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ÁGRIP	
  Á	
  ÍSLENSKU	
  
	
  

	
  
Brjóstkirtillinn	
   er	
   samsettur	
   úr	
   greinóttum	
   þekjuvef	
   sem	
   umlukinn	
   er	
   æðaríkum	
   stoðvef.	
  

Stofnfrumur	
  þekjuvefjar	
  sjá	
  um	
  vöxt	
  og	
  viðhald	
  kirtilsins	
  og	
  eru	
  boð	
  gegnum	
  týrosín-­‐kínasa	
  

viðtaka	
   talin	
   veigamikil	
   í	
   þessu	
   ferli.	
   Innanfrumustjórnprótín	
   sem	
   tilheyra	
   Sprouty	
  

fjölskyldunni	
   hafa	
   áhrif	
   á	
   virkni	
   boða	
   gegnum	
   týrósín	
   kínasa	
   og	
   hefur	
   verið	
   sýnt	
   fram	
   á	
  

nauðsyn	
  þeirra	
   við	
   stórnun	
   greinóttrar	
   formgerðar	
   í	
   ýmsum	
  vefjum.	
   Í	
  myndun	
   greinóttrar	
  

formgerðar	
  taka	
  þekjufrumur	
  að	
  hluta	
  til	
  upp	
  tjáningarmynstur	
  bandvefsfruma	
  (e.Epithelial	
  

to	
  mesenchymal	
  transition,EMT)	
  til	
  að	
  öðlast	
  þá	
  eiginleika	
  sem	
  þarf	
  til	
  að	
  ryðja	
  sér	
  leið	
  inn	
  í	
  

umliggjandi	
   stoðvef.	
   Þetta	
   ferli	
   er	
   vel	
   þekkt	
   í	
   fósturþroska	
   en	
   í	
   krabbameinum	
   eru	
   slíkar	
  

frumur	
  illa	
  skilgreindar	
  en	
  hafa	
  nýlega	
  verið	
  tengdar	
  við	
  tilurð	
  krabbameins	
  stofnfruma.	
  EMT	
  

svipgerð	
  sést	
  oftar	
  innan	
  basal-­‐líkra	
  brjóstakrabbameina	
  en	
  þessi	
  æxli	
  eru	
  talin	
  eiga	
  upptök	
  

sín	
  í	
  stofnfrumum	
  brjóstkirtilsins.	
  Boð	
  gegnum	
  týrosín	
  kínasa	
  gegna	
  lykilhlutverki	
  í	
  að	
  hvata	
  

bæði	
  greinótta	
  formgerð	
  og	
  EMT.	
  Markmið	
  þessa	
  verkefnis	
  var	
  að	
  kanna	
  hlutverk	
  æðaþels	
  

og	
   sprouty	
   í	
   greinóttri	
   formgerð	
   og	
   EMT	
   í	
   brjóstkirtli.	
   Til	
   þess	
   hef	
   ég	
   einkum	
   notað	
  

samræktun	
   brjóstaæðaþels	
   með	
   brjóstaþekjuvefsfrumum	
   (þar	
   með	
   talið	
   brjóstaþekju-­‐

stofnfrumum)	
  í	
  þrívíðu	
  (3D)	
  frumuræktunarkerfi,	
  auk	
  þess	
  að	
  skoða	
  tjáningu	
  í	
  eðlilegum	
  og	
  

illkynja	
  brjóstavef.	
  

Niðurstöður	
   sýndu	
   að	
   æðaþel	
   hafði	
   mikil	
   frumufjölgandi	
   áhrif	
   á	
   eðlilegar	
   og	
   illkynja	
  

brjóstaþekjuvefsfrumur	
   í	
   3D	
   samræktun.	
   Auk	
   þess	
   bentu	
   samræktir	
   til	
   örvunar	
   á	
   bæði	
  

greinóttri	
   formgerð	
  og	
  EMT-­‐umbreytingu	
   í	
   	
  brjóstastofnfrumulínunni	
  D492.	
  D492	
  myndaði	
  

frumuklasa	
   með	
   bandvefslíkum	
   frumum	
   sem	
   voru	
   einangraðar	
   og	
   síðar	
   ræktaðar	
   sem	
  

D492M	
  (e.mesenchymal)	
  undirlína.	
  Með	
  því	
  að	
  kanna	
  tjáningu	
  kennipróteina	
  þekjuvefs	
  og	
  

bandvefsfruma	
   kom	
   í	
   ljós	
   að	
   D492M	
   hafði	
   undirgengist	
   EMT-­‐umbreytingu.	
   Hún	
   sýndi	
  

ennfremur	
  svipgerð	
  og	
  starfhæfa	
  eiginleika	
  krabbameinsstofnfruma,	
  en	
  slíkir	
  eiginleikir	
  hafa	
  

verið	
   tengdir	
   EMT.	
   Ég	
   kannaði	
   jafnframt	
   tjáningu	
   EMT	
   kennipróteina	
   í	
   basal-­‐líkum	
  

brjóstaæxlum	
  og	
  gat	
  sýnt	
  fram	
  á	
  hærri	
  tjáningu	
  slíkra	
  kenniprótína	
  þar	
  sem	
  aukin	
  þéttni	
  af	
  

æðaþeli	
  var	
  til	
  staðar.	
  Að	
  lokum	
  sýndi	
  ég	
  einnig	
  fram	
  á	
  að	
  tjáning	
  Sprouty-­‐2	
  (Spry-­‐2)	
  í	
  manna	
  

og	
   músa	
   brjóstvef	
   sveiflast	
   í	
   takt	
   við	
   formgerðarmyndun.	
   Niðurstöður	
   með	
   Spry-­‐2	
   gena	
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bælingu	
   (e.KD)	
  gefa	
  sterklega	
   til	
   kynna	
  að	
  Spry-­‐2	
  hafi	
  mikilvæg	
  temprandi	
  áhrif	
  á	
   stjórnun	
  

greinóttarar	
   formgerðar	
   brjóstkirtils.	
   Jafnframt	
   sýndu	
   D492	
   Spry-­‐2	
   KD	
   frumur	
   mun	
   meiri	
  

tilhneigingu	
  til	
  að	
  mynda	
  bandvefslíkar	
  frumuklasa	
  í	
  3D	
  samrækt	
  með	
  æðaþelsfrumum.	
  

Samantekið	
   þá	
   hef	
   sýnt	
   fram	
   á	
   að	
  æðaþælsfrumur	
   eru	
  mikilvægar	
   fyrir	
   vöxt	
   og	
   formgerð	
  

þekjuvefjar	
   brjóstkirtilsins	
   og	
   	
   álykta	
   að	
  þær	
   séu	
  hluti	
   af	
   stofnfrumuvist	
   kirtilsins	
   og	
   stuðli	
  

þannig	
  að	
  myndun	
  greinóttrar	
  formgerðar	
  og	
  bandvefsumbreytingu.	
  Ég	
  álykta	
  ennfremur	
  að	
  

æðaþelsfrumur	
  geti	
  þjónað	
  áður	
  óþekktu	
  hlutverki	
   í	
   framþróun	
  og	
  meinvörpun	
  basal-­‐líkra	
  

brjóstakrabbameina.	
   Ég	
   sýndi	
   jafnframt	
   fram	
   á	
   að	
   Spry-­‐2	
   er	
   mikilvægt	
   stjórnprótein	
  

greinóttrar	
   formgerðar	
   brjóstkirtils	
   og	
   að	
   bæling	
   á	
   því	
   geri	
   frumur	
   móttækilegri	
   fyrir	
  	
  

bandvefsumbreytingu.	
  

	
  

Lykilorð:	
   Greinótt	
   formgerð,	
   Æðaþelsfrumur,	
   Bandvefsumbreyting,	
   Sprouty-­‐2,	
   Brjósta	
  

stofnfrumur,	
  Basal-­‐lík	
  brjósta	
  krabbamein.	
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ABSTRACT	
  
	
  

	
  
The	
  breast	
  is	
  composed	
  of	
  branching	
  epithelial	
  ducts	
  terminating	
  in	
  structures	
  referred	
  to	
  as	
  

terminal	
   duct	
   lobular	
   units	
   (TDLUs)	
   surrounded	
   by	
   vascular-­‐rich	
   stroma.	
   Continous	
   cell	
  

renewal	
  and	
  expansion	
  during	
  breast	
  morphogenesis	
  is	
  dependent	
  on	
  epithelial	
  stem	
  cells.	
  

During	
   branching,	
   epithelial	
   cells	
   acquire	
   partial	
   mesenchymal-­‐like	
   phenotype	
   with	
  

increased	
  migration	
   and	
   loss	
   of	
   polarization,	
   similar	
   to	
   epithelial-­‐mesenchymal	
   transition	
  

(EMT).	
   In	
   breast	
   cancer,	
   EMT	
   has	
   been	
   linked	
   to	
   basal-­‐like	
   breast	
   cancer,	
   a	
   highly	
  

vascularized	
   and	
   aggressive	
   subtype	
   rich	
   in	
   cancer	
   stem	
   cells.	
   Signals	
   through	
   receptors	
  

tyrosine	
  kinases	
  (RTKs),	
  including	
  the	
  epidermal	
  growth	
  factor	
  receptor	
  (EGFR)	
  family,	
  have	
  

been	
  shown	
  to	
  be	
  critical	
   in	
  branching	
  morphogenesis	
   in	
  different	
  epithelial	
  systems.	
  RTKs	
  

are	
  regulated	
  through	
  negative	
  feedback	
  by	
  the	
  sprouty	
  protein	
  family	
  and	
  lack	
  of	
  sprouty	
  

has	
  been	
  shown	
  to	
  result	
  in	
  abnormal	
  and	
  increased	
  branching.	
  	
  

The	
  aim	
  of	
  this	
  thesis	
  was	
  to	
  study	
  extrinsic	
  (endothelial)	
  and	
  intrinsic	
  (Sprouty-­‐2)	
  regulation	
  

of	
   breast	
  morphogenesis	
   and	
   EMT.	
   Towards	
   that	
   goal	
   I	
   cocultured	
   normal	
   and	
  malignant	
  

breast	
   epithelial	
   cells	
   with	
   breast	
   endothelial	
   cells	
   (BRENCs)	
   in	
   3D	
   cell	
   culture	
   to	
   unravel	
  

their	
  morphogenic	
  potential.	
  	
  

I	
  have	
  demonstrated	
  that	
  BRENCs	
  stimulate	
  growth	
  and	
  morphogenesis	
  of	
  breast	
  epithelial	
  

cells	
   and	
   in	
   coculture	
   with	
   D492,	
   a	
   breast	
   epithelial	
   stem	
   cell	
   line,	
   a	
   dramtic	
   increase	
   in	
  

branching	
   morphogenesis	
   was	
   seen.	
   In	
   addition	
   to	
   branching,	
   BRENCs	
   induced	
   the	
  

formation	
  of	
   spindle	
   like	
   colonies	
   in	
  D492.	
  D492M,	
  a	
   (mesenchymal)	
   subline	
  was	
   isolated	
  

from	
  a	
   spindle-­‐like	
   colony	
  and	
   characterization	
   showed	
   irreversible	
  EMT,	
   as	
  evidenced	
  by	
  

reduced	
   expression	
   of	
   keratins,	
   a	
   switch	
   from	
   E-­‐	
   to	
  N-­‐cadherin	
   and	
   acquisition	
   of	
   cancer	
  

stem	
   cell	
   characteristics.	
   The	
   EMT	
   phenotype	
   could	
   be	
   partially	
   blocked	
   by	
   inhibition	
   of	
  

hepatocyte	
   growth	
   factor.	
   Furthermore,	
   I	
   showed	
   that	
   tumor	
   cells	
   close	
   to	
   vascular	
   rich	
  

areas	
  within	
  basal-­‐like	
  breast	
  cancers	
  had	
  a	
  characteristic	
  EMT	
  phenotype.	
  Finally,	
  I	
  showed	
  

that	
  Sprouty-­‐2	
  expression	
   is	
   linked	
  to	
  critical	
  steps	
   in	
  branching	
  morphogenesis.	
  Sprouty-­‐2	
  

knock	
  down	
  in	
  D492	
  resulted	
  in	
  more	
  complex	
  branching	
  structures	
  in	
  3D	
  culture	
  indicating	
  

the	
   loss	
   of	
   negative	
   feedback	
   control	
   of	
   branching	
   morphogenesis.	
   Interestingly,	
   using	
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coculture	
  with	
  endothelial	
  cells	
  I	
  demonstrated	
  that	
  Sprouty-­‐2	
  knock	
  down	
  cells	
  were	
  more	
  

prone	
   to	
   undergo	
   EMT	
   further	
   tightening	
   the	
   link	
   between	
   branching	
   and	
   EMT	
   in	
   breast	
  

morphogenesis.	
  	
  

Collectively,	
   I	
   have	
   shown	
   that	
   endothelial	
   cells	
   are	
   potent	
   inducers	
   of	
   breast	
   epithelial	
  

growth,	
   branching	
   morphogenesis	
   and	
   in	
   the	
   conversion	
   of	
   cells	
   towards	
   an	
   EMT	
  

phenotype.	
  I	
  hypothesize	
  that	
  endothelial	
  cells	
  may	
  be	
  an	
  important	
  regulator	
  of	
  the	
  stem	
  

cell	
  niche	
  in	
  the	
  human	
  breast	
  gland	
  and	
  may	
  also	
  play	
  an	
  active	
  role	
  in	
  the	
  progression	
  of	
  

basal-­‐like	
  breast	
  cancers	
  through	
  induction	
  of	
  EMT.	
  In	
  addition,	
  I	
  have	
  shown	
  that	
  Spry-­‐2	
  is	
  

instrumental	
   for	
   correct	
   branching	
   morphogenesis	
   of	
   the	
   human	
   breast	
   gland	
   and	
   in	
  

safeguarding	
  breast	
  epithelial	
  integrity.	
  	
  

	
  

	
  

Keywords:	
   Branching	
   morphogenesis,	
   Endothelial	
   cells,	
   Epithelial	
   to	
   mesenchymal	
  

transition,	
  Sprouty-­‐2,	
  Breast	
  epithelial	
  stem	
  cells,	
  Basal-­‐like	
  breast	
  cancer.	
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1	
  

	
  

INTRODUCTION	
  

	
  

1.	
  Contextual	
  histology	
  of	
  the	
  human	
  breast	
  

The	
  control	
  of	
  branching	
  morphogenesis	
  remains	
  one	
  of	
  the	
  most	
  challenging	
  questions	
  in	
  

developmental	
   biology.	
   This	
   is	
   particularly	
   relevant	
   for	
   the	
   human	
   breast	
   gland	
   that	
   is	
  

composed	
  of	
  a	
  complex	
  tree	
  of	
  branching	
  epithelial	
  ducts	
  separated	
  from	
  the	
  surrounding	
  

vascular-­‐rich	
   stroma	
   by	
   a	
   basement	
   membrane.	
   The	
   adult	
   female	
   breast	
   gland	
   is	
   under	
  

continuous	
  remodeling	
  during	
  each	
  menstruation	
  cycle	
  and	
  during	
  pregnancy	
  as	
  evidenced	
  

by	
   the	
   cycling	
  process	
  of	
   cell	
   proliferation,	
  differentiation	
  and	
  apoptosis.	
   These	
  processes	
  

are	
  mediated	
  by	
  cell-­‐cell	
  and	
  cell-­‐stroma	
  interactions	
  as	
  well	
  as	
  by	
  systematic	
  hormones	
  and	
  

local	
  growth	
  factors.	
  

Modeling	
  the	
  contextual	
  histology	
  of	
  the	
  human	
  breast	
  gland	
  in	
  culture	
  is	
  a	
  prerequisite	
  for	
  

uncovering	
   the	
   function	
   of	
   distinct	
   cell	
   types	
   in	
   breast	
   tissue	
   morphogenesis	
   and	
   for	
  

capturing	
  critical	
  steps	
  in	
  breast	
  cancer	
  formation	
  and	
  progression.	
  

	
  

1.1	
  Breast	
  development	
  

The	
  human	
  breast	
  gland	
  is	
  a	
  modified	
  sweat	
  gland	
  that	
  develops	
  as	
  an	
  appendage	
  from	
  the	
  

epidermis	
   in	
  embryogenesis	
   (reviewed	
  in	
  (Ronnov-­‐Jessen,	
  Petersen	
  et	
  al.	
  1996;	
  Cowin	
  and	
  

Wysolmerski	
   2010)).	
   Breast	
   development	
   occurs	
   in	
   three	
   distinct	
   phases,	
   embryonic,	
  

postnatal	
   and	
   in	
   adulthood,	
   with	
   the	
   most	
   significant	
   changes	
   occurring	
   at	
   the	
   onset	
   of	
  

puberty	
   and	
   during	
   pregnancy	
   (Russo	
   and	
   Russo	
   2004;	
   Nelson	
   and	
   Bissell	
   2005).	
   During	
  

embryogenesis,	
   the	
   development	
   of	
   the	
   breast	
   is	
   dependent	
   on	
   heterotypic	
   interactions	
  

between	
   the	
   branching	
   epithelium	
   and	
   the	
   surrounding	
   fetal	
   mesenchyme	
   that	
   induces	
  

proliferation	
  and	
  invasion	
  of	
  the	
  epithelium.	
  The	
  epithelial	
  cells	
  invade	
  and	
  branch	
  into	
  the	
  

underlying	
   stroma,	
   resulting	
   in	
   the	
   generation	
   of	
   rudimentary	
   epithelial	
   ducts	
   (Ronnov-­‐

Jessen,	
   Petersen	
   et	
   al.	
   1996;	
  Howard	
   and	
  Gusterson	
   2000).	
   From	
  birth	
   until	
   the	
   onset	
   of	
  

puberty	
  the	
  breast	
  gland	
  is	
  essentially	
  the	
  same	
  in	
  both	
  males	
  and	
  females	
  (Russo	
  and	
  Russo	
  

2004).	
  At	
  puberty,	
  further	
  development	
  occurs	
  in	
  females	
  influenced	
  by	
  increased	
  estrogen	
  

and	
  progesterone	
  hormonal	
  signals	
  (Howard	
  and	
  Gusterson	
  2000).	
  Epithelial	
  budding	
  forms	
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lobules	
   from	
  the	
  rudimentary	
  ducts	
  which	
   leads	
   to	
   the	
   formation	
  of	
   terminal	
  duct	
   lobular	
  

units	
  (TDLUs).	
  This	
  process	
  is	
  accompanied	
  by	
  stromal	
  expansion,	
  including	
  proliferation	
  of	
  

resident	
  stromal	
  cells	
  and	
  increased	
  vasculature	
  (Ronnov-­‐Jessen,	
  Petersen	
  et	
  al.	
  1996;	
  Russo	
  

and	
   Russo	
   2004).	
   Estrogen	
   plays	
   an	
   important	
   role	
   in	
   ductal	
   elongation	
   whereas	
  

progesterone	
   is	
   important	
   for	
   formation	
   and	
   differentiation	
   of	
   the	
   TDLUs	
   (reviewed	
   in	
  

(Fendrick,	
   Raafat	
   et	
   al.	
   1998;	
   Neville,	
   McFadden	
   et	
   al.	
   2002)).	
   The	
   breast	
   gland	
   cycles	
  

through	
   continuous	
   cell	
   turnover	
   during	
   each	
   menstrual	
   cycle	
   as	
   evidenced	
   by	
   cell	
  

proliferation,	
  differentiation	
  and	
  apoptosis	
  (Going,	
  Anderson	
  et	
  al.	
  1988).	
  During	
  pregnancy,	
  

increased	
   production	
   of	
   ovarian	
   hormones	
   results	
   in	
   dramatic	
   expansion	
   of	
   the	
   epithelial	
  

compartment	
   that	
   develops	
   further	
   into	
   the	
   functional	
   lactating	
   breast	
   at	
   parturition	
  

(Russo,	
  Moral	
  et	
   al.	
   2005).	
  Complete	
   functional	
  differentiation	
  of	
   the	
  breast	
  epithelium	
   is	
  

limited	
  to	
  the	
  lactation	
  period	
  and	
  with	
  cessation	
  of	
  lactation,	
  the	
  breast	
  gland	
  involutes	
  to	
  

its	
   resting	
   pre-­‐pregnancy	
   state	
   (Russo,	
   Calaf	
   et	
   al.	
   1987).	
   This	
   continuous	
   cycle	
   is	
   seen	
   in	
  

every	
  menstruation	
  period	
  and	
  on	
  a	
  large	
  scale	
  in	
  each	
  pregnancy	
  until	
  the	
  ovary	
  function	
  

declines	
  at	
  menopause	
  (Going,	
  Anderson	
  et	
  al.	
  1988).	
  

	
  

1.2	
  Breast	
  epithelial	
  cells	
  	
  

The	
  adult	
  breast	
  epithelial	
  ducts	
  are	
  composed	
  of	
  an	
   inner	
   layer	
  of	
   luminal	
  epithelial	
  cells	
  

(LEP)	
  and	
  an	
  outer	
  layer	
  of	
  myoepithelial	
  cells	
  (MEP)	
  (figure.	
  1)	
  (Ronnov-­‐Jessen,	
  Petersen	
  et	
  

al.	
  1996).	
  Specific	
  techniques	
  can	
  be	
  used	
  to	
  separate	
  LEP	
  and	
  MEP	
  cells	
  based	
  on	
  marker	
  

expression	
  (Gudjonsson,	
  Villadsen	
  et	
  al.	
  2004).	
  In	
  general,	
  the	
  LEP	
  cells	
  express	
  cytokeratins	
  

(K)	
   such	
  as	
  K8,	
  K18	
  and	
  K19,	
  and	
  other	
  markers	
   like	
   sialomucin	
   (Muc1),	
  epithelial	
   specific	
  

antigen	
   (EpCAM)	
   and	
   components	
   of	
   tight	
   junction	
   complexes	
   (occludin	
   and	
   claudins)	
  

(Gudjonsson,	
  Villadsen	
  et	
  al.	
  2004).	
  Only	
  a	
  sub-­‐population	
  (3-­‐10%)	
  of	
  the	
  luminal	
  epithelial	
  

cells	
  express	
  the	
  estrogen	
  receptor	
   (ER)	
   (Petersen,	
  Hoyer	
  et	
  al.	
  1987;	
  Clarke,	
  Howell	
  et	
  al.	
  

1997).	
  In	
  contrast,	
  MEP	
  cells	
  express	
  K5,	
  K14	
  and	
  K17	
  and	
  other	
  proteins	
  like	
  alpha	
  smooth	
  

muscle	
  actin,	
  Thy-­‐1	
  and	
  beta4-­‐integrin	
  (Gudjonsson,	
  Ronnov-­‐Jessen	
  et	
  al.	
  2002;	
  Gudjonsson,	
  

Adriance	
  et	
  al.	
  2005).	
  The	
  LEP	
  and	
  MEP	
  cells	
  reside	
  throughout	
  the	
  whole	
  ductal	
  tree	
  of	
  the	
  

breast	
  including	
  the	
  TDLUs	
  that	
  are	
  the	
  functional	
  units	
  of	
  the	
  breast	
  gland	
  (Figure	
  1).	
  In	
  the	
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Figure 1. Histology of the human TDLU. 
Left.	
  A	
  schematic	
  figure	
  of	
  TDLU.	
  Breast	
  epithelial	
  ducts	
  terminate	
  in	
  lobules	
  composed	
  of	
  acini	
  and	
  are	
  collectively	
  called	
  
terminal	
  duct	
  lobular	
  units	
  (TDLU).	
  The	
  breast	
  epithelium	
  is	
  composed	
  of	
  an	
  inner	
  layer	
  of	
  luminal	
  epithelial	
  cells	
  (LEP-­‐red)	
  
and	
   an	
   outer	
   layer	
   of	
  myoepithelial	
   cells	
   (MEP-­‐yellow).	
   The	
   epithelial	
   compartment	
   is	
   separated	
   from	
   the	
   surrounding	
  
stroma	
  by	
  a	
  basement	
  membrane.	
  The	
  collagen	
  rich	
  stromal	
  compartment	
  is	
  composed	
  of	
  fibroblasts,	
  adipocytes,	
  immune	
  
cells	
   and	
   endothelial	
   cells	
   in	
   microvessels	
   along	
   with	
   extracellular	
   matrix.	
   Right.	
   In	
   situ	
   figure	
   of	
   TDLU.	
  
Immunohistochemistry	
  staining	
  of	
  cryosectioned	
  human	
  TDLU	
  stained	
  for	
  β4-­‐integrin	
  (brown)	
  outlining	
  the	
  connection	
  of	
  
the	
  epithelium	
  to	
  the	
  basement	
  membrane.	
  Counterstain	
  with	
  hematoxylin	
  (blue).	
  

	
  

TDLUs,	
  LEP	
  cells	
  produce	
  and	
  secrete	
  milk	
  during	
   lactation	
  and	
  MEP	
  cells	
   (upon	
  activation	
  

from	
   oxytocin)	
   contract	
   and	
   pump	
   the	
  milk	
   to	
   the	
   collecting	
   ducts	
   (reviewed	
   in	
   (Lochter	
  

1998)).	
  Evidence	
  show	
  that	
  LEP	
  and	
  MEP	
  cells	
  arise	
  from	
  a	
  common	
  stem	
  /	
  progenitor	
  cell	
  

that	
   reside	
   within	
   the	
   luminal	
   epithelial	
   compartment	
   (Kao,	
   Nomata	
   et	
   al.	
   1995)	
   (Stingl,	
  

Eaves	
  et	
  al.	
  1998)	
  (Pechoux,	
  Gudjonsson	
  et	
  al.	
  1999;	
  Stingl,	
  Eaves	
  et	
  al.	
  2001)	
  (Gudjonsson,	
  

Villadsen	
  et	
  al.	
  2002)	
  (Villadsen,	
  Fridriksdottir	
  et	
  al.	
  2007).	
  

	
  

1.3	
  Stem	
  cells	
  of	
  the	
  human	
  breast	
  gland	
  

The	
  existence	
  of	
  breast	
  epithelial	
  stem	
  cells	
  has	
  been	
  postulated	
  for	
  many	
  years	
  due	
  to	
  the	
  

dramatic	
   tissue	
   remodeling	
   (proliferation	
   –	
   differentiation	
   –	
   apoptosis)	
   during	
   breast	
  

morphogenesis	
  associated	
  with	
  menstruation	
  and	
  pregnancy.	
  Pioneering,	
  experiments	
  were	
  

conducted	
   in	
   mouse	
   models	
   using	
   serial	
   transplantation	
   studies	
   and	
   immunostaining	
   for	
  

postulated	
  stem	
  cell	
  related	
  markers	
  (Deome,	
  Faulkin	
  et	
  al.	
  1959;	
  Daniel,	
  Young	
  et	
  al.	
  1971;	
  

Smith	
  and	
  Medina	
  1988).	
  Two	
  papers	
  in	
  Nature	
  eliminated	
  any	
  doubt	
  over	
  the	
  existence	
  of	
  

the	
  mouse	
  mammary	
  stem	
  cells	
  (Shackleton,	
  Vaillant	
  et	
  al.	
  2006;	
  Stingl,	
  Eirew	
  et	
  al.	
  2006).	
  

These	
   research	
   groups	
   utilized	
   a	
   unique	
   marker	
   profile	
   composed	
   of	
   antibodies	
   against	
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CD24,	
  CD49f	
  and	
  CD29	
  surface	
  markers	
  to	
  isolate	
  cells	
  that	
  were	
  highly	
  enriched	
  in	
  mouse	
  

mammary	
   epithelial	
   stem	
   cells.	
   They	
   were	
   able	
   to	
   recreate	
   a	
   fully	
   functional	
   mammary	
  

gland	
  in	
  a	
  cleared	
  mammary	
  fat	
  pad	
  from	
  single	
  stem	
  cells	
  (Shackleton,	
  Vaillant	
  et	
  al.	
  2006).	
  

The	
  mouse	
  mammary	
  stem	
  cells	
  overlap	
  the	
  basal	
  compartment	
  (including	
  MEP	
  cells)	
  and	
  

these	
  cells	
  do	
  not	
  express	
  the	
  estrogen	
  receptor	
  (Stingl	
  2009).	
  The	
  identification	
  of	
  human	
  

breast	
  stem	
  cells	
  has	
  been	
  a	
  more	
  difficult	
  task	
  mainly	
  due	
  to	
  the	
  lack	
  of	
  functional	
  assays	
  to	
  

test	
   the	
   stemness	
   of	
   suspected	
   cell	
   populations.	
   However,	
   several	
   breast	
   epithelial	
  

populations	
   have	
   been	
   postulated	
   to	
   have	
   stem	
   cell	
   properties.	
   These	
   include	
   side	
  

population	
  cells	
   (effluction	
  of	
  Hoechst	
  dye),	
  suprabasal	
  cells	
   (luminal	
  cells	
  with	
  suprabasal	
  

position,	
   K14+/K19+),	
   ER	
   positive	
   cells	
   (luminal	
   compartment),	
   cells	
   positive	
   for	
   K5	
   (Basal	
  

compartment	
  including	
  MEPs)	
  and	
  cells	
  showing	
  higher	
  expression	
  and	
  activity	
  of	
  aldehyde	
  

dehydrogenases	
  (Bocker,	
  Moll	
  et	
  al.	
  2002;	
  Clayton,	
  Titley	
  et	
  al.	
  2004;	
  Clarke,	
  Spence	
  et	
  al.	
  

2005;	
  Ginestier,	
  Hur	
  et	
  al.	
  2007;	
  Villadsen,	
  Fridriksdottir	
  et	
  al.	
  2007).	
   It	
   is	
   likely	
   that	
   these	
  

different	
  proposed	
  stem	
  cell	
  groups	
  overlap	
  each	
  other	
  in	
  their	
  marker	
  profile	
  and	
  function	
  

and	
  that	
  these	
  methods	
  are	
  identifying	
  stem	
  and	
  progenitor	
  cells	
  at	
  different	
  developmental	
  

stages	
  within	
  the	
  hierarchical	
  tree	
  (Stingl	
  2009).	
  Interestingly,	
  during	
  human	
  embryogenesis,	
  

all	
  epithelial	
  cells	
  of	
  the	
  breast	
  express	
  the	
  LEP	
  marker	
  K19	
  (Anbazhagan,	
  Osin	
  et	
  al.	
  1998).	
  

The	
  candidate	
  stem	
  cell	
  population	
  in	
  the	
  adult	
  human	
  breast	
  gland,	
  that	
  is	
  most	
  relevant	
  to	
  

the	
   findings	
   of	
   the	
  Nature	
   papers	
   described	
   above,	
   are	
   the	
   suprabasal	
   cells	
   (Gudjonsson,	
  

Villadsen	
   et	
   al.	
   2002;	
   Villadsen,	
   Fridriksdottir	
   et	
   al.	
   2007).	
   These	
   cells	
   are	
   a	
   part	
   of	
   the	
  

luminal	
  compartment	
  but	
   localize	
   in	
  a	
  suprabasal	
  position	
  close	
  to	
  the	
  myoepithelial	
  cells.	
  

The	
   suprabasal	
   cells	
   contact	
   neither	
   the	
   lumen	
   or	
   the	
   basement	
  membrane	
   and	
   express	
  

markers	
  of	
  both	
  LEP	
  cells	
  (EpCAM,	
  K19)	
  and	
  some	
  markers	
  of	
  MEP	
  cells	
  (K14)	
  (Gudjonsson	
  

and	
  Magnusson	
  2005).	
  These	
  cells	
  do	
  not	
  express	
  markers	
  of	
   fully	
  differentiated	
  LEP	
  cells,	
  

like	
  Muc1.	
  Gudjonsson	
  et	
  al.	
  utilized	
  that	
  knowledge	
  to	
  isolate	
  EpCAM+	
  /	
  Muc1-­‐	
  suprabasal	
  

cells	
  and	
  EpCAM+	
  /	
  Muc1+	
  fully	
  differentiated	
  luminal	
  epithelial	
  cells	
  (Gudjonsson,	
  Villadsen	
  

et	
   al.	
   2002).	
   Subsequently,	
   the	
   two	
   populations	
   were	
   immortalized	
   with	
   retroviral	
  

transduction	
  using	
  the	
  E6	
  and	
  E7	
  oncogenes	
  from	
  human	
  papilloma	
  virus	
  16.	
  The	
  suprabasal	
  

cell	
   line,	
  D492,	
  shares	
  common	
  markers	
  of	
  LEP	
  (K8,	
  K19,	
  EpCAM	
  and	
  E-­‐cadherin)	
  and	
  MEP	
  

cells	
  (K5/6,	
  K14,	
  Vimentin	
  and	
  Thy-­‐1)	
  while	
  the	
  Muc1+	
  cell	
   line	
  (D382)	
  has	
  a	
  restricted	
  LEP	
  

phenotype	
  (Gudjonsson,	
  Villadsen	
  et	
  al.	
  2002).	
  Furthermore,	
  the	
  D492	
  cells	
  could	
  maintain	
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their	
   original	
   phenotype	
   and	
   differentiate	
   into	
   LEP-­‐like	
   and	
  MEP-­‐like	
   cells	
   but	
   D382	
   cells	
  

could	
  only	
  give	
  rise	
  to	
  more	
  LEP-­‐like	
  cells	
  (Gudjonsson,	
  Villadsen	
  et	
  al.	
  2004).	
  What	
  may	
  be	
  

most	
   interesting	
  about	
  the	
  D492	
  cell	
   line	
   is	
   the	
  morphology	
   in	
  three	
  dimensional	
   (3D)	
  cell	
  

culture	
   within	
   a	
   reconstituted	
   basement	
   membrane	
   (rBM).	
   While	
   the	
   D382	
   cell	
   line	
  

recapitulates	
  acinar-­‐like	
  formation	
  in	
  this	
  assay	
  the	
  D492	
  cell	
   line	
  forms	
  elaborate	
  colonies	
  

with	
   ducts	
   and	
   lobular-­‐like	
   structure	
   on	
   the	
   branching	
   tips,	
   similar	
   to	
   the	
   in	
   vivo	
   TDLU	
  

(Figure	
  2)	
  (Gudjonsson,	
  Villadsen	
  et	
  al.	
  2002).	
  

	
  

	
  

Figure 2. Phenotypic properties of breast epithelial cell lines in 3D cell culture. 
Top.	
   Schematic	
   figure	
  of	
  3D	
  cell	
   culture	
  within	
   rBM	
  matrix	
   (Matrigel).	
  Lower	
   left.	
  The	
  D382	
  cell	
   line	
  has	
  a	
   restricted	
  LEP	
  
phenotype	
  and	
  can	
   form	
  polarized,	
  acinus-­‐like,	
   colonies	
  with	
  a	
  central	
   lumen	
   in	
  3D	
  culture.	
  Lower	
   right.	
   The	
  suprabasal	
  
breast	
  epithelial	
  cell	
  line,	
  D492,	
  has	
  the	
  abilities	
  to	
  form	
  elaborate,	
  TDLU-­‐like,	
  branching	
  structures	
  in	
  3D	
  culture.	
  

	
  

Recently,	
  Villadsen	
  et	
  al.	
   isolated	
  K14+/K19+	
  suprabasal	
  cells	
  from	
  primary	
  breast	
  epithelial	
  

cells	
  with	
  a	
  similar	
  flow	
  cytometry	
  profile	
  used	
  to	
  identify	
  the	
  mouse	
  mammary	
  stem	
  cells	
  

described	
   above	
   (Villadsen,	
   Fridriksdottir	
   et	
   al.	
   2007).	
   In	
   addition,	
   they	
   could	
   show	
   that	
  

these	
   cells	
   reside	
   within	
   the	
   luminal	
   compartment	
   in	
   terminal	
   ducts.	
   Collectively,	
   all	
  

evidence	
   suggests	
   that	
   the	
   breast	
   gland	
   is	
   maintained	
   by	
   tissue	
   specific	
   stem	
   cells.	
   This	
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might	
  not	
  be	
  surprising	
  considering	
  that	
  during	
  the	
  luteal	
  phase	
  of	
  the	
  menstrual	
  cycle	
  the	
  

growth	
  fraction	
  can	
  reach	
  to	
  over	
  30%	
  and	
  in	
  pregnancy	
  there	
  is	
  at	
  least	
  a	
  ten	
  fold	
  increase	
  

in	
  the	
  number	
  of	
   lobules	
  and	
  a	
  complementary	
  expansion	
  of	
  the	
  stroma	
  (Shetty,	
  Loddo	
  et	
  

al.	
  2005).	
  In	
  fact,	
  the	
  majority	
  of	
  the	
  tissue	
  in	
  the	
  resting	
  breast	
  gland	
  belongs	
  to	
  the	
  stromal	
  

compartment	
  that	
  is	
  instrumental	
  in	
  breast	
  development	
  and	
  proper	
  tissue	
  homeostasis.	
  	
  

	
  	
  

1.4	
  Stromal	
  cells	
  in	
  the	
  normal	
  breast	
  gland	
  

Normal	
  human	
  breast	
  epithelium	
   is	
   surrounded	
  by	
  vascularized	
   intralobular	
   loose	
  stroma.	
  

The	
  loose	
  stroma	
  is	
  separated	
  from	
  fat	
  tissue	
  by	
  dense	
  dense	
  collagen	
  rich	
  stromal	
  tissue.	
  

(reviewed	
   in	
   (Sternlicht,	
   Kouros-­‐Mehr	
   et	
   al.	
   2006)).	
   The	
   stroma	
   is	
   composed	
   of	
   cellular	
  

components	
  such	
  as	
  fibroblasts,	
  fat	
  cells,	
  immune	
  cells	
  and	
  endothelial	
  cells.	
  The	
  stroma	
  is	
  

also	
  rich	
  in	
  bioactive	
  extracellular	
  matrix	
  components	
  such	
  as	
  basement	
  membrane	
  proteins	
  

(laminin	
  and	
  collagen	
  IV),	
  and	
  interstitial	
  collagen	
  (Noel	
  and	
  Foidart	
  1998;	
  Nelson	
  and	
  Bissell	
  

2006).	
   Crosstalk	
   between	
   the	
   epithelium	
   and	
   stroma	
   are	
   crucial	
   for	
   proper	
   development	
  

and	
  homeostasis	
  of	
  the	
  normal	
  breast	
  gland	
  (Weaver,	
  Fischer	
  et	
  al.	
  1996;	
  Nelson	
  and	
  Bissell	
  

2006).	
  The	
  epithelial	
  compartment	
  proliferates	
  and	
  differentiates	
  during	
  development	
  but	
  

the	
  stromal	
  compartment	
  contributes	
  instructive	
  signals	
  to	
  this	
  process	
  (Wiseman	
  and	
  Werb	
  

2002).	
   Breast	
   stromal	
   cells	
   (e.g.,	
   fibroblasts,	
   myofibroblasts,	
   leukocytes	
   and	
   endothelial	
  

cells)	
   are	
   known	
   to	
   produce	
   variety	
   of	
   cytokines	
   and	
   growth	
   factors,	
  which	
   can	
   influence	
  

proliferation,	
  migration,	
  morphology,	
  differentiation	
  and	
  biosynthesis	
  (Weaver,	
  Petersen	
  et	
  

al.	
   1997;	
   Hu	
   and	
   Polyak	
   2008).	
  Many	
   growth	
   factors	
   have	
   been	
   implicated	
   in	
   epithelial–

stromal	
   interactions	
   in	
   the	
  mammary	
  gland	
  such	
  as	
   transforming	
  growth	
  factor	
  beta	
   (TGF-­‐

β1),	
   Epidermal	
   growth	
   factor	
   (EGF),	
   keratinocyte	
   growth	
   factor	
   (KGF),	
   hepatocyte	
   growth	
  

factor	
   (HGF)	
   and	
   insulin	
   like	
   growth	
   factor	
   I	
   (IGF-­‐I)	
   (Coleman,	
   Silberstein	
   et	
   al.	
   1988;	
  

Robinson,	
   Silberstein	
   et	
   al.	
   1991;	
   Ulich,	
   Yi	
   et	
   al.	
   1994;	
   Niranjan,	
   Buluwela	
   et	
   al.	
   1995;	
  

Walden,	
   Ruan	
   et	
   al.	
   1998).	
   These	
   factors	
   among	
   others	
   are	
   produced	
   by	
   the	
   stroma	
   and	
  

mediate	
  short-­‐range	
  signals	
  influencing	
  mammary	
  epithelial	
  growth	
  (reviewed	
  in	
  (Sternlicht,	
  

Kouros-­‐Mehr	
   et	
   al.	
   2006)).	
   Unraveling	
   the	
   hierarchical	
   complexity	
   of	
   differentiated	
   and	
  

stem-­‐like	
  epithelial	
  cells	
  and	
  their	
  heterotypic	
  interaction	
  with	
  stromal	
  cells	
  is	
  fundamental	
  

for	
  understanding	
  morphogenesis	
  of	
  the	
  human	
  breast	
  gland.	
  Branching	
  morphogenesis	
  is	
  a	
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highly	
  complex	
  process	
  that	
  creates	
  the	
  tree-­‐like	
  structure	
  of	
  the	
  breast	
  gland	
  that	
   is	
  vital	
  

for	
   its	
   correct	
   function.	
  Aberrant	
   regulation	
  of	
   branching	
  morphogenesis	
   including	
   loss	
   of	
  

cellular	
  adhesion	
  and	
  polarization	
  is	
  one	
  of	
  the	
  hallmarks	
  of	
  breast	
  cancer.	
  	
