  –NIC  mice  was  determined  by  PCR  as   follow:  

Cre-‐forward:  5 -‐GCTTCTGTCCGTTTGCCG-‐3’;  reverse:  5 -‐ACTGTGTCCAGACCAGGC-‐3’;  Neu-‐

forward:   5 -‐TTCCGGAACCCACATCAGGCC-‐3’;   reverse:   5 -‐GTTTCCTGCAGCAGCCTACGC-‐3’.  

Virgin  females  carrying  the  ErbB2  oncogene  were  monitored  for  tumor  onset  by  weekly  

palpation   and   ultrasound   technology   using   the   Vevo770   (VisualSonics).   Tumor  
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dimensions   were   measured   using   a   ruler.   Tumor   volume   was   calculated   as   length   x  

width2   x   0.52   [276].   Mice   were   euthanized   5   weeks   after   first   palpation.   All   animal  

studies  were  approved  by  and  housed  in  the  animal  facility  of  the  Institut  de  recherches  

cliniques   de  Montréal   (IRCM)   and   all   experiments  were   done   in   accordance  with   the  

animal  care  guidelines  of  the  IRCM.  

  

Antibodies    

Antibodies  used  for  DAB  staining  include  goat  anti-‐Dock180  C-‐19  (Sc-‐6167;  Santa  Cruz),  

rabbit   anti-‐Cre   (PRB106C;   Covance),   rabbit   anti-‐Ki67   (275R-‐15),   rabbit   anti-‐cleaved-‐

caspase3   (9661S;   Cell   Signaling),   biotinylated   anti-‐rabbit   (BA1000;   Vector   Labs),  

biotinylated   anti-‐goat   (BA9200;   Vector   Labs)   and   Streptavidin-‐HRP   (554066;   BD  

Pharmigen).  Antibodies  used   for  biochemical  analysis   include   rabbit  anti-‐Dock180  H70  

(Sc-‐5625;  Santa  Cruz),  mouse  anti-‐Tubulin  (T5168;  Sigma)  and  rabbit  anti-‐pSTAT3  Tyr705  

(9145;   Cell   Signaling).   Antibodies   used   for   immunofluorence   staining   include   anti-‐

Dock180   C-‐19   (Sc-‐6167;   Santa   Cruz),   rat   anti-‐EpCAM   (552370;   BD   Pharmigen),   rabbit  

anti-‐pSTAT3   Tyr705   (9145;   Cell   Signaling),   anti-‐pan-‐laminin   DyLight649   (NB300-‐144C;  

Novus),   chicken   anti-‐rabbit   Alexa488   (A21441;   Invitrogen),   donkey   anti-‐goat   Alexa568  

(A11057;   Invitrogen),   chicken   anti-‐rat488   (A21470;   Invitrogen)   and   Hoescht   (33342;  

Invitrogen).  

  

Immunohistochemical  and  immunofluorescence  analysis    

Tumors  with   adjacent  mammary   tissue   from  necropsied  mice  were  either   fixed   in   4%  

PFA  and  embedded  in  paraffin  or  frozen  in  OTC.  Embedded  tumors  were  sectioned  at  5  

µm  for  histological  purposes.  Lungs  were  fixed  in  4%  PFA,  paraffin-‐embedded,  sectioned  

at  5  µm  every  50  µm  and  stained  by  H&E  to  examine  metastasis  lesions  on  microscope.  

For   DAB   staining,   paraffin   sections   were   deparaffinized   in   2   changes   of   xylene   and  

dehydrated.  Sections  were  heated   in  10  mM  sodium  citrate  (pH  6)  for  30  min  at  98oC,  
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followed   by   incubation   in   3%  H2O2   for   10  min.   Samples  were   permeabilized  with   IHC  

buffer   (0.5%   Triton-‐X100/0.02%  Tween-‐20   in   PBS)   for   10  min   at   RT,   blocked  with   IHC  

buffer/1%  BSA  for  1  hour  at  RT,  incubated  with  primary  antibody  in  IHC  buffer/1%  BSA  

O/N   at   4oC,   washed   with   IHC   buffer,   incubated   with   biotinylated   antibody   in   IHC  

buffer/1%  BSA   for  1  hour  at  RT,  washed  with   IHC  buffer,   incubated  with  Streptavidin-‐

HRP-‐coupled   antibody   in   IHC   buffer/1%   BSA   for   1   hour   at   RT,   washed   with   PBS,  

visualized  with  DAB  Vector  kit  and  counterstained  with  hematoxylin  Mayers  for  20  sec.  

For   immunofluoresecnce   staining,   OCT-‐sections   were   fixed   in   4%   PFA   for   10   min,  

washed   with   PBS,   permeabilized   with   IHC   buffer   for   10   min   at   RT,   blocked   with   IHC  

buffer/1%  BSA  for  1  hour  at  RT,  incubated  with  primary  antibody  in  IHC  buffer/1%  BSA  

O/N   at   4oC,   washed   with   IHC   buffer,   incubated   with   Alexa-‐conjugated   secondary  

antibody  in  IHC  buffer/1%  BSA  for  1  hour  at  RT,  washed  with  IHC  buffer,  nuclei  stained  

with  Hoescht  for  1  min  at  RT,  washed  with  PBS  and  mounted  with  mowiol.    