  

	
  

	
  

2.	
  Branching	
  morphogenesis	
  

Branching	
  morphogenesis	
  can	
  be	
  viewed	
  as	
  a	
  strategy	
  to	
  pack	
  a	
  large	
  cell	
  surface	
  area	
  into	
  a	
  

limited	
   tissue	
   volume	
  and	
   is	
   a	
   recurring	
   theme	
   in	
  organ	
  development	
   (Sternlicht,	
   Kouros-­‐

Mehr	
  et	
  al.	
  2006).	
  Key	
  mechanisms	
  seem	
  to	
  be	
  conserved	
  between	
  most	
  branched	
  organs,	
  

from	
  trachea	
  of	
  the	
  fruit	
  fly	
  to	
  lungs,	
  kidneys	
  and	
  breast	
  glands	
  in	
  humans	
  (Lu,	
  Sternlicht	
  et	
  

al.	
   2006;	
   Lu	
   and	
  Werb	
   2008).	
   However,	
   during	
   formation	
   and	
   maintenance	
   of	
   branched	
  

organs,	
  tissue	
  specific	
  factors	
  initiate	
  and	
  facilitate	
  the	
  branching	
  process,	
  like	
  in	
  the	
  breast	
  

gland	
   where	
   hormonal	
   and	
   stromal	
   derived	
   signals	
   influence	
   the	
   outcome	
   (Sternlicht,	
  

Kouros-­‐Mehr	
  et	
  al.	
  2006).	
  

	
  

2.1	
  Branching	
  morphogenesis	
  in	
  the	
  human	
  breast	
  gland	
  

The	
   human	
   breast	
   gland	
   is	
   a	
   unique	
   organ	
   that	
   largely	
   develops	
   through	
   branching	
  

morphogenesis	
  after	
  birth.	
  From	
  the	
  onset	
  of	
  puberty,	
  the	
  female	
  breast	
  gland	
  goes	
  through	
  

robust	
  branching	
  morphogenesis	
  creating	
  ductal	
   structures	
  with	
   lobular	
  units	
  on	
   the	
  ends	
  

with	
  a	
  complementary	
  stromal	
  expansion	
  (Hovey,	
  Trott	
  et	
  al.	
  2002;	
  Russo	
  and	
  Russo	
  2004).	
  

This	
   process	
   is	
   induced	
   by	
   hormonal	
   signals	
   at	
   the	
   onset	
   of	
   puberty,	
   during	
   each	
  

menstruation	
  cycle	
  and	
  during	
  pregnancy	
   (Fendrick,	
  Raafat	
  et	
  al.	
  1998;	
  Sternlicht,	
  Kouros-­‐

Mehr	
   et	
   al.	
   2006).	
   Ovariectomy	
   and	
   hypophysectomy	
   in	
   mice	
   show	
   that	
   ovarian	
   and	
  

pituitary	
   hormones	
   are	
   important	
   for	
   early	
   development	
   of	
   the	
  mammary	
   gland	
   (Daniel,	
  

Silberstein	
  et	
  al.	
  1987;	
  Feldman,	
  Ruan	
  et	
  al.	
  1999;	
  Kleinberg,	
  Feldman	
  et	
  al.	
  2000).	
  However,	
  

embryonic	
   branching	
   occurs	
   without	
   any	
   need	
   for	
   hormonal	
   signals	
   in	
   contrast	
   to	
  

adolescent	
   and	
   adult	
   branching	
   (Cowin	
   and	
   Wysolmerski	
   2010).	
   Growth	
   hormone	
   (GH),	
  

Estrogen	
  and	
  estrogen	
  receptor	
  (ER)	
  are	
  needed	
  for	
  adolescent	
  branching	
  while	
  additional	
  

signals	
  from	
  progesterone	
  and	
  progesterone	
  receptor	
  (PR)	
  are	
  crucial	
   in	
  adult	
  tertiary	
  side	
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branching	
   (Sternlicht,	
   Kouros-­‐Mehr	
   et	
   al.	
   2006).	
  Mouse	
  experiments	
  have	
   shown	
   that	
  GH	
  

acts	
  on	
  its	
  receptor	
  located	
  on	
  stromal	
  cells	
  in	
  the	
  mammary	
  gland.	
  In	
  turn,	
  the	
  stromal	
  cells	
  

produce	
   insulin-­‐like	
   growth	
   factor-­‐1	
   (IGF-­‐1)	
   that	
   interacts	
   with	
   its	
   receptor	
   on	
  mammary	
  

epithelial	
  cells	
  and	
  induces	
  branching.	
  Induction	
  of	
  IGF-­‐1	
  by	
  GH	
  was	
  furthermore	
  enhanced	
  

by	
  estradiol	
   (reviewed	
   in	
   (Kleinberg,	
  Feldman	
  et	
  al.	
  2000)).	
  Although	
  hormonal	
  signals	
  are	
  

essential	
   for	
   branching	
   morphogenesis,	
   it	
   is	
   believed	
   that	
   they	
   mediate	
   their	
   branching	
  

effects	
  by	
  inducing	
  powerful	
  signals	
  through	
  receptor	
  tyrosine	
  kinases	
  (Sebastian,	
  Richards	
  

et	
  al.	
  1998;	
  Rosario	
  and	
  Birchmeier	
  2003).	
  

	
  

2.2	
  Receptor	
  tyrosine	
  kinases	
  in	
  branching	
  morphogenesis	
  

Branching	
   epithelial	
   morphogenesis	
   in	
   various	
   tissues	
   depends	
   on	
   heterotypic	
   signaling	
  

between	
   epithelium	
   and	
   stroma	
   (Ronnov-­‐Jessen,	
   Petersen	
   et	
   al.	
   1996;	
   Hsu	
   and	
   Yamada	
  

2010;	
   Little,	
   Georgas	
   et	
   al.	
   2010;	
   Warburton,	
   El-­‐Hashash	
   et	
   al.	
   2010).	
   Receptor	
   tyrosine	
  

kinases	
  (RTKs)	
  are	
  key	
  mediators	
  of	
  signal	
  transmission	
  in	
  response	
  to	
  extracellular	
  cues	
  that	
  

regulate	
   proliferation,	
   differentiation	
   and	
   branching	
   morphogenesis	
   in	
   the	
   breast	
   gland	
  

(Dillon,	
  Spencer-­‐Dene	
  et	
  al.	
  2004;	
  Zahnow	
  2006).	
  Extracellular	
  factors	
  such	
  as	
  FGFs,	
  HGF	
  and	
  

EGF	
  act	
  via	
   their	
   respective	
  receptors	
   (FGFRs,	
  c-­‐MET	
  and	
  EGFRs)	
   to	
  activate,	
  among	
  other	
  

pathways,	
   the	
   mitogen-­‐activated	
   protein	
   kinase	
   (MAP-­‐kinase)	
   pathway	
   and	
   the	
  

phosphatidylinositol	
  3-­‐kinase	
  	
  (PI-­‐3	
  kinase)	
  pathway.	
  MAP-­‐kinase	
  and	
  PI-­‐3	
  kinase	
  pathways	
  

are	
   critical	
   for	
   the	
   development	
   of	
  many	
   branched	
   organs	
   and	
   generally	
   act	
   to	
   promote	
  

branching	
  (Davies	
  2002).	
  Interestingly,	
  in	
  ovariectomized	
  and	
  ERα-­‐deficient	
  mice,	
  ligands	
  of	
  

EGFR	
  receptors	
  can	
  rescue	
  mammary	
  gland	
  development,	
  emphasizing	
  their	
  importance	
  in	
  

mammary	
   branching	
   (Coleman,	
   Silberstein	
   et	
   al.	
   1988;	
   Kenney,	
   Bowman	
   et	
   al.	
   2003).	
  

Growth	
   and	
   morphogenic	
   signaling	
   must	
   be	
   precisely	
   regulated	
   both	
   spatially	
   and	
  

temporally	
   to	
   ensure	
   normal	
   homeostasis.	
   Indeed,	
   disruption	
   in	
   the	
   regulation	
   of	
   RTK	
  

signaling	
   is	
   a	
   major	
   factor	
   in	
   cancers,	
   including	
   breast	
   cancers	
   (Gastaldi,	
   Comoglio	
   et	
   al.	
  

2010;	
  Gutierrez	
  and	
  Schiff	
  2011).	
  In	
  particular,	
  members	
  of	
  the	
  EGFR	
  family	
  (ErbB2)	
  and	
  c-­‐

MET/HGF	
   have	
   been	
   suggested	
   as	
   major	
   players	
   in	
   the	
   progression	
   of	
   breast	
   cancers	
  

(reviewed	
  in	
  (Gastaldi,	
  Comoglio	
  et	
  al.	
  2010;	
  Gutierrez	
  and	
  Schiff	
  2011).	
  Kuperwasser	
  et	
  al.	
  

demonstrated	
  the	
  ability	
  of	
  human	
  derived,	
  normal	
  and	
  aberrant	
  fibroblasts	
  to	
  support	
  both	
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branching	
  morphogenesis	
  and	
  cancer	
  formation	
  from	
  normal	
  appearing	
  cells	
  through	
  TGF-­‐

β1	
  and	
  HGF	
  (Kuperwasser,	
  Chavarria	
  et	
  al.	
  2004).	
  This	
  highlights	
  the	
  determinative	
  role	
  for	
  

stroma	
   in	
   normal	
   and	
   malignant	
   breast	
   morphogenesis.	
   Activation	
   of	
   different	
   RTKs	
   is	
  

important	
   in	
  breast	
  morphogenesis	
  but	
   it	
   is	
  also	
   likely	
   that	
   inhibitors	
  of	
  RTK	
  signaling	
  can	
  

modulate	
  the	
  signal	
  transduction	
  in	
  numerous	
  ways.	
  In	
  fact,	
  the	
  recently	
  discovered	
  sprouty	
  

proteins,	
  which	
  are	
  endogenous	
  negative	
   feedback	
   regulators	
  of	
  RTK	
  signaling,	
  have	
  been	
  

shown	
  to	
  have	
  negative	
  effects	
  on	
  proliferation	
  and	
  migration	
  induced	
  by	
  HGF	
  (Lee,	
  Putnam	
  

et	
  al.	
  2004).	
  

	
  

2.3	
  Sprouty	
  proteins	
  in	
  branching	
  morphogenesis	
  

Recently,	
   studies	
   have	
   highlighted	
   the	
   importance	
   of	
   negative	
   feedback	
   control	
   of	
   RTK	
  

signaling	
   in	
   ensuring	
   correct	
   cell	
   fate	
   (Dikic	
   and	
   Giordano	
   2003;	
   Amit,	
   Citri	
   et	
   al.	
   2007).	
  

Studies	
   have	
   started	
   elucidating	
   a	
   novel	
   mechanism	
   of	
   tyrosine	
   kinase	
   signal	
   regulation	
  

through	
  a	
  small	
  family	
  of	
  sprouty	
  (Spry)	
  proteins	
  (reviewed	
  in	
  (Kim	
  and	
  Bar-­‐Sagi	
  2004)).	
  Spry	
  

was	
  initially	
  discovered	
  in	
  genetic	
  screens	
  for	
  mutations	
  in	
  drosophila	
  that	
  impact	
  tracheal	
  

and	
  eye	
  development	
  (Hacohen,	
  Kramer	
  et	
  al.	
  1998;	
  Casci,	
  Vinos	
  et	
  al.	
  1999).	
  In	
  the	
  case	
  of	
  

tracheal	
   branching,	
   loss	
   of	
   Spry	
   resulted	
   in	
   extra	
   secondary	
   branches.	
   Hacohen	
   et	
   al.	
  

showed	
   that	
   this	
   was	
   due	
   to	
   inhibiting	
   effects	
   of	
   Spry	
   on	
   Btl	
   signaling	
   (homolog	
   to	
  

mammalian	
   FGFR)	
   in	
   tracheal	
   epithelium	
   resulting	
   in	
   unrestrained	
   Bnl-­‐Btl	
   (FGF-­‐FGFR)	
  

signaling	
  when	
   it	
  was	
   lost	
   (Hacohen,	
   Kramer	
   et	
   al.	
   1998).	
   Spry	
   is	
   now	
   known	
   to	
   act	
   as	
   a	
  

conserved	
   inhibitor	
   /	
  modulator	
  of	
  RTK	
   signaling	
   in	
  higher	
  eukaryotes	
   (Gross,	
  Bassit	
  et	
  al.	
  

2001;	
   Impagnatiello,	
  Weitzer	
   et	
   al.	
   2001;	
   Lee,	
   Schloss	
   et	
   al.	
   2001;	
   Sasaki,	
   Taketomi	
   et	
   al.	
  

2001;	
  Hanafusa,	
  Torii	
  et	
  al.	
  2002;	
  Tefft,	
  Lee	
  et	
  al.	
  2002;	
  Yusoff,	
  Lao	
  et	
  al.	
  2002).	
  Spry	
  proteins	
  

have	
  been	
  proposed	
  to	
  act	
  in	
  a	
  negative	
  feedback	
  loop	
  and	
  their	
  expression	
  and	
  activity	
  are	
  

increased	
  in	
  response	
  to	
  elevated	
  signaling	
  through	
  RTKs	
  such	
  as	
  FGFR2	
  and	
  EGFR1	
  (Figure	
  

3)	
  (Mason,	
  Morrison	
  et	
  al.	
  2006).	
  There	
  are	
  four	
  known	
  mammalian	
  Spry	
  proteins	
  (Spry-­‐1-­‐

4).	
   The	
   detailed	
   molecular	
   mechanism	
   of	
   the	
   different	
   sproutys	
   has	
   not	
   been	
   fully	
  

elucidated.	
  However,	
  Hanafusa	
  et	
  al	
  showed	
  that	
  after	
  stimulation	
  by	
  growth	
  factors,	
  Spry-­‐1	
  

and	
  Spry-­‐2	
   translocate	
   to	
   the	
  plasma	
  membrane	
  and	
  become	
  phosphorylated	
  on	
  a	
  highly	
  

conserved	
  tyrosine	
  residue	
  (Hanafusa,	
  Torii	
  et	
  al.	
  2002).	
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Figure 3. Negative feedback control of Sprouty proteins on receptor tyrosine kinase signaling. 
Binding	
  of	
  ligands	
  to	
  RTKs	
  leads	
  to	
  activation	
  of	
  RAS-­‐RAF-­‐ERK	
  signaling	
  and	
  downstream	
  targets	
  including	
  upregulation	
  of	
  
sprouty	
   expression.	
   Sprouty	
   proteins	
   can	
   subsequently	
   interact	
   with	
   adaptor	
   proteins	
   such	
   as	
   Grb2,	
   a	
   Ras	
   GTPase-­‐
activating	
  protein,	
  and	
  negatively	
  affect	
  Ras	
  activation	
  and	
  thus	
  RTK	
  signaling.	
  

	
  

These	
   translocation	
   and	
   phosphorylation	
   steps	
   of	
   Spry	
   were	
   shown	
   to	
   block	
   recruitment	
  

and	
   activation	
   of	
   key	
   docking	
   and	
   adaptor	
   proteins	
   (Grb2–Sos	
   complex,	
   FRS2	
   or	
   Shp2),	
  

necessary	
  for	
  activation	
  of	
  the	
  ERK-­‐MAPK	
  signaling	
  pathway	
  (Mason,	
  Morrison	
  et	
  al.	
  2006).	
  

Studies	
  on	
  the	
  inhibiting	
  effects	
  of	
  Spry	
  and	
  its	
  activity	
  in	
  mammalian	
  systems	
  have	
  mostly	
  

focused	
  on	
   FGFR,	
   EGFR,	
   c-­‐MET	
   and	
  VEGFR	
   regulation	
   in	
   cell	
   culture	
   (reviewed	
   in	
   (Cabrita	
  

and	
  Christofori	
  2008)).	
  Knockout	
  (KO)	
  of	
  Spry-­‐1	
  and	
  -­‐2	
  in	
  mice	
  results	
  in	
  branching	
  defects	
  in	
  

many	
  different	
  organs	
  (reviewed	
  in	
  (Edwin,	
  Anderson	
  et	
  al.	
  2009)).	
  Tefft	
  et	
  al.	
  and	
  Mailleux	
  

et	
   al.	
   have	
   shown	
   that	
   mouse	
   Spry-­‐2	
   is	
   expressed	
   in	
   branching	
   epithelial	
   lung	
   buds	
   and	
  

seems	
   to	
   negatively	
   regulate	
   lung	
   branching	
   (Tefft,	
   Lee	
   et	
   al.	
   1999;	
  Mailleux,	
   Tefft	
   et	
   al.	
  

2001).	
   Similarly,	
   the	
   loss	
   of	
  mouse	
   Spry-­‐1	
   results	
   in	
   abnormal	
   kidney	
  development	
   in	
   the	
  

formation	
  of	
  polycystic	
  kidneys	
   (Basson,	
  Akbulut	
  et	
  al.	
  2005).	
   Spry-­‐2	
  KO	
   in	
  mice	
   results	
   in	
  

enteric	
  hyperplasia	
  and	
  esophageal	
  abnormalities	
  in	
  addition	
  to	
  defects	
  in	
  the	
  development	
  

of	
   organ	
   of	
   the	
   corti	
   resulting	
   in	
   hearing	
   loss	
   (Shim,	
   Minowada	
   et	
   al.	
   2005;	
   Taketomi,	
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Yoshiga	
   et	
   al.	
   2005).	
   In	
   contrast,	
   Spry-­‐4	
   KO	
   results	
   in	
   dwarfism,	
   limb	
   deformation,	
   tooth	
  

abnormalities	
  and	
  mandible	
  defects	
  (Hansen,	
  Floss	
  et	
  al.	
  2003;	
  Klein,	
  Minowada	
  et	
  al.	
  2006;	
  

Taniguchi,	
  Ayada	
  et	
  al.	
  2007).	
  Double	
  KO	
  of	
  Spry-­‐2/4	
  suggested	
  that	
  these	
  Spry	
  proteins	
  may	
  

have	
   overlapping	
   functions,	
   as	
   the	
   mice	
   were	
   embryonic	
   lethal,	
   showing	
   defects	
   in	
  

craniofacial,	
   limb	
   and	
   lung	
   morphogenesis	
   (Taniguchi,	
   Ayada	
   et	
   al.	
   2007).	
   Spry-­‐3	
   is	
   a	
  

relatively	
  uncharacterized	
  member	
  of	
   the	
  Spry	
   family	
  with	
   low	
  expression	
   in	
  most	
   tissues	
  

(Cabrita	
  and	
  Christofori	
  2008).	
  Recently,	
  Panagiotaki	
  et	
  al.	
   found	
  that	
  Spry-­‐3	
   is	
   involved	
   in	
  

the	
  regulation	
  of	
  axonal	
  branching	
  of	
  motoneurons	
  (Panagiotaki,	
  Dajas-­‐Bailador	
  et	
  al.	
  2010).	
  

Although	
   sprouty	
   proteins	
   have	
   been	
   identified	
   as	
   antagonists	
   of	
   FGFR,	
   c-­‐Met	
   and	
   EGFR	
  

signaling	
  in	
  various	
  organs,	
  their	
  role	
  in	
  the	
  human	
  breast	
  gland	
  has	
  not	
  been	
  systematically	
  

analyzed.	
   Lo	
   et	
   al.	
   showed	
   that	
   the	
   expression	
   levels	
   of	
   Spry-­‐2	
   seem	
   to	
   fluctuate	
   in	
  

conjunction	
  with	
  critical	
  periods	
  in	
  branching	
  morphogenesis	
  in	
  the	
  mouse	
  mammary	
  gland,	
  

showing	
   increased	
   expression	
   during	
   pregnancy	
   (Lo,	
   Yusoff	
   et	
   al.	
   2004).	
   In	
   addition,	
   they	
  

also	
  suggested	
  that	
  Spry-­‐2	
  could	
   function	
  as	
  a	
   tumor	
  suppressor	
  because	
   it	
   seemed	
  to	
  be	
  

downregulated	
  in	
  breast	
  cancers	
  (Lo,	
  Yusoff	
  et	
  al.	
  2004).	
  In	
  fact,	
  increased	
  and/or	
  abnormal	
  

signals	
  through	
  RTKs	
  and	
  loss	
  of	
  their	
  negative	
  regulators	
  is	
  one	
  of	
  the	
  hallmarks	
  of	
  cancer.	
  

 

	
  

3.	
  Breast	
  cancer	
  

Stem	
  cells	
  maintain	
  tissue	
  homeostasis	
  throughout	
  the	
  life	
  span	
  of	
  an	
  organism.	
  In	
  the	
  case	
  

of	
   the	
   breast	
   gland,	
   stem	
   and	
   progenitor	
   cells	
   proliferate	
   and	
   participate	
   in	
   branching	
  

morphogenesis	
  in	
  a	
  controlled	
  manner	
  until	
  the	
  onset	
  of	
  menopause.	
  In	
  malignancy,	
  cancer-­‐

initiating	
   cells	
   emerge	
   that	
   have	
   acquired	
   abnormalities	
   in	
   genes	
   necessary	
   for	
   normal	
  

homeostasis.	
  Cancerous	
  cells	
  start	
  to	
  proliferate	
  resulting	
  in	
   large	
  populations	
  of	
  cells	
  that	
  

have	
  lost	
  their	
  original,	
  tissue	
  specific,	
  role	
  (Hanahan	
  and	
  Weinberg	
  2011).	
  	
  

	
  

3.1	
  Malignant	
  transformation	
  of	
  the	
  breast	
  

Transition	
  towards	
  malignancy	
   is	
   induced	
  by	
  oncogenes	
  (Hanahan	
  and	
  Weinberg	
  2011).	
   In	
  

short,	
   this	
   builds	
   on	
   the	
   observations	
   that	
   carcinogens	
   can	
   alter	
   the	
   function	
   of	
   normal	
  

growth	
   controlling	
  genes	
   (proto-­‐oncogenes).	
   This	
   results	
   in	
  oncogenes	
   that	
   can	
   transform	
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normal	
   cells	
   into	
   cancer	
   cells.	
   Oncogenes	
   can	
   arise	
   from	
   point	
   mutations,	
   chromosomal	
  

translocations	
   or	
   DNA	
   amplifications	
   (Lee	
   and	
  Muller	
   2010).	
   The	
   discovery	
   of	
   oncogenes	
  

provided	
   a	
   simple	
   explanation	
   how	
   cancer	
   proliferation	
   is	
   boosted.	
   It	
   however,	
   only	
  

explained	
   half	
   the	
   story.	
   Subsequently,	
   another	
   group	
   of	
   growth	
   controlling	
   genes	
   was	
  

discovered	
  that	
  suppresses	
  cellular	
  proliferation,	
  the	
  tumor	
  suppressor	
  genes	
  (Reviewed	
  in	
  

(Lee	
  and	
  Muller	
  2010)).	
  The	
   loss	
  of	
  these	
  “gatekeeper”	
  genes,	
  such	
  as	
  p53	
  and	
  RB,	
  makes	
  

cells	
  vulnerable	
  to	
  further	
  genetic	
  insult	
  and	
  thus	
  play	
  a	
  big	
  role	
  in	
  the	
  initiation	
  of	
  cancers.	
  

The	
  function	
  of	
  tumor	
  suppressor	
  genes	
  is	
  lost	
  through	
  mutations,	
  methylation	
  or	
  a	
  loss	
  of	
  a	
  

chromosomal	
  region	
  harboring	
  the	
  gene	
  (Reviewed	
  in	
  (Shuen	
  and	
  Foulkes	
  2011)).	
  Malignant	
  

transformation	
  of	
  cells	
  results	
   in	
  different	
  types	
  of	
  cancers	
  depending	
  on	
  the	
  cell	
  of	
  origin	
  

and	
  the	
  type	
  of	
  genetic	
  abnormalities	
  that	
  take	
  place	
  (Nakshatri,	
  Srour	
  et	
  al.	
  2009).	
   In	
  the	
  

human	
  breast	
  gland	
  most	
  cancers	
  originate	
  in	
  luminal	
  epithelial	
  cells	
  and/or	
  cells	
  harboring	
  

stem/progenitor	
  properties	
  within	
  the	
  luminal	
  compartment	
  (Petersen	
  and	
  Polyak	
  2010;	
  de	
  

Ruijter,	
   Veeck	
   et	
   al.	
   2011).	
   In	
   contrast,	
   differentiated	
   MEP	
   cells	
   are	
   progressively	
   lost	
  

through	
   breast	
   cancer	
   progression	
   and	
   some	
   evidence	
   suggests	
   that	
   they	
   may	
   in	
   fact	
  

suppress	
  tumor	
  formation	
  (Gudjonsson,	
  Adriance	
  et	
  al.	
  2005).	
  Although	
  originating	
  almost	
  

exclusively	
  within	
   the	
   luminal	
   epithelial	
   compartment	
   breast	
   cancer	
   is	
   a	
   complex	
   disease	
  

with	
  number	
  of	
  different	
  subtypes	
  with	
  varying	
  clinical	
  outcomes	
  (Polyak	
  2007).	
  Pioneering	
  

studies	
  by	
  Perou	
  et	
  al.	
  and	
  Sorlie	
  et	
  al.	
  using	
  gene	
  expression	
  profiling	
  showed	
  that	
  breast	
  

tumors	
   could	
   be	
   classified	
   into	
   five	
   different	
   molecular	
   subtypes:	
   basal-­‐like,	
   luminal	
   A,	
  

luminal	
  B,	
  ErbB2+	
  and	
  normal-­‐like	
  (Perou,	
  Sorlie	
  et	
  al.	
  2000)	
  (Sorlie,	
  Perou	
  et	
  al.	
  2001).	
  These	
  

observations	
  were	
   confirmed	
   by	
  multiple	
   independent	
   research	
   groups	
  with	
   large	
   sets	
   of	
  

breast	
   tumors	
  extending	
  across	
  different	
  ethnic	
  groups	
   (Yu,	
  Lee	
  et	
  al.	
  2004;	
  Hu,	
  Fan	
  et	
  al.	
  

2006;	
   Sorlie,	
   Wang	
   et	
   al.	
   2006).	
   These	
   subtypes	
   have	
   been	
   suggested	
   to	
   originate	
   from	
  

different	
   breast	
   epithelial	
   cells	
   within	
   the	
   hierarchical	
   developmental	
   tree	
   (Figure	
   4)	
  

(Petersen	
   and	
   Polyak	
   2010).	
   Measurement	
   of	
   the	
   levels	
   of	
   ER,	
   PR	
   and	
   ErbB2	
   is	
   of	
   great	
  

importance	
  when	
  deciding	
  therapy	
  for	
  the	
  different	
  breast	
  cancer	
  subtypes	
  (De	
  Laurentiis,	
  

Cianniello	
   et	
   al.	
   2010).	
   Clinically,	
   the	
   best	
   prognosis	
   is	
   for	
   the	
   luminal	
   A	
   subtype	
   and	
   the	
  

worst	
  for	
  basal-­‐like	
  breast	
  cancers	
  (Polyak	
  2007).	
  Luminal	
  A	
  and	
  B	
  are	
  the	
  hormone	
  receptor	
  

positive	
   subtypes	
   so	
   they	
   can	
  be	
   treated	
  with	
   tamoxifen,	
   aromatase	
   inhibitors	
   or	
   ovarian	
  

ablation	
  which	
  improves	
  prognosis	
  substantially	
  (Zwart,	
  Theodorou	
  et	
  al.	
  2011).	
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Figure 4. Hierarchy of breast epithelial cells in development and relation to different breast cancer 
subtypes. 
The	
  molecular	
  classification	
  of	
  breast	
  cancers	
  by	
  gene	
  expression	
  into	
  Basal-­‐like,	
  ErbB2,	
  Luminal	
  A	
  and	
  Luminal	
  B	
  subtypes	
  
has	
  been	
  suggested	
  to	
  have	
  relation	
  to	
  different	
  breast	
  epithelial	
  populations.	
  Breast	
  cancers	
  originating	
  in	
  myoepithelial	
  
cells	
  are	
  rare.	
  The	
  basal-­‐like	
  cancers	
  have	
  been	
  proposed	
  to	
  originate	
  in	
  bipotent	
  (suprabasal)	
  progenitor	
  cells	
  or	
  luminal	
  
progenitor	
  cells	
  while	
   the	
  ErbB2	
  subtype	
  has	
  been	
  suggested	
  to	
  arise	
   from	
   late	
   luminal	
  progenitor	
  cells.	
   In	
  contrast,	
   the	
  
Luminal	
  A	
  and	
  B	
  subtypes	
  are	
   likely	
  originating	
   from	
  more	
  differentiated	
   luminal	
  epithelial	
   cells.	
  Different	
  breast	
  cancer	
  
subtypes	
  also	
  correlate	
  to	
  clinical	
  outcome	
  resulting	
  in	
  the	
  worst	
  survival	
  within	
  the	
  basal-­‐like	
  subtype.	
  

	
  

Furthermore,	
  the	
  use	
  of	
  trastuzumab	
  (ErbB2	
  inhibiting	
  antibody)	
  has	
  provided	
  patients	
  with	
  

the	
   ErbB2	
  overexpressing	
   subtype	
  with	
   significantly	
   improved	
   survival	
   (Damasceno	
  2011).	
  

Actually,	
  if	
  left	
  untreated,	
  the	
  different	
  subtypes	
  have	
  a	
  similar	
  prognosis	
  but	
  the	
  basal-­‐like	
  

tumors	
   lack	
   a	
   therapeutic	
   target	
   so	
   ultimately	
   they	
   end	
   up	
  with	
   the	
  worst	
   prognosis	
   (De	
  

Laurentiis,	
  Cianniello	
  et	
  al.	
  2010).	
  Basal-­‐like	
  breast	
  cancer	
  (BLBC)	
  are	
  generally	
  not	
  ER+,	
  PR+	
  

or	
  have	
  an	
  amplification	
  of	
  ErbB2,	
  so	
  they	
  are	
  referred	
  to	
  as	
  triple	
  negative	
  breast	
  cancers	
  

(Badve,	
  Dabbs	
  et	
  al.	
  2011).	
  This	
  triple	
  negativity	
  has	
  proven	
  to	
  be	
  a	
  fairly	
  poor	
  classification	
  

for	
   the	
   BLBCs	
   because	
   not	
   all	
   triple	
   negative	
   cancers	
   are	
   of	
   this	
   subtype	
   so	
   additional	
  

markers	
   have	
   been	
   included.	
   They	
   are	
   now	
   characterized	
   by	
   having	
   similar	
   markers	
   as	
  

suprabasal	
   progenitors/stem	
   cells	
   in	
   the	
   normal	
   breast	
   gland,	
   expressing	
   K5/6,	
   K14,	
   K17,	
  

K19,	
   Vimentin	
   and	
   EGFR1	
   (Nielsen,	
   Hsu	
   et	
   al.	
   2004;	
   Rakha,	
   Elsheikh	
   et	
   al.	
   2009).	
   BLBC	
  

represent	
   15-­‐20%	
   of	
   all	
   breast	
   cancers	
   and	
   tend	
   to	
   occur	
   in	
   younger	
   women	
   with	
   a	
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significantly	
   higher	
   incidence	
   among	
   African	
   Americans	
   (Stead,	
   Lash	
   et	
   al.	
   2009).	
   BLBCs	
  

often	
  show	
  the	
  presence	
  of	
  spindle-­‐like	
  cells	
  and	
  squamous	
  metaplasia	
  (de	
  Ruijter,	
  Veeck	
  et	
  

al.	
   2011).	
   They	
   have	
   a	
   high	
   proliferation	
   index,	
   high	
   grade	
   and	
   frequently	
   show	
   pushing	
  

borders	
  with	
  surrounding	
   lymphocyte-­‐rich	
  stroma	
  and	
  increased	
  microvascular	
  density	
  (de	
  

Ruijter,	
   Veeck	
   et	
   al.	
   2011).	
   In	
   fact,	
   stromal	
   derived	
   cells	
   are	
   believed	
   to	
   be	
   important	
  

components	
  of	
  tumor	
  growth	
  and	
  progression.	
  In	
  vivo	
  and	
  in	
  vitro	
  experiments	
  have	
  shown	
  

that	
  the	
  stromal	
  cells	
  within	
  the	
  breast	
  along	
  with	
  molecules	
  in	
  the	
  extracellular	
  matrix	
  can	
  

influence	
  growth,	
  survival	
  and	
  invasive	
  properties	
  of	
  breast	
  cancer	
  cells	
  (Howlett	
  and	
  Bissell	
  

1993;	
  Hanahan	
  and	
  Weinberg	
  2011).	
  

	
  

3.2	
  Stromal	
  cells	
  in	
  breast	
  cancer	
  progression	
  

At	
  the	
  cellular	
   level,	
   focus	
  of	
  the	
   last	
  two	
  decades	
  has	
  been	
  on	
  interactions	
  of	
  tumor	
  cells	
  

and	
   fibroblasts	
   and	
   their	
   impact	
   on	
   tumor	
   progression	
   (Elenbaas	
   and	
   Weinberg	
   2001;	
  

Nielsen,	
  Ronnov-­‐Jessen	
  et	
  al.	
  2002).	
  Studies	
  have	
  shown	
  that	
  co	
  injection	
  of	
  tumor	
  cells	
  with	
  

irradiated	
  fibroblasts	
  or	
  conditioned	
  media	
  from	
  fibroblasts	
  has	
  growth	
  promoting	
  effects	
  in	
  

mouse	
   xenograft	
   models	
   (Camps,	
   Chang	
   et	
   al.	
   1990;	
   Noel,	
   De	
   Pauw-­‐Gillet	
   et	
   al.	
   1993).	
  

Additionally,	
   the	
   TGF-­‐beta	
   type	
   II	
   receptor	
   gene	
   has	
   been	
   knocked	
   out	
   in	
   fibroblasts	
   and	
  

subsequently	
  cotransplanted	
  with	
  mammary	
  cancer	
  cells	
  in	
  nude	
  mice	
  resulting	
  in	
  increased	
  

tumor	
  growth,	
  invasion	
  and	
  metastasis	
  (Cheng,	
  Bhowmick	
  et	
  al.	
  2005).	
  Cheng	
  et	
  al.	
  showed	
  

that	
  this	
  was	
  the	
  result	
  of	
  increased	
  fibroblast	
  derived	
  TGF-­‐α,	
  MSP	
  and	
  HGF	
  (Cheng,	
  Chytil	
  

et	
   al.	
   2007).	
   Additionally	
   Kuperwasser	
   et	
   al.	
  were	
   able	
   to	
   construct	
   a	
   functionally	
   normal	
  

breast	
  gland	
  in	
  mouse	
  mammary	
  fat	
  pads	
  when	
  they	
  prepared	
  the	
  mouse	
  tissue	
  by	
  injecting	
  

human	
   stromal	
   fibroblasts	
   prior	
   to	
   the	
   epithelial	
   engraftment.	
   However,	
   when	
   these	
  

fibroblasts	
  were	
  made	
  to	
  express	
  higher	
   levels	
  of	
  TGF-­‐β1	
  or	
  HGF	
  these	
  apparently	
  normal	
  

derived	
  epithelial	
  cells	
  formed	
  in	
  some	
  cases	
  tumors	
  further	
  outlining	
  the	
  potential	
  effects	
  

of	
   fibroblasts	
   on	
   cancer	
   formation/progression	
   (Kuperwasser,	
   Chavarria	
   et	
   al.	
   2004).	
  

Inflammation	
   and	
   cancer	
   is	
   tightly	
   linked	
   together	
   and	
   as	
   early	
   as	
   1863	
   Rudolf	
   Virchow	
  

reported	
   that	
   leukocytes	
   were	
   present	
   in	
   tumor	
   tissues	
   (rewieved	
   in	
   (Balkwill	
   and	
  

Mantovani	
   2001)).	
   Chronic	
   inflammation	
   creates	
   a	
   suitable	
   microenvironment	
   that	
  

promotes	
  cancer	
  progression	
  with	
   reciprocal	
   interactions	
  of	
   tumor	
  cells	
  and	
   inflammatory	
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cells	
   (Lorusso	
   and	
  Ruegg	
   2008).	
   Recruited	
  macrophages	
   release	
  numerous	
   growth	
   factors	
  

that	
  affect	
   tumor	
  growth	
   including	
  VEGF,	
  bFGF,	
  TNF,	
  HGF,	
  EGF	
  and	
  PDGF	
   in	
  addition	
   to	
  a	
  

wide	
   variety	
   of	
   cytokines	
   (Robinson	
   and	
   Coussens	
   2005;	
   Benelli,	
   Lorusso	
   et	
   al.	
   2006).	
  

Monocytes/macrophages	
  are	
  often	
  present	
  early	
  on	
  in	
  cancer	
  formation	
  and	
  in	
  mice	
  lacking	
  

CSF-­‐1,	
   monocyte	
   recruitment	
   is	
   haltered	
   and	
   leads	
   to	
   reduced	
   cancer	
   progression	
   and	
  

metastasis	
   (Lin,	
  Nguyen	
  et	
   al.	
   2001;	
  Pollard	
  2004).	
   In	
   addition,	
  mast	
   cells	
   and	
  neutrophils	
  

have	
   also	
   been	
   shown	
   to	
   increase	
   tumor	
   progression	
   by	
   the	
   secretion	
   of	
   various	
   growth	
  

factors,	
  cytokines	
  and	
  proteases	
   (Coussens,	
  Tinkle	
  et	
  al.	
  2000;	
   Ji,	
  Houghton	
  et	
  al.	
  2006).	
   It	
  

has	
  become	
  increasingly	
  clear	
  that	
  inflammatory	
  cells	
  also	
  play	
  a	
  role	
  in	
  tumor	
  angiogenesis	
  

in	
  conjunction	
  with	
  the	
  tumor	
  cells	
  (Ruegg	
  2006;	
  Shojaei,	
  Zhong	
  et	
  al.	
  2008).	
  Formation	
  of	
  

new	
  blood	
  vessels	
  is	
  critical	
  in	
  cancer	
  progression	
  and	
  the	
  tumor	
  mass	
  is	
  under	
  tight	
  control	
  

by	
  the	
  vasculature	
  (Folkman	
  1998).	
  Epithelial	
   to	
  mesenchymal	
  transition	
   (EMT)	
   is	
  believed	
  

to	
  be	
  an	
   important	
  part	
  of	
   the	
  metastasis	
   process	
   and	
  number	
  of	
   stromal	
   cells,	
   including	
  

fibroblasts,	
  can	
  induce	
  the	
  EMT	
  process.	
  

	
  

3.4	
  Epithelial	
  to	
  mesenchymal	
  transition	
  and	
  cancer	
  stem	
  cells	
  

Epithelial	
   to	
   mesenchymal	
   transition	
   is	
   a	
   dynamic	
   process	
   seen	
   in	
   normal	
   development,	
  

wound	
  healing,	
  fibrosis	
  and	
  cancer	
  progression.	
  In	
  development,	
  the	
  EMT	
  process	
  is	
  crucial	
  

for	
  the	
  formation	
  of	
  the	
  mesoderm	
  and	
  in	
  neural	
  crest	
  delamination	
  (Thiery,	
  Acloque	
  et	
  al.	
  

2009).	
   In	
  cancer,	
  EMT	
  is	
  associated	
  with	
   increased	
  aggressiveness,	
  metastasis	
  and	
  adverse	
  

prognosis	
   (Hugo,	
  Ackland	
  et	
   al.	
   2007;	
  De	
  Wever,	
   Pauwels	
   et	
   al.	
   2008).	
   In	
   cell	
   culture,	
   the	
  

EMT	
   process	
   leads	
   to	
   a	
   mesenchymal	
   phenotype	
   including	
   spindle	
   shape	
   morphology,	
  

increased	
   expression	
   of	
   mesenchymal	
   markers	
   such	
   as	
   N-­‐Cadherin,	
   Vimentin,	
   α-­‐smooth	
  

muscle	
   actin	
   and	
   Fribronectin	
   and	
   loss	
   or	
   lowered	
   expression	
   of	
   epithelial	
   markers,	
  

including	
  E-­‐cadherin	
  and	
  most	
  keratins	
  (reviewed	
  in	
  (Moustakas	
  and	
  Heldin	
  2007;	
  Peinado,	
  

Olmeda	
  et	
   al.	
   2007)).	
   Expression	
  of	
  mesenchymal	
  markers	
   in	
   EMT	
   cells	
   is	
   associated	
  with	
  

increased	
  migratory	
  and	
  anti-­‐apoptotic	
  phenotype	
  (Figure	
  5)	
  (Thiery,	
  Acloque	
  et	
  al.	
  2009).	
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Figure 5. Epithelial to mesencymal transition can be induced by multiple signals that result in changes in 
marker profile and functional properties. 
Left.	
  The	
  EMT	
  process	
  can	
  be	
  induced	
  by	
  many	
  ligands	
  of	
  receptor	
  tyrosine	
  kinases	
  (RTK),	
  Wnt	
  as	
  well	
  as	
  TGFβs	
  and	
  BMPs.	
  
Extracellular	
  signals	
  are	
  mediated	
  through	
  cytoplasmic	
  inducers	
  such	
  as	
  MAPK,	
  PI3K,	
  GSK-­‐3β,	
  NF-­‐kβ	
  and	
  SMADs.	
  The	
  EMT	
  
is	
  ultimately	
  mediated	
  through	
  transcription	
  factors	
   like	
  HOXB7,	
  E47,	
  SIP-­‐1,	
  TWIST,	
  Snail,	
  Slug	
  and	
  FOXC2	
  among	
  others.	
  
Right.	
   In	
   general,	
   EMT	
   induces	
   the	
   transition	
   from	
   intact	
   epithelial	
   phenotype	
   towards	
   a	
   mesenchymal	
   phenotype.	
  
Downregulation	
  of	
  many	
  epithelial	
  markers	
  such	
  as	
  E-­‐cadherin,	
  tight	
  junction	
  proteins	
  (TJ),	
  EpCAM	
  and	
  CD24	
  are	
  seen	
  and	
  
upregulation	
  of	
  mesenchymal	
  markers	
  such	
  as	
  N-­‐cadherin,	
  Vimentin	
  and	
   fibronection	
  as	
  well	
  as	
   increased	
  expression	
  of	
  
CD44.	
   Functionally	
   this	
   results	
   in	
   migratory	
   abilities,	
   invasiveness	
   and	
   anoikis	
   resistance	
   and	
   in	
   the	
   loss	
   of	
   epithelial	
  
integrity.	
  

	
  

The	
  molecular	
  mechanisms	
  of	
  EMT	
  has	
  bee	
  extensively	
  explored	
  in	
  cell	
  culture.	
  Studies	
  have	
  

highlighted	
   signaling	
   pathways	
   induced	
   by	
   transforming	
   growth	
   factor-­‐β	
   (TGF-­‐β)	
   and	
  

receptor	
   tyrosine	
   kinase	
   ligands	
   such	
   as	
   EGF,	
   PDGF,	
   FGF	
   and	
   HGF	
   in	
   the	
   EMT	
   process	
  

(reviewed	
   in	
   (Moustakas	
   and	
   Heldin	
   2007;	
   Yang	
   and	
   Weinberg	
   2008)).	
   TGF-­‐β	
   and	
   RTK	
  

signaling	
   events	
   eventually	
   mediate	
   their	
   EMT	
   effects	
   through	
   transcriptional	
   regulatory	
  

factors	
   such	
  as	
   Snail,	
   Slug,	
   Twist,	
   ZEB1,	
   ZEB2,	
   FOXC1	
  and	
  FOXC2	
   leading	
   to	
   increased	
  and	
  

decreased	
   expression	
   of	
   mesenchymal	
   and	
   epithelial	
   markers,	
   respectively	
   (Yang	
   and	
  

Weinberg	
   2008).	
   In	
   addition,	
   miRNA	
   changes	
   have	
   been	
   linked	
   to	
   EMT,	
   especially	
   the	
  

downregulation	
   of	
   the	
   miRNA-­‐200	
   family	
   (miRNA-­‐200a,	
   -­‐200b,	
   -­‐200c,	
   -­‐141)	
   but	
   their	
  

presence	
  is	
  important	
  for	
  maintaining	
  proper	
  epithelial	
  integrity	
  (reviewed	
  in	
  (Brabletz	
  and	
  

Brabletz	
   2010)).	
   Recent	
   studies	
   have	
   shown	
   that	
   members	
   of	
   the	
   miRNA-­‐200	
   family	
   are	
  

crucial	
   regulators	
   of	
   differentiation	
   and	
   epithelial	
   characters	
   in	
   many	
   tissues	
   (Gregory,	
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Bracken	
  et	
  al.	
  2008).	
  Interestingly,	
  EMT	
  is	
  tightly	
  linked	
  to	
  both	
  the	
  basal-­‐like	
  breast	
  cancer	
  

subgroup	
   and	
   cancer	
   stem	
   cells	
   (Mani,	
   Guo	
   et	
   al.	
   2008;	
  Morel,	
   Lievre	
   et	
   al.	
   2008;	
   Sarrio,	
  

Rodriguez-­‐Pinilla	
   et	
   al.	
   2008).	
   Analysis	
   of	
   tissue	
  microarrays	
   from	
   different	
   breast	
   cancer	
  

subgroups	
   show	
   upregulation	
   of	
   EMT-­‐associated	
   markers	
   and	
   an	
   overall	
   reduction	
   of	
  

epithelial	
  markers,	
  preferentially	
  in	
  poorly	
  differentiated	
  tumors	
  within	
  the	
  basal-­‐like	
  group	
  

(Sarrio,	
  Rodriguez-­‐Pinilla	
  et	
  al.	
  2008).	
  Cancer	
  stem	
  cells	
  have	
  been	
   isolated	
   from	
  a	
  diverse	
  

set	
   of	
   malignancies	
   such	
   as	
   leukemia,	
   brain	
   tumor,	
   colon	
   cancer,	
   and	
   breast	
   cancer	
  

(reviewed	
  in	
  (Gudjonsson	
  and	
  Magnusson	
  2005;	
  Klonisch,	
  Wiechec	
  et	
  al.	
  2008)).	
  Al	
  Haji	
  et	
  al.	
  

showed	
   that	
  breast	
   cancer	
   stem-­‐like	
  cells	
  existed	
  within	
  breast	
   tumors	
  and	
   they	
  could	
  be	
  

isolated	
   (Al-­‐Hajj,	
  Wicha	
   et	
   al.	
   2003).	
   These	
   cells	
  were	
  originally	
   characterized	
  by	
   the	
   flow	
  

cytometry	
   profile	
   CD44High	
   /	
   CD24Low	
   and	
   their	
   ability	
   to	
   initiate	
   cancers	
   from	
   few	
   cells,	
  

reflecting	
   the	
   original	
   phenotype	
   of	
   tumors	
   when	
   inoculated	
   in	
   NOD/SCID	
   mice	
   (Al-­‐Hajj,	
  

Wicha	
   et	
   al.	
   2003).	
   Moreover,	
   the	
   connection	
   between	
   cancer	
   stem	
   cells	
   and	
   EMT	
   is	
  

interesting.	
   Breast	
   epithelial	
   cells	
   gain	
   stem-­‐like	
   properties	
   such	
   as	
   the	
   ability	
   to	
   grow	
   as	
  

spheres	
  in	
  non-­‐adherent	
  cell	
  culture	
  (mammospheres)	
  after	
  EMT	
  induction	
  (Mani,	
  Guo	
  et	
  al.	
  

2008).	
  Additionally,	
  increased	
  proportion	
  of	
  CD44high/CD24low	
  cells	
  emerged	
  that	
  were	
  able	
  

to	
  initiate	
  tumors	
  in	
  mice	
  from	
  limited	
  number	
  of	
  cells	
  (Mani,	
  Guo	
  et	
  al.	
  2008;	
  Morel,	
  Lievre	
  

et	
  al.	
  2008).	
  Interestingly,	
  EMT	
  associated	
  downregulation	
  of	
  miRNA-­‐203	
  and	
  -­‐205	
  has	
  been	
  

directly	
  connected	
  to	
  this	
  increased	
  „stemness“	
  (Wellner,	
  Schubert	
  et	
  al.	
  2009).	
  Thus,	
  EMT	
  

and	
   the	
   induction/origin	
   of	
   cancer	
   stem	
   cells	
   seem	
   to	
   be	
   tightly	
   linked	
   together.	
   These	
  

observations	
   raise	
   the	
   questions	
   if	
   basal-­‐like	
   breast	
   cancers	
   are	
  more	
   susceptible	
   to	
   EMT	
  

and/or	
  if	
  their	
  cancer	
  stem	
  cell	
  associated	
  phenotype	
  is	
  the	
  consequence	
  of	
  EMT.	
  Defining	
  

the	
  cellular	
  and	
  microenvironmental	
  cues	
  that	
  trigger	
  EMT	
  during	
  the	
  progression	
  of	
  basal-­‐

like	
   breast	
   cancers	
   is	
   of	
   high	
   importance.	
   In	
   fact,	
   studies	
   have	
   pointed	
   out	
   increased	
  

expression	
   of	
   EMT	
  markers	
   such	
   as	
   beta-­‐catenin	
   and	
   snail	
   at	
   the	
   tumor-­‐stroma	
   interface	
  

(Brabletz,	
  Jung	
  et	
  al.	
  2001;	
  Franci,	
  Takkunen	
  et	
  al.	
  2006).	
  Cancer	
  cells	
  are	
  in	
  close	
  contact	
  to	
  

fibroblasts	
  and	
  other	
  stromal	
  cells	
  at	
  the	
  invading	
  front	
  which	
  has	
  been	
  connected	
  to	
  EMT	
  

and	
   the	
   metastasis	
   process	
   (Brabletz,	
   Jung	
   et	
   al.	
   2001;	
   Franci,	
   Takkunen	
   et	
   al.	
   2006).	
  

Fibroblasts,	
   for	
   example,	
   can	
   induce	
   EMT	
   in	
   a	
   hepatocellular	
   carcinoma	
   mouse	
   model	
  

through	
  PDGF	
  and	
  TGF-­‐β	
  signaling	
  (van	
  Zijl,	
  Mair	
  et	
  al.	
  2009).	
  In	
  prostate	
  cancer,	
  Giannoni	
  et	
  

al.	
  showed	
  that	
  there	
  was	
  a	
  paracrine	
  interaction	
  between	
  fibroblasts	
  and	
  prostate	
  cancer	
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cells	
   towards	
   the	
   induction	
   of	
   EMT	
   (Giannoni,	
   Bianchini	
   et	
   al.	
   2010).	
   Fibroblasts	
   isolated	
  

from	
  breast	
  carcinomas	
  have	
  also	
  been	
  implicated	
  in	
  EMT	
  induction	
  in	
  coculture	
  with	
  breast	
  

cancer	
   cells	
   (Gao,	
   Kim	
   et	
   al.	
   2010).	
   Immune	
   T	
   cells	
   have	
   recently	
   been	
   implicated	
   in	
  

mesenchymal	
   transition	
   where	
   CD8	
   positive	
   T	
   cells	
   were	
   responsible	
   for	
   EMT	
   through	
  

unidentified	
   factors	
   in	
   a	
   mouse	
   model	
   of	
   mammary	
   cancer	
   (Santisteban,	
   Reiman	
   et	
   al.	
  

2009).	
  Tumor	
  associated	
  macrophages	
  have	
  additionally	
  been	
  described	
  as	
  potent	
  inducers	
  

of	
  metastasis	
  (thus	
  likely	
  EMT)	
  through	
  their	
  interaction	
  with	
  breast	
  cancer	
  cells	
  (Qian,	
  Li	
  et	
  

al.	
   2011).	
   Recently,	
   breast	
   cancer	
   stem	
   cells	
   have	
   additionally	
   been	
   shown	
   to	
   be	
   growth	
  

regulated	
  and	
  induced	
  to	
  undergo	
  EMT	
  by	
  mesenchymal	
  stem	
  cells	
  through	
  IL-­‐6	
  and	
  CXCL7	
  

(Liu,	
  Ginestier	
  et	
  al.	
  2011).	
  Endothelial	
  cells	
  have	
  attracted	
  attention	
  as	
  important	
  regulators	
  

of	
  organogenesis	
  and	
  stem	
  cell	
  maintenance	
  but	
  are	
  not	
  known	
  inducers	
  of	
  EMT	
  (Lammert,	
  

Cleaver	
  et	
  al.	
  2001;	
  Matsumoto,	
  Yoshitomi	
  et	
  al.	
  2001;	
  Shen,	
  Goderie	
  et	
  al.	
  2004).	
  

	
  

	
  

4.	
  Functional	
  role	
  of	
  endothelial	
  cells	
  in	
  tissue	
  morphogenesis	
  

Angiogenesis,	
   the	
   formation	
   of	
   new	
   capillary	
   blood	
   vessels,	
   is	
   critical	
   in	
   embryonic	
  

development,	
   wound	
   healing	
   and	
   reproduction	
   and	
   has	
   a	
   dominating	
   role	
   in	
   many	
  

pathological	
  conditions,	
  such	
  as	
  cancer	
  (reviewed	
  in	
  (Folkman	
  2003)).	
  Normal	
  angiogenesis	
  

is	
  highly	
  regulated	
  and	
  all	
  cells	
  are	
  dependent	
  on	
  being	
  in	
  the	
  proximity	
  of	
  blood	
  vessels	
  for	
  

the	
  continuous	
  delivery	
  of	
  oxygen	
  and	
  nutrients	
  (reviewed	
  in	
  (Carmeliet	
  2005)).	
  The	
  breast	
  

gland	
   undergoes	
   vast	
  morphological	
   changes	
   from	
  puberty	
   to	
  menopause	
   thus	
   the	
   blood	
  

supply	
   must	
   be	
   remodeled	
   and	
   adjusted	
   (Djonov,	
   Andres	
   et	
   al.	
   2001).	
   One	
   of	
   the	
   most	
  

powerful	
   factors	
   inducing	
   endothelial	
   cells	
   to	
   undergo	
   angiogenesis	
   is	
   the	
   vascular	
  

endothelial	
   growth	
   factor	
   (VEGF)	
   and	
   its	
   expression	
   in	
   tissues	
   is	
   correlated	
   with	
  

neoangiogenesis	
   (Carmeliet	
   2005).	
   Using	
   rats,	
   Pepper	
   et	
   al.	
   showed	
   that	
   VEGF	
   was	
  

increased	
   during	
   pregnancy	
   (5	
   fold)	
   and	
   lactation	
   (15	
   fold)	
   but	
   decreased	
   dramatically	
  

during	
   involution	
   (50%)	
   (Pepper,	
  Baetens	
  et	
  al.	
  2000).	
   In	
   fact,	
  VEGF	
   levels	
  also	
   increase	
   in	
  

the	
   normal	
   breast	
   gland	
   during	
   the	
   luteal	
   phase	
   compared	
   to	
   the	
   follicular	
   phase	
   of	
   the	
  

menstrual	
  cycle,	
  indicating	
  the	
  creation	
  of	
  a	
  pro-­‐angiogenic	
  environment	
  (Dabrosin	
  2003).	
  In	
  

contrast	
  to	
  normal	
  angiogenesis,	
  cancer	
  associated	
  vascularization	
  leads	
  to	
  disorganized	
  and	
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poorly	
  functioning	
  networks	
  (Carmeliet	
  and	
  Jain	
  2011).	
  Tumor	
  vasculature	
  promotes	
  growth	
  

by	
   delivering	
   oxygen	
   and	
   nutrition	
   to	
   cancer	
   cells	
   so	
   some	
   have	
   suggested	
   that	
   anti-­‐

angiogenesis	
  therapy	
  would	
  be	
  a	
  feasible	
  way	
  to	
  tackle	
  cancer.	
  Therapeutic	
  agents	
  such	
  as	
  

Bevacizumab	
   (VEGF	
  neutralizing	
  antibody)	
  have	
  been	
  developed	
  and	
  shown	
  effects	
   in	
   the	
  

treatment	
   of	
   metastatic	
   colorectal	
   cancer	
   when	
   administrated	
   with	
   chemotherapy	
  

(Carmeliet	
   and	
   Jain	
   2011).	
   In	
   contrast,	
   little	
   focus	
   has	
   been	
   on	
   paracrine	
   effects	
   of	
  

endothelial	
  cells	
  on	
  cancer	
  cells.	
  Studies	
  have	
  suggested	
  that	
  endothelial	
  cells	
  are	
  important	
  

in	
  development	
  before	
   they	
  participate	
   in	
   functional	
  blood	
  transport	
   (reviewed	
   in	
   (Butler,	
  

Kobayashi	
   et	
   al.	
   2010)).	
   In	
   fact,	
   mouse	
   studies	
   of	
   embryogenesis	
   suggest	
   that	
   vessel	
  

development	
  precedes	
  organ	
  specification	
  and	
   that	
  endothelial	
   cells	
  have	
  a	
  direct	
   role	
  on	
  

organ	
   development	
   (Nikolova,	
   Strilic	
   et	
   al.	
   2007).	
   There	
   seems	
   to	
   be	
   a	
   direct	
   interaction	
  

between	
  endothelial	
  cells	
  and	
  tissue	
  specific	
  cells	
  in	
  supporting	
  organogenesis	
  in	
  a	
  number	
  

of	
  organs	
  such	
  as	
  the	
  adrenal	
  gland,	
  kidney,	
  liver	
  and	
  pancreas	
  (Stoos,	
  Carretero	
  et	
  al.	
  1992;	
  

Linas	
   and	
   Repine	
   1999;	
   Rosolowsky,	
   Hanke	
   et	
   al.	
   1999;	
   Tufro,	
   Norwood	
   et	
   al.	
   1999;	
  

Lammert,	
  Cleaver	
  et	
  al.	
  2001;	
  Matsumoto,	
  Yoshitomi	
  et	
  al.	
  2001).	
  Studies	
  focusing	
  on	
  these	
  

paracrine	
   signals	
  may	
   implicate	
   additional	
   signaling	
   pathways	
   that	
   are	
   also	
   important	
   for	
  

cancerous	
  tissues	
  (Reviewed	
  in	
  (Butler,	
  Kobayashi	
  et	
  al.	
  2010)).	
  In	
  fact,	
  endothelial	
  derived	
  

factors	
  have	
  been	
  suggested	
  to	
  promote	
  tumor	
  progression	
  in	
  prostate	
  cancer	
  and	
  Shekhar	
  

et	
   al.	
   showed	
   that	
   endothelial	
   cells	
   can	
   mediate	
   hyperplasia	
   of	
   preneoplastic	
   breast	
  

epithelial	
   cells	
   in	
   vitro	
   (Pirtskhalaishvili	
   and	
   Nelson	
   2000)	
   (Shekhar,	
  Werdell	
   et	
   al.	
   2000).	
  

Another	
  study	
  focusing	
  on	
  head	
  and	
  neck	
  carcinoma	
  cell	
  lines	
  showed	
  that	
  endothelial	
  cells	
  

produced	
  IL-­‐6,	
  CXCL8	
  and	
  EGF	
  affecting	
  migration	
  and	
  anoikis	
  (cell	
  death	
  caused	
  by	
  loss	
  of	
  

adherence)	
  (Neiva,	
  Zhang	
  et	
  al.	
  2009).	
  In	
  addition,	
  studies	
  have	
  shown	
  that	
  endothelial	
  cells	
  

play	
   a	
   part	
   in	
   self-­‐renewal	
   and	
   neurogenesis	
   in	
   the	
   subventricular	
   stem	
   cell	
   niche	
   of	
   the	
  

brain	
  (Shen,	
  Goderie	
  et	
  al.	
  2004).	
  Subsequently,	
  other	
  research	
  groups	
  were	
  able	
  to	
  identify	
  

cancer	
  stem	
  cells	
  residing	
  in	
  a	
  similar	
  perivascular	
  niche	
  in	
  the	
  brain	
  that	
  provides	
  factors	
  for	
  

their	
  self-­‐renewal	
   (Calabrese,	
  Poppleton	
  et	
  al.	
  2007;	
  Veeravagu,	
  Bababeygy	
  et	
  al.	
  2008).	
  A	
  

similar	
   endothelial	
   dependent	
   stem	
   cell	
   niche	
   has	
   been	
   identified	
   in	
   the	
   bone	
   marrow	
  

where	
  hematopoietic	
  stem	
  and	
  progenitor	
  cells	
  are	
   in	
  close	
  proximity	
   to	
  endothelial	
  cells,	
  

thereby	
  sustaining	
   their	
  proliferation	
  and	
  expansion	
   (Butler,	
  Nolan	
  et	
  al.	
  2010;	
  Kobayashi,	
  

Butler	
  et	
  al.	
  2010).	
  Angiogenesis	
  can	
  thus	
  support	
  normal	
  development	
  and	
  cancer	
  growth	
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by	
   providing	
   oxygen	
   and	
   nutrition	
   but	
  may	
   also	
   do	
   this	
   by	
   paracrine	
   signaling.	
   However,	
  

angiogenesis	
   and	
   endothelial	
   cells	
   can	
   also	
   favor	
   metastasis	
   by	
   providing	
   access	
   to	
   the	
  

circulation	
  and	
  perhaps	
  have	
  an	
  influence	
  on	
  the	
  nature	
  of	
  metastasizing	
  cells,	
  for	
  example	
  

through	
  EMT	
  inducing	
  signals.	
  

	
  

	
  

5.	
  Modeling	
  normal	
  and	
  cancerous	
  morphogenesis	
  in	
  culture	
  

To	
   be	
   able	
   to	
   understand	
   the	
   origin	
   of	
   breast	
   cancer	
   and	
   breast	
   cancer	
   progression	
   one	
  

must	
   first	
   define	
   the	
   critical	
   factors	
   that	
   create	
   normal	
   breast	
   morphogenesis.	
   Mouse	
  

models	
   have	
   been	
   instrumental	
   in	
   understanding	
   how	
   normal	
   development	
   of	
   the	
  

mammary	
   gland	
   occurs	
   and	
   for	
   identifying	
   candidate	
   mammary	
   stem	
   cells	
   (reviewed	
   in	
  

(Sternlicht,	
   Kouros-­‐Mehr	
   et	
   al.	
   2006;	
   Stingl	
   2009).	
   However,	
   there	
   are	
   fundamental	
  

differences	
   between	
   the	
  mouse	
  mammary	
   gland	
   and	
   the	
   human	
   breast	
   gland	
  where	
   the	
  

difference	
   in	
   the	
   combination	
   and	
   distribution	
   of	
   the	
   stromal	
   compartment	
   are	
   most	
  

striking	
   (Cardiff	
   and	
  Wellings	
   1999).	
   Better	
   understanding	
   of	
   the	
   signaling	
   pathways	
   that	
  

occur	
   in	
  human	
  breast	
  morphogenesis	
  will	
   rely	
  on	
  well	
  characterized	
  human	
  primary	
  cells	
  

and	
   immortalized	
  breast	
   cell	
   lines,	
   and	
  an	
  appropriate	
   cell	
   culture	
   assay	
   that	
   can	
   capture	
  

critical	
  aspects	
  in	
  breast	
  structure	
  and	
  function.	
  This	
  is	
  due	
  to	
  the	
  obvious	
  inability	
  in	
  the	
  use	
  

of	
  in	
  vivo	
  studies	
  when	
  working	
  with	
  primary	
  human	
  breast	
  cells	
  and	
  cell	
  lines.	
  In	
  the	
  case	
  of	
  

human	
   breast	
   stem	
   cell	
   biology,	
   multipotent	
   candidate	
   cells	
   have	
   been	
   defined	
   by	
   their	
  

ability	
  to	
  differentiate	
  into	
  luminal-­‐	
  and	
  myoepithelial	
  cells	
  in	
  cell	
  culture	
  (Kao,	
  Nomata	
  et	
  al.	
  

1995;	
  Stingl,	
  Eaves	
  et	
  al.	
  1998;	
  Pechoux,	
  Gudjonsson	
  et	
  al.	
  1999;	
  Gudjonsson,	
  Villadsen	
  et	
  al.	
  

2002).	
  Another	
  assay,	
  widely	
  used	
   to	
  define	
   these	
  cells,	
   is	
   the	
  mammosphere	
  assay.	
  Cells	
  

with	
   stem	
   cell	
   characteristics	
   grow	
   in	
   anchorage	
   independent	
  manner,	
   on	
   low	
   adherence	
  

plates,	
   forming	
  spheres	
   (Dontu,	
   Jackson	
  et	
  al.	
  2004).	
  The	
  use	
  of	
  traditional	
  monolayer	
  cell	
  

culture	
  has	
  proven	
   to	
  be	
  highly	
   important	
   to	
   tackle	
  many	
  general	
  questions	
   in	
  molecular-­‐	
  

and	
   cell	
   biology.	
   However,	
   cells	
   in	
   monolayer	
   loose	
   many	
   functional	
   properties	
   as	
   a	
  

consequence	
   of	
   a	
   lost	
   three-­‐dimensional	
   (3D)	
   tissue	
   architecture	
   (Weaver,	
   Fischer	
   et	
   al.	
  

1996).	
  Monolayer	
  culture	
  is	
   limited	
  in	
  its	
  ability	
  to	
  ask	
  questions	
  about	
  complex	
  molecular	
  

processes	
   that	
   are	
   often	
   regulated	
   spatially	
   and	
   temporally	
   in	
   vivo.	
   In	
   addition,	
   the	
   3D	
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environment	
  is	
  essential	
  for	
  the	
  maintenance	
  of	
  correct	
  cellular	
  function	
  and	
  development	
  

of	
  physiologically	
  relevant	
  structures	
  (Nelson	
  and	
  Bissell	
  2006).	
  While	
  cells	
  in	
  monolayer	
  can	
  

respond	
   to	
   the	
   mechanical	
   nature	
   of	
   that	
   culture	
   system	
   they	
   have	
   little	
   capacity	
   to	
  

manipulate	
  the	
  microenvironment	
  that	
   they	
  reside	
   in.	
   In	
   fact,	
  cell	
   lines	
  cultured	
   in	
   the	
  3D	
  

setting	
   exhibit	
   different	
   behavior,	
   inhibiting	
   their	
   immense	
   proliferation	
   rate	
   seen	
   in	
  

monolayer	
  culture,	
  and	
  enhancing	
  abilities	
  to	
  form	
  higher	
  order	
  structures	
  (Fata,	
  Werb	
  et	
  al.	
  

2004).	
   In	
   these	
   assays,	
   cells	
   form	
   colonies	
   in	
   contrast	
   to	
   monolayers	
   and	
   this	
   simulates	
  

better	
   the	
   in	
   vivo	
   conditions.	
   In	
   3D	
   cell	
   culture	
   assays	
   it	
   is	
   common	
   to	
   use	
   extracellular	
  

matrixes	
  like	
  laminin	
  or	
  collagen	
  to	
  form	
  gels	
  that	
  cells	
  are	
  embedded	
  into.	
  The	
  most	
  widely	
  

used	
   3D	
   cell	
   culture	
   assay	
   consists	
   of	
   a	
   laminin	
   rich	
   reconstituted	
   basement	
   membrane	
  

matrix	
  (rBM),	
  commercially	
  known	
  as	
  Matrigel	
  (Kleinman	
  and	
  Martin	
  2005).	
  3D	
  cell	
  cultures	
  

within	
   rBM	
   have	
   proven	
   to	
   be	
   very	
   good	
   in	
   revealing	
   the	
   morphogenic	
   potential	
   of	
  

differentiated	
   and	
   stem-­‐like	
   breast	
   epithelial	
   cells	
   and	
   thus	
   highly	
   important	
   in	
   human	
  

breast	
   stem	
   cell	
   biology	
   (Gudjonsson,	
   Villadsen	
   et	
   al.	
   2002;	
   Villadsen,	
   Fridriksdottir	
   et	
   al.	
  

2007).	
  For	
  instance,	
  breast	
  luminal	
  epithelial	
  cells	
  forms	
  polarized	
  acini	
  with	
  a	
  central	
  lumen	
  

when	
  cultured	
  within	
  rBM	
  (Barcellos-­‐Hoff,	
  Aggeler	
  et	
  al.	
  1989;	
  Petersen,	
  Ronnov-­‐Jessen	
  et	
  

al.	
   1992).	
   Myoepithelial	
   cells,	
   on	
   the	
   other	
   hand,	
   form	
   large	
   clusters	
   of	
   cells	
   without	
   a	
  

central	
  lumen	
  (Petersen,	
  Ronnov-­‐Jessen	
  et	
  al.	
  1992).	
  Gudjonsson	
  et	
  al.	
  have	
  shown	
  that	
  co-­‐

culture	
  of	
  primary	
   luminal-­‐	
   and	
  myoepithelial	
   cells	
   in	
   collagen	
   results	
   in	
  polarized,	
  double	
  

layer	
   acini,	
   similar	
   to	
   the	
   situation	
   in	
   vivo	
   (Gudjonsson,	
   Ronnov-­‐Jessen	
   et	
   al.	
   2002).	
  

Furthermore,	
   Gudjonsson	
   et	
   al.	
   have	
   shown	
   that	
   breast	
   epithelial	
   cells	
   with	
   stem-­‐like	
  

properties	
   can	
   form	
   TDLU-­‐like	
   branching	
   morphogenesis	
   when	
   cultured	
   in	
   3D	
   rBM	
  

(Gudjonsson,	
  Villadsen	
  et	
  al.	
  2002).	
  In	
  contrast	
  to	
  normal	
  breast	
  epithelial	
  cells,	
  cancer	
  cells	
  

culture	
   within	
   3D	
   rBM	
   show	
   a	
   complete	
   loss	
   of	
   a	
   morphogenic	
   response,	
   forming	
  

disorganized	
   solid	
   colonies	
   or	
   even	
   colonies	
   with	
   spindle	
   shaped	
   cells	
   reflecting	
   their	
  

malignant	
   nature	
   (Petersen,	
   Ronnov-­‐Jessen	
   et	
   al.	
   1992;	
   Kenny,	
   Lee	
   et	
   al.	
   2007).	
   Drug	
  

resistance	
   is	
   also	
  higher	
   in	
   cancer	
   cells	
   that	
   grow	
  as	
   colonies	
  within	
  3D	
  cell	
   culture	
   (Polo,	
  

Arnoni	
  et	
  al.	
  2010).	
  Hence,	
  the	
  applications	
  of	
  3D	
  cell	
  culture	
  assays	
  have	
  provided	
  valuable	
  

insights	
   into	
   breast	
   morphogenesis,	
   differentiation	
   and	
   into	
   the	
   exploration	
   of	
   cancer	
  

behavior.	
  Another	
  option	
  is	
  to	
  grow	
  human	
  cells	
  within	
  immunosuppressed	
  mice	
  to	
  explore	
  

their	
  morphogenic	
  potential.	
  The	
  problem	
  is,	
  however,	
  that	
  normal	
  breast	
  epithelial	
  cells	
  do	
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not	
  generally	
  grow	
  when	
  transplanted	
  in	
  mice	
  in	
  contrast	
  to	
  highly	
  malignant	
  cells	
  and	
  cell	
  

lines.	
  However,	
   as	
  mentioned	
   above,	
   researchers	
   have	
  begun	
   to	
   use	
   an	
   in	
   vivo	
   xenograft	
  

model	
   in	
  mice	
  where	
   they	
   are	
   able	
   to	
   transplant	
   normal	
   breast	
   epithelial	
   cells	
   of	
   human	
  

origin	
   into	
  cleared	
  mammary	
  fat	
  pads.	
  To	
  achieve	
  this,	
   the	
   incorporation	
  of	
  human	
  breast	
  

stromal	
   cells	
   (fibroblasts)	
   was	
   the	
   determining	
   factor	
   facilitating	
   the	
   growth	
   of	
   normal	
  

epithelial	
  cells	
  (Kuperwasser,	
  Chavarria	
  et	
  al.	
  2004).	
  This	
  opens	
  up	
  new	
  options	
  in	
  culturing	
  

human	
  breast	
  epithelial	
   cells	
   in	
  a	
  physiologically	
   relevant	
  microenvironment	
  although	
   this	
  

assay	
  is	
  not	
  very	
  accessible	
  because	
  of	
  its	
  complexity.	
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AIM	
  OF	
  THE	
  THESIS	
  
	
  

Cellular	
   and	
   molecular	
   regulation	
   of	
   branching	
   morphogenesis	
   is	
   a	
   key	
   question	
   in	
  

developmental	
  cell	
  biology.	
  In	
  the	
  breast	
  gland,	
  resident	
  stem	
  cells	
  are	
  responsible	
  for	
  tissue	
  

remodeling	
  including	
  branching	
  morphogenesis.	
  The	
  branching	
  breast	
  epithelium	
  undergoes	
  

continuous	
  cycling	
  of	
  proliferation,	
  differentiation	
  and	
  apoptosis	
  and	
  aberrant	
  regulation	
  of	
  

this	
   is	
  one	
  of	
  the	
  hallmarks	
  of	
  breast	
  cancer.	
  Example	
  of	
  that	
   is	
  epithelial	
  to	
  mesenchymal	
  

transition,	
  an	
   important	
  developmental	
  process	
   in	
  branching	
  morphogenesis.	
  Branching	
   is	
  

regulated	
   by	
   both	
   extrinsic	
   (stromal	
   cells	
   and	
   extracellular	
  matrix)	
   and	
   intrinsic	
   (signaling	
  

pathways,	
  transcription	
  factors	
  and	
  microRNAs)	
  factors.	
  The	
  general	
  aim	
  of	
  this	
  thesis	
  was	
  

to	
   study	
   both	
   extrinsic	
   and	
   intrinsic	
   regulators	
   of	
   branching	
  morphogenesis	
   and	
   how	
   this	
  

highly	
   regulated	
   process	
   changes	
   during	
   epithelial	
   to	
  mesenchymal	
   transition.	
   The	
   breast	
  

stroma	
  is	
  highly	
  vascularized	
  but	
  the	
  impact	
  of	
  endothelial	
  cells	
  as	
  providers	
  of	
  morphogenic	
  

signals	
  has	
  been	
  to	
  a	
  great	
  extent	
  ignored	
  and	
  thus	
  poorly	
  understood.	
  In	
  this	
  thesis	
  I	
  have	
  

explored	
  the	
  regulatory	
  role	
  of	
  endothelial	
  cells	
  in	
  branching	
  morphogenesis	
  using	
  purified	
  

primary	
  breast	
   endothelial	
   cells,	
   primary	
  breast	
   epithelial	
   cells,	
   breast	
   epithelial	
   stem	
   cell	
  

line	
   -­‐D492-­‐	
   and	
   three	
   dimensional	
   cocultures.	
   Finally,	
   I	
   have	
   explored	
   the	
   molecular	
  

regulation	
  of	
  branching	
  morphogenesis	
  with	
  focus	
  on	
  receptor	
  tyrosine	
  kinase	
  signaling	
  and	
  

their	
   regulatory	
   proteins,	
   sprouty.	
   The	
   following	
   four	
   sub	
   aims	
   represent	
   each	
  

article/manuscript	
  enclosed	
  with	
  this	
  thesis.	
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1)	
   Isolation	
   and	
   propagation	
   of	
   primary	
   breast	
   endothelial	
   cells.	
   Paper	
   #1	
   published	
   in	
   In	
  

Vitro	
  Cell	
  Biology-­‐Animal.	
  

	
  

2)	
   To	
   explore	
   the	
   effects	
   of	
   breast	
   endothelial	
   cells	
   on	
   the	
   growth	
   of	
   primary	
   breast	
  

epithelial	
  cells	
  and	
  cell	
  lines.	
  Paper	
  #2	
  published	
  in	
  BMC	
  Research	
  Notes.	
  

	
  

3)	
  To	
  evaluate	
   if	
  breast	
  endothelial	
  cells	
   in	
  coculture	
  with	
  breast	
  epithelial	
  cells	
  with	
  stem	
  

cell	
  properties	
   influence	
  morphogenic	
  potential	
   in	
  3D	
  culture.	
  Paper	
  #3	
  published	
   in	
  PLoS	
  

One.	
  

	
  

4)	
   To	
   determine	
   if	
   Sprouty-­‐2	
   is	
   an	
   important	
   regulator	
   of	
   branching	
   morphogenesis	
   and	
  

epithelial	
  integrity	
  in	
  the	
  human	
  breast	
  gland.	
  	
  Paper	
  #4	
  manuscript.	
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MATERIALS	
  AND	
  METHODS	
  
	
  

Cell	
  culture	
  

The	
  breast	
  epithelial	
  stem	
  cell	
  line	
  D492	
  and	
  daughter	
  cell	
  line	
  D492-­‐M	
  were	
  maintained	
  in	
  

H14	
  medium	
  (Briand,	
  Petersen	
  et	
  al.	
  1987),	
  consisting	
  of	
  DMEM/F12,	
  50	
  IU/ml	
  penicillin,	
  50	
  

µg/ml	
  streptomycin	
  (Invitrogen),	
  250	
  ng/ml	
  insulin,	
  10	
  µg/ml	
  transferrin,	
  2.6	
  ng/ml	
  sodium	
  

selenite,	
   0.1	
   nM	
   estradiol,	
   0.5	
   µg/ml	
   hydrocortisone,	
   5	
   µg/ml	
   prolactin	
   (SIGMA)	
   and	
   10	
  

ng/ml	
  EGF	
  (Peprotech).	
  D492	
  NS	
  cells	
  and	
  D492	
  Spry2	
  KD	
  cells	
  were	
  also	
  maintained	
  on	
  this	
  

medium	
  in	
  monolayer.	
  Luminal	
  epithelial	
  cell	
  line	
  D382	
  and	
  MCF10A	
  were	
  also	
  maintained	
  

on	
   H14	
   medium.	
  MDA-­‐MB	
   231	
   was	
   cultured	
   on	
   RPMI-­‐1640	
   supplemented	
   with	
   5%	
   FBS.	
  

W2320	
  and	
  MCF-­‐7	
  on	
  DMEM/F12	
  with	
  5%	
  FBS.	
  A549	
  lung	
  carcinoma	
  cell	
  line	
  and	
  the	
  MDCK	
  

cell	
   line	
   were	
   maintained	
   on	
   DMEM/F12	
   with	
   10%	
   FBS.	
   Primary	
   human	
   BRENCs	
   were	
  

isolated	
   from	
   breast	
   reduction	
  mammoplasties	
   as	
   described	
   in	
   details	
   in	
   the	
   results	
   and	
  

cultured	
   on	
   endothelial	
   growth	
  medium	
   (EGM)	
   (Lonza)	
   containing	
   50	
   IU/ml	
   penicillin,	
   50	
  

µg/ml	
  streptomycin,	
  hydrocortisone,	
  FGF,	
  EGF,	
  VEGF,	
  R3-­‐IGF-­‐1,	
  Ascorbic	
  acid,	
  Heparin,	
  GA-­‐

1000	
  and	
  supplemented	
  with	
  5%	
  FBS	
  (EGM5).	
  The	
  MCF-­‐7,	
  MCF10A,	
  A549,	
  MDCK	
  and	
  MDA-­‐

MB-­‐231	
   cell	
   lines	
   where	
   purchased	
   from	
   ATCC	
   and	
   are	
   routinely	
   authenticated	
   with	
  

genotype	
  profiling	
  according	
  to	
  ATCC	
  guidelines.	
  To	
  further	
  ensure	
  cell	
   line	
  integrity	
  D492,	
  

D492M	
  and	
  D382	
  cell	
  lines	
  were	
  analyzed	
  with	
  the	
  same	
  method.	
  

	
  

Preparation	
  of	
  3D	
  rBM	
  mono-­‐	
  and	
  cocultures	
  

Co-­‐culture	
  experiments,	
  in	
  article	
  #3,	
  were	
  carried	
  out	
  in	
  24	
  well	
  culture	
  plates	
  (BD	
  Falcon)	
  

with	
  500	
  D492	
  cells	
  and	
  0	
  (monoculture),	
  5x104,	
  1x104	
  and	
  2x105	
  BRENCs.	
  The	
  two	
  cell	
  types	
  

were	
  mixed	
  and	
  suspended	
  in	
  300µl	
  rBM	
  (Matrigel,	
  BD)	
  and	
  cultured	
  on	
  EGM5	
  for	
  15	
  days.	
  

Cocultures	
   of	
   BRENCs	
   with	
   normal	
   breast	
   epithelial	
   lines	
   MCF-­‐10A	
   and	
   D382,	
   estrogen	
  

receptor	
  positive	
  breast	
  cancer	
  cell	
  line	
  MCF-­‐7,	
  basal-­‐like	
  /	
  EMT	
  breast	
  cancer	
  cell	
  line	
  MDA-­‐

MB-­‐231	
   and	
   primary	
   metaplastic	
   breast	
   cancer	
   cell	
   line	
   W2320	
   were	
   done	
   with	
   500	
  

epithelial	
  cells	
  and	
  2x105	
  BRENCs	
  on	
  EGM5	
  medium	
  in	
  the	
  same	
  setup.	
  Transwell	
  co-­‐culture	
  

was	
   conducted	
   in	
   a	
   24	
   well	
   setup	
   with	
   a	
   0,4µm	
   polyester	
   membrane	
   seperating	
   the	
  

chambers	
   (Costar).	
   5x104	
   endothelial	
   cells	
   were	
   seeded	
   in	
   the	
   upper	
   chamber	
   as	
   a	
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monolayer	
  and	
  250	
  D492	
  cells	
   in	
  100µl	
  matrigel	
  on	
  the	
  bottom	
  of	
  the	
   lower	
  chamber	
  and	
  

cultured	
  on	
  EGM5.	
  In	
  article	
  #4,	
  	
  3D	
  rBM	
  monoculture	
  and	
  coculture	
  were	
  carried	
  out	
  in	
  96	
  

well	
  culture	
  plates	
  (BD,	
  Falcon).	
  In	
  the	
  3D	
  monoculture	
  experiments,	
  cells	
  were	
  seeded	
  at	
  a	
  

density	
  of	
  1,3·∙104,	
  1·∙104	
  and	
  7·∙103	
  for	
  D492	
  non	
  silencing	
  and	
  Sprouty-­‐2	
  knock	
  down	
  cells	
  in	
  

300µl	
  of	
  rBM.	
  These	
  300µl	
  of	
  rBM	
  were	
  then	
  split	
  up	
  to	
  3	
  portions	
  and	
  100µl	
  was	
  added	
  to	
  

each	
  well	
  in	
  a	
  96	
  well	
  plate.	
  In	
  the	
  coculture	
  setup	
  1·∙103	
  D492	
  NS	
  and	
  KD	
  cells	
  were	
  mixed	
  

with	
  5·∙104	
  breast	
  endothelial	
  cells	
   in	
  300µl	
   rBM	
  and	
  split	
  up	
   in	
  3	
  x	
  100µl	
  gels	
   in	
  a	
  96	
  well	
  

plate.	
  	