  

Immunoblotting  

Mammary   tumors   were   excised   at   necropsy,   either   used   freshly   or   kept   in   liquid  

nitrogen.  Small  pieces  of  tumors  were  minced  with  a  razor  blade  in  a  petri  dish  before  

lysis  in  1  ml  of  cold  NP-‐40  buffer  (150  mM  NaCl,  pH  7.5  and  Tris  50mM  1%  NP-‐40)  and  

sonicated  (twice,  20  sec).  Cellular  debris  were  separated  by  centrifugation  (14000  rpm,  

20   min,   4°C).   The   supernatant   obtained   is   the   total   tumor   lysate.   The   protein  

concentration  in  tumor  lysates  was  quantified  using  the  Bradford  assay  (500-‐0206;  Bio-‐

Rad).  50  µg  of  total  tumor  lysate  was  run  on  SDS-‐PAGE  gels  and  transferred  onto  PVDF  

membranes.    

  

Whole-‐mount  analysis  

Mammary   gland   no.   4   and   9   were   fixed   in   4%   PFA,   delipidated   in   two   changes   of  

acetone  and  stained  with  carmine  red  O/N  at  4oC.  Tissues  were  rehydrated,  cleared  in  
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xylene   and   mounted   in   permount   (Fisher).   Average   of   both   mammary   glands   was  

calculated  for  the  number  of  neoplastic  lesions.  

  

Quantification  of  invading  cells  and  loss  of  basement  membrane  

The  quantification  of  invading  cells  was  calculated  by  the  ratio  of  the  number  of  tumor  

cells  (labeled  by  a  EpCAM  antibody)  migrating  into  the  healthy  stroma  in  a  given  area.  In  

order   to   better   distinguish   the   tumor   cells   that   are   escaping   the   primary   tumor   site,  

frozen   tumor   with   adjacent   mammary   gland   sections   were   co-‐labeled   with   a   pan-‐

laminin  antibody.  The  stromal  area  was  delimited  and  calculated  using  Northern  Eclipse.  

The  same  stained  sections  were  used  to  measure  the  loss  of  basement  membrane.  Each  

area   with   loss   of   basement   membrane   surrounding   the   tumor   was   measured   using  

Northern  Eclipse,  and  subsequently  divided  by  its  circumference.  

  

Ultrasound  imaging  

Sixty  day-‐old  mice  were  anesthetized  by   inhalation  of   isoflurane  and  fur  was  removed  

using   a   mild   depilatory   cream.   A   55   MHz   transducer   was   used   for   mammary   gland  

imaging.  A  warm  water  based  ultrasonic  gel  (Parker  Laboratories)  was  applied  between  

the   imaging   probe   transducer   and   the   mouse   skin.   All   10   mammary   glands   were  

subjected  to  ultrasound  imaging  using  the  Vevo  770  High-‐Resolution  Imaging  System  for  

small   animal   ultrasound   (VisualSonics).   Orientation   of   the   mammary   glands   on  

ultrasound  was  accomplished  by  visualizing  the  lymph  node,  which  is  less  echogenic  and  

appears   as   a   black   hole   surrounded   by   echogenic   mammary   gland   tissue.   Mammary  

preneoplastic   lesions   were   measured   with   the   Vevo770   software.   The   age   at   first  

preneoplastic   lesion  detection  (with  a  diameter  of   less  than  0.04mm2)  was  assigned  as  

the  time  of  tumor  onset.  

  



  75  

Microscopy  

Whole-‐mounts   were   visualized   using   Leica   MZ9.5.   Immunofluorescence   staining   was  

visualized   using   Leica   Leitz   DMRB.   DAB   and   H&E   staining   were   visualized   using   Zeiss  

Axiophot.  

  

Statistical  analysis  

Kaplan-‐Meier   curves   were   analyzed   using   Prism   4   (Graph-‐Pad   Software).   All   other  

graphs   were   done   with   Prism   4   and   p-‐value   calculated   using   one-‐way   ANOVA  

(Bonferroni’s   multiple   comparison   test),   except   Figure   2.8   which   used   Student   t-‐test  

(unpaired,  Welchs’  correction,   two-‐tailed).  Proliferation  and  apoptosis  were  quantified  

by   calculating   the   average   percentage   of   positive   nuclei   relative   to   total   nuclei   (4  

random   fields   of   4   independent   tumors   with   adjacent   mammary   gland   samples   per  

genotype;  20x  magnification)  and  analyzed  using  MATLAB.  A  p-‐value  of   less   than  0.05  

was  considered  significant.  All  error  bars  on  graphics  represent  the  SEM.  
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Chapter  3  

Discussion  and  summary  
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DISCUSSION  

  