  

 

Isolation	
  of	
  3D	
  coculture	
  colonies,	
  replating	
  and	
  secondary	
  3D	
  coculture	
  

Branching,	
   solid	
   and	
   spindle-­‐like	
   structures	
  were	
   isolated	
   from	
   3D	
   cocultures	
  with	
   gentle	
  

shaking	
  on	
  ice	
  in	
  PBS	
  -­‐	
  EDTA	
  (5mM)	
  solution	
  for	
  30	
  min.	
  Single	
  structures	
  were	
  placed	
  in	
  a	
  

24	
   well	
   plate	
   and	
   cultured	
   on	
   H14	
   medium.	
   Several	
   clones	
   were	
   isolated	
   for	
   each	
  

morphology	
   of	
   branching,	
   solid	
   and	
   spindle-­‐like	
   colonies.	
   Monolayer	
   cultured	
   cells	
   from	
  

branching,	
  solid	
  and	
  spindle	
  like	
  colonies	
  were	
  placed	
  in	
  3D	
  coculture	
  of	
  500	
  cells	
  with	
  5x104	
  

BRENCs	
   in	
   rBM.	
   One	
   of	
   the	
   spindle-­‐like	
   clones	
   (D492M)	
   was	
   further	
   propagated	
   in	
  

monolayer	
   culture	
   for	
   use	
   in	
   phenotypic	
   and	
   functional	
   comparison	
   to	
   the	
   motherline,	
  

D492.	
  	
  

	
  

Retroviral	
  insertional	
  analysis	
  

The	
  D492	
  cell	
  line	
  was	
  initially	
  established	
  by	
  transfection	
  with	
  a	
  retroviral	
  vector	
  containing	
  

the	
  E6	
  and	
  E7	
  oncogenes	
  and	
  the	
  neomycin	
  resistance	
  gene	
  for	
  selection	
  (Gudjonsson	
  et	
  al.,	
  

2002b).	
   To	
   identify	
   the	
   genomic	
   insertion	
   site	
   of	
   the	
   E6/E7	
   containing	
   retrovirus	
   we	
  

performed	
  an	
   inverse	
  PCR	
   (I-­‐PCR)	
   (Suzuki	
  et	
  al.,	
  2002).	
  5	
  µg	
  of	
  cell	
   line	
  DNA	
  was	
  digested	
  

with	
   60	
   U	
   of	
   BamHI	
   overnight.	
   After	
   heat	
   inactivation,	
   DNA	
   was	
   diluted,	
   circularized	
   by	
  

ligation	
  with	
  T4	
  DNA	
  ligase	
  at	
  16°C	
  overnight,	
  ethanol	
  precipitated,	
  and	
  resuspended	
  in	
  Tris-­‐

EDTA.	
  PCR	
  was	
  performed	
  in	
  25	
  µl	
  with	
  1	
  µl	
  of	
  the	
  DNA	
  template,	
  0.2	
  mM	
  deoxynucleoside	
  

triphosphates,	
   10	
   pmol	
   of	
   each	
   primer,	
   1.3	
   U	
   of	
   Expand	
   Long	
   Template	
   Polymerase,	
   and	
  

Expand	
  Buffer	
  1	
  (Roche).	
  Amplified	
  products	
  were	
  cloned	
  into	
  the	
  TOPO	
  TA	
  cloning	
  vector	
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(Invitrogen)	
  and	
  clones	
  selected	
  and	
  sequenced.	
  With	
  this	
  method	
  we	
  mapped	
  an	
  insert	
  to	
  

chromosome	
  20,	
  95	
  kb	
  upstream	
  of	
  the	
  PTPN1	
  gene.	
  

	
  

Immunohistochemistry	
  of	
  normal	
  and	
  malignant	
  human	
  breast	
  tissue	
  	
  

Formalin-­‐fixed,	
  parafin	
  embedded	
  normal	
  and	
  tumor	
  tissue	
  blocks	
  were	
  cut	
  into	
  5µm	
  serial	
  

sections	
  and	
  mounted	
  on	
  slides.	
  Sections	
  were	
  deparafinized	
  and	
  rehydrated	
  in	
  xylene	
  and	
  

ethanol.	
   Antigen	
   retrieval	
  was	
   done	
   by	
   boiling	
   in	
   citrate	
   buffer	
   for	
   15	
  min.	
   The	
   following	
  

primary	
  antibodies	
  and	
  dilutions	
  were	
  used;	
  CD-­‐31	
  (	
  1:50,	
  M0823,	
  DakoCytomation),	
  Keratin	
  

19	
   (1:100,	
   ab7754,	
   Abcam),	
   Keratin	
   14	
   (1:50,	
   NCL-­‐LL002,	
   NovoCastra),	
   E-­‐cadherin	
   (1:100,	
  

#13-­‐1700,	
   Zymed),	
   N-­‐Cadherin	
   (1:50,	
   #610920,	
   BD),	
   Keratin	
   18	
   (1:50,	
   M7010,	
  

DakoCytomation)	
  and	
  Sprouty-­‐2	
  (1:100,	
  #07-524,	
  Millipore/Upstate).	
  For	
  double	
  and	
  triple	
  

labelling	
   experiments	
   we	
   used	
   fluorescence	
   iso-­‐type	
   specific	
   secondary	
   antibodies	
  

(Invitrogen).	
   Fluorescent	
   nuclear	
   counterstain,	
   TO-­‐PRO-­‐3	
   (Invitrogen)	
   was	
   used	
   in	
   IF.	
  

Specimens	
  were	
  visualized	
  on	
  a	
  Zeiss	
  LSM	
  5	
  Pascal	
  laser-­‐scanning	
  microscope	
  (Carl	
  Zeiss).	
  

	
  

Isolation	
  of	
  mouse	
  mammary	
  glands	
  and	
  immunohistochemistry.	
  	
  

Mammary	
  glands	
  were	
   isolated	
   from	
  C57BL/6	
  mice	
   from	
  6	
  week	
  old	
  virgins,	
  on	
  day	
  15	
  of	
  

pregnancy	
  and	
  on	
  day	
  2	
  of	
  lactation.	
  Mammary	
  glands	
  were	
  snap	
  frozen	
  in	
  liquid	
  nitrogen	
  

and	
  preserved	
  at	
  -­‐80°C.	
  The	
  tissue	
  was	
  cryosectioned	
  into	
  15µm	
  sections	
  and	
  mounted	
  on	
  

slides.	
   The	
   slides	
   were	
   formalin	
   fixed	
   and	
   blocking	
   was	
   performed	
   with	
   PBS+10%	
   goat	
  

serum.	
  The	
  following	
  antibodies	
  were	
  incubated	
  overnight	
  at	
  4°C:	
  p-­‐EGFR	
  (Tyr1068)	
  (1:400,	
  

#3777, Cell	
   Signaling),	
   PCNA	
   (1:50,	
   ab29,	
   Abcam)	
   Sprouty-­‐2	
   (1:100,	
   #07-524,	
  

Millipore/Upstate).	
   Fluorescence	
   iso-­‐type	
   specific	
   secondary	
   antibodies	
   were	
   used	
   in	
   IF	
  

(Invitrogen).	
  Fluorescent	
  nuclear	
  counterstain,	
  TO-­‐PRO-­‐3	
  (Invitrogen)	
  was	
  used.	
  Specimens	
  

were	
  visualized	
  on	
  a	
  Zeiss	
  LSM	
  5	
  Pascal	
  laser-­‐scanning	
  microscope	
  (Carl	
  Zeiss).	
  

	
  

Immunocytochemistry	
  in	
  3D	
  colonies	
  

Colonies	
  were	
  isolated	
  by	
  gently	
  shaking	
  the	
  rBM	
  in	
  PBS-­‐EDTA	
  (5mM)	
  buffer	
  for	
  30	
  min	
  on	
  

ice.	
  Free	
  colonies	
  were	
  spun	
  down	
  and	
  mounted	
  on	
  slides	
  and	
  left	
  to	
  attach	
  for	
  30	
  min.	
  The	
  

blocking	
  was	
  done	
  by	
  incubation	
  with	
  PBS	
  +	
  0,3%	
  triton-­‐x	
  100	
  and	
  10%	
  goat	
  serum	
  for	
  1	
  h	
  at	
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room	
   temperature.	
   Antibodies	
   were	
   diluted	
   in	
   PBS	
   +	
   0,1%	
   BSA	
   +	
   0,3%	
   triton-­‐x	
   100	
   and	
  

incubated	
  over	
  night	
  at	
  4°C.	
  The	
  following	
  antibodies	
  and	
  dilutions	
  were	
  used:	
  β4-­‐Integrin	
  

(1:400,	
   MAB1964,	
   Chemicon),	
   A488-­‐phalloidin	
   (1:50,	
   #A12379,	
   Invitrogen),	
   EGFR	
   (1:100,	
  

#4267,	
   Cell	
   Signaling),	
   p-­‐EGFR	
   (Tyr1068)	
   (1:400,	
   #3777,	
   Cell	
   Signaling),	
   ErbB2	
   (1:100,	
  

ab2428,	
  Abcam)	
  and	
  Sprouty-­‐2	
  (1:100-­‐1:200,	
  #07-524,	
  Millipore/Upstate).	
  Fluorescence	
  iso-­‐

type	
   specific	
   secondary	
   antibodies	
   were	
   used	
   in	
   IF	
   (Invitrogen).	
   Fluorescent	
   nuclear	
  

counterstain,	
  TO-­‐PRO-­‐3	
  (Invitrogen)	
  was	
  used.	
  Specimens	
  were	
  visualized	
  on	
  a	
  Zeiss	
  LSM	
  5	
  

Pascal	
  laser-­‐scanning	
  microscope	
  (Carl	
  Zeiss).	
  

	
  

Western	
  blotting	
  

Equal	
  amounts	
  (3	
  µg)	
  of	
  proteins	
  were	
  separated	
  on	
  10%	
  NuPage	
  Bis-­‐Tris	
  gels	
  (Invitrogen)	
  

and	
  transferred	
  to	
  a	
  PVDF	
  membrane	
  (Invitrogen).	
  Antibodies:	
  E-­‐Cadherin	
   (1:500;	
  Zymed),	
  

N-­‐Cadherin	
   (1:1000;	
  BD),	
  β-­‐actin	
   (1:5000;	
  Abcam),	
  GAPDH	
   (1:5000;	
  Abcam),	
  K5/6	
   (1:1000;	
  

Zymed),	
   K8	
   (1:1000;	
   Abcam),	
   K14	
   (1:1000;	
   Abcam),	
   α-­‐SM-­‐Actin	
   (1:500;	
   Dako)	
   K17	
   (1:500;	
  

Dako),	
  K19	
  (1:1000;	
  abcam),	
  Vimentin	
  (1:1000;	
  Dako),	
  Sprouty-­‐2	
  (1:2000;	
  Millipore/Upstate)	
  

and	
   FOXC2	
   (1:2000;	
   Abcam)	
   were	
   used.	
   Membranes	
   were	
   visualized	
   with	
   Supersignal	
  

(Thermo	
   Scientific)	
   after	
   incubation	
   with	
   anti-­‐mouse	
   or	
   rabbit	
   secondary	
   antibodies	
  

(1:20000;	
  BD).	
  

	
  

Gene	
  expression	
  analysis	
  

RNA	
  was	
  isolated	
  from	
  D492	
  and	
  D492-­‐M	
  at	
  50%	
  and	
  90%	
  confluency	
  in	
  monolayer	
  culture	
  

using	
  RNeasy	
  mini	
   kit	
   (QIAGEN)	
   for	
  mRNA	
  and	
  with	
  Trizol	
   (Invitrogen)	
   for	
   the	
   isolation	
  of	
  

miRNA.	
   Experiments	
   were	
   conducted	
   in	
   triplicate,	
   on	
   three	
   different	
   time	
   points	
   (36	
  

samples)	
   for	
   mRNA	
   and	
   miRNA.	
   RNA	
   was	
   analysed	
   on	
   NanoDrop	
   ND-­‐1000	
  

spectrophotometer	
   and	
   run	
   on	
   Agilent	
   2100	
   Bioanalyzer	
   chips.	
   Microarray	
   analysis	
   was	
  

carried	
  out	
  using	
  the	
  Illumina	
  BeadChip	
  expression	
  microarray	
  (HumanWG-­‐6	
  v3.0)	
  platform.	
  

A	
  bead	
  chip	
  expression	
  array	
  (Illumina)	
  was	
  also	
  used	
  for	
  miRNAs.	
  The	
  data	
  was	
  contracted	
  

for	
   background	
   and	
   normalized	
   using	
   cubic	
   spline	
   with	
   all	
   samples	
   as	
   a	
   group	
   using	
  

BeadStudio.	
  Probes	
  were	
  quality	
  filtered	
  such	
  that	
   if	
  p	
  detect	
  >0.01	
  then	
  the	
  intensity	
  was	
  

replaced	
   with	
   a	
   missing	
   value.	
   Probes	
   with	
   missing	
   values	
   for	
   all	
   36	
   hybridizations	
   were	
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omitted	
  from	
  future	
  analysis.	
  This	
   left	
  16547	
  probes	
  which	
  had	
  p_detect<=0.01	
   in	
  at	
   least	
  

one	
   hybridization.	
   To	
   identify	
   differentially	
   expressed	
   genes	
   we	
   used	
   the	
   MeV	
   software	
  

(www.tm4.org)	
   and	
   the	
   significance	
   of	
   microarrays	
   (SAM)	
   method.	
   Genes	
   that	
   had	
  

detectable	
  expression	
  levels	
  in	
  50%	
  of	
  the	
  samples	
  were	
  used	
  in	
  the	
  comparison.	
  

	
  

Migration,	
  anchorage	
  independence	
  and	
  mammosphere	
  assays	
  

For	
   migration	
   experiments	
   a	
   total	
   of	
   104	
   and	
   2,5	
   ·∙	
   104	
   starved	
   cells	
   were	
   seeded	
   in	
  

DMEM/F12	
   basic	
  medium	
   on	
   collagen	
   coated	
   upper	
   compartment	
   of	
   a	
   transwell	
   Boyden	
  

chamber	
  (Corning)	
  with	
  an	
  8µm	
  pore	
  size.	
  EGM5	
  medium	
  was	
  used	
  as	
  a	
  chemoattractant	
  in	
  

the	
  lower	
  chamber.	
  After	
  12h	
  incubation,	
  the	
  medium	
  was	
  removed	
  and	
  cells	
  in	
  the	
  upper	
  

chamber	
  scraped	
  off	
  with	
  a	
  cotton	
  swab.	
  Migrated	
  cells	
  on	
  the	
  bottom	
  surface	
  of	
  the	
  filter	
  

were	
   fixed	
  with	
   formalin	
  and	
  stained	
  with	
  0,1%	
  crystal	
  violet.	
  Cells	
  were	
  counted	
   in	
   three	
  

representative	
  fields	
  in	
  each	
  transwell.	
  Soft	
  agar	
  assay	
  was	
  performed	
  by	
  mixing	
  104	
  cells	
  to	
  

1,5ml	
   of	
   0,5%	
   low	
  melting	
   agar	
   (Invitrogen)	
   and	
   overlaid	
   on	
   1%	
   agar	
   solution	
   in	
   a	
   6	
  well	
  

plate.	
   	
   The	
   assay	
  was	
   performed	
   in	
   triplicate	
   in	
   H14	
  medium.	
   After	
   20	
   days	
   the	
   colonies	
  

were	
   stained	
   with	
   crystal	
   violet	
   and	
   counted.	
   Mammosphere	
   assay	
   was	
   done	
   in	
   24-­‐well	
  

Ultra-­‐Low	
  attachment	
  plates	
  (Corning)	
  where	
  500	
  single	
  cell	
  filtered	
  cells	
  were	
  seeded	
  and	
  

cultured	
   on	
   EGM5	
   medium.	
   Number	
   and	
   size	
   of	
   spheres	
   was	
   evaluated	
   after	
   8	
   days	
   in	
  

culture.	
  

	
  

Proliferation	
  assay	
  and	
  apoptosis	
  resistance	
  

In	
  the	
  proliferation	
  assay,	
  104	
  cells	
  were	
  seeded	
  per	
  well	
  in	
  a	
  24	
  well	
  plate	
  (Falcon,	
  BD).	
  Cells	
  

were	
  fixed	
  with	
  formalin	
  and	
  stained	
  with	
  0,1%	
  crystal	
  violet	
  (days	
  1-­‐7),	
  washed	
  and	
  left	
  to	
  

dry.	
   The	
   crystal	
   violet	
   staining	
   in	
   each	
  well	
  was	
   dissolved	
   in	
   acetic	
   acid	
   and	
  measured	
   at	
  

570nm	
   in	
   a	
   plate	
   reader	
   (Spectra	
  max,	
  Molecular	
   devices).	
  When	
   apoptosis	
  was	
   induced,	
  

cells	
   were	
   seeded	
   into	
   6	
   well	
   culture	
   plates	
   (Falcon,	
   BD)	
   and	
   grown	
   to	
   70%	
   confluency.	
  

10µM	
  of	
   Camptothecin	
   (Sigma)	
   in	
   EGM5	
  medium	
  was	
  used	
   to	
   induce	
   apoptosis	
   and	
   cells	
  

were	
  counted	
  on	
  culture	
  days	
  0	
  -­‐	
  4.	
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Flow	
  cytometry	
  analysis	
  

Adherent	
   cells	
  were	
   trypsinized	
   and	
   filtered	
   through	
   a	
   30nm	
  nylon	
   filter	
   (Millipore).	
   Cells	
  

were	
   incubated	
   for	
   20	
   minutes	
   with	
   fluorochrome-­‐conjugated	
   antibodies	
   against	
   CD44	
  

(clone	
   IM7,	
  BD),	
  CD24	
  (clone	
  ML5,	
  BD)	
  or	
   isotype-­‐matched	
  controls,	
  subsequently	
  washed	
  

and	
  resuspended	
  in	
  PBS	
  with	
  4%	
  formaldehyde	
  (cell-­‐fix).	
  Cells	
  were	
  collected	
  (2·∙104	
  events)	
  

on	
  a	
  FACS-­‐Calibur	
  (BD)	
  and	
  analysed	
  using	
  CellQuest	
  (BD).	
  

	
  

Blocking	
  experiments	
  	
  

Direct	
   coculture	
   of	
   500	
  D492	
   cells	
  with	
   2·∙105	
   BRENCs	
   in	
   300µl	
   of	
   rBM	
  were	
   treated	
  with	
  

8µg/ml	
  anti-­‐HGF	
  neutralizing	
  antibody	
  (#MAB294,	
  R&D	
  Systems)	
  and	
  with	
  a	
   IgG	
  control	
   in	
  

the	
  rBM	
  and	
  in	
  the	
  medium.	
  In	
  transwell	
  coculture	
  HGF	
  was	
  also	
  blocked	
  with	
  8µg/ml	
  anti-­‐

HGF	
   in	
   the	
  rBM	
  and	
   in	
   the	
  medium	
   in	
  the	
   lower	
  transwell	
  chamber.	
  ALK5	
  kinase	
   inhibitor	
  

(SB431542,	
   Tocris	
   Bioscience)	
   was	
   used	
   to	
   block	
   signals	
   through	
   the	
   ALK5	
   receptor.	
   The	
  

inhibitor	
  was	
  diluted	
  in	
  the	
  rBM	
  (10µM)	
  and	
  in	
  the	
  medium	
  (10µM)	
  in	
  coculture	
  of	
  500	
  D492	
  

cells	
  and	
  5·∙104	
  BRENCs.	
  We	
  also	
  blocked	
  TGFβ1(8µg/ml)	
  in	
  3D	
  coculture	
  with	
  a	
  neutralizing	
  

antibody	
  (ab10517,	
  Abcam)	
  and	
  with	
  an	
  IgG	
  control	
  in	
  the	
  rBM	
  and	
  in	
  the	
  medium.	
  

	
  

Microvessel	
  density	
  scoring	
  

Microvessel	
  density	
  was	
  evaluated	
  by	
  immunohistochemistry	
  of	
  tumor	
  vessels	
  with	
  an	
  anti-­‐

CD31	
   antibody	
   in	
   whole	
   tissue	
   sections.	
   Immunopositive	
   cell	
   or	
   cluster	
   of	
   cells	
   clearly	
  

separated	
   from	
  adjacent	
   clusters,	
  was	
   considered	
   an	
   individual	
   vessel.	
  Microvessels	
  were	
  

counted	
   in	
   three	
   different	
   areas	
   of	
   both	
   low/medium	
   and	
   high	
   N-­‐cadherin	
   expression,	
  

respectively,	
  in	
  three	
  different	
  biopsies	
  in	
  a	
  200x	
  field.	
  

	
  

Q-­‐RT-­‐PCR	
  analysis	
  

Total	
  RNA	
  was	
  extracted	
  with	
  Trizol	
   (Invitrogen),	
  DNAase	
   treated	
  and	
   reverse	
   transcribed	
  

with	
  Hexanucleotides	
  using	
  ReverAid	
  (#K1622,	
  Fermentas).	
  Resulting	
  cDNA	
  was	
  used	
  for	
  Q-­‐

RT-­‐PCR,	
   in	
   master	
   mix	
   (Applied	
   Biosystems)	
   with	
   primer	
   pairs	
   and	
   probes	
   for	
   Spry2	
  

(Hs00183386_m1,	
  AB)	
  	
  and	
  GAPDH	
  (AB).	
  Experiments	
  were	
  done	
  in	
  triplicate	
  on	
  a	
  7500	
  Real	
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Time	
  PCR	
  System	
  (AB).	
  Quantitations	
  of	
  Spry2	
  mRNA	
  levels	
  were	
  normalized	
  to	
  GAPD	
  and	
  

relative	
  mRNA	
  difference	
  was	
  calculated	
  with	
  the	
  2-­‐∆Ct	
  Method.	
  

	
  

Sprouty-­‐2	
  knock	
  down	
  by	
  shRNA	
  lentiviral	
  transduction	
  

pGIPZ	
  lentiviral	
  shRNA	
  constructs	
  targeting	
  Sprouty2	
  transcripts	
  were	
  purchased	
  from	
  Open	
  

Biosystems	
   (RHS4430-­‐101098640,	
   RHS4430-­‐101103852,	
   RMM1766-­‐96881511).	
   A	
   non-­‐

silencing	
  construct	
  (RHS4346)	
  was	
  used	
  as	
  a	
  control.	
  Viral	
  particles	
  were	
  produced	
  in	
  HEK-­‐

293T	
   cells	
   using	
   Arrest-­‐In	
   transfection	
   reagent	
   (ATR1740;	
   Open	
   Biosystems)	
   according	
   to	
  

instructions.	
   Virus-­‐containing	
   supernatants	
   were	
   collected	
   at	
   48	
   hours	
   after	
   transfection	
  

and	
  target	
  cells	
  were	
  infected	
  in	
  the	
  presence	
  of	
  8ug/ul	
  polybrene.	
  Stable,	
  D492,	
  Spry-­‐2	
  KD	
  

cells	
   were	
   established	
   by	
   puromycin	
   selection	
   (3µg/µl)	
   as	
   well	
   as	
   selection	
   for	
   green	
  

fluorescent	
  protein	
  (GFP)	
  expression.	
  

	
  

	
  

Statistical	
  analysis	
  

Data	
   is	
   presented	
   as	
   mean	
   +	
   standard	
   error	
   of	
   the	
   mean	
   from	
   number	
   of	
   independent	
  

experiments	
  as	
   indicated.	
   Statistical	
   analysis	
  was	
  performed	
  by	
   two-­‐tailed	
   Students	
  T-­‐test	
  

using	
  GraphPad.	
  P	
  values	
  of	
  <0,05	
  were	
  considered	
  to	
  be	
  statistically	
  significant.	
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RESULTS	
  AND	
  DISCUSSION	
  
	
  

In	
   this	
   chapter	
   I	
   will	
   discuss	
   my	
   data,	
   both	
   published	
   (papers)	
   and	
   unpublished	
   data	
  

(manuscript	
   and	
   additional	
   data).	
   My	
   intention	
   is	
   to	
   discuss	
   my	
   work	
   critically	
   in	
   a	
  

retrospective	
   way	
   to	
   give	
   the	
   reader	
   a	
   comprehensive	
   overview	
   of	
   the	
   thesis	
   work.	
   For	
  

detailed	
   description	
   of	
   each	
   article/manuscript	
   I	
   have	
   attached	
   them	
   in	
   supplement	
  

enclosed	
  with	
  this	
  thesis.	
  	
  

	
  

1.	
  Isolation	
  and	
  propagation	
  of	
  primary	
  breast	
  endothelial	
  cells	
  (Paper	
  #1)	
  

In	
   this	
   article	
   I	
   have	
   characterized	
   spatial	
   location	
   of	
   blood	
   and	
   lymphatic	
   vessels	
  

surrounding	
   the	
   TDLU	
   structures	
   in	
   the	
   human	
   breast	
   and	
   established	
  methods	
   to	
   purify	
  

and	
  cultivate	
  endothelial	
  cells	
  from	
  human	
  reduction	
  mammoplasty	
  specimens.	
  Finally,	
  I	
  did	
  

an	
   immunophenotypic	
   characterization	
   of	
   isolated	
   breast	
   endothelia	
   cells	
   and	
   compared	
  

them	
  to	
   the	
  widely	
  used	
  human	
  umbilical	
  vein	
  endothelial	
  cells	
   (HUVEC).	
  Unlike	
  epithelial	
  

cells	
   that	
   are	
   relatively	
   easy	
   to	
   isolate	
   and	
   culture	
   in	
   vitro,	
   endothelial	
   cells	
   require	
  more	
  

attention	
   and	
   optimized	
   culture	
   conditions.	
   This	
   is	
   reflected	
   in	
   the	
   fact	
   that	
   attempts	
   to	
  

study	
   organotypic	
   endothelia-­‐epithelial	
   interactions	
   in	
   the	
   human	
   breast	
   have	
   been	
  

hampered	
   by	
   the	
   lack	
   of	
   protocols	
   for	
   long	
   term	
   cultivation	
   of	
   breast	
   endothelial	
   cells	
  

(BRENCs)	
   and	
   a	
   lack	
   of	
   immortalized	
   breast-­‐derived	
   endothelial	
   cell	
   lines.	
   The	
   reason	
   for	
  

these	
   difficulties	
   in	
   culturing	
   endothelial	
   cells	
   are	
   largely	
   unknown	
   but	
   could	
   be	
   partially	
  

explained	
   by	
   the	
   fundamental	
   difference	
   between	
   epithelial	
   and	
   endothelial	
   cells.	
   In	
   the	
  

breast	
   gland,	
   the	
   epithelial	
   tissue	
   is	
   under	
   constant	
   remodeling	
   compared	
   to	
   endothelial	
  

cells	
  that	
  are	
  considered	
  one	
  of	
  the	
  most	
  quiescent	
  cell	
  types	
   in	
  the	
  human	
  body.	
  To	
  gain	
  

better	
   view	
   of	
   spatial	
   interactions	
   of	
   breast	
   epithelium	
   and	
   endothelium	
   in	
   the	
   human	
  

breast	
   I	
   began	
   by	
   characterizing	
   the	
   location	
   and	
   distribution	
   of	
   endothelial	
   cells	
   in	
   the	
  

human	
  breast	
  gland.	
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1.1	
  Characterization	
  of	
  breast	
  endothelial	
  cells	
  in	
  situ	
  

Numerous	
  markers	
  have	
  been	
  used	
   to	
   identify	
  endothelial	
   cells	
   in	
   various	
   tissues.	
  Among	
  

the	
  most	
  commonly	
  used	
  are	
  CD34,	
  CD31,	
  vWF	
  and	
  VE-­‐cadherin	
  (Uzzan,	
  Nicolas	
  et	
  al.	
  2004).	
  

When	
  I	
  stained	
  breast	
  tissue	
  for	
  CD34	
  it	
  was	
  evident	
  that	
  this	
  marker	
  was	
  not	
  useable	
  for	
  

either	
  identification	
  or	
  isolation	
  of	
  pure	
  endothelial	
  cell	
  populations	
  (Figure	
  1	
  in	
  Paper	
  #1).	
  

In	
   addition	
   to	
   endothelial	
   cells,	
   the	
   CD34	
   antigen	
   was	
   also	
   expressed	
   on	
   intralobular	
  

fibroblasts	
   like	
   others	
   have	
   shown	
   in	
   normal	
   and	
   cancerous	
   tissue	
   (Yamazaki	
   and	
   Eyden	
  

1995;	
   Barth,	
   Ebrahimsade	
   et	
   al.	
   2002).	
   Surprisingly,	
   CD34	
   is	
   still	
   used	
   to	
   quantify	
   the	
  

vasculature	
  of	
  the	
  normal	
  and	
  malignant	
  breast	
  gland	
  and	
   is	
  even	
  preferred	
  by	
  some	
  as	
   it	
  

gives	
   a	
   more	
   widespread	
   staining	
   (Naccarato,	
   Viacava	
   et	
   al.	
   2003;	
   Sullivan,	
   Ghosh	
   et	
   al.	
  

2009).	
   In	
   my	
   studies	
   staining	
   for	
   CD31,	
   vWF	
   and	
   VE-­‐Cadherin	
   gave	
   a	
   better	
   picture	
   of	
  

BRENCs,	
   showing	
   that	
   microvessels	
   were	
   a	
   prominent	
   feature	
   of	
   the	
   intralobular	
   breast	
  

tissue	
   in	
   close	
   contact	
   to	
   the	
   breast	
   epithelium	
   (Figure	
   1	
   in	
   Paper	
   #1).	
   Dual	
  

immunofluorescence	
  staining	
   for	
  VE-­‐Cadherin	
  and	
   lymphatic	
  vessel	
  endothelial	
   receptor-­‐1	
  

(LYVE-­‐1)	
  showed	
  that	
  blood	
  and	
  lymphatic	
  vessels	
  could	
  be	
  easily	
  distinguished	
  (Figure	
  1	
  in	
  

Paper	
  #1).	
  Numerous	
  reports	
  have	
  shown	
  that	
  endothelial	
  cells	
  from	
  different	
  sources	
  are	
  

both	
  phenotypically	
   and	
   functionally	
   different	
   (reviewed	
   in	
   (Aird	
   2003)).	
   Therefore	
   I	
   have	
  

invested	
   considerable	
   effort	
   in	
   improving	
   methods	
   for	
   the	
   isolation	
   of	
   breast-­‐derived	
  

endothelial	
  cells.	
  

	
  

1.2	
  Isolation	
  and	
  propagation	
  of	
  breast	
  endothelial	
  cells	
  

Tissue	
   from	
  breast	
   reduction	
  mammoplasties	
  was	
  used	
   to	
   refine	
  preexisting	
  protocols	
   for	
  

the	
   isolation	
   of	
   microvascular	
   endothelial	
   cells.	
   Previous	
   work	
   by	
   Hewett	
   et	
   al.	
  

demonstrated	
  that	
  it	
  was	
  possible	
  to	
  isolate	
  endothelial	
  cells	
  from	
  the	
  human	
  breast	
  gland	
  

(Hewett,	
  Murray	
  et	
  al.	
  1993).	
   In	
   their	
  methodology	
   they	
  used	
  collagenase	
  digested	
  breast	
  

adipose	
   tissue	
  with	
   a	
   subsequent	
   incubation	
   of	
   CD31	
   antibody	
   (dynabeads)	
   to	
   “fish”	
   out	
  

microvascular	
   fragments	
   (Hewett,	
   Murray	
   et	
   al.	
   1993).	
   In	
   my	
   work	
   I	
   focused	
   on	
   two	
  

different	
   sources	
   for	
   endothelial	
   cell	
   isolation,	
   collagen	
   rich	
   stroma	
   close	
   to	
   the	
  epithelial	
  

compartment	
   and	
   breast	
   adipose	
   tissue	
   that	
   is	
   not	
   in	
   contact	
   with	
   the	
   epithelium.	
   The	
  

tissue	
  was	
  initially	
  separated,	
  with	
  scalpels,	
  into	
  collagen	
  rich	
  stroma	
  and	
  fat	
  tissue	
  and	
  then	
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dissected	
   by	
   hand	
   with	
   scalpels	
   and	
   further	
   disaggregated	
   with	
   collagenase	
   I	
   for	
   2h	
   (fat	
  

tissue)	
  and	
  24h	
  (collagen	
  rich	
  stroma)	
  to	
  release	
  the	
  microvessel	
  organoids.	
  	
  The	
  difference	
  

in	
   digestion	
   time	
   for	
   fat	
   tissue	
   and	
   collagen-­‐rich	
   stroma	
  was	
   due	
   to	
   the	
   nature	
   of	
   these	
  

tissues.	
  Fat	
  tissue	
  is	
  a	
  lose	
  connective	
  tissue	
  that	
  is	
  easily	
  disaggregated	
  whereas	
  collagen-­‐

rich	
  stroma	
  is	
  a	
  tightly	
  compact	
  tissue	
  that	
  needs	
  more	
  time	
  for	
  enzymatic	
  digestion.	
  Next,	
  

the	
  two	
  different	
  sources	
  were	
  spun	
  down	
  and	
  cleared	
  of	
  other	
  stromal	
  and	
  epithelial	
  cells	
  

(Figure	
  2	
   in	
  Paper	
  #1).	
   Finally,	
  microvascular	
  organoids	
  were	
   isolated	
  with	
  CD31	
   antibody	
  

coated	
  magnetic	
   beads	
   (Dynabeads).	
   These	
   two	
   different	
   sources	
   for	
   BRENCs	
   resulted	
   in	
  

large	
   amounts	
   of	
   endothelial	
   cells,	
   although	
   with	
   different	
   levels	
   of	
   purity.	
   The	
   adipose	
  

tissue	
  usually	
  gave	
  a	
  purer	
  population	
  but	
  with	
  fewer	
   isolated	
  microvascular	
  organoids.	
   In	
  

contrast,	
  the	
  collagen	
  rich	
  stroma	
  gave	
  substantially	
  more	
  microvascular	
  organoids	
  but	
  with	
  

a	
  higher	
  risk	
  of	
  fibroblast	
  contamination.	
  Additionally,	
  the	
  collagen	
  rich	
  stroma	
  could	
  be	
  use	
  

to	
   isolate	
   both	
   epithelial	
   and	
   endothelial	
   organoids	
   from	
   the	
   same	
   biopsy	
   as	
   well	
   as	
  

fibroblasts.	
   BRENCs	
   grew	
   out	
   from	
   organoids	
   on	
   endothelial	
   specific	
   medium,	
   EGM	
  with	
  

different	
   amounts	
   of	
   fetal	
   bovine	
   serum	
   (FBS)	
   in	
   the	
  medium	
   (Figure	
   2	
   in	
   Paper	
   #1).	
   The	
  

endothelial	
   specific	
   medium	
   is	
   originally	
   supplied	
   with	
   2%	
   FBS	
   but	
   in	
   my	
   experiments	
  

optimal	
   expansion	
   of	
   BRENCs	
   in	
   culture	
   was	
   reached	
   when	
   30%	
   FBS	
   was	
   used.	
   For	
   the	
  

purpose	
   of	
   coculture	
   experiments	
   of	
   BRENCs	
   with	
   other	
   primary	
   epithelial	
   cells	
   and	
   cell	
  

lines,	
  best	
  result	
  was	
  reached	
  when	
  the	
  endothelial	
  growth	
  medium	
  was	
  supplemented	
  with	
  

5%	
  FBS.	
   	
  Since	
  our	
  publication,	
  one	
  article	
  has	
  been	
  published	
  describing	
  previous	
  existing	
  

methods	
   in	
   isolating	
  endothelial	
  cells	
   from	
  adipose	
  tissue	
  (Hewett	
  2009).	
  However,	
   to	
  our	
  

knowledge	
  (PubMed	
  search,	
  April	
  2011)	
  our	
  paper	
  published	
  in	
  2006	
  is	
  still	
  the	
  latest	
  entry	
  

into	
   the	
   literature	
   describing	
   isolation	
   of	
   endothelial	
   cells	
   from	
   human	
   breast	
   tissue,	
  

emphasizing	
   how	
   laborious	
   and	
   difficult	
   it	
   is	
   to	
   isolate	
   these	
   cells.	
   After	
   isolation	
   and	
  

propagation	
   in	
   culture	
   I	
   conducted	
   phenotypic	
   and	
   functional	
   characterization	
   on	
   the	
  

BRENCs	
  and	
  compared	
  them	
  to	
  the	
  commonly	
  used	
  human	
  unbilical	
  vein	
  endothelial	
  cells	
  

(HUVECs).	
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1.3	
  Characterization	
  of	
  isolated	
  breast	
  endothelial	
  cells	
  

BRENCs	
  were	
  compared	
  to	
  HUVECs	
  because	
  they	
  are	
  one	
  of	
  the	
  most	
  common	
  sources	
  of	
  

endothelial	
   cells	
   used	
   in	
   research.	
   BRENCs	
   retained	
   critical	
   endothelial	
   traits,	
   expressing	
  

CD31,	
   vWF,	
   VE-­‐Cadherin,	
   CD105,	
   VEGFR2	
   and	
   Vimentin,	
   even	
   at	
   late	
   passage	
   (Table	
   1	
   in	
  

Paper	
   #1).	
   They	
   showed	
  uptake	
   of	
   low-­‐density	
   lipoprotein	
   and	
   expressed	
   E-­‐selectin	
   upon	
  

treatment	
  with	
  TNF-­‐alpha	
  indicating	
  functional	
  activity	
  (Figure.	
  5	
  in	
  Paper	
  #1).	
  BRENCs	
  show	
  

first	
  sign	
  of	
  aging	
  and	
  senescence	
  in	
  passage	
  14	
  with	
  chromosomal	
  abnormalities	
  including	
  

gain	
  of	
  trisomy	
  at	
  chromosome	
  11	
  (Figure.	
  6	
  in	
  Paper	
  #1).	
  Abnormalities	
  and	
  signs	
  of	
  aging,	
  

including	
  trisomy	
  11,	
   in	
  HUVEC	
  cells	
  were	
  seen	
  earlier,	
  or	
   in	
  passage	
  8.	
  Shorter	
   lifespan	
  of	
  

HUVECs	
  in	
  culture	
  may	
  not	
  be	
  surprising	
  considering	
  their	
  origin	
  and	
  limited	
  life	
  span	
  in	
  the	
  

umbilical	
   cord	
   in	
   vivo.	
   At	
   passage	
   18	
   BRENCs	
   were	
   growth	
   arrested	
   in	
   senescence	
   and	
  

started	
  to	
  show	
  substantial	
  chromosomal	
  aberrations	
  (Figure.	
  6	
  in	
  Paper	
  #1).	
  Interestingly,	
  

Johnson	
  et	
  al.	
  demonstrated	
  that	
  a	
   trisomy	
  of	
  chromosome	
  11	
  was	
   found	
   in	
  11	
  out	
  of	
  12	
  

long	
   term	
   EC	
   cultures	
   examined	
   indicating	
   this	
   trisomy	
   in	
   the	
   aging	
   of	
   endothelial	
   cells	
  

(Johnson,	
   Umbenhauer	
   et	
   al.	
   1992).	
   The	
   access	
   and	
   isolation	
   of	
   endothelial	
   cells	
   from	
  

umbilical	
  cords	
   is	
  relatively	
  easy	
   in	
  comparison	
  to	
  BRENCs.	
  However,	
  these	
  cell	
  types	
  have	
  

proven	
  to	
  be	
  different	
  in	
  terms	
  of	
  morphology	
  although	
  they	
  seem	
  to	
  express	
  equally	
  all	
  of	
  

the	
  common	
  endothelial	
  markers	
  (Figure.	
  6	
  in	
  Paper	
  #1).	
  	
  

In	
  this	
  paper	
  I	
  have	
  demonstrated	
  that	
  the	
  breast	
  microvasculature	
  can	
  be	
  a	
  reliable	
  source	
  

for	
  large-­‐scale	
  expansion	
  of	
  BRENCs.	
  The	
  BRENCs	
  preserve	
  their	
  phenotypic	
  and	
  functional	
  

traits	
  through	
  extended	
  cell	
  culture	
  in	
  vitro.	
  This	
  work	
  forms	
  the	
  basis	
  for	
  the	
  following	
  work	
  

where	
  I	
  explore	
  endothelial-­‐epithelial	
  interactions	
  in	
  breast	
  morphogenesis.	
  

	
  

1.4	
  Supplementary	
  material	
  

Currently,	
  there	
  are	
  no	
  commercially	
  available	
  breast	
  endothelial	
  cell	
   lines	
  and	
  to	
  my	
  best	
  

knowledge	
   there	
   is	
  only	
  one	
  published	
  article	
  on	
  an	
  endothelial	
   cell	
   line	
   from	
   the	
  human	
  

breast	
   gland	
   showing	
   extended	
   life	
   span	
   (O'Hare,	
   Bond	
   et	
   al.	
   2001).	
   Because	
   of	
   the	
  

restricted	
   growth	
   conditions	
   (serum	
   supplementation)	
   and	
   time	
   consumption	
   involved	
   in	
  

working	
   with	
   primary	
   breast	
   endothelial	
   cells	
   I	
   spent	
   some	
   effort	
   in	
   establishing	
   an	
  

immortalized	
   breast	
   endothelial	
   cell	
   line.	
   I	
   transfected	
   primary	
   BRENCs	
   with	
   a	
   retroviral	
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construct	
  containing	
  E6	
  and	
  E7	
  oncogenes	
   from	
  HPV-­‐16,	
  creating	
  the	
  BRENC	
  cell	
   line	
  V95.	
  