In   our   study,   we   uncovered   a   novel   role   for   Dock180   in   ErbB2-‐induced  

tumorigenesis  and  metastasis  in  vivo.  We  found  that  Dock180  is  not  essential  for  tumor  

initiation   and   multiplicity.   However,   we   noted   that   Dock180   is   required   for   tumor  

growth  and  this  phenotype  can  be  explained  by  decreased  proliferation  and   increased  

cell   death   in   tumors   lacking   Dock180.   Strikingly,   the   loss   of   Dock180   in   ErbB2-‐

overexpressing   breast   tumors   dramatically   decreases   the   number   of   metastatic   lung  

lesions.   Importantly,   this   inefficiency   in   metastasis   correlates   with   a   weak   invasive  

phenotype  at  primary  tumor  sites.  In  fact,  high  levels  of  Dock180  expression  are  seen  at  

the  tumor  periphery  and   invasive   fronts.  Moreover,  Dock180-‐deficient   tumors  present  

less   invasive   cells   in   the   surrounding   stroma   and   less   damage   to   their   basement  

membranes.  Our  data  also  suggest  that  this  cellular  invasion  may  be  in  part  mediated  by  

STAT3   downstream   of   Dock180   since   pSTAT3   is   localized   at   invasive   fronts   of   WT  

mammary   tumors   but   totally   absent   in   Dock180-‐null   tumors.   This   would   represent   a  

novel  Dock180-‐STAT3  pro-‐invasive  signaling  axis  downstream  ErbB2.    

  

  

Dock180  is  not  required  for  ErbB2-‐induced  tumor  initiation  and  multiplicity  

but  is  important  for  tumor  growth.  

  

When   analyzing   tumor   progression   in   a   bigenic   in   vivo   model,   many   aspects  

should  be  considered.  The  kinetics  of  tumor  appearance  (either  shortened  or  delayed),  

the  multiplicity   (having  one  or  more   tumors),   tumor  growth   (reflected  by   tumor  mass  

and   size)   and   the   differentiation   state   of   the   tumors   are   variables   that   define   the  

aggressiveness  of   the  tumors.   Importantly,   these  tumor  characteristics  are  believed  to  

be   controlled  by   specific   signaling   pathways.   This  will   in   turn,   lead   to   a  wide   array   of  
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cellular  responses   like  proliferation,  survival,  apoptosis,  migration,   invasion,  etc.   In  the  

activated  Neu-‐driven   tumorigenesis  model,  we   find   that   Dock180   is   not   implicated   in  

tumor  initiation  and  multiplicity  but  instead  appears  to  affect  tumor  growth.    

  

To   our   knowledge,   measuring   mouse   mammary   tumor   onset   with   the   use   of   the  

ultrasound   imaging   has   not   been   tested   in   a   ErbB2-‐based   model.   One   publication  

pointed  out   that   ultrasound   technology   could   be   a   powerful   tool   to   precisely   identify  

the   appearance   of   mammary   intraepithelial   neoplasia   (MIN)   lesions   and   monitoring  

their  progression  into  potentially  malignant  tumors  [275].  Also,  this  imaging  technology  

would   permit   the   monitoring   of   tumor   regression,   either   at   the   onset   of   cancer  

progression  or   following  anti-‐cancer   treatment.  This   latter  event  has  been  reported   in  

human   breast   cancer   but   no   experiments   allow   the   real-‐time   following   of   a   mouse  

mammary   tumor   in   its   physiological   context.   Here,   the   rationale   of   using   ultrasound  

live-‐imaging  was  to  determine  the  exact  time  of  tumor  onset.  By  monitoring  our  three  

groups  of  mice  (starting  at  60  days  of  age),  no  significant  difference  has  been  observed,  

although  Dock180flx/flx:NIC  mice  display   a  mild  delay   in  MIN   lesion  onset.   Importantly,  

tumor   onset   can   vary   by   up   to   40   days   within   the   same   cohort,   suggesting   that   the  

technique  itself  may  be  at  the  origin  of  this  variability.  In  fact,  since  the  MIN  lesions  are  

very   small,   their   detection   could   be  missed   during   this   form  of  monitoring.   However,  

ultrasound   live-‐imaging   can   be   a   useful   tool   to  measure   tumor   initiation,   progression  

and   regression,   applicable   in   models   other   than   breast   tumorigenesis.   All   soft   tissue  

tumors   such   as   prostate,   pancreatic   and   hepatocellular   carcinoma   can   be   visualized  

whether   they   are   subcutaneous   or   orthotopic.   As   a   non-‐invasive   system,   ultrasound  

imaging   not   only   allows   for   the   detection   of   pre-‐palpable   tumors,   but   also   permits  

longitudinal  studies  that  monitor  the  progression  and  regression  of  disease  in  the  same  

animal  over  time.  A  good  hands-‐on  experience  of  this  technique  will  open  a  new  area  of  

tumorigenesis  studies.  
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Second,  initiation  of  mammary  tumors  is  commonly  monitored  by  physical  palpation.  In  

our  study,  the  loss  of  Dock180  has  not  impaired  tumor  onset,  although  a  slight  delay  in  

the   appearance   of   the   first   solid   tumors   is   observed.   This   indicates   that   Dock180   is  

largely   dispensable   for  mammary   tumor   initiation.  Moreover,  we   found   that  Dock180  

does   not   contribute   to   the   induction   of  multiple  mammary   tumors   and  we   base   this  

conclusion  on   the  observation   that   there   is  no  significant  decrease   in  number  of   solid  

nodules  at  necropsy,  although  the  number  of  MIN  lesions  in  the  Dock180-‐null  mammary  

epithelium   is   significantly   decreased.  What   is   really   striking   is   that   the   growth   of   NIC  

tumors  is  impaired  in  the  absence  of  Dock180,  as  seen  in  total  tumor  mass  and  volume.  

In  fact,  we  noted  that  Dock180  plays  a  role  in  cell  proliferation  and  apoptosis,  depicted  

by   a   lower   number   of   Ki67-‐positive   tumor   cells   and   an   increased   number   of   cleaved-‐

caspase  3-‐positive  tumor  cells  in  averaged  size  Dock180-‐null  tumors.  This  reveals  a  new  

role   for   Dock180   in   tumor-‐induced   cell   proliferation   and   apoptosis   downstream   of  

ErbB2.   In   fact,   its   implication   in   apoptosis   had   been   revealed   previously   in   our  

laboratory,   where   Dock-‐null   embryo   display   a   significant   increase   in   the   number   of  

apoptotic  cells  within  the  intercostal  muscles  [269].  Additionally,  Dock180  was  found  to  

play   a   crucial   role   in   clearance   of   apoptotic   cells   in   C.   elegans   [256].   This   could   be  

another  explanation  for  the  increase  of  apoptotic  cells  seen  in  our  Dock180-‐null  tumors,  

which  could  be   the  result  of  an  accumulation  of  uncleared  apoptotic   cells.  To  confirm  

these  in  vivo  data,  it  would  be  interesting  to  look  at  cell  proliferation  and  apoptosis  in  an  

ex  vivo  context.  As  previously  demonstrated,   4-‐integrin  signalling  is  required  for  ErbB2-‐

induced  epithelial  hyperproliferation  in  a  3D  Matrigel  of  ex  vivo  explants  [166].  Such  an  

assay  could  be  exploited  to  determine  the  implication  of  Dock180  downstream  of  ErbB2  

in  cell  proliferation  and  apoptosis.    

  

Overall,   Dock180   seems   to   have   a  minor   role   in   tumor   initiation   and  multiplicity   but  

contributes   to   tumor   growth   by   maintaining   proliferation   and   preventing   apoptosis.  

Although  we  did  not  anticipate  any  effect  resulting  from  the  loss  of  Dock180  in  ErbB2-‐

induced   tumor  onset,  we  were   surprised   to   observe   a   phenotype   in  proliferation   and  
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apoptosis  of  Dock180flx/flx:NIC  mice.  This  observation  might  underlie   the   implication  of  

JNK,   which   has   been   previously   known   to   act   on   proliferation   of   tumors   cells  

downstream   ErbB2.  Moreover,   Dock180   can   activate   JNK   via   the   Rac   GTPase   in   vitro  

[274],   suggesting   that   this   Dock180-‐JNK   signaling   axis   may   be   implicated   in   tumor  

proliferation  in  a  ErbB2-‐dependent  manner.  

  

On   the   other   hand,   the  minor   phenotype   seen   in   tumorigenesis   studies  may   suggest  

another  player  that  is  known  to  compensate  for  the  loss  of  Dock180  in  vivo.  Silencing  of  

its   closely   related   GEF  member,   Dock5,   has   been   shown   to   robustly   impair  myoblast  

fusion   in   a   Dock180-‐heterozygous   background   [269].   Additionally,   interfering   with  

Dock1   and   Dock5   in   zebrafish   abrogates   myoblast   fusion   [277].   The   two   Dock180-‐

related  family  members  display  a  high  degree  of  conserved  regions.  In  order  to  analyze  

whether  Dock5  could  compensate  for  the  loss  of  Dock180  in  the  mammary  epithelium,  

it  would  be  interesting  to  intercross  our  CKO  Dock180  mice  with  Dock5  gene  trap  mice,  

generated  previously  in  our  laboratory  [269],  and  re-‐evaluate  tumorigenesis  progression  

as   done   in   my   thesis.   However,   tumor   initiation   and   multiplicity   might   be   regulated  

totally   independently   of   Dock180.   Deeper   investigation   of   these   processes   would   be  

required  to  rule  out  the  implication  of  Dock5.  

  

To   identify   molecular   mechanisms   regulated   by   Dock180   in   ErbB2-‐induced  

tumorigenesis,  a  valuable  approach  would  be  to  culture  primary  tumor  cells  from  both  

Dock180wt/wt:NIC   and   Dock180flx/flx:NIC   mice   and   perform   biochemical   assays.   As  

mentioned   previously,   4-‐integrin   amplifies   ErbB2-‐driven   tumorigenesis   and   invasion  

via   the   Src   kinase   that   link   both   receptors   [166].   Following   Src   activation,   c-‐Jun/c-‐JNK  

are  targeted  to  promote  proliferation  whereas  pSTAT3  induce  cell  invasion  by  disrupting  

epithelial  adhesions.  Because  activation  of  STAT3  by  the  Rac  GTPase  has  been  reported  

in   several   studies   [278-‐280],   it  would  be   interesting   to  determine   if  Dock180   is  at   the  

center  of  this  pro-‐invasive  signaling  cascade.  
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In   our   tumorigenesis   studies,   heterozygous   Dock180:NIC   mice   demonstrated   no  

intermediate   phenotype,   suggesting   that   Dock180   signaling   is   haplosufficient   for  

mammary  tumor  onset,  multiplicity  and  growth.    