This	
  cell	
  line	
  maintained	
  all	
  classical	
  endothelial	
  characteristics	
  described	
  above	
  in	
  addition	
  

to	
  extended	
  life	
  span	
  in	
  culture	
  (data	
  not	
  shown).	
  I	
  was,	
  however,	
  not	
  successful	
  in	
  making	
  a	
  

completely	
   immortalized	
  cell	
   line	
  as	
   they	
  entered	
   senescence	
   in	
  passage	
  23	
  evidenced	
  by	
  

cessation	
   of	
   proliferation	
   and	
   expression	
   of	
   beta-­‐galactosidases	
   which	
   is	
   an	
   indicator	
   of	
  

senescence.	
  On	
  the	
  positive	
  side,	
  the	
  V95	
  cell	
  line	
  was	
  not	
  as	
  heavily	
  dependent	
  on	
  serum	
  

supplementation	
   compared	
   to	
   primary	
   BRENCs.	
   This	
  makes	
   V95	
   a	
   good	
   choice	
   for	
   future	
  

coculture	
  studies	
  with	
  epithelial	
  cells	
  where	
  the	
  use	
  of	
  serum	
  in	
  the	
  media	
  must	
  be	
  minimal	
  

or	
   not	
   present	
   at	
   all.	
   Having	
   established	
   protocols	
   for	
   isolation	
   and	
   long-­‐term	
   culture	
   of	
  

BRENCs	
  I	
  wanted	
  to	
  explore	
  the	
  interaction	
  between	
  endothelial	
  and	
  epithelial	
  cells.	
  In	
  the	
  

initial	
  experiments	
  I	
  tested	
  coculture	
  of	
  BRENCs	
  with	
  primary	
  LEP	
  and	
  MEP	
  and	
  number	
  of	
  

normal	
  and	
  cancerous	
  breast	
  epithelial	
  cell	
  lines.	
  

	
  

	
  

2.	
  Coculture	
  of	
  breast	
  endothelial	
  cells	
  with	
  normal	
  and	
  cancerous	
  breast	
  

epithelial	
  cells	
  (Paper	
  #2)	
  

In	
   this	
   work	
   I	
   designed	
   a	
   3	
   dimensional	
   endothelial-­‐epithelial	
   coculture	
   assay	
   inside	
   a	
  

reconstituted	
   basement	
   membrane	
   (3D	
   rBM).	
   This	
   was	
   done	
   by	
   mixing	
   BRENCs	
   with	
  

epithelial	
  cells	
  and	
  subsequently	
  embedding	
  them	
  in	
  a	
  single	
  cell	
  suspension	
   into	
  3D	
  rBM.	
  

This	
   setup	
   optimizes	
   colony	
   formation	
   and	
   other	
   underlying	
   morphogenic	
   potentials	
   of	
  

epithelial	
   cells.	
   Several	
   technical	
   problems	
  arise	
  when	
   culturing	
  different	
   cell	
   types	
   in	
   the	
  

same	
   assay.	
  One	
   aspect	
   is	
   to	
   be	
   able	
   to	
   recognize	
   each	
   cell	
   type	
  within	
   the	
   coculture.	
   In	
  

traditional	
  cell	
  culture	
  this	
  problem	
  is	
  clearly	
  present	
  as	
  most	
  cells	
  in	
  monolayer	
  look	
  similar,	
  

although	
   with	
   differences	
   in	
   size	
   and	
   shape.	
   Epithelial	
   cell	
   lines	
   within	
   3D	
   rBM	
   do	
   not	
  

present	
  this	
  problem	
  as	
  they	
  usually	
  grow	
  as	
  distinguishable	
  colonies.	
  Another	
  aspect	
  is	
  the	
  

medium	
  that	
  must	
  support	
  the	
  growth	
  /	
  survival	
  of	
  both	
  cell	
  types	
   in	
  addition	
  to	
  preserve	
  

their	
  endo/epithelial	
  phenotypic	
  traits.	
  The	
  EGM5	
  medium	
  (Endothelial	
  Growth	
  Medium	
  +	
  

5%	
  FBS)	
   turned	
  out	
   to	
  be	
  a	
  necessary	
   for	
  breast	
  endothelial	
  cells	
  and	
  sufficient	
   for	
  breast	
  

epithelial	
  cells	
  so	
  this	
  medium	
  is	
  used	
  in	
  all	
  cocultures	
  described	
  below.	
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2.1	
  Endothelial	
  cells	
  stay	
  quiescent	
  but	
  metabolically	
  active	
  when	
  cultured	
  within	
  3D	
  rBM	
  

When	
  BRENCs	
  are	
  cultured	
  on	
   top	
  of	
  a	
   layer	
  of	
   rBM	
  they	
   form	
  a	
  capillary-­‐like	
  network,	
  a	
  

trait	
   that	
   is	
   widely	
   used	
   to	
   characterize	
   endothelial	
   cells	
   and	
   in	
   angiogenesis	
   research	
   in	
  

general	
  (reviewed	
  in	
  (Arnaoutova,	
  George	
  et	
  al.	
  2009)).	
  However,	
  this	
  endothelial	
  network	
  is	
  

mostly	
  dissolved	
  within	
  48	
  hours	
  that	
  renders	
  this	
  setup	
  unusable	
  for	
  long-­‐term	
  (>14	
  days)	
  

co-­‐culture	
   experiments	
   (Figure	
   1	
   in	
   Paper	
   #2).	
   In	
   contrast,	
   when	
   BRENCs	
   are	
   embedded	
  

within	
   the	
   3D	
   rBM	
   they	
   remain	
   as	
   single	
   non-­‐proliferative	
   cells	
   (Figure	
   1	
   in	
   Paper	
   #2).	
  

Although	
   endothelial	
   cells	
   appear	
   as	
   single	
   non	
   proliferative	
   cells	
   throughout	
   a	
   culture	
  

period	
  of	
  16	
  days	
  in	
  rBM	
  they	
  survive	
  and	
  are	
  metabolically	
  active	
  as	
  seen	
  by	
  their	
  uptake	
  of	
  

fluorescently	
  labeled	
  AC-­‐LDL	
  (Figure	
  1	
  in	
  Paper	
  #2).	
  The	
  reason	
  why	
  endothelial	
  cells	
  do	
  not	
  

form	
   capillary	
   network	
   when	
   cultured	
   within	
   the	
   rBM	
   is	
   unknown.	
   Possible	
   explanations	
  

could	
  be	
   the	
  stiffness	
  of	
   the	
   rBM	
  or	
  composition	
  of	
   the	
  matrix.	
  Most	
  coculture	
  studies	
  of	
  

endothelial	
  cells	
  with	
  various	
  cell	
  types	
  are	
  most	
  often	
  focusing	
  on	
  angiogenesis	
  capabilities	
  

of	
  endothelial	
  cells	
  and	
  the	
  effects	
  of	
  other	
  cells	
  on	
  that	
  process	
  (Arnaoutova,	
  George	
  et	
  al.	
  

2009).	
   In	
   some	
   of	
   these	
   assays	
   the	
   endothelial	
   cells	
   are	
   induced	
   to	
   form	
   capillary-­‐like	
  

networks	
  within	
  matrix	
  substances	
  like	
  fibrin	
  gels	
  (Ruger,	
  Breuss	
  et	
  al.	
  2008;	
  Zhou,	
  Rowe	
  et	
  

al.	
  2008).	
  Although,	
  fibrin	
  gels	
  have	
  been	
  shown	
  to	
  be	
  effective	
  tool	
  in	
  coculture	
  studies	
  it	
  is	
  

likely	
  that	
  colony	
  formation	
  and	
  branching	
  morphogenesis	
  of	
  epithelial	
  cells	
   is	
  not	
  optimal	
  

within	
  these	
  gels	
  (Xiong,	
  Austin	
  et	
  al.	
  2008).	
  In	
  contrast,	
  by	
  embedding	
  the	
  endothelial	
  cells	
  

within	
   the	
   rBM	
   gel	
   together	
   with	
   epithelial	
   cells	
   allows	
   for	
   exploration	
   of	
   unidirectional	
  

effects	
  of	
  endothelial	
  cells	
  on	
  breast	
  morphogenesis	
  although	
  it	
  may	
  be	
  argued	
  that	
  its	
  not	
  

as	
  physiologically	
  relevant.	
  To	
  develop	
  the	
  coculture	
  assay	
  further	
  it	
  might	
  be	
  interesting	
  to	
  

combine	
  fibrin	
  gels	
  and	
  rBM	
  in	
  a	
  ratio	
  that	
  would	
  both	
  stimulate	
  capillary-­‐like	
  formation	
  of	
  

BRENCs	
  in	
  addition	
  to	
  support	
  epithelial	
  morphogenesis.	
  To	
  further	
  tackle	
  the	
  uncertainty	
  of	
  

our	
  assay	
  I	
  have	
  supplemented	
  the	
  experiments	
  with	
  cocultures	
  in	
  a	
  transwell	
  setup.	
  In	
  this	
  

assay	
  the	
  endothelial	
  cells	
  are	
  cultured	
  as	
  a	
  monolayer	
  in	
  the	
  upper	
  chamber	
  and	
  epithelial	
  

cells	
  within	
  rBM	
  at	
  the	
  bottom	
  as	
  described	
  in	
  more	
  detail	
  in	
  the	
  methods	
  section.	
  The	
  two	
  

chambers	
  are	
  separated	
  with	
  a	
  membrane	
  allowing	
  free	
  flow	
  of	
  soluble	
  factors	
  between	
  the	
  

two	
  different	
  cellular	
  compartments.	
  The	
   transwell	
   coculture	
  combines	
  a	
  more	
  viable	
  and	
  

physiological	
  state	
  to	
  grow	
  the	
  endothelial	
  cells	
  in	
  with	
  the	
  chance	
  to	
  induce	
  morphogenic	
  

effects	
  of	
  epithelial	
  cells.	
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2.2	
  Coculture	
  of	
  BRENCs	
  with	
  primary	
  myo-­‐	
  and	
  luminal	
  breast	
  epithelial	
  cells	
  

Initial	
   work	
   in	
   this	
   paper	
   was	
   to	
   test	
   if	
   BRENCs	
   affected	
   growth	
   and	
   morphogenesis	
   of	
  

primary	
   cells.	
   Our	
   laboratory	
   has	
   previously	
   succeeded	
   in	
   purifying	
   primary	
   Luminal	
  

epithelial-­‐	
   (LEP)	
   and	
   myoepithelial	
   (MEP)	
   cells	
   from	
   the	
   human	
   breast	
   gland	
   (Pechoux,	
  

Gudjonsson	
  et	
  al.	
  1999;	
  Gudjonsson,	
  Villadsen	
  et	
  al.	
  2002).	
  Cells	
   from	
  these	
  two	
  epithelial	
  

compartments	
  were	
  isolated	
  from	
  breast	
  reduction	
  tissue	
  with	
  specific	
  surface	
  markers	
  for	
  

LEP	
  and	
  MEP	
  cells.	
  When	
  LEP	
  cells	
  are	
  cultured	
  within	
  a	
  3D	
  rBM	
  they	
  form	
  small	
  polarized	
  

colonies	
  with	
  a	
  central	
  lumen	
  reminiscent	
  of	
  in	
  vivo	
  breast	
  acini.	
  MEP	
  cells,	
  however,	
  form	
  

disorganized,	
  non	
  polarized,	
  solid	
  colonies	
  (Petersen,	
  Ronnov-­‐Jessen	
  et	
  al.	
  1992).	
  Coculture	
  

with	
   BRENCs	
   resulted	
   in	
   increased	
   colony	
   size	
   of	
   both	
   LEP	
   and	
   MEP	
   derived	
   colonies.	
  

Furthermore,	
  increased	
  lumen	
  size	
  was	
  seen	
  in	
  some	
  LEP	
  derived	
  colonies	
  (Figure	
  6)	
  (Figure	
  

2	
  in	
  Paper	
  #2).	
  

	
  

Figure 6. Coculture of breast endothelial cells with primary luminal epithelial cells creates colonies with 
large lumens. 
Left.	
  Inside	
  rBM	
  primary	
  LEP	
  cells	
  form	
  compact,	
  polarized	
  colonies	
  with	
  a	
  small	
  central	
  lumen.	
  Right.	
  In	
  coculture	
  primary	
  
LEP	
  cells	
  form	
  significantly	
  larger	
  colonies	
  with	
  a	
  central	
  lumen.	
  Bar=100µm.	
  

	
  

Acinus-­‐like	
  LEP	
  colonies	
  displayed	
  basal	
  polarization	
  as	
  evidenced	
  with	
  basal	
  beta4-­‐integrin	
  

staining	
   and	
   apical	
   polarization	
   seen	
   when	
   staining	
   for	
   the	
   tight	
   junction	
   protein	
   ZO-­‐1	
  

(Figure	
   2D	
   in	
   Paper	
   #2).	
   To	
   further	
   explore	
   the	
   morphogenic	
   and	
   proliferative	
   induction	
  

potential	
   of	
   BRENCs	
  we	
   also	
   cocultured	
   them	
  with	
   several	
   normal	
   derived	
  and	
   cancerous	
  

breast	
  epithelial	
  cell	
  lines.	
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2.3	
  Coculture	
  of	
  BRENCs	
  with	
  normal	
  and	
  cancerous	
  breast	
  epithelial	
  cell	
  lines	
  

To	
   expand	
   our	
   knowledge	
   regarding	
   proliferative	
   and	
  morphogenic	
   effects	
   of	
   BRENCs	
   on	
  

different	
   breast	
   epithelial	
   cells	
  we	
   established	
   cocultures	
   of	
   BRENCs	
   and	
   five	
   normal	
   and	
  

cancerous	
   breast	
   epithelial	
   cell	
   lines.	
   When	
   normal-­‐derived	
   cell	
   lines	
   D382	
   (luminal	
  

epithelial	
   cell	
   line)	
   and	
   MCF10A	
   (Basal/mixed	
   phenotype)	
   were	
   cultured	
   alone	
   at	
   clonal	
  

dilution	
   (500	
   cells/300µl	
   rBM)	
   there	
   was	
   no	
   visible	
   growth.	
   However,	
   in	
   coculture	
   with	
  

BRENCs	
  a	
  dramatic	
  increase	
  in	
  number	
  and	
  size	
  of	
  colonies	
  was	
  seen.	
  The	
  same	
  observation	
  

was	
  seen	
  in	
  cocultures	
  with	
  the	
  estrogen	
  receptor	
  positive	
  cancer	
  cell	
  lines	
  MCF7	
  and	
  T47D	
  

and	
  the	
  basal-­‐like	
  cancer	
  line	
  MDA-­‐MB231	
  with	
  a	
  dramatic	
  increase	
  in	
  the	
  number	
  and	
  size	
  

of	
   colonies	
   (Figure	
   3A	
   in	
   Paper	
   #2).	
   The	
   phenotype	
   of	
   colonies	
   from	
   different	
   cell	
   lines	
  

differed	
  from	
  multiacinar	
  MCF10A	
  colonies,	
  solid	
  round	
  D382,	
  MCF7	
  and	
  T47D	
  colonies	
  to	
  a	
  

more	
  mesenchymal	
  phenotype	
   in	
   the	
  coculture	
  with	
  MDA-­‐MB231.	
   Immunostaining	
   for	
  ki-­‐

67,	
  a	
  marker	
  of	
  active	
  cell	
  cycle,	
  showed	
  high	
  proliferation	
  rate	
  in	
  the	
  cocultures	
  (Figure	
  3B	
  

in	
  Paper	
  #2).	
  Cloning	
  efficiency	
  of	
   epithelial	
   cells	
   in	
   coculture	
   increased	
   substantially	
  with	
  

increasing	
  amounts	
  of	
  endothelial	
  cells	
  seeded.	
  In	
  the	
  control	
  cultures	
  cloning	
  efficiency	
  was	
  

under	
  5%	
  for	
  all	
  cell	
  lines	
  but	
  increased	
  to	
  9%	
  for	
  T47D	
  and	
  up	
  to	
  41%	
  for	
  MCF10A	
  (Figure	
  

4A-­‐B	
  in	
  Paper	
  #2).	
  	
  

	
  

2.4	
  BRENCs	
  mediate	
  their	
  effects	
  through	
  soluble	
  factors	
  

To	
   answer	
   the	
   question	
   whether	
   the	
   growth	
   inducing	
   effects	
   of	
   endothelial	
   cells	
   were	
  

mediated	
   through	
   cell-­‐cell	
   contact	
   or	
   soluble	
   factors	
   a	
   coculture	
   was	
   carried	
   out	
   in	
   a	
  

transwell	
  assay.	
  In	
  this	
  assay	
  the	
  endothelial	
  cells	
  were	
  cultured	
  as	
  a	
  monolayer	
  on	
  top	
  of	
  a	
  

porous	
  membrane	
   (0,4µm)	
   in	
   the	
  upper	
  well	
   allowing	
   only	
   soluble	
   factors	
   to	
   be	
   released	
  

and	
   diffused	
   into	
   the	
   medium	
   of	
   the	
   lower	
   well.	
   On	
   the	
   bottom	
   of	
   the	
   lower	
   well	
   the	
  

epithelial	
   cells	
   were	
   cultured	
   inside	
   a	
   rBM	
   (Figure	
   5A	
   in	
   Paper	
   #2).	
   Colony	
   size	
   was	
  

significantly	
  increased	
  in	
  transwell	
  cocultures	
  of	
  BRENCs	
  with	
  MCF10A,	
  D382	
  and	
  MCF7	
  but	
  

no	
  growth	
  effect	
  was	
  on	
  T47D	
  and	
  MDA-­‐MB231	
  (Figure	
  5B-­‐C	
  in	
  Paper	
  #2).	
  Cloning	
  efficiency	
  

was	
  increased	
  in	
  transwell	
  cocultures	
  for	
  the	
  MCF10A	
  and	
  D382	
  but	
  not	
  for	
  the	
  cancerous	
  

MCF7,	
  T47D	
  and	
  MDA-­‐MB231	
  (Figure	
  5D	
  in	
  Paper	
  #2).	
  This	
  discrepancy	
  might	
  be	
  explained	
  

by	
  lower	
  needs	
  of	
  growth	
  stimuli	
  of	
  the	
  malignant	
  cell	
  lines	
  in	
  comparison	
  to	
  the	
  normal-­‐like	
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cell	
  lines	
  in	
  this	
  assay	
  in	
  comparison	
  to	
  direct	
  coculture.	
  These	
  results	
  strongly	
  suggest	
  that	
  

endothelial	
  cells	
  may	
  mediate	
  their	
  growth	
  promoting	
  effects	
  through	
  soluble	
  factors.	
  

In	
  this	
  paper,	
  I	
  could	
  show	
  in	
  a	
  coculture	
  model	
  that	
  BRENCs	
  mediate	
  proliferation	
  effects	
  of	
  

normal	
   and	
   malignant	
   breast	
   epithelial	
   cells	
   and	
   cell	
   lines.	
   By	
   using	
   clonal	
   dilution	
   of	
  

epithelial	
   cells	
   in	
   coculture	
   we	
   optimized	
   their	
   morphogenic	
   potential,	
   for	
   example,	
   in	
   a	
  

subpopulation	
  of	
  LEP	
  cells	
  showing	
  increased	
  lumen	
  size.	
  These	
  effects	
  of	
  endothelial	
  cells	
  

are	
  novel	
   and	
  are	
   likely	
  mediated	
   through	
   soluble	
   factor/s.	
   Future	
   research	
   aims	
  at	
  using	
  

this	
  coculture	
  model	
  to	
  study	
  branching	
  morphogenesis	
   from	
  clonally	
  cultured	
  cells	
  within	
  

rBM	
   in	
  addition	
   to	
   identify	
  specific	
   factor/s	
  secreted	
  by	
  BRENCs	
   in	
  coculture	
   that	
  mediate	
  

proliferation	
  and	
  morphogenic	
  effects.	
  

	
  

2.5	
  Supplementary	
  material	
  

As	
  mentioned	
   above	
   the	
   culture	
   conditions	
   of	
   BRENCs	
   inside	
   rBM	
  might	
   not	
   be	
   optimal	
  

although	
   it	
   is	
  probably	
   the	
  best	
  option	
   to	
   study	
  epithelial-­‐endothelial	
   interactions	
   in	
  a	
  3D	
  

culture	
   context.	
   Another	
   factor	
   that	
   I	
   have	
   considered	
   is	
   the	
   amount	
   of	
   cells	
   and	
   ratio	
  

between	
  different	
  cell	
   types	
   in	
  co-­‐culture	
  experiments.	
   In	
  the	
  cocultures	
  between	
  BRENCs	
  

and	
  primary	
  LEP	
  and	
  MEP	
  cells	
  I	
  tried	
  many	
  different	
  ratios	
  until	
  we	
  decided	
  to	
  use	
  the	
  ratio	
  

1:20	
   (LEP/MEP:	
   BRENCs).	
   It	
  might	
   be	
   criticized	
   that	
   this	
   excess	
   of	
   endothelial	
   cells	
   is	
   not	
  

truly	
  describing	
  what	
  would	
  be	
  the	
  case	
  in	
  vivo.	
  However,	
  when	
  I	
  optimized	
  the	
  assay	
  I	
  also	
  

tried	
   ratios	
   of	
   1:1	
   and	
   1:2	
   and	
   they	
   also	
   showed	
   these	
   proliferation	
   inducing	
   effects	
   of	
  

BRENCs	
   (Not	
   shown).	
  We	
  also	
   see	
   these	
  effects	
  at	
   low	
  BRENCs	
  concentration	
  on	
  MCF10A	
  

cells,	
  although	
  they	
  substantially	
   increase	
  colony	
  size	
  at	
  higher	
  concentrations	
  of	
  BRENCS.	
  

Furthermore,	
   this	
  setup	
  serves	
  the	
  purpose	
  of	
  clonal	
  derivation	
  of	
  colonies	
   forming	
   in	
  the	
  

coculture	
  assay.	
  Another	
  aspect	
  that	
  is	
  important	
  to	
  consider	
  is	
  that	
  the	
  number	
  of	
  BRENCs	
  

is	
  not	
  increasing	
  throughout	
  the	
  culture	
  period	
  while	
  there	
  is	
  a	
  large	
  increase	
  in	
  the	
  number	
  

of	
  epithelial	
  cells.	
  This	
  means	
  that	
  in	
  later	
  stages	
  of	
  coculture	
  the	
  number	
  of	
  epithelial	
  cells	
  

far	
  exceeds	
  the	
  number	
  of	
  BRENCs.	
  Taken	
  together,	
  I	
  conclude	
  that	
  skewed	
  ratio	
  or	
  number	
  

of	
  cells	
  in	
  the	
  coculture	
  should	
  not	
  be	
  a	
  factor	
  affecting	
  the	
  result.	
  	
  	
  	
  

	
  	
  



41	
  

	
  

3.	
  Endothelial	
  cells	
  in	
  coculture	
  with	
  breast	
  epithelial	
  cells	
  with	
  stem	
  cell	
  

properties	
  induce	
  epithelial	
  to	
  mesenchymal	
  transition	
  (Paper	
  #3).	
  

The	
  work	
  in	
  Paper	
  #3	
  and	
  Paper	
  #4	
  below	
  have	
  occupied	
  a	
  large	
  part	
  of	
  my	
  thesis	
  work	
  so	
  I	
  

will	
   use	
  more	
   effort	
   in	
   discussing	
   this	
   on	
   the	
   following	
   pages.	
   In	
   Paper	
   #3	
   I	
   explored	
   the	
  

interactions	
  between	
  BRENCs	
  and	
  the	
  breast	
  epithelial	
  stem	
  cell	
  line	
  D492.	
  This	
  cell	
  line	
  has	
  

stem	
   cell	
   and	
   branching	
   morphogenic	
   potentials	
   within	
   3D	
   rBM	
   gels.	
   In	
   light	
   of	
   our	
  

observations	
   with	
   primary	
   breast	
   epithelial	
   cells	
   and	
   cell	
   lines	
   (Paper	
   #2)	
   and	
   data	
   from	
  

diverse	
   organs	
   showing	
   the	
   importance	
   of	
   endothelial	
   cells	
   in	
   tissue	
   remodeling,	
  

organogenesis	
  and	
  stem	
  cell	
  maintenance	
   I	
  wanted	
   to	
   test	
   if	
  BRENCs	
  might	
   impact	
  breast	
  

morphogenesis.	
  	
  	
  	
  

	
  

3.1	
  D492	
  –	
  a	
  human	
  breast	
  epithelial	
  cell	
  line	
  with	
  stem	
  cell	
  properties	
  generate	
  TDLU-­‐like	
  

structures	
  in	
  3D	
  rBM	
  matrix	
  

D492	
   breast	
   epithelial	
   stem	
   cell	
   line	
  was	
   isolated	
   originally	
   from	
   the	
   suprabasal	
   niche	
   of	
  

normal	
   human	
   breast	
   gland	
   and	
   subsequently	
   immortalized	
   using	
   retroviral	
   construct	
  

containing	
   E6	
   and	
   E7	
   from	
   HPV-­‐16.	
   This	
   cell	
   line	
   has	
   maintained	
   its	
   original	
   phenotype	
  

through	
  prolonged	
  cell	
   culture	
  and	
   can	
  differentiate	
   into	
   LEP	
  and	
  MEP	
  cells	
   in	
  monolayer	
  

and	
   3D	
   culture	
   (Gudjonsson,	
   Villadsen	
   et	
   al.	
   2002;	
   Villadsen,	
   Fridriksdottir	
   et	
   al.	
   2007).	
  

Interestingly,	
  D492	
   is	
  one	
  of	
   few	
  cell	
   lines	
   isolated	
   from	
  the	
  human	
  breast	
  gland	
   that	
  can	
  

produce	
  elaborate	
  branching	
  ductal-­‐lobular-­‐like	
  structures	
  when	
  cultured	
  in	
  3D	
  rBM	
  similar	
  

to	
  the	
   in	
  vivo	
  TDLUs	
  (Figure	
  2).	
  Optimal	
  culture	
  conditions	
  for	
  D492	
  cells	
   in	
  3D	
  culture	
  are	
  

reached,	
  traditionally,	
  when	
  7·∙103	
  to	
  104	
  cells	
  are	
  seeded	
  in	
  300µl	
  of	
  rBM	
  matrix.	
  Due	
  to	
  the	
  

morphogenic	
   capacity	
   of	
   D492	
   I	
   wanted	
   to	
   explore	
   if	
   BRENCs	
   could	
   impact	
   branching	
  

morphogenesis.	
  	
  

	
  

3.2	
  Coculture	
  of	
  BRENCs	
  and	
  D492	
  resulted	
  in	
  increased	
  branching	
  morphogenesis	
  and	
  the	
  

formation	
  of	
  an	
  EMT-­‐like	
  phenotype	
  

I	
  began	
  by	
  coculturing	
  D492	
  in	
  clonal	
  cell	
  density	
  of	
  500	
  cells	
  with	
  increasing	
  concentrations	
  

of	
   BRENCs	
   (0,	
   5·∙104,	
   1·∙105	
   and	
   2·∙105)	
   within	
   300µl	
   of	
   rBM.	
   The	
   initial	
   result	
   was	
   clear,	
  



42	
  

	
  

increased	
  overall	
  colony	
  formation	
  and	
  clonal	
  derivation	
  of	
  colonies	
  in	
  the	
  coculture	
  similar	
  

to	
  what	
  I	
  had	
  seen	
  before	
  in	
  paper	
  #2.	
  Increased	
  cloning	
  efficiency	
  and	
  proliferation	
  seemed	
  

to	
  be	
  dose	
  dependant	
  on	
  the	
  amount	
  of	
  BRENCs	
  in	
  the	
  coculture	
  (Figure	
  1A	
  in	
  Paper	
  #3).	
  To	
  

my	
  surprise,	
  D492	
  did	
  not	
  exclusively	
  produce	
  branching	
  and	
  solid	
  round	
  colonies	
  as	
  seen	
  

previously	
   (Gudjonsson,	
   Villadsen	
   et	
   al.	
   2002).	
   In	
   the	
   coculture	
   setup	
   they	
   also	
   produced	
  

disorganized	
  colonies	
  compact	
  with	
  spindle-­‐like	
  cells	
  (Figure	
  7)	
  (Figure	
  1B	
  in	
  Paper	
  #3).	
  	
  

	
  

Figure 7. Coculture of breast endothelial cells with D492 breast epithelial cell line creates branching and 
spindle-like colonies. 
Left.	
  When	
  D492	
   cells	
   are	
   seeded	
   at	
   low	
   density	
   in	
   rBM	
   coculture	
  with	
   BRENCs	
   they	
   form	
   complex	
   branching	
   colonies	
  
similar	
  to	
  TDLUs.	
  Right.	
  In	
  addition	
  to	
  branching,	
  spindle-­‐like	
  colonies	
  emerge	
  in	
  coculture	
  with	
  BRENCs	
  .	
  Bar=100µm.	
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When	
  I	
  quantified	
  the	
  amount	
  of	
  each	
  colony	
  type,	
  branching-­‐,	
  solid-­‐	
  and	
  spindle-­‐like,	
  the	
  

only	
  doze	
  dependent	
  increase	
  of	
  BRENCs	
  in	
  coculture	
  could	
  be	
  explained	
  by	
  more	
  spindle-­‐

like	
  colonies	
  emerging	
  in	
  the	
  culture	
  (Figure	
  S2	
  in	
  Paper	
  #3).	
  In	
  contrast,	
  the	
  branching-­‐like	
  

colonies	
  seemed	
  to	
  reach	
  a	
  plateau	
  with	
  the	
  lowest	
  amount	
  of	
  BRENCs	
  while	
  the	
  amount	
  of	
  

solid-­‐like	
  colonies	
  decreased	
  (Figure	
  S2	
  in	
  Paper	
  #3).	
  So	
  the	
  original	
  coculture	
  idea	
  worked	
  

by	
   increasing	
  the	
  amount	
  of	
  clonally	
  derived	
  branching	
  colonies.	
  However,	
  the	
  emergence	
  

of	
  spindle-­‐like	
  colonies	
  from	
  D492	
  in	
  3D	
  rBM	
  seemed	
  to	
  be	
  dependent	
  on	
  the	
  presence	
  of	
  

BRENCs	
   in	
  this	
  assay	
   in	
  a	
  dose	
  dependent	
  manner.	
  The	
  presence	
  of	
  colonies	
  with	
  spindle-­‐

like	
  cells	
  could	
  also	
  mean	
  that	
  cells	
  with	
  a	
  mesenchymal	
  phenotype	
  were	
  already	
  present	
  

within	
   the	
   original	
   D492	
   cell	
   line	
   and	
   that	
   they	
   were	
   induced	
   to	
   grow	
   by	
   signals	
   from	
  

BRENCs.	
   The	
   other	
   possibility	
   was	
   that	
   the	
   D492	
   cells	
   had	
   undergone	
   a	
   epithelial	
   to	
  

mesenchymal	
   transition	
   (EMT)	
   induced	
   by	
   the	
   BRENCs.	
   To	
   resolve	
   this	
   we	
   explored	
   the	
  

morphogenic	
  potential	
  of	
  the	
  three	
  colony	
  types	
  in	
  secondary	
  3D	
  rBM	
  cultures.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

3.3	
  Morphogenic	
  potential	
  of	
  branching	
  and	
  spindle-­‐like	
  colonies	
  in	
  secondary	
  3D	
  rBM	
  

culture	
  

I	
   began	
   by	
   looking	
   for	
   cells	
   within	
   D492	
   that	
   had	
   a	
   pure	
   mesenchymal-­‐like	
   program	
   in	
  

traditional	
  monolayer	
   culture	
  using	
   immunofluorescence	
  double	
   staining.	
   I	
  had	
  difficulties	
  

associating	
   mesenchymal	
   markers	
   like	
   vimentin	
   or	
   Thy-­‐1	
   to	
   specific	
   mesenchymal	
   cells	
  

within	
  D492.	
   This	
   is	
   due	
   to	
   the	
   fact	
   that	
   these	
  markers	
   are	
  promiscuous	
   as	
   they	
   are	
   also	
  

expressed	
   on	
   MEP-­‐like	
   cells.	
   I	
   could,	
   however,	
   identify	
   cells	
   that	
   were	
   expressing	
   N-­‐

cadherin,	
  a	
  typical	
  marker	
  found	
  on	
  mesenchymal	
  cells	
  (but	
  not	
  MEP),	
  but	
  these	
  cells	
  were	
  

also	
  expressing	
  classical	
  epithelial	
  markers	
  like	
  E-­‐cadherin,	
  K14	
  and	
  K19	
  (Figure	
  8A)	
  Indeed,	
  

in	
  my	
  observations	
  I	
  have	
  found	
  cells	
  that	
  are	
  N-­‐cadherin	
  positive	
  within	
  the	
  normal	
  human	
  

breast	
   gland,	
   often	
   coexpressing	
  markers	
   of	
   luminal	
   epithelial	
   cells	
   (not	
   shown).	
   By	
   flow	
  

cytometry	
  on	
  D492	
  I	
  could	
  identify	
  a	
  small	
  portion	
  of	
  cells	
  that	
  were	
  positive	
  for	
  N-­‐cad	
  and	
  

negative	
  for	
  epithelial	
  CD24,	
  similar	
  to	
  true	
  mesenchymal	
  cells	
   (Figure	
  8B).	
  So	
  there	
  was	
  a	
  

small	
  possibility	
  that	
  BRENCs	
  were	
  merely	
  cloning	
  up	
  a	
  preexisting	
  mesenchymal	
  phenotype	
  

in	
   the	
   cocultures.	
   To	
   explore	
   this	
   further	
   I	
   focused	
   on	
   the	
   morphogenic	
   potential	
   of	
  

branching-­‐like	
  and	
  spindle-­‐like	
  colonies	
  in	
  secondary	
  rBM	
  cultures.	
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Figure 8. A small portion of the D492 cell line show expression of mesechymal marker N-cadherin. 
A.	
  D492	
  cells	
   in	
  monolayer	
  were	
  stained	
  for	
  CK14,	
  CK19,	
  E-­‐cadherin	
  (green)	
  and	
  N-­‐cadherin	
  (red).	
  N-­‐cadherin	
  expressing	
  
cells	
  also	
  expressed	
  E-­‐cadherin,	
  CK14	
  and	
  most	
  of	
  the	
  also	
  CK19.	
  B.	
  Flow	
  cytometry	
  indicated	
  that	
  a	
  small	
  fraction	
  (2,2%)	
  of	
  
D492	
   cells	
   expressed	
  N-­‐cadherin	
  without	
   CD24	
   and	
   thus	
   a	
   possible	
   EMT	
   phenotype	
   however	
   they	
  were	
   also	
   shown	
   to	
  
express	
  E-­‐cadherin.	
  

	
  

This	
   was	
   done	
   by	
   isolating	
   branching	
   and	
   spindle	
   colonies	
   from	
   cocultures	
   of	
   D492	
   and	
  

BRENCs.	
  Cells	
  derived	
  from	
  branching	
  colonies	
  had	
  a	
  typical	
  epithelial	
  cubodial	
  phenotype	
  in	
  

monolayer	
  culture	
  while	
  cells	
  from	
  spindle	
  colonies	
  showed	
  elongated	
  spindle	
  shaped	
  cells.	
  

In	
  secondary	
  coculture,	
  cells	
   from	
  spindle	
  colonies	
  were	
   fixed	
   in	
  making	
  more	
  spindle-­‐like	
  

colonies	
   while	
   cells	
   from	
   branching	
   colonies	
   could	
   produce	
   branching	
   and	
   spindle-­‐like	
  

colonies	
   (Figure	
   2	
   in	
   Paper	
   #3).	
   Cells	
   from	
   one	
   of	
   the	
   isolated	
   spindle-­‐like	
   colonies	
   were	
  

cultured	
   further	
   as	
   the	
   subline	
   D492M	
   (Mesenchymal).	
   In	
   addition	
   to	
   D492M	
   several	
  

additional	
   clones	
   were	
   isolated.	
   In	
   conclusion,	
   these	
   experiments	
   confirmed	
   that	
   the	
  

original	
  stem-­‐like	
  cells	
  within	
  D492	
  were	
  undergoing	
  EMT	
  under	
  stimuli	
  from	
  the	
  cocultured	
  

BRENCs	
   explaining	
   the	
   emergence	
   of	
   spindle-­‐like	
   colonies	
   in	
   the	
   coculture.	
   To	
   further	
  

confirm	
   these	
   observations	
   I	
   compared	
   the	
   phenotype	
   and	
   function	
   of	
   D492	
   cells	
   to	
   the	
  

D492M	
  subline.	
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3.4	
  Phenotypic	
  traits	
  of	
  D492	
  and	
  D492M	
  

When	
   I	
   compared	
   the	
   expression	
   of	
   D492	
   to	
   D492M	
   for	
   epithelial	
   and	
   mesenchymal	
  

markers	
  I	
  was	
  able	
  to	
  confirm	
  that	
  the	
  D492M	
  cells	
  had	
  a	
  true	
  EMT	
  phenotype.	
  D492M	
  cells	
  

showed	
  a	
  downregulation	
  of	
  epithelial	
  specific	
  markers	
  E-­‐Cadherin,	
  K5/6,	
  K8,	
  K14,	
  K19	
  and	
  

an	
  upregulation	
  N-­‐Cadherin,	
  alpha	
  smooth	
  muscle	
  actin	
  and	
  Vimentin	
  (Figure	
  9)	
  (Figure	
  3A-­‐

B	
  in	
  Paper	
  #3).	
  	
  

	
  

Figure 9. The EMT subline D492M shows spindle-like morphology and a mesenchymal marker profile. 
D492M	
  cells	
  have	
  lost	
  the	
  epithelial	
  marker	
  EpCAM.	
  D492	
  expresses	
  the	
  myoepithelial	
  marker	
  Thy-­‐1	
  in	
  a	
  subpopulation	
  of	
  
cells	
  while	
  D492M	
  shows	
  expression	
  in	
  all	
  cells.	
  Additionally,	
  D492M	
  cells	
  express	
  the	
  fibroblast	
  surface	
  protein	
  in	
  contrast	
  
to	
  D492.	
  Immunoreactivity	
  seen	
  as	
  brown.	
  Counterstained	
  with	
  hematoxylin	
  (blue).	
  Bar=100µm.	
  

	
  

I	
   also	
   isolated	
   RNA	
   from	
   D492	
   and	
   D492M	
   and	
   compared	
   the	
   gene	
   expression	
   on	
   a	
  

microarray.	
  The	
  array	
  showed	
  a	
  vast	
  difference	
   in	
  the	
  expressional	
  profiles	
  of	
  the	
  two	
  cell	
  

lines,	
   with	
   a	
   difference	
   in	
   over	
   6	
   thousand	
   genes	
   (Figure	
   S5	
   in	
   Paper	
   #3).	
   Among	
  

upregulated	
   genes	
   were	
   important	
   EMT	
   linked	
   transcriptional	
   factors	
   FOXC1	
   and	
   FOXC2.	
  

Upregulation	
   of	
   FOXC2	
  was	
   confirmed	
   by	
  WB	
   (Figure	
   3C-­‐D	
   in	
   Paper	
   #3).	
   Functionally	
   the	
  

D492M	
  cells	
  also	
  showed	
  their	
  transition	
  towards	
  a	
  mesenchymal	
  phenotype	
  with	
  up	
  to	
  7	
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fold	
   increase	
   in	
   migration	
   (Figure	
   4A	
   in	
   Paper	
   #3).	
   The	
   D492M	
   cells	
   showed	
   signs	
   of	
  

malignant	
   transformation	
   by	
   their	
   growth	
   in	
   soft	
   agar	
   assay	
   and	
   by	
   decreased	
   growth	
  

inhibition	
  in	
  monolayer	
  culture	
  (Figure	
  4B	
  in	
  Paper	
  #3).	
  The	
  flow	
  cytometry	
  profile	
  CD44High	
  /	
  

CD24Low	
  has	
  been	
  used	
  extensively	
  in	
  breast	
  cancer	
  studies	
  to	
  identify	
  cancer	
  stem	
  cells	
  and	
  

recently	
   this	
   profile	
   has	
   been	
   linked	
   to	
   EMT	
   (Al-­‐Hajj,	
  Wicha	
   et	
   al.	
   2003;	
  Mani,	
   Guo	
   et	
   al.	
  