  

Dock180   is   a  major  player   in   ErbB2-‐mediated  development  of  metastases  

to  lungs.  

  

   Dock180  is  a  major  player  in  cell  migration  and  has  been  linked  to  invasion  in  an  

aggressive   breast   cancer   cell   line   in   the   context   of   1-‐integrin   engagement   [272].  

Crosstalk   between   integrins   and   ErbB2   receptors   is   known   to   impact   mammary  

tumorigenesis  and  metastasis  in  in  vitro  and  in  vivo  models.  A  recent  publication  on  this  

topic  demonstrated   that   the   loss  of   1-‐integrin   in   the  MMTV-‐NIC  mice   impairs   tumor  

growth  and  metastasis,  and  these  tumors  exhibit  a  dramatic  reduction   in  activation  of  

Src,  FAK,  p130Cas  and  paxillin  [281].    

  

In  our  study,  we  identified  a  novel  role  for  Dock180  in  ErbB2-‐driven  metastasis  to  lungs.  

Moreover,  the  metastatic  lung  lesions  in  the  Dock180flx/flx:NIC  mice  seem  to  be  smaller  

than  those  from  the  Dock180wt/wt:NIC  mice,  although  this  has  not  yet  been  quantified.  

While  this  inefficient  metastasis  in  Dock180-‐deleted  tumor  cells  is  in  agreement  with  the  

initial   hypothesis   of   this   thesis,   this   phenotype   can   be   the   endpoint   of   several   cell  

behaviour  defects  such  as:  1-‐  penetration  into  the  vasculature  surrounding  the  primary  

tumor  2-‐  survival  in  the  blood  stream  and  3-‐  cell  adhesion  in  the  lungs.    

  

To   decipher   the   cause   of   this   phenotype,   three   separate   experiments   should   be  

conducted.   To   identify   whether   the   reduction   of   metastatic   lung   lesions   in  

Dock180flx/flx:NIC  mice   is   due   to   a   defect   in   entering   the  blood   vasculature   at   primary  

tumor   sites,   intravital   studies   could   be   used   to   monitor   this   event.   In   fact,   injected  

labeled-‐metastatic  mammary  tumor  cells  can  be  observed  while  they  orient  themselves  

towards   blood   vessels,   thus   revealing   different   cell   invasive   behavior   (reviewed   in  
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[282]).   This   experiment   would   allow   us   to   confirm   whether   the   loss   of   Dock180   in  

mammary  tumor  cells  affects  the  intrinsic  ability  of  intravasating.    

  

Second,  one  novel  and  potentially  exciting  method  to  evaluate  the  survival  potential  of  

Dock180  wild-‐type  versus  Dock180-‐deleted  explanted  mammary  tumor  cells  within  the  

blood  circulation  is  by  using   in  vivo  flow  cytometry  [283].  This  technique  allows  for  the  

real-‐time   detection   and   quantification   of   circulating   fluorescently   labeled   cells   in   live  

animals.  A  signal  from  a  cell  population  of  interest  is  recorded  as  the  cells  pass  through  

narrow  blood  vessels  and  enable  tumor  cells  to  be  studied  in  transit  in  the  blood.  This  in  

vivo   flow   cytometry   assay   could   reveal   the   capability   of   Dock180-‐null   tumor   cells   to  

survive  in  the  blood  circulation  before  colonizing  the  lungs.  

  

Finally,  another  experiment  would  be  to  inject  explanted  primary  tumor  cells  from  both  

wild-‐type  and  Dock180-‐deficient  NIC  animals  into  the  tail  vein  of  immunodeficient  mice.  

This  would   first   confirm   the  phenotype  we  see   in  our  mouse  model,   and  also  directly  

assess   the   intrinsic   capability   of   tumor   cells   to   colonize   the   lungs   (extravasation),  

without  having  a   selective  pressure   from   the   tumor  microenvironment.   In   fact,   tumor  

environment  may  influence  the  metastatic  capability  of  malignant  cells  due  to  external  

factors,   such  as   the  presence  of   cytokines  or   a  highly   vascularised   stroma.   In  parallel,  

ectopic   introduction  of  Dock180   in  Dock180-‐null   explanted   tumor   cells  would   confirm  

that   the   reduction   in   metastases   to   lungs   is   Dock180-‐dependent   by   rescuing   the  

phenotype.   We   could   also   use   a   GFP-‐labeling   system   to   easily   monitor   tumor   cell  

adhesion,   extravasation   and   colonization   by   visualising   GFP-‐positive  metastatic   tumor  

cells  under  a   fluorescence  microscope  shortly  after  tail-‐vein   injection.  This  assay  could  

illustrate  that  the  reduction  in  the  number  of  metastases  in  Dock180flx/flx:NIC  mice  is  due  

to  a  problem  of  extravasation.  Since  the  Dock180-‐deficient  mice  show  reduced  primary  

tumor  size,  it  would  be  important  to  clarify  whether  decreased  number  of  metastases  in  

this  genotype   is  the  result  of  smaller  primary  tumors.  Tail-‐vein   injection  would  give  an  

indication   on   the   inerrant   behavior   of   Dock180-‐deficient   tumor   cells   to   colonize   the  
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lungs,   discarding   other   factors   such   as   primary   tumor   growth.   All   together,   tail   vein  

injection  of  GFP-‐positive  tumor  cells,  in  vivo  flow  cytometry  and  intravital  studies  could  

identify  in  which  step(s)  of  metastasis  development  Dock180  is  implicated  in.  