2008).	
  When	
  D492	
   and	
  D492M	
  are	
   compared	
  with	
   this	
   profile	
   around	
   20%	
  of	
   D492	
   cells	
  

reside	
  within	
  the	
  cancer	
  stem	
  cell	
  gate	
  while	
  almost	
  all	
  D492M	
  cells	
  are	
  CD44High	
  /	
  CD24Low	
  

(Figure	
   4C	
   in	
   Paper	
   #3).	
   The	
   ability	
   to	
   form	
   colonies	
   in	
   a	
   mammosphere	
   assay	
   has,	
  

furthermore,	
  been	
  linked	
  to	
  stem	
  cells	
  and	
  cancer	
  stem	
  cells.	
  In	
  this	
  assay,	
  cells	
  are	
  seeded	
  

at	
  low	
  density	
  and	
  form	
  floating	
  spheres	
  in	
  a	
  nonadherant	
  plate.	
  It	
  was	
  not	
  surprising	
  that	
  

D492,	
   being	
   a	
   stem	
   cell	
   line,	
   could	
   form	
   spheres	
   in	
   this	
   assay	
   but	
   D492M	
   showed	
   a	
  

significant	
  increase	
  in	
  sphere	
  formation	
  and	
  formed	
  larger	
  spheres	
  (Figure	
  4D	
  in	
  Paper	
  #3).	
  

Another	
  hallmark	
  of	
  cancer	
  stem	
  cells	
  and	
  EMT	
  is	
  apoptosis	
  resistance.	
  D492M	
  cells	
  showed	
  

increased	
  resistance	
  to	
  chemically	
  induced	
  apoptosis	
  compared	
  to	
  D492	
  (Figure	
  4E	
  in	
  Paper	
  

#3).	
   In	
   conclusion,	
   my	
   analysis	
   of	
   D492M	
   confirms	
   that	
   these	
   cells	
   have	
   acquired	
   a	
  

mesenchymal	
   phenotype	
   as	
   a	
   consequence	
   of	
   the	
   EMT	
  process.	
   Furthermore,	
   these	
   cells	
  

bare	
   resemblance	
   to	
   breast	
   cancer	
   stem	
   cells.	
   It	
   is	
   important	
   to	
  mention	
   that	
   the	
   above	
  

mentioned	
   assays	
   are	
   not	
   restricted	
   to	
   stem	
   cells	
   and	
   cancer	
   stem	
   cells,	
   rather	
   they	
   are	
  

characteristics	
  associated	
  with	
  the	
  stem	
  cell	
  phenotype	
  among	
  many	
  others.	
  To	
  test	
  if	
  these	
  

EMT	
  inducing	
  effects	
  of	
  BRENCs	
  in	
  coculture	
  were	
  restricted	
  to	
  the	
  D492	
  cell	
  line	
  we	
  tested	
  

additional	
  normal	
  and	
  malignant	
  cell	
  lines.	
  

	
  	
  	
  	
  

3.5	
  BRENCs	
  induce	
  EMT	
  in	
  poorly	
  differentiated	
  cell	
  lines	
  of	
  different	
  origin.	
  	
  

Because	
   the	
   CD44High	
   /	
   CD24Low	
   profile	
   has	
   been	
   connected	
   to	
   EMT	
   I	
   wanted	
   to	
   know	
   if	
  

these	
  markers	
   could	
   distinguish	
   between	
   cell	
   lines	
   that	
   would	
   be	
   susceptible	
   to	
   BRENCs	
  

induced	
  EMT.	
  However,	
  the	
  risk	
  is	
  that	
  this	
  profile	
  is	
  also	
  identifying	
  cells	
  that	
  have	
  already	
  

undergone	
   the	
  EMT	
  process	
  and	
  show	
  a	
  spindle-­‐like	
  phenotype.	
  The	
  differentiated	
  breast	
  

epithelial	
   cell	
   lines	
   D382	
   and	
  MCF10A	
   both	
   show	
   a	
   typical	
   epithelial,	
   CD44High	
   /	
   CD24High,	
  

populations	
   with	
   only	
   a	
   minor	
   population	
   (<1%)	
   of	
   MCF10A	
   containing	
   CD24low	
   cells.	
   In	
  

contrast,	
   the	
   highly	
   malignant	
   basal-­‐like	
   breast	
   cancer	
   cell	
   line	
   MDA-­‐MB-­‐231	
   is	
   almost	
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exclusively	
  (99%)	
  CD44high,CD24low	
  	
  and	
  is	
  thus	
  likely	
  a	
  post-­‐EMT	
  cell	
  line	
  (Figure	
  10).	
  When	
  

these	
   cell	
   lines	
   were	
   cocultured	
   with	
   BRENCs	
   in	
   rBM	
   the	
   MDA-­‐MB-­‐231	
   continued	
   to	
  

generate	
  mesenchymal	
   colonies	
  while	
   the	
   CD44High,CD24High	
   cell	
   lines,	
  D382	
   and	
  MCF10A,	
  

generated	
  only	
  round	
  epithelial-­‐like	
  colonies	
  (Figure	
  S3	
  in	
  Paper	
  #3).	
  	
  

	
  

	
  

Figure 10. The flow cytometry profile CD44High/CD24Low is a marker of EMT and compromised epithelial 
integrity. 
The	
   normal-­‐like	
   cell	
   lines	
   D382	
   and	
   MCF10A	
   only	
   have	
   a	
   minor	
   portion	
   of	
   cells	
   within	
   the	
   CD44High/CD24Low	
   gate.	
   In	
  
contrast,	
  the	
  EMT-­‐like,	
  MDA-­‐MB231	
  almost	
  exclusively	
  resides	
  within	
  this	
  gate.	
  

	
  

Furthermore,	
  MCF-­‐7,	
   an	
   estrogen	
   receptor	
  positive	
  breast	
   cancer	
   cell	
   line	
   generated	
  only	
  

large	
  solid	
  round	
  colonies	
  in	
  coculture	
  with	
  BRENCs	
  (Figure	
  S3	
  in	
  Paper	
  #3).	
  It	
  is	
  interesting	
  

to	
   note	
   that	
   in	
   the	
   literature	
   the	
   MCF-­‐7	
   cell	
   line	
   is	
   generally	
   described	
   with	
   a	
   minor	
  

population	
   (<5%)	
   of	
   CD44high,CD24Low	
   cells	
   (Gong,	
   Yao	
   et	
   al.	
   2010;	
   Sun,	
   Liao	
   et	
   al.	
   2010).	
  

Because	
   the	
   population	
   of	
   basal-­‐like	
   breast	
   cancers	
   has	
   been	
   described	
   to	
   have	
   EMT-­‐

associated	
  markers,	
  I	
  also	
  tested	
  the	
  W2320	
  metaplastic	
  breast	
  cancer	
  cell	
  line.	
  W2320	
  cells	
  

have	
   previously	
   been	
   shown	
   to	
   generate	
   mesenchymal	
   like	
   cells	
   in	
   culture	
   (Petersen,	
  

Nielsen	
   et	
   al.	
   2003).	
   The	
   W2320	
   cell	
   line	
   generated	
   solid	
   epithelial-­‐like	
   colonies	
   when	
  

cultured	
  alone	
  in	
  3D	
  rBM	
  but	
  when	
  they	
  were	
  cocultured	
  with	
  BRENCs	
  there	
  was	
  a	
  dramatic	
  

increase	
   in	
  total	
  colony	
  formation	
  and	
   in	
  the	
  number	
  of	
  spindle-­‐like	
  colonies	
  (Figure	
  1C	
   in	
  

Paper	
   #3).	
   To	
   test	
   if	
   this	
   only	
   applied	
   to	
   cell	
   lines	
   of	
   breast	
   origin	
   we	
   included	
   the	
   lung	
  

adenocarcinoma	
   cell	
   line,	
   A549,	
   which	
   has	
   previously	
   been	
   shown	
   to	
   have	
   some	
   of	
   the	
  

characteristics	
  associated	
  with	
  cancer	
  stem	
  cells	
  (Meng,	
  Li	
  et	
  al.	
  2009).	
  A549	
  could	
  also	
  be	
  

induced	
   to	
   form	
   spindle-­‐like	
   colonies	
   in	
   coculture	
   with	
   BRENCs	
   (Figure	
   11).	
   To	
   further	
  

support	
  that	
  this	
  might	
  be	
  a	
  general	
  EMT	
  inducing	
  factor	
  I	
  used	
  the	
  EMT	
  susceptible	
  Madin-­‐
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Darby	
   canine	
   Kidney	
   epithelial	
   cell	
   line	
   (MDCK).	
   These	
   cells	
   have	
   the	
   abilities	
   to	
   form	
  

polarized	
  spheres	
  in	
  3D	
  culture	
  in	
  addition	
  to	
  form	
  EMT	
  and	
  scattering	
  when	
  induced	
  with	
  a	
  

powerful	
  EMT-­‐factor	
  like	
  TGF-­‐beta	
  (Zhang,	
  Dong	
  et	
  al.	
  2006).	
  In	
  line	
  with	
  our	
  coculture	
  data	
  

MDCK	
   cells	
   produced	
   disorganized,	
   EMT-­‐like	
   colonies,	
   in	
   coculture	
   with	
   BRENCs	
   (not	
  

shown).	
  

	
  

Figure 11. Breast endothelial cells can induce the emergence of spindle-like colonies in coculture with 
A549 lung cancer cell line. 
Left.	
   In	
   control	
   cultures	
  of	
  A549	
   inside	
   rBM	
   the	
  majority	
  of	
   the	
   colonies	
  have	
  a	
   solid	
   round	
  phenotype.	
   In	
   contrast,	
   the	
  
spindle-­‐like	
  phenotype	
  is	
  significantly	
  more	
  common	
  in	
  coculture	
  with	
  endothelial	
  cells	
   indicating	
  EMT	
  inducing	
  effect	
  of	
  
BRENCs	
  on	
  A549.	
  Right.	
  Representative	
  figures	
  of	
  a	
  solid	
  colony	
  in	
  the	
  control	
  and	
  a	
  spindle-­‐like	
  colony	
  in	
  the	
  coculture.	
  *	
  
p<0.05.	
  Bar=100µm.	
  

	
  

In	
   conclusion,	
   this	
   data	
   indicates	
   that	
   breast	
   cell	
   lines	
   with	
   stem-­‐like	
   (D492)	
   and	
   basal-­‐

like/metaplastic	
  (W2320)	
  characteristics	
  have	
  the	
  plasticity	
  for	
  mesenchymal	
  conversion	
  in	
  

coculture	
  with	
   endothelial	
   cells.	
  Other	
   cell	
   lines,	
  more	
   differentiated	
   (D382,	
  MCF10A	
   and	
  

MCF7),	
   are	
   unable	
   to	
   undertake	
   this	
   transition	
   by	
   BRENCs	
   induction	
   although	
   they	
   are	
  

capable	
  of	
  undergoing	
  EMT	
  with	
  other	
  methods.	
  Furthermore,	
  my	
  data	
  is	
  in	
  line	
  with	
  recent	
  

publications	
   showing	
   that	
   breast	
   cancer	
   cells	
   and	
   cell	
   lines	
   show	
   varying	
   degrees	
   of	
  

mesenchymal	
  phenotype	
  and	
  propensity	
  to	
  show	
  or	
  undergo	
  EMT	
  (Kenny,	
  Lee	
  et	
  al.	
  2007;	
  

Sarrio,	
  Rodriguez-­‐Pinilla	
  et	
  al.	
  2008).	
  In	
  addition,	
  the	
  effects	
  BRENCs	
  are	
  not	
  bound	
  to	
  cells	
  

of	
  breast	
  or	
  human	
  origin	
  because	
  A549	
  cells	
  and	
  MDCK	
  cells	
  were	
  also	
  induced	
  by	
  BRENCs	
  

to	
  make	
   spindle-­‐like	
   colonies	
   reminiscent	
   of	
   EMT.	
   This	
   data	
   suggests	
   that	
   BRENC	
   derived	
  

factor/s	
   inducing	
  EMT	
  must	
  be	
  common	
  factors	
  known	
  to	
  be	
   involved	
   in	
  EMT	
   in	
  different	
  

systems.	
  In	
  that	
  regard,	
  I	
  turned	
  my	
  focus	
  to	
  the	
  TFG-­‐beta	
  signaling	
  pathway	
  that	
  is	
  one	
  of	
  

the	
  best-­‐known	
  and	
  most	
  effective	
  pathways	
  to	
  induce	
  EMT	
  in	
  cells	
  of	
  different	
  origin	
  and	
  

species	
  (Moustakas,	
  Pardali	
  et	
  al.	
  2002).	
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3.6	
  Effects	
  of	
  TGF-­‐beta	
  signaling	
  on	
  branching	
  and	
  EMT	
  in	
  D492	
  

TGF-­‐β	
   is	
  a	
  powerful	
   inducer	
  of	
  EMT	
   in	
  various	
   cell	
   culture	
  models	
  and	
   is	
  one	
  of	
   the	
  most	
  

studied	
   factor	
   that	
   mediates	
   epithelial	
   stromal	
   interaction	
   (reviewed	
   in	
   (Zavadil	
   and	
  

Bottinger	
  2005)).	
  In	
  order	
  to	
  identify	
  endothelial-­‐derived	
  factors	
  responsible	
  for	
  facilitating	
  

EMT	
   I	
   first	
   focused	
   on	
   TGF-­‐β1.	
  When	
   D492	
   cells	
   were	
   treated	
   with	
   TGF-­‐β1	
   (10ng/ml)	
   in	
  

monolayer	
   for	
  15	
  days	
   the	
  cells	
   showed	
  a	
  more	
  elongated	
  phenotype	
  and	
   increased	
   their	
  

number	
  of	
  CD44high,	
  CD24low	
  cells,	
  indicating	
  EMT.	
  However,	
  this	
  effect	
  was	
  reversible	
  when	
  

TGF-­‐β1	
  was	
  removed	
  from	
  the	
  medium	
  (Figure	
  12A).	
  Immunocytochemical	
  characterization	
  

showed	
  that	
  TGF-­‐β	
  induces	
  a	
  partial	
  EMT	
  phenotype,	
  as	
  evidenced	
  by	
  down	
  regulation	
  of	
  E-­‐

cadherin,	
  EpCAM	
  and	
  K14	
  and	
  a	
  partial	
  induction	
  of	
  N-­‐cadherin	
  (Figure	
  12B).	
  	
  	
  

	
  

Figure 12. TGF-β1 induces a partial, reversible EMT in monolayer culture of D492 cells. 
A.	
  Flow	
  cytometry	
  for	
  the	
  CD44High/CD24Low	
  profile	
  was	
  used	
  to	
  evaluate	
  the	
  effects	
  of	
  TGF-­‐β1	
  treatment.	
  When	
  D492	
  cells	
  
were	
   treated	
  with	
   TGF-­‐β1	
   a	
   slight	
   increase	
   (from	
   2%	
   to	
   11%)	
   was	
   seen	
   in	
   cells	
   in	
   the	
   CD44High/CD24Low	
   gate	
   that	
   was	
  
reverted	
  back	
  when	
  TGF-­‐β1	
  was	
  removed	
  (D492+/-­‐TGF-­‐β1).	
  B.	
  When	
  staining	
  for	
  epithelial	
  and	
  mesenchymal	
  markers	
   in	
  
TGF-­‐β1	
  treated	
  cells	
  a	
  similar	
  result	
  was	
  seen	
  by	
  a	
  general	
  decrease	
  in	
  epithelial	
  markers	
  E-­‐cadherin,	
  K14,	
  K19	
  and	
  EpCAM	
  
and	
  an	
  increase	
  in	
  mesenchymal	
  N-­‐cadherin	
  and	
  Vimentin	
  that	
  was	
  mostly	
  reverted	
  back	
  when	
  TGF-­‐β1	
  was	
  removed	
  from	
  
the	
  culture	
  medium.	
  Immunoreactivity	
  seen	
  as	
  green.	
  Counterstain	
  TOPRO3	
  (Blue).	
  Bar=	
  50µm.	
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TGF-­‐β1	
  withdrawal	
  from	
  D492	
  resulted	
  in	
  recovery	
  of	
  the	
  epithelial	
  phenotype	
  (Figure	
  12B).	
  

When	
  D492	
  cells	
  were	
  exposed	
  to	
  TGF-­‐β1	
  in	
  3D	
  rBM	
  culture	
  we	
  did	
  not	
  observe	
  any	
  spindle-­‐

like	
   colonies.	
  When	
  TGF-­‐β1	
  was	
  added	
   to	
   the	
   culture	
  medium	
  at	
  day	
  0	
  no	
   colony	
  growth	
  

was	
   observed	
   indicating	
   growth	
   inhibiting	
   effects	
   of	
   TGF-­‐β1.	
   Interestingly,	
   if	
   TGF-­‐β1	
   was	
  

added	
   at	
   day	
   7,	
   before	
   branching	
   normally	
   starts	
   a	
   dramatic	
   increase	
   in	
   branching	
  

morphogenesis	
  was	
  seen	
  indicating	
  different	
  effects	
  in	
  early	
  and	
  late	
  culture	
  periods	
  (Figure	
  

13A).	
  	
  

	
  

Figure 13. TGF-β1 induces branching morphogenesis in 3D rBM culture of D492. 
A.	
  D492	
  was	
  treated	
  with	
  TGF-­‐β1	
  from	
  Day	
  6	
  in	
  3D	
  culture	
  resulting	
  in	
  early	
  branching	
  but	
  not	
  spindle-­‐like	
  morphology.	
  B.	
  
When	
  cocultures	
  of	
  D492	
  and	
  BRENCs	
  were	
  treated	
  with	
  an	
  ALK5	
  inhibitor	
  a	
  significant	
  decrease	
  in	
  branching	
  colonies	
  was	
  
seen	
  with	
   no	
   effects	
   on	
   spindle-­‐like	
   colonies.	
  C.	
   The	
   same	
   effect	
   was	
   seen	
  with	
   a	
   neutralizing	
   anti-­‐TGF-­‐β1	
   antibody,	
   a	
  
decrease	
  of	
  branching	
  colonies	
  but	
  no	
  change	
  in	
  spindle-­‐like	
  colonies.	
  *	
  p<0.05;	
  **p<0.01.	
  Bar=	
  50µm.	
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To	
  further	
  test	
  if	
  TGF-­‐β1	
  mediates	
  some	
  of	
  the	
  endothelial	
  effects	
  on	
  D492	
  we	
  treated	
  co-­‐

cultures	
   with	
   a	
   small	
   molecule	
   inhibitor	
   against	
   TGF-­‐β	
   receptor-­‐1	
   (ALK5)	
   and	
   a	
   TGF-­‐β	
  

neutralizing	
   antibody.	
   At	
   10µm	
   concentration	
   of	
   ALK5	
   kinase	
   inhibitor,	
   we	
   observed	
   a	
  

dramatic	
   reduction	
   in	
   branching	
   colony	
   formation	
  whereas	
   no	
   changes	
  were	
   seen	
   in	
   the	
  

number	
   of	
   spindle	
   colonies	
   (Figure	
   13B).	
   Similar	
   effects	
   were	
   seen	
   when	
   TGF-­‐β1	
   was	
  

blocked	
  with	
  anti-­‐	
  TGF-­‐β1	
  antibody	
  (8µg/ml),	
  a	
  marked	
  reduction	
  of	
  branching	
  colonies	
  but	
  

no	
  change	
  in	
  the	
  number	
  of	
  spindle	
  colonies	
  (Figure	
  13C).	
  This	
   is	
   in	
  line	
  with	
  my	
  data	
  that	
  

TGF-­‐β1	
   stimulates	
   formation	
   of	
   branching-­‐	
   but	
   not	
   spindle	
   colonies	
   from	
   D492	
   when	
  

cultured	
  alone	
   in	
  3D	
   rBM.	
   Importantly,	
   this	
   indicates	
   that	
  TGF-­‐β1	
  and	
   signals	
   through	
   the	
  

TGFbeta	
   pathway	
   are	
   crucial	
   for	
   proper	
   branching	
   morphogenesis	
   of	
   D492	
   in	
   3D	
   rBM	
  

cultures.	
   Data	
   from	
   others,	
   using	
  mouse	
  models,	
   have	
   in	
   fact	
   shown	
   that	
   TGF-­‐β1	
   and	
   its	
  

downstream	
  pathway	
  are	
  crucial	
  for	
  proper	
  branching	
  of	
  the	
  mammary	
  gland	
  (Ingman	
  and	
  

Robertson	
   2008;	
   Jahchan,	
   You	
   et	
   al.	
   2010;	
   Pavlovich,	
   Boghaert	
   et	
   al.	
   2011).	
   This	
   also	
  

demonstrates	
  a	
  novel	
  phenomena	
  in	
  that	
  EMT	
  can	
  have	
  different	
  consequences	
  in	
  2D	
  and	
  

3D	
   culture	
  microenvironments	
  because	
   TGF-­‐β1	
   induction	
   in	
   2D	
  produced	
  partial	
   EMT	
  but	
  

not	
   in	
  3D	
  rBM	
  culture.	
   It	
  should,	
  however,	
  be	
  noted	
  that	
  branching	
  morphogenesis	
  shares	
  

some	
  characteristics	
  with	
  EMT.	
  Thus,	
  TGF-­‐β1	
  induced	
  branching	
  in	
  my	
  3D	
  assay	
  could	
  be	
  a	
  

consequence	
   of	
   a	
   partial	
   EMT.	
   The	
   link	
   between	
   branching	
   and	
   EMT	
   is	
   emerging	
   in	
   the	
  

literature	
  and	
  in	
  light	
  of	
  that	
  I	
  need	
  to	
  explore	
  this	
  further	
  in	
  our	
  assay	
  (Micalizzi,	
  Farabaugh	
  

et	
  al.	
  2010).	
  There	
  are	
  numerous	
  other	
  factors	
  that	
  can	
  elicit	
  EMT	
  in	
  culture	
  and	
  I	
  decided	
  to	
  

focus	
  my	
  attention	
  to	
  other	
  known	
  EMT	
  inducers.	
  

	
  

3.7	
  EMT	
  inducing	
  effects	
  of	
  BRENCs	
  are	
  mediated	
  through	
  soluble	
  factors	
  and	
  can	
  be	
  

partially	
  blocked	
  by	
  anti-­‐HGF	
  

The	
  EGM5	
  medium	
  that	
  all	
  coculture	
  experiments	
  were	
  conducted	
  in	
  has	
  powerful	
   ligands	
  

for	
  tyrosine	
  kinase	
  receptors	
  like	
  EGF,	
  FGF	
  and	
  VEGF	
  which	
  have	
  previously	
  been	
  linked	
  to	
  

EMT	
  (Moustakas	
  and	
  Heldin	
  2007;	
  Yang	
  and	
  Weinberg	
  2008).	
  However,	
  monocultured	
  D492	
  

cells	
   in	
   this	
  medium	
  do	
  not	
   show	
   signs	
  of	
   EMT	
   so	
   I	
   focused	
   on	
  hepatocyte	
   growth	
   factor	
  

(HGF)	
  that	
  is	
  a	
  known	
  inducer	
  of	
  branching	
  morphogenesis	
  and	
  EMT	
  in	
  breast	
  epithelial	
  cells	
  

(Niranjan,	
   Buluwela	
   et	
   al.	
   1995;	
   Grotegut,	
   von	
   Schweinitz	
   et	
   al.	
   2006).	
   HGF	
   is	
   a	
   stromal	
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derived	
  factor	
  that	
  is	
  expressed	
  in	
  endothelial	
  cells,	
  among	
  other	
  stromal	
  cells	
  in	
  the	
  breast	
  

(Sonnenberg,	
   Meyer	
   et	
   al.	
   1993;	
   Pollard	
   2001;	
   Haslam	
   and	
   Woodward	
   2003).	
   Increased	
  

expression	
  of	
  the	
  RTK	
  receptor	
  for	
  HGF,	
  c-­‐MET,	
  has	
  been	
  shown	
  to	
  be	
  upregulated	
  in	
  breast	
  

cancer	
  and	
  has	
  especially	
  been	
  associated	
  with	
  the	
  basal	
   like	
  breast	
  cancer	
  subtype	
  (Tuck,	
  

Park	
  et	
  al.	
  1996;	
  Yao,	
  Jin	
  et	
  al.	
  1996;	
  Camp,	
  Rimm	
  et	
  al.	
  1999;	
  Edakuni,	
  Sasatomi	
  et	
  al.	
  2001;	
  

Charafe-­‐Jauffret,	
   Ginestier	
   et	
   al.	
   2006).	
   I	
   could	
   show	
   that	
   BRENCs	
   are	
   producing	
   and	
  

secreting	
  HGF	
  inside	
  3D	
  rBM	
  (Figure	
  S7	
  in	
  Paper	
  #3).	
  When	
  I	
  treated	
  cocultures	
  of	
  D492	
  and	
  

BRENCs	
  with	
  a	
  neutralizing	
  antibody	
  against	
  HGF	
  (8µg/ml)	
   it	
  had	
  no	
  effect	
  on	
  total	
  colony	
  

formation	
   but	
   a	
   significant	
   decreasing	
   effects	
   (~50%)	
   on	
   the	
   formation	
   of	
   spindle-­‐like	
  

colonies.	
   In	
   contrast,	
   there	
  was	
  a	
   significant	
   increase	
   in	
   the	
  portion	
  of	
  branching	
  colonies	
  

(Figure	
  5D	
  in	
  Paper	
  #3).	
  To	
  verify	
  that	
  the	
  EMT	
  inducing	
  effects	
  of	
  BRENCs	
  were	
  mediated	
  

through	
   soluble	
   factor/s	
   I	
   set	
   up	
   a	
   transwell	
   coculture	
   as	
   described	
   above	
   (Figure	
   5A	
   in	
  

Paper	
  #3).	
  In	
  this	
  assay	
  BRENCs	
  induces	
  EMT	
  of	
  D492	
  cells	
  in	
  a	
  more	
  effective	
  way,	
  with	
  over	
  

70%	
  of	
  all	
  colonies	
  showing	
  the	
  spindle-­‐like	
  phenotype	
  (Figure	
  5B-­‐C	
  in	
  Paper	
  #3).	
  When	
  the	
  

neutralizing	
  antibody	
  against	
  HGF	
  was	
  added	
  there	
  was	
  a	
  significant	
  decrease	
  (~25%)	
  in	
  the	
  

spindle-­‐like	
   phenotype	
   with	
   no	
   significant	
   effects	
   on	
   branching	
   colonies	
   or	
   total	
   colony	
  

formation	
   (Figure	
   5E	
   in	
   Paper	
   #3).	
   Collectively,	
   this	
   shows	
   that	
   BRENCs-­‐derived	
   HGF	
  

mediates	
  EMT	
  induction	
  in	
  the	
  3D	
  coculture	
  model.	
  This	
  data	
  also	
  suggests	
  that	
  altering	
  HGF	
  

signaling	
   can	
   modulate	
   the	
   balance	
   in	
   the	
   formation	
   of	
   branching-­‐	
   and	
   spindle	
   colonies	
  

formed	
  by	
  D492.	
  However,	
  the	
  neutralization	
  of	
  HGF	
  did	
  not	
  completely	
  block	
  the	
  formation	
  

of	
  spindle-­‐like	
  colonies.	
  There	
  might	
  be	
  additional	
   factors	
  needed	
  and	
   in	
  support	
  of	
   that	
   I	
  

have	
  done	
  numerous	
  studies	
  where	
  I	
  tried	
  to	
  induce	
  monocultures	
  of	
  D492	
  cells	
  in	
  3D	
  rBM	
  

to	
   form	
   spindle-­‐like	
   EMT	
   colonies	
   by	
   simply	
   adding	
   HGF.	
   This	
   was	
   done	
   in	
   different	
  

concentrations	
  of	
  HGF,	
  various	
  cell	
  concentrations	
  of	
  D492	
  and	
  in	
  combinations	
  to	
  different	
  

culture	
  medium	
  but	
  these	
  experiments	
  have	
  failed	
  so	
  far	
  (not	
  shown).	
  It	
  is	
  also	
  noteworthy	
  

that	
  in	
  transwell	
  coculture	
  a	
  few	
  spindle-­‐like	
  colonies	
  emerged	
  in	
  the	
  control.	
  I	
  have	
  never	
  

seen	
   this	
   in	
   the	
  monoculture	
   controls	
   for	
   the	
   direct	
   coculture	
   studies	
   and	
   this	
   might	
   be	
  

explained	
  by	
  the	
  different	
  experimental	
  setup	
  in	
  the	
  transwell	
  coculture	
  assay.	
  In	
  light	
  of	
  my	
  

data,	
   HGF	
   seems	
   to	
   be	
   a	
   necessary	
   BRENCs	
   derived	
   component	
   to	
   induce	
   EMT	
   in	
   our	
  

coculture	
  but	
  not	
  sufficient	
  alone.	
  This	
  may	
  also	
  demonstrate	
  the	
  redundant	
  nature	
  of	
  the	
  

EMT	
  process	
  where	
  you	
  can	
  have	
  number	
  of	
  different	
  components	
  that	
  can	
  induce	
  EMT	
  to	
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certain	
  degree	
  in	
  different	
  cells	
  types	
  and	
  settings.	
  The	
  D492	
  cell	
  line	
  has	
  a	
  basal	
  and	
  stem	
  

cell-­‐like	
   phenotype	
   corresponding	
   to	
   their	
   in	
   vivo	
   counterparts.	
   Interestingly,	
   evidence	
  

suggests	
   that	
   basal-­‐like	
   breast	
   cancers	
  might	
   originate	
   in	
   stem	
   or	
   progenitor	
   cells	
   with	
   a	
  

similar	
  profile.	
  Furthermore,	
  studies	
  have	
  shown	
  that	
  these	
  tumors	
  are	
  highly	
  vascularized	
  

and	
   rich	
   in	
   EMT	
   associated	
   markers	
   (Sarrio,	
   Rodriguez-­‐Pinilla	
   et	
   al.	
   2008;	
   Linderholm,	
  

Hellborg	
  et	
  al.	
  2009;	
  Miyashita,	
  Ishida	
  et	
  al.	
  2011).	
  In	
  light	
  of	
  my	
  coculture	
  data	
  of	
  D492	
  and	
  

BRENCs	
  in	
  3D	
  rBM	
  I	
  wanted	
  to	
  explore	
  further	
  the	
  connection	
  between	
  vascularization	
  and	
  

EMT	
  within	
  these	
  tumors.	
  	
  	
  

	
  

3.8	
  Basal-­‐like	
  breast	
  cancers	
  show	
  increased	
  EMT	
  phenotype	
  close	
  to	
  highly	
  vascularized	
  

areas	
  

Recently,	
   the	
  basal-­‐like	
  breast	
  cancers	
  were	
  shown,	
  by	
   tissue	
  microarray,	
   to	
  have	
  an	
  EMT	
  

phenotype	
  (Sarrio,	
  Rodriguez-­‐Pinilla	
  et	
  al.	
  2008).	
  In	
  addition,	
  some	
  studies	
  suggest	
  that	
  the	
  

microvascular	
  density	
  (MVD)	
  may	
  be	
  higher	
  within	
  ER-­‐	
  /	
  PR-­‐	
  breast	
  cancers	
  and	
  within	
  basal-­‐

like	
   breast	
   cancers	
   (Linderholm,	
   Hellborg	
   et	
   al.	
   2009;	
   Miyashita,	
   Ishida	
   et	
   al.	
   2011).	
   To	
  

explore	
   the	
   connection	
   between	
   vascularization	
   and	
   EMT	
   I	
   used	
   four	
   breast	
   cancers	
   that	
  

were	
  positive	
  for	
  the	
  estrogen	
  receptor	
  and	
  nine	
  cancers	
  defined	
  as	
  triple	
  negative	
  (ER-­‐PR-­‐

ErbB2-­‐).	
  The	
  basal-­‐like	
  phenotype	
  of	
  the	
  triple	
  negative	
  breast	
  cancers	
  was	
  further	
  verified	
  

by	
   immunostaining	
   for	
   K5/6,	
   K14,	
   K19	
   and	
   Vimentin	
   in	
   accordance	
   to	
   commonly	
   used	
  

markers	
   to	
   classify	
   these	
   tumors	
   (Figure	
   14).	
   I	
   also	
   stained	
   the	
   basal-­‐like	
   tumors	
   with	
  

antibodies	
  against	
  E-­‐cadherin,	
  N-­‐cadherin	
  and	
  CD31.	
  In	
  the	
  ER+	
  cancers	
  there	
  was	
  little	
  or	
  no	
  

expression	
   of	
   N-­‐cadherin	
   in	
   contrast	
   to	
   all	
   the	
   basal-­‐like	
   cancers	
   that	
   were	
   positive,	
  

suggesting	
  a	
  mesenchymal	
  /	
  EMT	
  phenotype	
  (Figure	
  6A	
  in	
  Paper	
  #3).	
  The	
  expression	
  level	
  of	
  

N-­‐cadherin	
  within	
  the	
  basal-­‐like	
  cancers	
  varied	
  but	
  was	
  often	
  strongest	
  close	
  to	
  vascular	
  rich	
  

areas	
   (Figure	
   6B-­‐C	
   in	
   Paper	
   #3).	
   Interestingly,	
  microvascular	
   density	
   (MVD)	
  was	
   higher	
   in	
  

areas	
  with	
  strong	
  expression	
  of	
  N-­‐cadherin	
  compared	
  to	
  areas	
  of	
  low	
  N-­‐cadherin	
  expression	
  

(Figure	
  6B	
  and	
  S8	
  in	
  Paper	
  #3).	
  Low	
  expression	
  of	
  E-­‐cadherin	
  was	
  seen	
  in	
  all	
  of	
  the	
  basal-­‐like	
  

tumors,	
  further	
  confirming	
  their	
  mesenchymal	
  /	
  EMT	
  phenotype	
  (Figure	
  6D	
  in	
  Paper	
  #3).	
  In	
  

conclusion,	
  the	
  cellular	
  context	
  in	
  basal-­‐like	
  breast	
  cancer	
  reveals	
  an	
  interesting	
  pattern	
  of	
  

cancer	
  cells	
  showing	
  an	
  EMT	
  phenotype	
  closely	
  associated	
  with	
  vascular	
  rich	
  components.	
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Figure 14. Phenotypic characterization of basal-like breast cancers. 
In	
   addition	
   to	
   the	
   triple	
   negative	
   profile	
   (ER-­‐,	
   PR-­‐,	
   ErbB2-­‐),	
   the	
   basal-­‐like	
   breast	
   cancers	
   express	
   CK14,	
   CK19,	
   CK5/6,	
  N-­‐
cadherin	
   (varying	
   within	
   cancers)	
   and	
   Vimentin.	
   The	
   cancers	
   were	
   also	
   stained	
   for	
   CD-­‐31	
   to	
   visualize	
   the	
   vasculature.	
  
Immunoreactivity	
  seen	
  as	
  brown.	
  Counterstained	
  with	
  hematoxylin	
  (blue).	
  Bar=	
  100µm.	
  

	
  

This	
  data	
  together	
  with	
  the	
   in	
  vitro	
  coculture	
  experiments	
  support	
  the	
  hypothesis	
  that	
  the	
  

endothelial	
  compartment	
  might	
  influence	
  the	
  EMT	
  phenotype	
  often	
  found	
  within	
  basal-­‐like	
  

breast	
   cancers.	
   As	
   mentioned	
   above,	
   the	
   D492	
   cell	
   line	
   was	
   originally	
   immortalized	
   by	
  

inactivating	
   p53	
   and	
   RB,	
   making	
   the	
   cell	
   line	
   vulnerable	
   against	
   further	
   insults.	
   It	
   is	
  

interesting	
   that	
  P53	
  and	
  RB	
  are	
   frequently	
  downregulated	
  or	
  mutated	
   in	
  basal-­‐like	
  breast	
  

cancers	
  (Sorlie,	
  Perou	
  et	
  al.	
  2001;	
  Hu,	
  Stern	
  et	
  al.	
  2009;	
  Jiang,	
  Jones	
  et	
  al.	
  2011).	
  This	
  further	
  

demonstrates	
   that	
   the	
   D492-­‐D492M	
   cell	
   lines	
   are	
   optimal	
   in	
   capturing	
   genetic-­‐	
   and	
  

phenotypic	
  traits	
  in	
  basal-­‐like	
  breast	
  cancer.	
  Hellner	
  et	
  al.	
  have	
  recently	
  demonstrated	
  that	
  

E6	
   and	
   E7	
   transfected	
   into	
   human	
   foreskin	
   keratinocytes	
   modulate	
   expression	
   of	
   genes	
  

involved	
   in	
   EMT,	
   including	
   the	
   cadherin	
   switch	
   from	
  E-­‐	
   to	
  N-­‐cadherin	
   (Hellner,	
  Mar	
   et	
   al.	
  

2009).	
  This	
  is	
  not	
  seen	
  in	
  D492	
  as	
  it	
  retains	
  all	
  major	
  epithelial	
  characteristics.	
  However,	
  an	
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inactive	
  p53	
  and	
  RB	
  together	
  with	
  stem	
  cell	
  properties	
  may	
  predispose	
  D492	
  cells	
  towards	
  

EMT	
  conversion	
  facilitated	
  by	
  the	
  endothelial-­‐rich	
  3D	
  environment.	
  

	
  

3.9	
  Supplementary	
  material	
  

Recent	
  papers	
  have	
  shown	
  that	
  micro	
  RNAs	
  (miRNA)	
  play	
  a	
  crucial	
  role	
   in	
  regulating	
  EMT.	
  

Gregory	
  et	
  al.	
  showed	
  that	
  the	
  miRNA-­‐200	
  family	
  and	
  miRNA-­‐205	
  is	
  repressed	
  during	
  TGF-­‐β	
  

induced	
   EMT	
   (Gregory,	
   Bracken	
   et	
   al.	
   2008).	
   Furthermore,	
   enforced	
   expression	
   of	
   these	
  

miRNA´s	
  prevented	
  TGF-­‐β	
   induced	
  EMT	
  and	
  they	
  were	
  shown	
  to	
  regulate	
  expression	
  of	
  E-­‐

cadherin	
  through	
  their	
  silencing	
  of	
  ZEB1	
  and	
  ZEB2	
  (Gregory,	
  Bracken	
  et	
  al.	
  2008).	
  Likewise,	
  

Shimano	
  et	
  al	
  showed	
  that	
  mirRNA-­‐200c	
  is	
  downreglated	
  in	
  human	
  breast	
  cancer	
  stem	
  cells	
  

(Shimono,	
  Zabala	
  et	
  al.	
  2009).	
  I	
  wanted	
  to	
  explore	
  if	
  the	
  expression	
  of	
  miRNAs	
  had	
  changed	
  

in	
   D492M.	
   MiRNA	
   was	
   isolated	
   from	
   D492	
   and	
   D492M	
   at	
   50%	
   and	
   90%	
   confluency	
   in	
  

monolayer	
  culture.	
  Using	
  Illumina	
  BeadChip	
  microarray	
  I	
  screened	
  the	
  expression	
  pattern	
  of	
  

the	
  two	
  cells	
  lines	
  (Figure	
  15).	
  Interestingly,	
  of	
  the	
  top	
  eight	
  miRNA	
  genes	
  downregulated	
  in	
  

D492M	
   half	
   belonged	
   to	
   the	
   miR-­‐200	
   family	
   (miR141,	
   200c,	
   200a,	
   200b).	
   As	
   mentioned	
  

above,	
  these	
  miRNAs	
  are	
  emerging	
  as	
  major	
  regulators	
  of	
  epithelial	
  integrity	
  in	
  human	
  and	
  

murine	
  cells	
   (Gregory,	
  Bracken	
  et	
  al.	
  2008;	
  Gibbons,	
  Lin	
  et	
  al.	
  2009).	
  MiRNA-­‐205	
  and	
  -­‐203	
  

were	
   also	
   in	
   the	
   top	
   downregulated	
   miRNAs.	
   These	
   miRNAs	
   have	
   been	
   described	
   as	
  

inhibitors	
  of	
  “stemness”	
  and	
  thus	
  important	
  in	
  maintaining	
  epithelial	
  integrity,	
  but	
  they	
  also	
  

link	
   the	
   EMT	
   process	
   to	
   the	
   emergence	
   of	
   cancer	
   stem	
   cells	
   (Gregory,	
   Bert	
   et	
   al.	
   2008;	
  

Wellner,	
  Schubert	
  et	
  al.	
  2009).	
  In	
  fact,	
  Mani	
  et	
  al.	
  and	
  Morel	
  et	
  al.	
  have	
  recently	
  suggested	
  

that	
  cells	
  can	
  acquire	
  properties	
  of	
  cancer	
  stem	
  cells	
  by	
  undergoing	
  EMT	
  (Mani,	
  Guo	
  et	
  al.	
  

2008;	
  Morel,	
  Lievre	
  et	
  al.	
  2008).	
   It	
   is	
   interesting	
  to	
  see	
  that	
  the	
  D492	
  breast	
  stem	
  cell	
   line	
  

expresses	
  miRNA-­‐203	
  and	
  -­‐205	
  that	
  are	
  downregulated	
  in	
  D492M.	
  Thus,	
  downregulation	
  of	
  

miRNA-­‐203	
   and	
   -­‐205	
  might	
   have	
  more	
   relevance	
   in	
   the	
   creation	
   of	
   cancer	
   stem	
   cells	
   by	
  

EMT.	
  MiRNAs	
  interfere	
  /	
  inhibit	
  the	
  expression	
  of	
  genes	
  so	
  it	
  is	
  easier	
  to	
  relate	
  to	
  the	
  effects	
  

that	
  downregulated	
  miRNAs	
  have	
  in	
  the	
  EMT	
  process.	
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Figure 15. Specific changes in miRNA expression are involved in the EMT process. 
Heatmap	
   showing	
  31	
  most	
  differentially	
   expressed	
  miRNAs	
   in	
  D492	
  and	
  D492M.	
  The	
  miRNA-­‐200	
   family	
   (miRNA-­‐200a,	
   -­‐
200b,	
  -­‐200c	
  and	
  -­‐141)	
  is	
  downregulated	
  in	
  D492M	
  cells	
  (blue	
  arrows).	
  Of	
  the	
  23	
  most	
  upregulated	
  miRNAs,	
  14	
  belong	
  to	
  
the	
  callipyge	
  locus	
  (pink	
  arrows).	
  Upregulated	
  seen	
  as	
  red,	
  downregulated	
  seen	
  as	
  green	
  and	
  undetectable	
  seen	
  as	
  grey.	
  