  

In   the   case   that   the   intravasion,   extravasion   and   colonization   being   normal,   a   likely  

possibility   to   the   reduced  number  of  metastases   to   lungs   in  Dock180-‐deficient  mice   is  

the  result  of  outgrowth  impairment  at  the  site  of  metastasis.  This  would  explain  why  the  

penetrance   of   this   phenotype   is   equivalent   between   each   cohort.   A   straightforward  

experience  would  be  to  measure  proliferation  and  apoptosis  rate  by  IHC  using  Ki67  and  

activated  Caspase-‐3  antibodies  on   lung  sections  of     each  genotype.  Because  Dock180-‐

deleted   primary   tumors   show   reduced   proliferation   and   increased   apoptosis,   this  

observation  might  be  reflected  in  their  metastases  as  well.  

  

To  confirm  the  importance  of  STAT3  downstream  of  Dock180  in  metastasis,  tail  vein  and  

metastatic   studies   could   be   performed   by   overexpressing   a   constitutively   active   (CA)  

form  of   STAT3   [284]   in  Dock180-‐deficient  primary   tumor   cells,  we   could   test  whether  

the  number  of  metastatic   lesions  to   lungs  reverts   to   the  wild-‐type   level,   thus  rescuing  

the  phenotype  seen   in  Dock180flx/flx:NIC  mice.   If   this   is   the  case,   it  would   indicate  that  

Dock180  mediates  STAT3  activation  in  order  to  properly  establish  metastases  to   lungs.  

This   interpretation   would   be   in   accordance   with   the   role   of   STAT3   in   lung   lesions  

development   using   this   CA   form   of   STAT3.   In   fact,   the   CA   form   of   STAT3   has   been  

recently   reported   to   promote   invasion   and   metastasis   in   the   MMTV-‐NeuNT   mouse  

model   [168].   This   experiment  would   consolidate   the  hypothesis   that   the   activation  of  

STAT3  is  Dock180-‐dependent,  thus  enhancing  metastasis  in  ErbB2-‐overexpressing  breast  

cancer  cells.    
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The  invasiveness  of  ErbB2-‐overexpressing  tumors  depends  on  the  presence  

of  Dock180.    

     

   Here,  we  showed  that  Dock180  is  a  pro-‐metastatic  factor  in  ErbB2-‐driven  tumor  

progression.  One  explanation  would  be  that  Dock180  plays  a  role  in  tumor  invasiveness  

at  primary   sites.  Remarkably,  all  Dock180-‐positive   tumors  display   the  same  pattern  of  

expression,   where   levels   of   Dock180   expression   are   more   important   at   the   tumor  

periphery   and   invasive   fronts   than   at   the   center   of   the   tumor.  Moreover,   single   and  

collective   cells   migrating   out   of   the   tumors   expressed   Dock180   at   high   levels.   This  

pattern  of  expression  has  previously  been  reported   in  a  study  on  glioblastoma,  where  

Dock180  and  ELMO  were  both  highly  expressed  at  invasive  areas  of  human  brain  tumors  

and   in   invading   cells   [273].   This   was   also   confirmed   biochemically   by   immunobloting  

against   Dock180   and   ELMO   in   either   isolated   tumor   center   or   invasive   border.  

Interestingly,  collective  cell  migration  during  Drosophila  oogenesis  mimics  Dock180  and  

ELMO  behavior   in   oncogenic   invasion.   Border-‐cell   cluster,  which   consists   of   about   six  

outer  migratory  border  cells,   requires   localized  signaling   from  the  Dock180  and  ELMO  

following  RTKs  stimulation  for  efficient  invasive  and  directional  migration  of  cell  groups  

[285].   Further   studies   are   needed   to   determine   if   collective   versus   individual   cell  

migration  is  affected  in  Dock180-‐null  ErbB2-‐induced  tumors.    

  

Although  this  pattern  of  expression  at  invasive  fronts  is  commonly  associated  with  pro-‐

invasive  and  metastatic  cells,  no  studies  to  our  knowledge  have  quantified  the  presence  

of   invasive   cells   in   the   surrounding   stroma   nor   the   loss   of   basement   membrane   of  

tumors,   two   characteristics   of   invasive   malignancies.   Here,   we   developed   a   new  

quantification  model  for  invasion  in  an  in  vivo  model  by  calculating  the  ratio  of  number  

of   invading  cells  and  the   loss  of  basement  membrane.  These  methods  have  now  been  

tested  on  4  mice  from  Dock180wt/wt:NIC  and  Dock180flx/flx:NIC.  Increasing  the  number  of  

animals   in   this   study   would   better   confirm   our   results   since   this   is   a   novel   assay.  

However,  a  significant  3-‐fold  decrease  in  the  number  of  invading  cells  within  the  stroma  
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of  Dock180-‐null  mammary  tumor  has  been  observed.  Also,  the  disruption  of  basement  

membrane   is   less   obvious   in   the  Dock180flx/flx:NIC  mice.   The   ratio   of   absence   vs   total  

basement  membrane   is  about  6-‐times   less  and   is  highly   significant   (p-‐value  =  0.0003).  

These  observations   raise  an   interesting  point:  while   less  cells  are  migrating  out  of   the  

tumor  in  the  absence  of  Dock180  and  the  basement  membrane  remains  almost  intact,  it  

is  not  obvious  how  the  ratio  of  metastases-‐positive  animals  remains  the  same  between  

all  genotypes.  Our  explanation  at  this  stage  is  that  less  tumor  cells  reach  the  circulation  

and  that  this  correlates  with  a  decreased  metastasis  to  the  lungs.  As  stated  above,  we  

will   also   need   to   determine   if   Dock-‐null   cells   also   have   defects   in   survival   within   the  

blood  stream  or  impaired  extravasation  to  lungs.  

  

The   invasive   phenotype   that   we   see   in   vivo   could   also   be   confirmed   using   ex   vivo  

explants  of  primary  tumors  cells  and  invasive  assays  in  3D  Matrigel.  We  can  also  look  at  

the   level  of  GTP-‐loaded  Rac,  which   is  commonly  known  to  promote  cell  migration  and  

invasion  downstream  of  Dock180.  Although  we  tested  Rac  activation  by  PAK-‐pulldown,  

we   failed   to  detect  a   reduction  of  GTP-‐loaded  Rac   level  when  Dock180   is  absent.  This  

experiment  should  be  performed  again  and  it  would  be  interesting  to  see,  in  parallel,  if  

the  ex   vivo   explants   of  Dock180-‐deficient   tumor   cells   display   a   reduction   of   activated  

Rac  level.  To  confirm  that  the  loss  of  Dock180  correlates  with  a  decrease  in  invasion  and  

activated   Rac   GTPase   level,   we   could   try   to   rescue   the   phenotype   by   overexpressing  

Dock180  and  verify  whether  GTP-‐loaded  Rac  reverts  to  the  wild-‐type  level.  However,  it  

is   possible   that   the   decrease   in   total   Rac   activation   is   subtle   and,   most   importantly,  

spatio-‐temporally   regulated,   as   there   are   many   other   Rac   GEFs   such   as   Vav   family  

members   that   can   mediate   Rac   activation.   As   such,   while   it   is   intuitive   to   expect   a  

massive  decrease  in  Rac  GTP  loading  in  the  Dock180-‐deficient  NIC  tumor  cells,  in  reality,  

it   may   not   be   the   case.   While   performing   PAK   Pulldown   assays   in   tumor   lysate   of  

Dock180-‐null  mammary  tumors,  a  pool  of  Rac  specifically  activated  at  the  invasive  front  

is  probably  missing  in  the  whole  tumor  lysate,  containing  tumor  cells  from  its  center  and  
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periphery.  Therefore,  it  remains  an  important  challenge  of  this  project  to  determine  the  

role  of  the  Dock180/Rac  pathway  in  Neu-‐induced  tumor  invasion  and  metastasis.  

    

Dock180   and   pSTAT3   are   co-‐expressed   at   invasive   fronts   of   ErbB2-‐

overexpressing  tumors  and  may  promote  invasion.  

  

   Recent   studies   identified   STAT3   as   a   regulator   of   invasion   and   metastasis   in  

ErbB2-‐induced   breast   cancer   [70,   166,   168,   169].   In   fact,   STAT3-‐deficient   NIC   tumors  

showed  less  metastatic  lesions  than  the  wild-‐type  mice,  due  to  a  defect  in  angiogenesis  

and   cell   autonomous   defects   in   colonization   [70].   Since   a   body   of   evidence  

demonstrated   that  active  Rac1  can  directly  bind  and  regulate  STAT3  activity   [278],  we  

hypothesize   that   Dock180  might   regulate   STAT3   by   activating   the   Rac  GTPase.   In   our  

study,   Dock180   and   pSTAT3   are   co-‐localized   at   the   invasive   fronts   of   tumors,   where  

conversely,   no   pSTAT3   staining   is   seen   in  Dock180-‐deficient  NIC   tumors,   suggesting   a  

role   for   Dock180   upstream   of   STAT3.   However,   we   can   only   speculate   about   the  

molecular   mechanisms   regulating   STAT3   via   Rac,   and   more   experiments   on   cultured  

primary   tumor   cells  would  definitely  be  necessary   to   confirm   this  Dock180-‐Rac-‐STAT3  

signaling   axis.   In   parallel,   the   use   of   a   novel   antibody   (NewEast   Biosciences),   that  

specifically  recognizes  the  GTP-‐loaded  form  of  Rac,  on  mammary  tumor  sections  would  

be   an   interesting   approach   to   verify   if   active-‐Rac   is   also   located   with   high   levels   of  

Dock180  and  pSTAT3  at  invasion  fronts.  