	
  

However,	
  multiple	
  miRNAs	
  were	
  upregulated	
  in	
  the	
  D492M	
  cells.	
  Most	
  interestingly,	
  there	
  

was	
  a	
  marked	
  up-­‐regulation	
  of	
  many	
  members	
  of	
  a	
  miRNA-­‐cluster	
  on	
  chromosome	
  14q32	
  

(Callipyge	
   locus).	
  Of	
   the	
   23	
  most	
   highly	
   upregulated	
   genes	
   14	
   belong	
   to	
   this	
   cluster.	
   This	
  

miRNA-­‐cluster	
  has	
  not	
  been	
  previously	
  connected	
  with	
  EMT	
  in	
  humans	
  or	
  any	
  other	
  model	
  

system.	
  A	
  recent	
  paper,	
  however,	
  has	
  shown	
  that	
  in	
  mice	
  the	
  Dlk1-­‐Gtl2	
  imprinted	
  cluster,	
  a	
  

homolog	
   to	
   callipyge	
   locus	
   in	
   humans,	
   is	
   upregulated	
   in	
   metastasis	
   indicating	
   the	
  

importance	
  of	
  this	
   locus	
   in	
  tumor	
  progression	
   (Olson,	
  Lu	
  et	
  al.	
  2009).	
  Stadtfeld	
  et	
  al.	
  have	
  

also	
   shown	
   that	
   a	
   long	
   non	
   coding	
   RNA	
   from	
   this	
   cluster,	
   MEG3,	
   is	
   important	
   for	
  

pluripotency	
  of	
  mouse	
  embryonic	
  stem	
  cells	
  (Stadtfeld,	
  Apostolou	
  et	
  al.	
  2010).	
  Notably,	
  the	
  

MEG3	
  gene	
  is	
  upregulated	
  3	
  fold	
  in	
  D492M	
  (not	
  shown).	
  However,	
  the	
  MEG3	
  gene	
  has	
  also	
  

been	
  suggested	
  to	
  be	
  a	
  tumor	
  suppressor	
  gene	
  through	
  interactions	
  with	
  p53	
  (Zhou,	
  Zhong	
  

et	
  al.	
  2007;	
  Benetatos,	
  Vartholomatos	
  et	
  al.	
  2011).	
   In	
  the	
  case	
  of	
  D492-­‐D492M	
  they	
  don’t	
  

have	
  an	
  active	
  p53	
  nor	
  do	
  over	
  80%	
  of	
  basal-­‐like	
  breast	
  cancers.	
  Thus,	
  the	
  Callipyge	
  locus,	
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both	
  miRNAs	
  and	
  MEG3,	
  might	
  be	
  important	
  in	
  the	
  progression	
  of	
  basal-­‐like	
  breast	
  cancer	
  

impacting	
   EMT	
   and	
   metastasis.	
   Further	
   studies	
   on	
   this	
   are	
   currently	
   ongoing	
   in	
   our	
  

laboratory.	
  	
  	
  	
  	
  

	
  

	
  

4.	
  Sprouty-­‐2	
  is	
  an	
  important	
  regulator	
  of	
  branching	
  morphogenesis	
  and	
  

epithelial	
  integrity	
  in	
  the	
  human	
  breast	
  gland	
  (Paper	
  #4)	
  

In	
   this	
  work	
   I	
   cultured	
  D492	
   in	
  3D	
  rBM	
  to	
  explore	
   the	
  molecular	
  mechanism	
  of	
  branching	
  

morphogenesis	
   in	
   the	
   breast	
   gland	
  with	
   special	
   focus	
   on	
   the	
   functional	
   role	
   of	
   Sprouty-­‐2	
  

(Spry-­‐2).	
  Branching	
  morphogenesis	
   is	
   a	
   relatively	
   conserved	
  process	
   seen	
  between	
  organs	
  

and	
  different	
  species	
  (Davies	
  2002).	
  Signals	
  through	
  receptor	
  tyrosine	
  kinases	
  (RTKs)	
  play	
  an	
  

important	
  role	
  in	
  cell	
  proliferation,	
  differentiation	
  but	
  also	
  in	
  branching	
  (Lu,	
  Sternlicht	
  et	
  al.	
  

2006).	
  Proper	
  signals	
  through	
  the	
  EGFR	
  and	
  FGFR	
  RTK	
  families	
  are	
  essential	
  for	
  the	
  correct	
  

development	
   of	
   the	
   breast	
   gland	
   both	
   at	
   puberty	
   and	
   in	
   adult	
   branching	
   associated	
  with	
  

pregnancy	
  (Dillon,	
  Spencer-­‐Dene	
  et	
  al.	
  2004;	
  Zahnow	
  2006).	
  Sprouty	
  proteins	
  are	
  thought	
  to	
  

work	
  in	
  a	
  negative	
  feedback	
  loop,	
  dampening	
  signals	
  through	
  the	
  RTKs	
  by	
  binding	
  Grb,	
  Sos	
  

and	
   Raf	
   (Figure	
   3)	
   (reviewed	
   in	
   (Cabrita	
   and	
   Christofori	
   2008)).	
   Of	
   the	
   human	
   Sprouty	
  

proteins,	
   Spry-­‐2	
  has	
   the	
  highest	
   and	
  most	
  widespread	
  expression	
  within	
   epithelial	
   tissues	
  

(Guy,	
   Jackson	
   et	
   al.	
   2009).	
   In	
   the	
   breast	
   gland,	
   one	
   study	
   noted	
   higher	
   levels	
   of	
   Spry-­‐2	
  

expression	
  during	
  pregnancy	
  and	
  a	
  lowered	
  expression	
  in	
  breast	
  cancers	
  suggesting	
  a	
  tumor	
  

suppressive	
   role	
   (Lo,	
   Yusoff	
   et	
   al.	
   2004).	
   However,	
   detailed	
   analysis	
   into	
   the	
   function	
   of	
  

Spry-­‐2	
   in	
  branching	
  morphogenesis	
  of	
   the	
  human	
  breast	
  gland	
  has	
  not	
  been	
  done.	
   In	
   this	
  

study	
  I	
  first	
  explored	
  the	
  expressional	
  pattern	
  of	
  Spry-­‐2	
  in	
  the	
  normal	
  human	
  breast	
  gland.	
  

	
  

4.1	
  Sprouty-­‐2	
  is	
  highly	
  expressed	
  in	
  the	
  luminal	
  epithelial	
  cells	
  of	
  the	
  human	
  breast	
  gland	
  

To	
   explore	
   the	
   expression	
   of	
   Spry-­‐2	
   in	
   the	
   human	
   breast	
   gland	
   I	
   utilized	
   tissue	
   from	
  

reduction	
  mammoplasties.	
  I	
  stained	
  paraffin	
  embedded	
  tissues	
  with	
  a	
  Spry-­‐2	
  antibody	
  and	
  

explored	
   the	
  expression	
  of	
  Spry-­‐2	
   in	
   isolated	
  LEP	
  and	
  MEP	
  cells	
  with	
  q-­‐rt-­‐PCR.	
   In	
  general,	
  

the	
   expression	
   of	
   Spry-­‐2	
   was	
   high	
   within	
   the	
   epithelial	
   compartment	
   compared	
   to	
   the	
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surrounding	
  stroma.	
  Spry-­‐2	
  was	
  detectable	
  by	
  immunohistochemistry	
  in	
  all	
  epithelial	
  cells	
  of	
  

large	
  ducts	
  and	
   in	
  TDLUs	
   (Figure	
  1A	
   in	
  Paper	
  #4).	
  Within	
  the	
  stroma,	
  Spry-­‐2	
  was	
  detected	
  

with	
  limited	
  distribution,	
  most	
  likely	
  in	
  endothelial	
  cells	
  (Figure	
  1A	
  in	
  Paper	
  #4).	
  To	
  verify	
  the	
  

integrity	
  of	
  our	
  Spry-­‐2	
  antibody	
  we	
  also	
  did	
  an	
   in	
   situ	
  hybridization	
   that	
   showed	
  a	
  similar	
  

pattern	
   of	
   expression	
   in	
   breast	
   epithelial	
   cells	
   (Figure	
   S1	
   in	
   Paper	
   #4).	
   By	
   using	
   linage-­‐

restricted	
  markers	
   for	
   LEP	
   (K18)	
   and	
  MEP	
   (K14)	
   cells	
   in	
   immunofluorescence	
   costaining	
   I	
  

could	
  show	
  that	
  Spry-­‐2	
  was	
  highly	
  expressed	
  within	
  the	
  luminal	
  compartment	
  in	
  ducts	
  and	
  

TDLUs	
  (Figure	
  1A	
  in	
  Paper	
  #4).	
  To	
  support	
  this	
  observation	
  I	
  isolated	
  primary	
  LEP	
  and	
  MEP	
  

cells	
  from	
  three	
  different	
  reduction	
  mammoplasties	
  and	
  performed	
  a	
  quantitative	
  real-­‐time	
  

PCR.	
   LEP	
   cells	
   showed	
   15-­‐58	
   fold	
   higher	
   Spry-­‐2	
   expression	
   compared	
   to	
   the	
   lowest	
  

expressing	
   MEP	
   cells	
   (Figure	
   1B	
   in	
   Paper	
   #4).	
   Taken	
   together,	
   Spry-­‐2	
   expression	
   can	
   be	
  

found	
  in	
  epithelial	
  and	
  stromal	
  cells	
  of	
  the	
  normal	
  human	
  breast	
  gland	
  but	
  is	
  predominantly	
  

expressed	
   within	
   luminal	
   epithelial	
   cells.	
   However,	
   the	
   expressional	
   pattern	
   within	
  

reduction	
   mammoplasties	
   does	
   not	
   show	
   how	
   Spry-­‐2	
   is	
   expressed	
   in	
   conjunction	
   with	
  

branching.	
   For	
   obvious	
   reasons	
   breast	
   tissue	
   from	
   pregnant	
   and	
   lactating	
   women	
   is	
   not	
  

readily	
   available.	
   To	
   explore	
   Spry-­‐2	
   at	
   critical	
   points	
   in	
   breast	
   branching	
  morphogenesis	
   I	
  

used	
  mammary	
  glands	
  from	
  virgin,	
  pregnant	
  and	
  lactating	
  mice.	
  	
  

	
  	
  	
  	
  	
  

4.2	
  Sprouty-­‐2	
  expression	
  is	
  increased	
  during	
  pregnancy	
  and	
  lactation	
  in	
  the	
  mouse	
  

mammary	
  gland	
  

As	
  described	
  earlier	
  Spry-­‐2	
  is	
  known	
  to	
  modulate	
  signals	
  through	
  the	
  EGFR	
  RTK.	
  To	
  analyze	
  

EGFR	
   signaling	
   and	
   its	
   negative	
   modulator,	
   Spry-­‐2	
   during	
   critical	
   periods	
   of	
   branching	
  

morphogenesis	
   I	
   isolated	
   mammary	
   glands	
   from	
   virgin,	
   pregnant	
   and	
   lactating	
   mice.	
  

Expression	
  of	
  phosphorylated	
  EGFR	
  (p-­‐EGFR)	
  was	
  generally	
  low	
  in	
  the	
  virgin	
  mammary	
  gland	
  

but	
  increased	
  focally	
  at	
  branching	
  end	
  buds	
  in	
  the	
  pregnant	
  gland.	
  Furthermore,	
  a	
  dramatic	
  

increase	
  in	
  p-­‐EGFR	
  was	
  seen	
  in	
  end	
  buds	
  during	
  lactation	
  (Figure	
  2A	
  in	
  Paper	
  #4).	
  Increased	
  

Spry-­‐2	
  expression	
  was	
  seen	
  during	
  pregnancy	
  that	
  reached	
  its	
  highest	
  level	
  during	
  lactation	
  

associated	
  with	
   p-­‐EGFR	
   expression	
   (Figure	
   2A	
   in	
   Paper	
   #4).	
   During	
   lactation,	
   p-­‐EGFR	
   and	
  

Spry-­‐2	
  expression	
  was	
  inversely	
  correlated	
  with	
  cell	
  proliferation	
  as	
  evidenced	
  by	
  dramatic	
  

reduction	
  in	
  cell	
  proliferation	
  (PCNA	
  staining)	
  (Figure	
  2A	
  in	
  Paper	
  #4).	
  Spry-­‐2	
  expression	
  was	
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also	
   accompanied	
   with	
   increased	
   signals	
   through	
   EGFR	
   downstream	
   signaling	
   pathway	
  

measured	
  by	
   total-­‐	
   and	
  pospho-­‐ERK,	
   especially	
  during	
   the	
   lactational	
  period	
   (Figure	
  2B	
   in	
  

Paper	
   #4).	
   Thus,	
   increased	
   Spry-­‐2	
   expression	
   was	
   associated	
   with	
   activation	
   of	
   EGFR	
  

signaling	
   and	
   the	
   downstream	
   Erk/MEK	
   pathway.	
   These	
   data	
   suggest	
   that	
   Spry-­‐2	
   and	
  

pEGFR/ERK/MEK	
   signaling	
   may	
   work	
   together	
   to	
   maintain	
   maximal	
   differentiation	
   state	
  

during	
   mouse	
   mammary	
   lactation.	
   Interestingly,	
   this	
   also	
   points	
   to	
   a	
   classical	
   negative	
  

feedback	
  in	
  the	
  expressional	
  pattern	
  of	
  Spry-­‐2	
  during	
  pregnancy	
  /	
  lactation.	
  Signals	
  through	
  

the	
   EGFR	
   pathway	
   seem	
   to	
   be	
   essential	
   on	
   branching	
   end	
   buds	
   during	
   pregnancy,	
  

associated	
   with	
   high	
   proliferation	
   index.	
   When	
   the	
   mammary	
   gland	
   has	
   reached	
   its	
   full	
  

differentiation	
   potential	
   during	
   lactation,	
   expression	
   of	
   Spry-­‐2	
   is	
   increased	
   over	
   38	
   fold	
  

compared	
  to	
  the	
  virginal	
  state	
  (Figure	
  2B	
  in	
  Paper	
  #4).	
  In	
  contrast,	
  little	
  or	
  no	
  proliferation	
  is	
  

seen	
  during	
  lactation.	
  Signals	
  through	
  the	
  EGFR	
  pathway	
  seem	
  to	
  be	
  at	
  the	
  highest	
  level	
  in	
  

lactation	
  so	
  one	
  of	
  the	
  roles	
  of	
   increased	
  Spry-­‐2	
  expression	
  at	
  this	
   level	
  might	
  be	
  to	
  block	
  

further	
  proliferation.	
   In	
   light	
  of	
   this	
  data,	
  expressional	
  pattern	
  of	
  Spry-­‐2	
  during	
  pregnancy	
  

and	
   lactation	
   points	
   to	
   two	
   different	
   roles.	
   Increased	
   expression	
   during	
   pregnancy	
  

connected	
   to	
   branching	
   morphogenesis	
   and	
   in	
   the	
   terminal	
   differentiation	
   of	
   end	
   buds	
  

during	
   lactation.	
   Next,	
   I	
   wanted	
   to	
   explore	
   the	
   expression	
   of	
   Spry-­‐2	
   in	
   D492	
   branching	
  

morphogenesis	
  in	
  3D	
  culture.	
  	
  

	
  	
  	
  	
  	
  	
  	
  

4.3	
  Expression	
  of	
  Sprouty-­‐2	
  correlates	
  with	
  critical	
  points	
  in	
  branching	
  morphogenesis	
  of	
  

D492	
  cells	
  in	
  3D	
  rBM	
  culture	
  

As	
   previously	
   mentioned,	
   D492	
   has	
   stem	
   cell	
   properties	
   and	
   through	
   branching	
  

morphogenesis	
   it	
   forms	
   TDLU-­‐like	
   colonies	
   when	
   cultured	
  within	
   a	
   3D	
   rBM	
   (Gudjonsson,	
  

Villadsen	
   et	
   al.	
   2002).	
  D492	
   cells	
   form	
  branching	
   colonies	
   over	
   a	
   period	
  of	
   16	
   days	
   in	
   3D	
  

culture	
  (Figure	
  16)	
  (Figure	
  3A	
  in	
  Paper	
  #4).	
  In	
  the	
  beginning	
  D492	
  cells	
  grow	
  as	
  solid	
  round	
  

colonies	
   (up	
   to	
   day	
   8-­‐9)	
   followed	
   by	
   a	
   branching	
   period	
   during	
   days	
   8-­‐16.	
   After	
   primary	
  

branching,	
  ductal	
  structures	
  elongate	
  and	
  secondary	
  branching	
  appears	
  with	
  bifurcation	
  or	
  

trifurcation	
  on	
  the	
  lobular-­‐like	
  ends	
  (Figure	
  3A	
  in	
  Paper	
  #4).	
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Figure 16. Branching morphogenesis of D492 occurs in a period of 16 days in 3D rBM culture. 
Until	
  day	
  8	
   in	
  3D	
  culture,	
  colonies	
  grow	
  as	
  solid	
   spheres.	
  On	
  days	
  8-­‐10	
   initial	
  budding	
  starts	
   followed	
  by	
  more	
  budding,	
  
ductal	
  formation	
  and	
  elongation.	
  On	
  the	
  ends	
  of	
  branching	
  ducts	
  further	
  bifurcation	
  and	
  trifurcation	
  occurs	
  resulting	
  in	
  a	
  
TDLU-­‐like	
  colony.	
  

	
  

Spry-­‐2	
  expression	
  was	
  analyzed	
  by	
  qRT-­‐PCR	
  on	
  3D	
  culture	
  days,	
  8,	
  10,	
  12,	
  14	
  and	
  16.	
  Pre-­‐

branching,	
   round	
  colonies	
  showed	
  moderate	
  expression	
  of	
  Spry-­‐2	
   (Figure	
  3B	
   in	
  Paper	
  #4).	
  

Interestingly,	
   during	
   the	
   formation	
   of	
   primary	
   branching	
   (days	
   10-­‐12)	
   the	
   expression	
   of	
  

Spry-­‐2	
  decreases.	
  At	
  day	
  16	
  TDLU-­‐like	
  structures	
  have	
  formed	
  and	
  the	
  expression	
  of	
  Spry-­‐2	
  

was	
   increased	
   to	
   more	
   than	
   4fold	
   compared	
   to	
   day	
   10	
   (Figure	
   3B	
   in	
   Paper	
   #4).	
   Spry-­‐2	
  

expression	
   was	
   also	
   confirmed	
   with	
   a	
   western	
   blot	
   on	
   D13,	
   D16	
   and	
   D19	
   showing	
   an	
  

increase	
   in	
   Spry-­‐2	
   from	
   D13	
   to	
   D16	
   and	
   constant	
   high	
   expression	
   on	
   D19.	
   Interestingly,	
  

immunoblotting	
  also	
  showed	
  that	
  p-­‐EGFR	
   is	
   increased	
  from	
  D13	
  to	
  D16	
  but	
   is	
   lowered	
  on	
  

D19	
  when	
   further	
  branching	
  has	
   stopped	
   (Figure	
  3C	
   in	
  Paper	
  #4).	
   This	
  expression	
  pattern	
  

suggests	
   that	
   Spry-­‐2	
   has	
   a	
   regulatory	
   role	
   during	
   the	
   temporal	
   formation	
   of	
   branching	
  

structures	
  Furthermore,	
  this	
  pattern	
  is	
  similar	
  to	
  my	
  data	
  with	
  the	
  mouse	
  mammary	
  gland.	
  

In	
   support	
   of	
   this,	
   Immunofluorescence	
   staining	
   of	
   branching	
   colonies	
   at	
   day	
   16	
   showed	
  

that	
   Spry-­‐2	
   expression	
   was	
   mainly	
   concentrated	
   at	
   the	
   branching,	
   lobular-­‐like	
   tips	
   but	
  

lowered	
  at	
  sites	
  of	
  cleft	
  formation	
  (Figure	
  17)	
  (Figure	
  3D	
  in	
  Paper	
  #4).	
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Figure 17. Sprouty-2 is most prominently expressed on branching end buds in 3D rBM culture of D492. 
Immunofluorescence	
  staining	
  of	
  branching	
  D492	
  colonies	
  at	
  day	
  16	
  in	
  3D	
  culture	
  shows	
  a	
  general	
  distribution	
  of	
  total	
  EGFR	
  
in	
  most	
   cells.	
   In	
   contrast,	
  p-­‐EGFR	
   is	
  mostly	
   located	
  at	
   the	
  branching	
  end	
  buds	
  where	
  active	
  branching	
   is	
   still	
   present.	
  A	
  
similar	
   location	
   is	
   seen	
   for	
  Sprouty-­‐2	
  at	
   the	
  branching	
  end	
  buds	
  although	
  not	
   in	
  clefts.	
   Immunoreactivity	
   seen	
  as	
  green.	
  
Counterstained	
  with	
  TOPRO3	
  (blue).	
  Bar=100µm.	
  

	
  

The	
   location	
  of	
  Spry-­‐2	
  at	
  day16	
  was	
   similar	
   to	
   the	
  expression	
  of	
  p-­‐EGFR	
  at	
  branching	
   tips	
  

while	
  staining	
  for	
  total	
  EGFR	
  showed	
  a	
  more	
  general	
  distribution	
  in	
  the	
  branching	
  colonies	
  

(Figure	
  17)	
  (Figure	
  3D	
  in	
  Paper	
  #4).	
  Staining	
  for	
  F-­‐actin	
  gives	
  a	
  general	
  outline	
  of	
  a	
  branching	
  

structure	
  and	
  β4-­‐integrin	
   the	
  connection	
   to	
   the	
   surrounding	
  basement	
  membrane	
   (Figure	
  

3D	
   in	
   Paper	
   #4).	
   In	
   conclusion,	
   the	
   spatial	
   and	
   temporal	
   expressional	
   pattern	
   of	
   Spry-­‐2	
  

during	
  in	
  vitro	
  branching	
  morphogenesis	
  points	
  to	
  a	
  specific	
  role	
  in	
  the	
  branching	
  process.	
  

The	
  highest	
  expression	
  is	
  seen	
  at	
  late	
  branching	
  localized	
  to	
  peripheral	
  branching	
  buds	
  and	
  

significantly	
   reduced	
   in	
   clefts	
   at	
   the	
   same	
   location.	
   This	
   expressional	
   pattern	
   is	
   similar	
   to	
  

what	
   I	
   saw	
   in	
   the	
  pregnant	
  and	
   lactating	
  mouse	
  mammary	
  gland.	
   In	
   conclusion,	
   this	
  data	
  

strongly	
   indicates	
   that	
   the	
   D492	
   cell	
   line	
   can	
   generate	
   branching	
   TDLU-­‐like	
   colonies	
   that	
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capture	
  critical	
  pathways	
  of	
  in	
  vivo	
  branching	
  morphogenesis.	
  This	
  involves	
  signals	
  through	
  

the	
   EGFR	
  pathway	
   and	
   the	
  negative	
   feedback	
  of	
   Spry-­‐2.	
   To	
   further	
   explore	
   the	
  effects	
   of	
  

Spry-­‐2	
  on	
  branching	
  morphogenesis	
  I	
  wanted	
  to	
  manipulate	
  the	
  expression	
  of	
  Spry-­‐2	
  in	
  the	
  

D492	
  cell	
  line.	
  

	
  

4.4	
  Knocking	
  down	
  Sprouty-­‐2	
  in	
  D492	
  cells	
  affects	
  migration	
  but	
  not	
  proliferation	
  

In	
   light	
   of	
   the	
   interesting	
   expressional	
   pattern	
   of	
   Spry-­‐2	
   during	
   branching	
   I	
   wanted	
   to	
  

explore	
  the	
  functional	
  role	
  of	
  Spry-­‐2	
  by	
  knocking	
  it	
  down	
  (KD)	
  in	
  D492	
  cells.	
  In	
  the	
  effort	
  to	
  

produce	
   stable	
  Spry-­‐2	
  KD	
  cell	
   lines	
   I	
  used	
  a	
   lentiviral	
   approach.	
   I	
   transfected	
  D492	
  with	
  a	
  

non-­‐silencing	
  control	
  (GFP)	
  and	
  3	
  different	
  shRNA	
  constructs	
  (Spry-­‐2KD-­‐1,	
  Spry-­‐2KD-­‐2	
  and	
  Spry-­‐

2KD-­‐3)	
  targeting	
  Spry-­‐2.	
  The	
  Spry-­‐2KD-­‐3	
  construct	
  was	
  most	
  effective,	
  decreasing	
  Spry-­‐2	
  levels	
  

4	
   fold	
   (Figure	
   4A-­‐B	
   in	
   Paper	
   #4).	
   Continuing	
  work	
   focused	
  on	
   this	
   knock	
  down	
   line	
   and	
   a	
  

single	
   cell	
   subclone	
   called	
   Spry-­‐2KD-­‐3a.	
   No	
  morphological	
   difference	
  was	
   seen	
   between	
  NS	
  

cells	
  and	
  KD	
  cells	
  when	
  visualized	
  in	
  monolayer	
  (Figure	
  4C	
  in	
  Paper	
  #4)	
  but	
  D492Spry-­‐2-­‐KD3	
  and	
  

D492Spry-­‐2-­‐KD3a	
   both	
   showed	
   increased	
   migration	
   compared	
   to	
   D492NS	
   cells	
   (Figure	
   4D	
   in	
  

Paper	
  #4).	
  However,	
  there	
  was	
  no	
  significant	
  difference	
  in	
  the	
  proliferation	
  of	
  D492Spry-­‐2-­‐KD3	
  

and	
  D492Spry-­‐2-­‐KD3a	
  compared	
  to	
  D492NS	
  cells	
  (Figure	
  4E	
  in	
  Paper	
  #4).	
  Having	
  established	
  the	
  

D492	
  Spry-­‐2	
  KD	
  cells	
  I	
  wanted	
  to	
  explore	
  the	
  morphogenic	
  potential	
  of	
  these	
  cells	
  in	
  3D	
  rBM	
  

cultures.	
  	
  

	
  	
  	
  	
  	
  	
  

4.5	
  D492-­‐Sprouty-­‐2	
  KD	
  cells	
  show	
  increased	
  branching	
  morphogenesis	
  in	
  3D	
  rBM	
  culture	
  

To	
  analyze	
  the	
  effects	
  of	
  Spry-­‐2	
  KD	
  on	
  branching	
  morphogenesis	
  I	
  compared	
  the	
  cell	
  lines	
  in	
  

3D	
   cell	
   culture.	
   D492Spry-­‐2-­‐NS	
   generated	
   in	
   vivo-­‐like	
   3D	
   branching	
   colonies,	
   similar	
   to	
   the	
  

original	
   D492	
   cells,	
   while	
   D492Spry-­‐2-­‐KD3	
   and	
   D492Spry-­‐2-­‐KD3a	
   showed	
   an	
   overall	
   increased	
  

branching	
   potential	
   (Figure	
   18)	
   (Figure	
   5A	
   in	
   Paper	
   #4).	
   The	
   effect	
   of	
   Spry-­‐2	
   KD	
   was	
  

quantified	
   by	
   counting	
   colonies	
   of	
   complex/late	
   branching,	
   simple/early	
   branching	
   and	
  

other	
  (mostly	
  solid	
  colonies)	
  morphology	
  (Figure	
  5B	
  in	
  Paper	
  #4).	
  In	
  a	
  setup	
  with	
  1·∙104	
  cells	
  

both	
   Spry-­‐2	
   KD	
   cell	
   lines	
   formed	
   significantly	
   more	
   branching	
   colonies	
   in	
   total	
   and	
  

substantially	
  more	
  colonies	
   that	
  showed	
  the	
  complex	
  branching	
  phenotype	
   in	
  comparison	
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to	
  NS	
  cells	
   (Figure	
  5C	
   in	
  Paper	
  #4).	
  Large	
  complex	
  colonies,	
  >250µm,	
   increased	
  twofold	
   in	
  

both	
  Spry-­‐2	
  KDs	
  cell	
  lines	
  compared	
  to	
  NS	
  cells	
  (Figure	
  5D	
  in	
  Paper	
  #4).	
  D492NS	
  and	
  D492Spry-­‐

2-­‐KD3	
   Cells	
   were	
   also	
   tested	
   in	
   three	
   different	
   cell	
   concentrations	
   1.3·∙104,	
   1·∙104	
   and	
   7·∙103	
  

cells.	
  This	
  was	
  done	
  because	
  the	
  degree	
  of	
  branching	
  changes	
  with	
  different	
  number	
  of	
  cells	
  

seeded	
  in	
  the	
  3D	
  rBM.	
  	
  

	
  

	
  

Figure 18. Sprouty-2 knock down results in large colonies with a complex branching phenotype. 
Left.	
   In	
   a	
   setup	
   of	
   104	
   cells	
   in	
   300µl	
   of	
   rBM	
   D492	
   NS	
   cells	
   form	
   a	
   moderate	
   amount	
   of	
   colonies	
   showing	
   branching	
  
morphogenesis.	
   Right.	
   When	
   D492	
   Spry-­‐2	
   KD	
   cells	
   are	
   used	
   in	
   the	
   same	
   setup	
   an	
   increase	
   in	
   branching	
   is	
   observed,	
  
especially	
  in	
  the	
  formation	
  of	
  large	
  complex	
  colonies.	
  

	
  

This	
  is	
  most	
  likely	
  caused	
  by	
  geometric	
  /spatial	
  inhibition	
  of	
  adjacent	
  branching	
  colonies	
  so	
  

if	
  the	
  KD	
  cells	
  form	
  larger	
  colonies	
  they	
  might	
  have	
  inhibiting	
  effects	
  on	
  other	
  colonies.	
  Less	
  

branching	
   was	
   seen	
   in	
   cultures	
   with	
   higher	
   cell	
   density,	
   however,	
   the	
   D492Spry-­‐2-­‐KD3	
   cells	
  

formed	
  more	
  branching	
  colonies	
  in	
  all	
  setups	
  (Figure	
  5E	
  in	
  Paper	
  #4).	
  When	
  I	
  looked	
  at	
  the	
  

expression	
  of	
   Spry-­‐2	
  at	
  D16	
   in	
  D492NS	
  and	
  D492Spry-­‐2-­‐KD3	
   cells	
   I	
   could	
   see	
   that	
   the	
  NS	
  cells	
  

showed	
  normal	
  expression	
  of	
  Spry-­‐2	
  at	
  lobular-­‐like	
  tips	
  while	
  the	
  KD	
  cells	
  showed	
  little	
  or	
  no	
  

expression	
  at	
  the	
  same	
  location	
  (Figure	
  5F	
  in	
  Paper	
  #4).	
  Thus,	
  by	
  suppressing	
  Spry-­‐2	
  in	
  a	
  cell	
  

line	
   that	
   has	
   unique	
   abilities	
   to	
   generate	
   branching	
   structures,	
   their	
   morphogenesis	
  

potential	
   increases	
   substantially.	
   To	
   further	
   explore	
   the	
   role	
   of	
   Spry-­‐2	
   in	
   branching	
  

morphogenesis	
  and	
  EMT	
  I	
  cocultured	
  D492	
  Spry-­‐2KD	
  cells	
  with	
  BRENCs.	
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4.6	
  D492	
  Sprouty-­‐2	
  KD	
  cells	
  show	
  propensities	
  towards	
  EMT-­‐like	
  colony	
  formation	
  

When	
  endothelial	
  cells	
  are	
  cocultured	
  with	
  epithelial	
  cells	
  they	
  support	
  morphogenesis	
  and	
  

improve	
   clonal	
   efficiency	
   of	
   epithelial	
   cells	
   as	
   described	
   above	
   (Paper	
   #2)	
   (Franzdottir,	
  

Axelsson	
   et	
   al.	
   2010).	
   Furthemore,	
   I	
   have	
   seen	
   that	
   in	
   coculture,	
   breast	
   endothelial	
   cells	
  

(BRENCs)	
  induce	
  breast	
  epithelial	
  cells	
  (D492)	
  to	
  undergo	
  EMT	
  (Paper	
  #3).	
  In	
  addition,	
  when	
  

D492	
   cells	
   are	
   cocultured	
   with	
   BRENCs	
   I	
   see	
   a	
   marked	
   stimulation	
   in	
   branching	
  

morphogenesis.	
  Branching	
  TDLU-­‐like	
  structures	
   in	
  coculture	
  can	
  be	
  generated	
  from	
  as	
  few	
  

as	
  100	
  D492	
  cells	
  in	
  300	
  µl	
  rBM	
  compared	
  to	
  the	
  usual	
  amount	
  of	
  7x103	
  –	
  104	
  cells	
  used	
  in	
  

monoculture	
   in	
   this	
   assay	
   (Figure	
   6	
   in	
   Paper	
   #4).	
   Thus,	
   D492	
   cells	
   have	
   increased	
   clonal	
  

production	
  of	
  branching	
  colonies	
   in	
  addition	
  to	
  higher	
  percentage	
  of	
  colonies	
  showing	
  the	
  

complex	
   branching	
   phenotype	
   in	
   coculture	
   with	
   BRENCs.	
   However	
   they	
   also	
   have	
   a	
  

tendency	
   to	
   undergo	
   epithelial	
   to	
  mesenchymal	
   transition	
   (Paper	
   #3)	
   (Figure	
   6B	
   in	
   Paper	
  

#4).	
  I	
  seeded	
  our	
  D492	
  NS	
  and	
  D492	
  Spry-­‐2	
  KD	
  cells	
  in	
  3D	
  coculture	
  with	
  BRENCs.	
  Similar	
  to	
  

what	
   I	
   have	
   seen	
   before	
   D492NS	
   cells	
   formed	
   40%	
   EMT-­‐like	
   colonies	
   and	
   26%	
   branching	
  

colonies.	
  In	
  contrast,	
  D492Spry-­‐2-­‐KD3	
  cells	
  formed	
  over	
  53%	
  EMT-­‐like	
  colonies	
  and	
  only	
  7%	
  of	
  

the	
  total	
  colonies	
  showed	
  branching	
  in	
  coculture	
  (Figure	
  6C	
  in	
  Paper	
  #4).	
  The	
  D492Spry-­‐2-­‐KD3a	
  

clone,	
  which	
  produced	
  larger	
  and	
  higher	
  number	
  of	
  branching	
  colonies	
  in	
  the	
  monoculture,	
  

was	
  also	
  used	
  in	
  coculture.	
  Interestingly,	
  they	
  almost	
  exclusively	
  produced	
  EMT-­‐like	
  colonies	
  

(>93%)	
  (Figure	
  6C	
  in	
  Paper	
  #4).	
  This	
  data	
  suggests	
  that	
  Spry-­‐2	
  KD	
  cells	
  have	
  a	
  compromised	
  

epithelial	
   integrity	
   and	
  when	
   put	
   under	
   pressure	
   as	
   in	
   the	
   coculture	
   they	
   are	
   even	
  more	
  

predisposed	
  to	
  undergo	
  EMT.	
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GENERAL	
  DISCUSSION	
  AND	
  CONCLUSION	
  
	
  

Organ	
  development	
  as	
  well	
   as	
   tissue	
  maintenance	
   is	
  under	
  precise	
   cellular	
  and	
  molecular	
  

regulation.	
  This	
  control	
  depends	
  on	
  heterotypic	
  interaction	
  between	
  tissue-­‐specific	
  cells	
  and	
  

the	
   surrounding	
   stromal	
   compartment.	
   In	
   the	
   breast	
   gland,	
   these	
   interactions	
   are	
  

instrumental	
   for	
   correct	
   histology,	
   functional	
   differentiation	
   and	
   homeostasis.	
   Endothelial	
  

cells	
  are	
  emerging	
  as	
  important	
  players	
  in	
  organ	
  development	
  and	
  as	
  regulators	
  of	
  stem	
  cell	
  

niches	
   (Butler,	
   Kobayashi	
   et	
   al.	
   2010).	
   Their	
   role	
   in	
  development	
   and	
  maintenance	
  of	
   the	
  

breast	
  gland	
  is,	
  however,	
  relatively	
  unknown.	
  

In	
   the	
   present	
   thesis	
   I	
   have	
   explored	
   the	
   effects	
   of	
   breast	
   endothelial	
   cells	
   (BRENCs)	
   on	
  

breast	
  morphogenesis	
   using	
   organotypic	
   3D	
   cultures.	
   In	
   addition,	
   I	
   have	
   also	
   studied	
   the	
  

role	
   of	
   Sprouty-­‐2	
   in	
   branching	
  morphogenesis.	
  My	
   initial	
   efforts	
   focused	
   on	
   isolation	
   and	
  

propagation	
  of	
  human	
  breast	
  endothelial	
   cells	
  and	
  exploration	
  of	
   their	
   role	
   in	
  heterotypic	
  

signaling	
  to	
  normal	
  and	
  malignant	
  breast	
  epithelial	
  cells	
  from	
  the	
  human	
  breast	
  gland.	
  In	
  3D	
  

coculture,	
   I	
   was	
   able	
   to	
   show	
   that	
   BRENCs	
   are	
   potent	
   inducers	
   of	
   breast	
   epithelial	
  

proliferation	
  and	
  morphogenesis	
  of	
  normal	
  and	
  malignant	
  cells.	
  In	
  transwell	
  coculture	
  I	
  was	
  

able	
   to	
   show	
   that	
   these	
   effects	
   were	
   mediated	
   through	
   soluble	
   factors.	
   Using	
   a	
   human	
  

breast	
  epithelial	
  cell	
  line	
  (D492)	
  with	
  basal	
  and	
  stem	
  cell	
  properties,	
  I	
  showed	
  that	
  BRENCs	
  

induced	
   formation	
   of	
   single	
   cell	
   derived,	
   TDLU-­‐like,	
   branching	
   structures.	
   Furthermore,	
  

BRENCs	
   were	
   able	
   to	
   induce	
   D492	
   cells	
   to	
   undergo	
   non-­‐reversible	
   epithelial	
   to	
  

mesenchymal	
  transition	
  (EMT).	
  EMT	
  derived	
  D492	
  cells	
  (D492M)	
  acquired	
  cancer	
  stem-­‐like	
  

characteristics	
  with	
  increased	
  growth	
  in	
  non-­‐adherent	
  cell	
  culture,	
  CD44High	
  /CD24Low	
  profile	
  

and	
  apoptosis	
  resistance.	
  HGF	
  signaling	
  from	
  BRENCs	
  was,	
  at	
  least	
  partially,	
  responsible	
  for	
  

these	
   EMT	
   inducing	
   effects.	
   I	
   also	
   showed	
   that	
   in	
   proximity	
   to	
   endothelial	
   rich	
   areas	
   in	
  

basal-­‐like	
   breast	
   cancer	
   	
   tumor	
   cells	
   have	
   increased	
   expression	
   of	
   the	
   EMT	
   associated	
  

marker	
   N-­‐cadherin	
   and	
   reduced	
   epithelial	
   characteristics.	
   This	
   means	
   that	
   BRENCs/	
  

endothelial	
   cells	
   are	
   possible	
   effectors	
   in	
   the	
   metastasis	
   process	
   through	
   paracrine	
  

signaling.	
   In	
   attempts	
   to	
   explore	
   the	
   intrinsic	
   regulation	
   of	
   branching	
   and	
   EMT	
   I	
   studied	
  

Sprouty-­‐2	
  (Spry-­‐2),	
  a	
  RTK	
  negative	
  regulator.	
   I	
  showed	
  that	
  Spry-­‐2	
  was	
  instrumental	
   in	
  the	
  

control	
  of	
  branching	
  morphogenesis	
  and	
   in	
   the	
  maintenance	
  of	
  epithelial	
   integrity.	
  Spry-­‐2	
  

was	
   highly	
   expressed	
   during	
   critical	
   points	
   in	
   branching	
  morphogenesis	
   and	
  when	
   it	
   was	
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knocked	
   down,	
   hyperplastic-­‐like	
   phenotype	
   and	
   abnormal	
   branching	
   was	
   observed.	
   In	
  

coculture	
  with	
   BRENCs	
   D492	
   Spry-­‐2	
   KD	
   cells	
   showed	
   increased	
   abilities	
   to	
   undergo	
   EMT,	
  

indicating	
  that	
  Spry-­‐2	
  may	
  be	
  an	
  important	
  regulator	
  of	
  epithelial	
  integrity	
  in	
  the	
  mammary	
  

gland.	
  