  

Dock180  and  the  normal  development  of  the  mouse  mammary  gland:  A  key  

player  during  involution?  

  

To  date,  the  role  of  Dock180  in  the  normal  development  of  the  mammary  gland  has  yet  

to  be  studied.  Before  going  further  in  the  investigation  of  the  role  of  Dock180  in  ErbB2-‐

mediated  tumorigenesis  and  metastasis,  we  had  to  address  whether  the  loss  of  Dock180  

protein  within  the  mammary  epithelial  cells  would  impair  its  proper  development.  In  a  
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scenario  where  Dock180  would  be  required  for  normal  development,  the  interpretation  

of   the   data   in   ErbB2-‐driven   tumor   formation   and   progression   would   be   difficult.   As  

demonstrated  by  our  work,  Dock180-‐deficient  mammary  epithelium  did  not  have  any  

obvious   defects   throughout   its   adulthood   (from   9   to   15   weeks   of   age).   However,  

dramatic  involution  defects  were  noted  in  Dock180-‐null  mammary  glands  from  mothers  

that  were  euthanized  4  days  post-‐weaning.  During  the  early  phase  of  involution,  major  

tissue  remodeling  and  cell  death  occur.  The  day  4  of  involution  corresponds  to  a  peak  of  

epithelial  cells  undergoing  apoptosis,  which  are  engulfed  by  neighbouring  epithelial  cells  

or   by   invading   macrophages   [3].   Interestingly,   Dock180   has   been   shown   to   mediate  

engulfment   of   apoptotic   in   cells   in  C.   elegans  by   forming   a   complex  with   ELMO1   and  

CrkII,  which  in  turn  activates  Rac1  and  involves  cytoskeletal  rearrangement  required  for  

engulfment  [256].  Moreover,  conditional  deletion  of  Stat3   in  the  mammary  epithelium  

also   results   in   a   dramatic   delay   in   mammary   gland   involution   [286].   We   might  

hypothesize   that   the   same   molecular   complex   of   CrkII/Dock180/ELMO   could   also  

regulate  the  clearance  of  apoptotic  cells  in  the  involuting  mammary  gland  and  that  this  

pathway   implicates   signaling   through   STAT3.   Investigating   the   expression   level   of  

pSTAT3   during   the   involution   phase   by   IHC   on   mammary   sections   would   give   us   an  

important   insight  on   the   link  between  Dock180  and   STAT3  at   this   particular   stage.  As  

described  in  the  previous  section,  this  potential  Dock180/Rac/STAT3  pathway  could  also  

be  reflected  in  the  invasive  phenotype  and  the  appareance  of  metastases  to  lungs,  seen  

in  our  MMTV-‐NIC  mouse  model.  Since   the  main   focus  of  our  study   is  on  ErbB2-‐driven  

tumorigenesis   of   nulliparous   females   only,   no   further   experiments   were   carried   out,  

although  deeper  investigations  would  be  valuable.  
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SUMMARY  

  

ErbB2  amplification  and  overexpression  is  elevated  in  20-‐30%  of  breast  cancer  patients,  

correlating  with  an  aggressive  behavior  and  poor  clinical  outcome.  Previous  studies  on  

human   breast   cancer   cell   lines   have   demonstrated   that   key   players   in   cytoskeletal  

rearrangment,   such   as   Rac1,   p130Cas,   FAK   and   integrins,   are   implicated   in   tumor  

progression  and   invasion.  Dock180,  a  highly  specific  Rac  GTPase  activator,   is  known  to  

mediate   cell   migration   and   invasion   via   the   p130Cas/CrkII   complex   following   integrin  

stimulation.  However,  the  role  of  Dock180  in  an   in  vivo  model  of  Neu-‐mediated  breast  

cancer  has  not  yet  been  investigated.  Using  the  MMTV-‐NIC  transgenic  mouse  model,  we  

have  demonstrated   that   loss  of  Dock180   in  an  activated  ErbB2-‐induced   tumorigenesis  

did  not  affect  the  initiation  and  multiplicity  of  mammary  tumors  but  does  hinder  tumor  

growth.   Strikingly,   Dock180-‐deficient   mammary   tumor   cells   are   about   7-‐times   less  

metastatic   than   their  wild-‐type   counterparts   and   show   a  weaker   invasive   phenotype.  

Dock180   deletion   also   results   in   less   STAT3   activity   at   invasive   areas   of   mammary  

tumors,  suggesting  that  STAT3  might  be  a  downstream  effector  of  Dock180  promoting  

invasion  in  breast  cancer  cells.  Taken  together,  these  observations  identify  a  novel  role  

for  Dock180  in  the  control  of  tumor  cell  growth,  invasion  and  metastasis  downstream  of  

ErbB2.  
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	Figure 1.7: Formation of protrusions during migration. Actin filament reorganization generates the formation of protrusions at the leading edge of the plasma membrane that drives cell motility in a specific direction. Lamellipods are sheet-like struct...