	
  

Epithelial	
  to	
  mesenchymal	
  transition	
   	
  	
  

My	
  initial	
  aim	
  was	
  to	
  study	
  the	
  effects	
  of	
  BRENCs	
  on	
  breast	
  morphogenesis.	
  To	
  my	
  surprise	
  I	
  

also	
  observed	
  that	
  BRENCs	
  are	
  active	
  facilitators	
  of	
  the	
  EMT	
  process	
  in	
  D492.	
  This	
  suggests	
  

that	
  endothelial	
  cells	
  may	
  provide	
  a	
  favorable	
  environment	
  for	
  the	
  emergence	
  of	
  the	
  EMT	
  

phenotype.	
   In	
  support	
  of	
  this,	
   recent	
  reports	
  have	
   linked	
  EMT	
  to	
  the	
  basal-­‐like	
  subtype	
  of	
  

breast	
   cancer,	
   demonstrated	
   by	
   upregulation	
   of	
   EMT	
  markers	
   (vimentin,	
   smooth-­‐muscle-­‐

actin,	
  Fibronectin	
  and	
  N-­‐Cad)	
  together	
  with	
  reduction	
  of	
  characteristic	
  epithelial	
  markers	
  (E-­‐

Cad	
  and	
  keratins)	
   (Mahler-­‐Araujo,	
  Savage	
  et	
  al.	
  2008;	
  Sarrio,	
  Rodriguez-­‐Pinilla	
  et	
  al.	
  2008)	
  

(Brabletz,	
   Bajdak	
   et	
   al.	
   2011).	
   This	
   is	
   in	
   line	
   with	
   my	
   data	
   that	
   basal-­‐like	
   breast	
   cancers	
  

contain	
   a	
   characteristic	
   EMT	
  phenotype.	
  However,	
  my	
   results	
   that	
   the	
   EMT	
  phenotype	
   is	
  

strongest	
  close	
  to	
  vascular	
  rich	
  areas	
  is	
  novel.	
  This	
  directly	
  connects	
  endothelial	
  cells	
  in	
  the	
  

emergence	
  of	
  the	
  EMT	
  phenotype	
  and	
  thus	
  in	
  the	
  metastasis	
  process	
  in	
  a	
  new	
  way.	
  

In	
  general,	
  Intratumoral	
  angiogenesis,	
  assessed	
  by	
  microvessel	
  density,	
  has	
  been	
  proposed	
  

to	
   identify	
   patients	
   at	
   high	
   risk	
   of	
   recurrence,	
   especially	
   in	
   node-­‐negative	
   breast	
   cancer	
  

(Uzzan,	
   Nicolas	
   et	
   al.	
   2004).	
   Interestingly,	
   recent	
   studies	
   have	
   shown	
   that	
   microvessel	
  

density	
  might	
  be	
  a	
  major	
  risk	
   factor	
   in	
   triple	
  negative	
  breast	
  cancer	
  and	
   levels	
  of	
  vascular	
  

endothelial	
   growth	
   factor	
   (VEGF),	
   a	
   marker	
   of	
   angiogenesis,	
   has	
   also	
   been	
   shown	
   to	
   be	
  

significantly	
  higher	
  in	
  this	
  subclass(Linderholm,	
  Hellborg	
  et	
  al.	
  2009;	
  Miyashita,	
  Ishida	
  et	
  al.	
  

2011).	
   In	
   the	
   same	
  way,	
  higher	
  MVD	
  has	
   also	
  been	
  associated	
  with	
  breast	
   tumors	
  with	
   a	
  

predominant	
   CD44high/CD24low	
   cancer	
   stem	
   cell	
   profile	
   (Lopes,	
   Sousa	
   et	
   al.	
   2009;	
  

Giatromanolaki,	
  Sivridis	
  et	
  al.	
  2010).	
  In	
  addition,	
  Niu	
  et	
  al.	
  have	
  showed	
  that	
  hepatocellular	
  

carcinomas	
   expressing	
   Twist,	
   have	
   significantly	
   higher	
   MVD	
   (Niu,	
   Zhang	
   et	
   al.	
   2007).	
  

However,	
  Twist	
  and	
  Snail	
  overexpressing	
  EMT	
  cells	
  have	
  also	
  been	
  shown	
  to	
  mediate	
  higher	
  

angiogenesis	
  activity	
  in	
  mouse	
  xenografts	
  (Peinado,	
  Marin	
  et	
  al.	
  2004;	
  Mironchik,	
  Winnard	
  

et	
  al.	
  2005).	
   In	
   this	
   respect,	
  one	
  might	
  conclude	
  that	
  cancer	
  cells	
  with	
  an	
  EMT	
  phenotype	
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induce	
   angiogenesis,	
   explaining	
   the	
   apparent	
   higher	
   MVD	
   associated	
   with	
   the	
   EMT	
  

phenotype.	
  On	
  the	
  other	
  hand,	
  endothelial	
  cells	
  are	
  key	
  components	
  of	
  stem	
  cell	
  niches	
  in	
  

the	
   brain	
   and	
   the	
   bone	
   marrow	
   mediating	
   self-­‐renewal,	
   differentiation	
   and	
   normal	
  

homeostasis	
  in	
  addition	
  to	
  their	
  involvement	
  in	
  developmental	
  organogenesis	
  (reviewed	
  in	
  

(Butler,	
  Kobayashi	
  et	
  al.	
  2010)).	
  Therefore,	
  in	
  my	
  opinion,	
  it	
  is	
  likely	
  that	
  this	
  is	
  a	
  heterotypic	
  

crosstalk	
   between	
   tumor	
   cells	
   and	
   endothelial	
   cells	
   leading	
   to	
   increased	
   EMT	
   and	
  

angiogenesis	
   thus	
   facilitating	
   the	
   metastasis	
   process.	
   In	
   conclusion,	
   the	
   EMT	
   phenotype	
  

observed	
   in	
   basal-­‐like	
   breast	
   cancers	
   in	
   connection	
   to	
   my	
   data	
   and	
   others	
   shows	
   an	
  

interesting	
  relationship	
  between	
  EMT	
  and	
  angiogenesis.	
  This	
  brings	
  breast	
  endothelial	
  cells	
  

into	
   the	
   spotlight	
   and	
   makes	
   anti-­‐angiogenesis	
   therapy	
   more	
   relevant	
   in	
   the	
   basal-­‐like	
  

breast	
  cancer	
  subtype	
  where	
  limited	
  clinical	
  options	
  are	
  available	
  

Defining	
   the	
   cellular	
   and	
   microenvironmental	
   cues	
   that	
   trigger	
   EMT	
   during	
   cancer	
  

progression	
   is	
   important.	
  Studies	
  have	
  shown	
  increased	
  expression	
  of	
  EMT	
  markers	
  at	
  the	
  

tumor-­‐stroma	
   interface	
   and	
   stromal	
   cells	
   are	
   now	
   recognized	
   as	
  major	
   players	
   in	
   cancer	
  

progression	
   (Brabletz,	
   Jung	
   et	
   al.	
   2001;	
   Franci,	
   Takkunen	
   et	
   al.	
   2006;	
   Ronnov-­‐Jessen	
   and	
  

Bissell	
  2009).	
  Most	
  studies	
  on	
  EMT	
  have	
  been	
  conducted	
  on	
  cultured	
  cells	
  due	
  to	
  difficulties	
  

in	
   identifying	
   these	
   cells	
   in	
   situ.	
   There	
   are	
   numerous	
   factors	
   that	
   can	
   elicit	
   EMT	
   in	
   cell	
  

culture.	
  Of	
   these,	
  TGF-­‐β1	
  and	
   receptor	
   tyrosine	
  kinase	
   ligands	
   such	
  as	
  EGFs,	
  FGFs,	
  VEGFs,	
  

PDGFs	
  and	
  HGF	
  have	
  received	
  much	
  attention	
  (Sabbah,	
  Emami	
  et	
  al.	
  2008).	
   In	
  this	
  thesis	
   I	
  

show	
   that	
   inducing	
   D492	
  with	
   TGF-­‐β1	
   or	
   inhibiting	
   TGF-­‐β1	
   or	
   the	
   ALK5	
   receptor	
   did	
   not	
  

affect	
   the	
   formation	
  of	
   spindle-­‐like	
  colonies	
   in	
  3D	
  cocultures.	
  This	
   suggests	
   that	
  TGF-­‐β1	
   is	
  

not	
  necessarily	
   involved	
   in	
   the	
  endothelial	
   induced	
  EMT	
   in	
   the	
  3D-­‐context.	
  Moreover,	
   the	
  

inhibition	
  of	
  TGF-­‐β1	
  signaling	
  resulted	
  in	
  restricting	
  the	
  branching	
  morphogenesis	
  process.	
  

These	
   results	
   are	
   in	
   contrast	
   to	
   the	
   partial	
   EMT	
   induction	
   that	
   I	
   observed	
   after	
   TGF-­‐β1	
  

treatment	
  on	
  D492	
  in	
  monolayer	
  cell	
  culture.	
  The	
  fact	
  that	
  TGF-­‐β1	
  signaling	
  has	
  differential	
  

effects	
  in	
  2D	
  and	
  3D	
  culture	
  environment	
  demonstrate	
  the	
  importance	
  to	
  explore	
  EMT	
  in	
  a	
  

physiologically	
   relevant	
   setting	
   like	
   the	
   3D	
   rBM	
   cultures.	
   By	
   inhibiting	
   the	
   c-­‐MET	
   ligand,	
  

HGF,	
   I	
  was	
  able	
  to	
  reduce	
  the	
  emergence	
  of	
  spindle-­‐like,	
  EMT,	
  colonies	
  significantly	
   in	
  the	
  

3D	
  cocultures.	
  I	
  could	
  also	
  confirm	
  that	
  the	
  BRENCs	
  were	
  secreting	
  HGF	
  in	
  3D	
  culture	
  so	
  HGF	
  

was,	
  at	
  least	
  partially,	
  responsible	
  for	
  EMT	
  in	
  the	
  coculture	
  model.	
  Interestingly,	
  high	
  levels	
  

of	
  HGF	
  and	
  c-­‐MET	
  have	
  been	
  associated	
  with	
  invasive	
  human	
  breast	
  cancer,	
  metastasis	
  and	
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more	
  recently	
  to	
  the	
  basal-­‐like	
  subtype	
  (Elliott,	
  Hung	
  et	
  al.	
  2002;	
  van	
  Zijl,	
  Mair	
  et	
  al.	
  2009).	
  

Furthermore,	
   Mostov	
   et	
   al	
   have	
   reported	
   that	
   HGF	
   induces	
   partial	
   EMT	
   in	
   MDCK	
   cells	
  

cultured	
   in	
   3D	
   collagen	
   gels	
   (Leroy	
   and	
   Mostov	
   2007).	
   In	
   this	
   regard,	
   I	
   have	
   seen	
   that	
  

BRENCs	
   can	
   also	
   induce	
   an	
   EMT	
   phenotype	
   in	
   MDCK	
   cells.	
   Similar	
   to	
   my	
   results	
   with	
  

BRENCs,	
  endothelial	
  cells	
  have	
  previously	
  been	
  shown	
  to	
  express	
  and	
  secrete	
  HGF	
   in	
  vitro	
  

and	
   in	
   vivo	
   (Nakamura,	
  Morishita	
   et	
   al.	
   1995).	
   Furthermore,	
   LeCouter	
   et	
   al.	
   showed	
   that	
  

endothelial	
  derived	
  HGF	
  can	
  stimulate	
  hepatocyte	
  proliferation	
  in	
  coculture	
  and	
  that	
  VEGF	
  

stimulated	
  this	
  process	
  (LeCouter	
  et	
  al	
  2003).	
  Interestingly,	
  there	
  might	
  also	
  be	
  a	
  connection	
  

to	
  hypoxia	
  in	
  our	
  cocultures	
  as	
  it	
  is	
  likely	
  that	
  oxygen	
  tension	
  is	
  somewhat	
  lower	
  within	
  3D	
  

cell	
   culture.	
   In	
   support	
   of	
   these	
   speculations,	
   cell	
   culture	
   within	
   3D	
   collagen	
   hydrogels	
  

results	
  in	
  intracellular	
  hypoxia	
  of	
  MDA-­‐MB231	
  breast	
  cancer	
  cells	
  with	
  upregulation	
  of	
  HIF-­‐

1α	
   and	
   VEGF	
   in	
   contrast	
   to	
   monolayer	
   culture	
   (Szot,	
   Buchanan	
   et	
   al.	
   2011).	
   Hypoxic	
  

responses	
  are	
  mediated	
  mainly	
   through	
  HIF-­‐1α	
   and	
   there	
  are	
  hypoxia	
   response	
  elements	
  

within	
  the	
  promoter	
  region	
  of	
  the	
  VEGF	
  gene	
  (Forsythe,	
  Jiang	
  et	
  al.	
  1996).	
  Increased	
  VEGF	
  

production	
   is	
   thought	
   to	
   induce	
   angiogenesis	
   in	
   response	
   to	
   hypoxia	
   (reviewed	
   in	
  

(Cassavaugh	
  and	
  Lounsbury	
  2011)).	
  However,	
  hypoxia	
  has	
  also	
  been	
  shown	
  to	
  increase	
  the	
  

stability	
  of	
  HGF	
  mRNA	
  and	
  the	
  expression	
  of	
  c-­‐Met,	
  leading	
  to	
  increased	
  sensitivity	
  to	
  HGF	
  

(Pennacchietti,	
  Michieli	
  et	
  al.	
  2003;	
  Chu,	
  Feng	
  et	
  al.	
  2009).	
  However,	
   the	
  coculture	
  model	
  

described	
   in	
   this	
   thesis	
   is	
   limited	
   in	
   the	
   way	
   that	
   it	
   only	
   allows	
   for	
   the	
   exploration	
   of	
  

phenotypic	
  traits	
  of	
   the	
  epithelial	
  cells	
  used	
   in	
  coculture	
  while	
  the	
  endothelia	
  cells	
  do	
  not	
  

show	
  angiogenesis	
   activity.	
  Nevertheless,	
  my	
   findings	
   suggest	
   a	
  novel	
   role	
   for	
   endothelial	
  

cells	
  and	
  angiogenesis	
  in	
  cancer	
  progression	
  in	
  addition	
  to	
  the	
  more	
  classical	
  role	
  of	
  oxygen	
  

and	
   nutritional	
   delivery.	
   In	
   addition,	
   HGF	
   /c-­‐MET	
   signaling	
   might	
   be	
   an	
   interesting	
  

therapeutic	
  target	
  within	
  basal-­‐like	
  breast	
  cancer	
  	
  

Although	
  EMT	
  can	
  easily	
  be	
  recognized	
  in	
  monolayer	
  culture	
  of	
  cells,	
  recognizing	
  these	
  cells	
  

in	
  situ	
   is	
  more	
  troublesome,	
  due	
  to	
  its	
  transient	
  nature.	
  In	
  contrast	
  to	
  monolayer	
  cultures,	
  

3D	
  culture	
  models	
  capture	
  more	
  closely	
  the	
  in	
  vivo	
  situation	
  (Lee,	
  Kenny	
  et	
  al.	
  2007).	
  Studies	
  

have	
  shown	
  the	
  importance	
  of	
  3D	
  cultures	
  to	
  elucidate	
  the	
  functional	
  role	
  of	
  the	
  stroma	
  as	
  

an	
   instructive	
   factor	
   in	
   normal	
   breast	
   morphogenesis	
   and	
   cancer	
   progression	
   (Weaver,	
  

Fischer	
  et	
  al.	
  1996;	
  Gudjonsson,	
  Ronnov-­‐Jessen	
  et	
  al.	
  2002;	
  Lee,	
  Kenny	
  et	
  al.	
  2007;	
  Ronnov-­‐

Jessen	
   and	
   Bissell	
   2009).	
   Numerous	
   cell	
   lines,	
   such	
   as	
   MCF10A	
   and	
   MCF-­‐7,	
   have	
   been	
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reported	
   to	
   be	
   susceptible	
   to	
   EMT	
   in	
   traditional	
   monolayer	
   culture	
   (Blick,	
  Widodo	
   et	
   al.	
  

2008;	
  Blick,	
  Hugo	
  et	
  al.	
  2010).	
  My	
  results,	
  however,	
  show	
  that	
  in	
  3D	
  culture	
  EMT	
  induction	
  

by	
   BRENCs	
   is	
   only	
   achieved	
   in	
   some	
   breast	
   epithelial	
   cell	
   lines,	
   i.e.	
   those	
   harboring	
  

stem/progenitor	
  characteristics	
  (D492).	
   I	
  also	
  show	
  that	
  primary	
  metaplastic	
  breast	
  cancer	
  

cells,	
  W2330,	
  can	
  be	
  facilitated	
  to	
  undergo	
  EMT	
  in	
  3D	
  coculture	
  with	
  BRENCs.	
   In	
  contrast,	
  

the	
   luminal	
   epithelial	
   cell	
   line	
   D382,	
   the	
   basal-­‐like	
   cell	
   line	
  MCF10A	
   and	
   the	
   ER	
   positive	
  

cancer	
  cell	
  line	
  MCF-­‐7	
  show	
  no	
  signs	
  of	
  EMT	
  in	
  coculture	
  with	
  BRENCs.	
  In	
  light	
  of	
  my	
  results,	
  

response	
  to	
  endothelial	
  derived	
  HGF	
  seems	
  to	
  be	
  important	
  for	
  the	
  emergence	
  of	
  the	
  EMT	
  

phenotype.	
   In	
  addition,	
   the	
  EMT	
  phenotype	
  seems	
  to	
  be	
  enriched	
  within	
  basal-­‐like	
  breast	
  

cancer	
  and	
  breast	
  cancer	
  cell	
  lines	
  with	
  a	
  basal	
  phenotype	
  (Charafe-­‐Jauffret,	
  Ginestier	
  et	
  al.	
  

2006;	
   Sarrio,	
   Rodriguez-­‐Pinilla	
   et	
   al.	
   2008).	
   In	
   light	
   of	
   that	
   it	
   is	
   not	
   surprising	
   to	
   see	
   that	
  

MCF-­‐7	
  cells	
  show	
  no	
  signs	
  of	
  EMT	
  although	
  they	
  clearly	
  respond	
  to	
  growth	
  stimuli	
  from	
  the	
  

BRENCs	
  (Article	
  #2).	
  Even	
  though	
  MCF10A	
  has	
  been	
  shown	
  to	
  have	
  a	
  basal-­‐like	
  phenotype	
  

and	
   to	
   readily	
   undergo	
   EMT	
   after	
   TGF-­‐β	
   stimulation,	
   they	
   lack	
   fundamental	
   stem	
   cell	
  

properties	
  that	
  D492	
  has,	
  such	
  as	
  branching	
  morphogenesis	
  within	
  3D	
  rBM	
  (Blick,	
  Hugo	
  et	
  

al.	
   2010).	
   This	
  may	
   explain	
  why	
  MCF10A	
   cells	
   are	
   non-­‐responsive	
   to	
   endothelial	
   induced	
  

EMT	
  in	
  the	
  3D	
  cocultures.	
  	
  

Recent	
  studies	
  have	
  shown	
  that	
  induction	
  of	
  EMT	
  in	
  immortalized	
  human	
  breast	
  epithelial	
  

cells	
  was	
  associated	
  with	
  acquisition	
  of	
  cancer	
  stem	
  cell	
  associated	
  properties	
  (Mani,	
  Guo	
  et	
  

al.	
   2008;	
  Morel,	
   Lievre	
   et	
   al.	
   2008).	
   In	
   these	
   studies,	
   immortalized	
   breast	
   epithelial	
   cells	
  

(HMECs)	
  were	
  induced	
  to	
  undergo	
  EMT	
  in	
  2D	
  culture	
  conditions	
  with	
  TGF-­‐β1	
  or	
  transfected	
  

with	
  potent	
   inducers	
  of	
  EMT.	
  These	
  studies	
  are	
   in	
   line	
  with	
  my	
  data	
  where	
  D492M	
  shows	
  

cancer	
   stem	
   cell	
   and	
   tumorigenic	
   phenotype	
   as	
   evidenced	
   by	
   an	
   increased	
   ratio	
   of	
  

CD44high/CD24low	
   cells,	
   ability	
   to	
   form	
   mammospheres,	
   increased	
   motility,	
   anchorage	
  

independent	
  growth	
  and	
   resistance	
   to	
   chemically	
   induced	
  apoptosis.	
   There	
  are	
  numerous	
  

transcription	
  factors	
  (TFs)	
  that	
  influence	
  the	
  EMT	
  phenotype	
  such	
  as	
  Twist,	
  Snail,	
  ZEB1	
  and	
  

2,	
   FOXC1	
   and	
   2	
   (Thiery,	
   Acloque	
   et	
   al.	
   2009).	
   The	
   only	
   EMT	
   associated	
   TFs	
   that	
   I	
   could	
  

indentify	
  as	
  significantly	
  upregulated	
  by	
  microarray	
  were	
  FOXC1	
  and	
  FOXC2.	
  These	
  factors	
  

have	
  proven	
  to	
  be	
  potent	
   inducers	
  of	
   the	
  mesenchymal	
  phenotype	
  of	
  EMT	
  cells	
  and	
  their	
  

expression	
   in	
   breast	
   cancer	
   correlates	
   to	
   the	
   basal-­‐like	
   subtype	
   (Mani,	
   Yang	
   et	
   al.	
   2007;	
  

Taube,	
  Herschkowitz	
   et	
   al.	
   2010).	
   The	
   other	
   TFs	
   such	
   as	
   Twist,	
   Snail	
   and	
   ZEBs	
   have	
   been	
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shown	
   to	
   be	
   important	
   in	
   the	
   downregulation	
   of	
   epithelial	
   characteristics	
   such	
   as	
  

suppression	
   of	
   E-­‐cadherin	
   expression	
   (reviewed	
   in	
   (Yang	
   and	
  Weinberg	
   2008)).	
   The	
  most	
  

likely	
   reason	
  why	
   I	
  don’t	
   see	
  an	
  upregulation	
  of	
   these	
  TFs	
   is	
  because	
   they	
  are	
   transiently	
  

expressed	
   during	
   the	
   switch	
   in	
   phenotype.	
   However,	
   the	
   expression	
   array	
   was	
   done	
   on	
  

D492M	
  cells	
  after	
  EMT	
  conversion.	
  Increased	
  expression	
  of	
  EMT	
  associated	
  TFs	
  also	
  leads	
  to	
  

the	
  transition	
  of	
  cells	
  towards	
  the	
  flow	
  cytometry	
  profile	
  CD44high/CD24low.	
  At	
  first	
  sight	
  it	
  is	
  

not	
  very	
  clear	
  how	
  this	
  profile	
  relates	
  to	
  cancer	
  stem	
  cells	
  and	
  EMT.	
  In	
  breast	
  epithelial	
  cells,	
  

CD24	
  can	
  be	
  used	
  as	
  a	
  measurement	
  of	
  epithelial	
  integrity,	
  which	
  is	
  obviously	
  lacking	
  in	
  EMT	
  

cells	
  but	
  also	
  in	
  breast	
  cancer	
  stem	
  cells	
  (Al-­‐Hajj,	
  Wicha	
  et	
  al.	
  2003;	
  Sleeman,	
  Kendrick	
  et	
  al.	
  

2006;	
  Mani,	
   Guo	
   et	
   al.	
   2008).	
   In	
   contrast,	
   increased	
   CD44	
   expression	
   in	
   cancer	
   cells	
   has	
  

been	
  connected	
  to	
  increased	
  adhesion,	
  motility,	
  proliferation	
  and	
  cell	
  survival	
  (Marhaba	
  and	
  

Zoller	
   2004;	
   Afify,	
   Purnell	
   et	
   al.	
   2009).	
   These	
   features	
   are	
   all	
   connected	
   to	
   cancer	
  

progression	
  so	
  high	
  expression	
  of	
  CD44	
  is	
  thought	
  to	
  be	
  important	
  in	
  cancer	
  stem	
  cells	
  and	
  

in	
  facilitating	
  the	
  metastatic	
  cascade	
  (Giatromanolaki,	
  Sivridis	
  et	
  al.	
  2010).	
   In	
  my	
  coculture	
  

studies,	
   endothelial	
   derived	
   HGF	
   is	
   partly	
   responsible	
   for	
   the	
   EMT	
   phenotype	
   of	
   D492M	
  

cells.	
   Interestingly,	
   CD44	
   isoforms	
   bearing	
   heparin	
   sulfate	
   chains	
   have	
   been	
   described	
   as	
  

functional	
   co-­‐receptors	
  by	
  binding	
  HGF	
  and	
   facilitating	
   its	
  presentation	
   to	
   c-­‐MET	
   (van	
  der	
  

Voort,	
  Taher	
  et	
  al.	
  1999;	
  Wielenga,	
  van	
  der	
  Voort	
  et	
  al.	
  2000).	
  Other	
  studies	
  have	
  also	
  noted	
  

that	
  HGF	
  stimulation	
  can	
  both	
  upregulate	
  CD44	
  and	
  the	
  c-­‐MET	
  receptor	
  (Recio	
  and	
  Merlino	
  

2003).	
   In	
   this	
   respect,	
  my	
  findings	
  are	
  even	
  more	
  relevant	
  where	
  endothelial	
  derived	
  HGF	
  

results	
  in	
  the	
  CD44high	
  /CD24low	
  profile	
  and	
  increased	
  EMT	
  phenotype.	
  This	
  also	
  suggests	
  that	
  

cancer	
  cells	
  within	
  the	
  basal	
  like	
  subtype	
  may	
  be	
  more	
  prone	
  to	
  undergo	
  EMT	
  due	
  to	
  their	
  

origin	
  in	
  stem	
  /	
  progenitor	
  cells	
  of	
  the	
  breast	
  having	
  a	
  similar	
  marker	
  expression	
  as	
  the	
  D492	
  

cell	
  line.	
  Interestingly,	
  in	
  my	
  study	
  D492M	
  appears	
  to	
  lose	
  it’s	
  normal	
  epithelial	
  “stemness”	
  

such	
   as	
   the	
   ability	
   to	
   generate	
  differentiated	
   luminal	
   and	
  myoepithelial	
   cells	
   and	
   to	
   form	
  

branching	
   TDLU-­‐like	
   structures	
   in	
   3D	
   rBM	
   culture.	
   However,	
   after	
   EMT	
   induction	
   they	
  

acquire	
  a	
  phenotype	
  associated	
  with	
  breast	
  cancer	
  stem	
  cells.	
  This	
  suggests	
  a	
  fundamental	
  

difference	
  between	
  the	
  properties	
  of	
  breast	
  epithelial	
  stem	
  cells	
  and	
  cancer	
  stem	
  cells	
  that	
  

is	
  not	
   so	
  obvious	
   in	
   regular	
  monolayer	
  cell	
   culture	
  but	
   can	
  be	
   identified	
  by	
   the	
  use	
  of	
  3D	
  

rBM	
  cultures.	
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Branching	
  morphogenesis	
  and	
  Sprouty-­‐2	
  

Sprouty	
  proteins	
  have	
  been	
  identified	
  as	
  novel	
  antagonists	
  of	
  RTKS	
  such	
  as	
  FGFR,	
  c-­‐Met	
  and	
  

EGFR	
  in	
  lungs,	
  kidneys	
  and	
  vasculogenesis	
  but	
  their	
  expression	
  and	
  role	
  in	
  morphogenesis	
  of	
  

the	
   human	
   breast	
   gland	
   has	
   not	
   been	
   analyzed	
   in	
   detail.	
  My	
   initial	
   work	
   focused	
   on	
   the	
  

expression	
  of	
  Spry-­‐2	
  in	
  the	
  normal	
  human	
  breast	
  gland.	
  I	
  could	
  show	
  that	
  luminal	
  epithelial	
  

cells	
  in	
  ducts	
  and	
  lobules	
  express	
  higher	
  levels	
  of	
  Spry-­‐2	
  compared	
  to	
  myoepithelial	
  cells.	
  Lo	
  

et	
  al.	
  have	
  showed	
  previously	
  that	
  Spry-­‐1	
  and	
  Spry-­‐2	
  genes	
  are	
  suppressed	
  in	
  breast	
  cancers	
  

suggesting	
  a	
  tumor	
  suppressor	
  role	
  and	
  that	
  Spry-­‐2	
  is	
  expressed	
  in	
  the	
  normal	
  breast	
  gland	
  

(Lo,	
  Yusoff	
  et	
  al.	
  2004).	
  Using	
  the	
  mouse	
  mammary	
  gland	
  I	
  show	
  that	
  the	
  levels	
  of	
  Spry-­‐2	
  are	
  

low	
  in	
  virgin	
  mice,	
  increase	
  in	
  pregnancy	
  but	
  reach	
  their	
  highest	
  point	
  during	
  lactation.	
  Lo	
  et	
  

al.	
  have	
  also	
  explored	
  the	
  expression	
  of	
  Spry-­‐2	
   in	
  virgin,	
  pregnant	
  and	
   lactating	
  mammary	
  

glands	
   by	
   in	
   situ	
   hybridization.	
   Their	
   results	
   showed	
   increased	
   Spry-­‐2	
   expression	
   during	
  

pregnancy	
  and	
  reduced	
  expression	
   in	
   lactation	
   (Lo,	
  Yusoff	
  et	
  al.	
  2004).	
  The	
  reason	
  for	
   the	
  

difference	
   between	
   my	
   data	
   and	
   the	
   paper	
   published	
   by	
   Lo	
   et	
   al.	
   is	
   unknown.	
   Possible	
  

explanation	
   could	
   be	
   the	
   different	
   time	
   points	
  where	
   the	
   expression	
   is	
  measured	
   (in	
  my	
  

case	
   day	
   2	
   of	
   lactation),	
   different	
   methodology	
   (In	
   situ	
   vs	
   Immunocytochemistry)	
   or	
  

different	
  mouse	
  strains.	
  However,	
  as	
  mentioned	
  earlier,	
   I	
  have	
  validated	
   the	
  specificity	
  of	
  

the	
  sprouty-­‐2	
  antibody	
  with	
  in	
  situ	
  hybridization	
  and	
  this	
  method	
  gives	
  similar	
  results.	
  It	
   is	
  

possible	
   that	
   at	
   day	
   2	
  of	
   lactatition	
   branching	
  morphogenesis	
   is	
   still	
   active	
   explaining	
   the	
  

Spry-­‐2	
  expression	
  or	
  that	
  Spry-­‐2	
  is	
  important	
  in	
  stopping	
  further	
  branching	
  to	
  occur.	
  Spry-­‐2	
  

might	
   also	
   be	
   important	
   in	
   the	
   differentiation	
   of	
   luminal	
   epithelial	
   cells	
   into	
   fully	
  

differentiated,	
  lactating	
  cells.	
  However,	
  we	
  need	
  to	
  do	
  further	
  experiments	
  to	
  explore	
  these	
  

possible	
  roles	
  of	
  Spry-­‐2.	
  

To	
  explore	
  Spry-­‐2	
  expression	
  in	
  branching	
  morphogenesis	
  I	
  used	
  the	
  D492	
  cell	
   line	
  and	
  3D	
  

cell	
   culture.	
   Spry-­‐2	
   was	
   analyzed	
   by	
   qRT-­‐PCR	
   on	
   critical	
   time	
   point	
   in	
   the	
   branching	
  

morphogenesis	
  process	
  (Day	
  8	
  –	
  Day	
  16).	
  Pre-­‐branching,	
  round	
  colonies	
  showed	
  moderate	
  

expression	
   of	
   Spry-­‐2	
   but	
   during	
   the	
   formation	
   of	
   primary	
   branching	
   (days	
   10-­‐12)	
   the	
  

expression	
  of	
  Spry-­‐2	
  decreases.	
  At	
  day	
  16	
  elaborated	
  TDLU-­‐like	
  structures	
  have	
  formed	
  and	
  

the	
   expression	
   of	
   Spry-­‐2	
   reaches	
   its	
   highest	
   point.	
   This	
   expression	
   pattern	
   suggests	
   that	
  

Spry-­‐2	
  may	
  have	
  a	
   regulatory	
   role	
  during	
   the	
   temporal	
   formation	
  of	
   branching	
   structures	
  

and	
  the	
  formation	
  of	
  lobular	
  units	
  at	
  the	
  ductal	
  ends.	
  Furthermore,	
  this	
  pattern	
  is	
  similar	
  to	
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my	
  observations	
  in	
  the	
  mouse	
  mammary	
  gland	
  where	
  a	
  constant	
  high	
  expression	
  of	
  Spry-­‐2	
  

is	
  seen	
  when	
  branching	
  morphogenesis	
  has	
  completed	
  in	
  the	
  lactating	
  gland.	
  In	
  support	
  of	
  

this,	
   immunofluorescence	
   staining	
   of	
   branching	
   colonies	
   at	
   day	
   16	
   shows	
   that	
   Spry-­‐2	
  

expression	
  is	
  mainly	
  concentrated	
  at	
  the	
  branching,	
  lobular-­‐like	
  tips	
  but	
  lowered	
  at	
  sites	
  of	
  

cleft	
  formation.	
  The	
  location	
  of	
  Spry-­‐2	
  at	
  day16	
  is	
  similar	
  to	
  that	
  of	
  p-­‐EGFR	
  at	
  branching	
  tips	
  

while	
   staining	
   for	
   total	
   EGFR	
   has	
   a	
   more	
   general	
   distribution	
   in	
   the	
   branching	
   colonies.	
  

Interestingly,	
  this	
  same	
  expressional	
  pattern	
  of	
  Spry-­‐2	
  at	
  the	
  ends	
  of	
  branching	
  tips	
  has	
  also	
  

been	
  seen	
  in	
  the	
  development	
  of	
  the	
  mouse	
  and	
  chicken	
  lung	
  (Warburton,	
  El-­‐Hashash	
  et	
  al.	
  

2010;	
  Moura,	
   Coutinho-­‐Borges	
   et	
   al.	
   2011).	
   The	
   expression	
   of	
   Spry-­‐2	
   seems	
   to	
   be	
   at	
   the	
  

highest	
  level	
  on	
  the	
  same	
  location	
  as	
  activated	
  EGFR	
  signaling,	
  seen	
  by	
  staining	
  for	
  p-­‐EGFR.	
  

Interestingly,	
   through	
   D16-­‐D19,	
   when	
   further	
   branching	
   has	
   stopped,	
   p-­‐EGFR	
   levels	
  

decrease	
  but	
  the	
  expression	
  of	
  Spry-­‐2	
  is	
  still	
  high,	
  possibly	
  hindering	
  further	
  branching.	
  

In	
   light	
   of	
   the	
   expressional	
   pattern	
   of	
   Spry-­‐2	
   during	
   branching	
   I	
   wanted	
   to	
   explore	
   the	
  

functional	
  role	
  of	
  Spry-­‐2	
  by	
  knocking	
  it	
  down	
  (KD)	
  in	
  D492	
  cells.	
  As	
  the	
  classical	
  role	
  of	
  Spry-­‐

2	
  is	
  to	
  dampen	
  signals	
  downstream	
  of	
  RTKs	
  one	
  would	
  expect	
  that	
  the	
  Spry-­‐2	
  KD	
  cells	
  would	
  

show	
   increased	
   proliferation.	
   Spry-­‐2	
   KD	
   in	
   D492	
   had	
   no	
   effects	
   on	
   cell	
   proliferation	
   in	
  

monolayer.	
   This	
   might	
   be	
   explained	
   by	
   the	
   method	
   in	
   which	
   the	
   D492	
   cell	
   line	
   was	
  

established	
  originally,	
  a	
  retroviral	
  vector	
  containing	
  E6	
  and	
  E7	
  viral	
  oncogenes.	
  By	
  knocking	
  

out	
  functional	
  p53	
  and	
  RB	
  proteins	
  the	
  D492	
  cells	
  are	
  immortal	
  and	
  have	
  an	
  unlimited	
  cell	
  

proliferation	
  potential	
  with	
  limited	
  checkpoint	
  control.	
  So	
  the	
  inhibiting	
  effects	
  of	
  Spry-­‐2	
  on	
  

proliferation	
   in	
   monolayer	
   culture	
   could	
   be	
   outweighed	
   by	
   the	
   proliferation	
   potential	
   of	
  

D492.	
  Another	
  possibility	
  is	
  that	
  anti-­‐proliferative	
  effects	
  of	
  Spry-­‐2	
  are	
  dependent	
  on	
  intact	
  

p53	
  and/or	
  RB.	
  Saifudeen	
  et	
  al.	
  have	
  actually	
  seen	
  that	
  p53	
  deficiency	
  releases	
  inhibition	
  of	
  

migration	
   and	
   proliferation	
   signals	
   in	
   the	
   developing	
   uteric	
   bud	
   resulting	
   in	
   abnormal	
  

branching	
   although	
   they	
   did	
   not	
   see	
   a	
   change	
   in	
   sprouty	
   expression	
   in	
   that	
   context	
  

(Saifudeen,	
   Dipp	
   et	
   al.	
   2009).	
   In	
   contrast	
   to	
   unchanged	
   proliferation,	
   I	
   saw	
   significantly	
  

increased	
  migration	
  abilities	
  in	
  Spry-­‐2	
  KD	
  cells.	
  Others	
  have	
  actually	
  shown	
  that	
  Spry-­‐2	
  can	
  

effect	
  migration	
  of	
  cells	
  in	
  culture	
  (Lee,	
  Putnam	
  et	
  al.	
  2004).	
  Yigzaw	
  et	
  al.	
  demonstrated	
  that	
  

anti-­‐migrational	
  effects	
  of	
  Spry-­‐2	
  were	
  mediated	
  through	
  the	
  protein	
  tyrosine	
  phosphatase	
  

1B	
   (PTP1B)	
   (Yigzaw,	
   Poppleton	
   et	
   al.	
   2003).	
   However,	
  my	
   initial	
   results	
  were	
   obtained	
   in	
  

monolayer	
   cell	
   culture.	
   When	
   D492	
   Spry-­‐2	
   KD	
   cells	
   were	
   cultured	
   in	
   3D	
   rBM	
   I	
   saw	
   an	
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increased	
   branching	
   morphogenesis	
   potential.	
   In	
   fact,	
   this	
   resulted	
   in	
   hyperplastic	
   like,	
  

uncontrolled	
   branching	
   morphogenesis.	
   This	
   abnormal	
   branching	
   is	
   in	
   line	
   with	
   other	
  

studies	
   focusing	
   on	
   Sprouty	
   proteins	
   and	
   branching	
   morphogenesis.	
   The	
   first	
   paper	
   on	
  

drosophila	
   Sprouty	
   and	
   branching	
   by	
   Hachohen	
   et	
   al.	
   showed	
   that	
   when	
   it	
   was	
   missing	
  

excess	
   tracheal	
   branching	
   occurred	
   (Hacohen,	
   Kramer	
   et	
   al.	
   1998).	
   Since	
   then,	
   numerous	
  

studies	
   in	
  mouse	
  models	
  have	
  confirmed	
  the	
  role	
  of	
  Spry-­‐2	
  and	
  other	
  sprouty	
  proteins	
  as	
  

important	
  regulators	
  of	
  branching	
  morphogenesis	
  in	
  the	
  lung,	
  uteric	
  bud	
  and	
  in	
  the	
  vascular	
  

system	
  as	
  described	
  earlier	
  in	
  this	
  thesis	
  (reviewed	
  in	
  (Guy,	
  Jackson	
  et	
  al.	
  2009)).	
  	
  

As	
   Lo	
  et	
  al.	
  described	
  Spry-­‐2	
  as	
  a	
  possible	
   tumor	
   suppressor	
   in	
  breast	
   cancer	
   I	
  wanted	
   to	
  

know	
  if	
  Spry-­‐2	
  KD	
  would	
  affect	
  EMT.	
  To	
  that	
  means	
  I	
  used	
  the	
  coculture	
  model	
  described	
  in	
  

Paper	
   #3	
   that	
   gives	
   the	
   opportunity	
   to	
   explore	
   if	
   Spry-­‐2	
   KD	
   has	
   an	
   impact	
   on	
   epithelial	
  

integrity.	
   Indeed,	
  D492	
   Spry-­‐2	
   KD	
   cells	
   showed	
   a	
   substantial	
   increase	
   in	
   the	
   formation	
   of	
  

spindle-­‐like	
  EMT	
  colonies	
  in	
  3D	
  coculture	
  with	
  BRENCs,	
  suggesting	
  a	
  compromised	
  epithelial	
  

integrity.	
   Additionally,	
   I	
   had	
   already	
   seen	
   hints	
   of	
   this	
   in	
  monolayer	
   culture	
   where	
   D492	
  

Spry-­‐2	
  KD	
  cells	
  showed	
  increased	
  migration.	
  It	
   is	
  not	
  unlikely	
  that	
  this	
  is	
  due	
  to	
  the	
  loss	
  of	
  

Spry-­‐2	
   induced	
  negative	
   feedback	
  on	
  signals	
   through	
  RTKs.	
   In	
  Paper	
  #3	
   I	
  have	
  shown	
  that	
  

endothelial	
  derived	
  HGF	
  is	
  one	
  of	
  the	
  factors	
  that	
  can	
  influence	
  the	
  emergence	
  of	
  EMT-­‐like	
  

colonies	
   in	
   coculture.	
   Interestingly,	
   Lee	
   et	
   al.	
   showed	
   that	
   Spry-­‐2	
   has	
   the	
   same	
   negative	
  

modulation	
  effects	
  on	
  HGF	
  receptor	
  c-­‐MET	
  and	
  its	
  downstream	
  signaling	
  (Lee,	
  Putnam	
  et	
  al.	
  

2004).	
   C-­‐MET	
   is	
   a	
   powerful	
   RTK	
   which	
   is	
   increasingly	
   being	
   recognized	
   as	
   an	
   important	
  

player	
  in	
  triple	
  negative	
  and	
  basal-­‐like	
  breast	
  cancers	
  (reviewed	
  in	
  (Gastaldi,	
  Comoglio	
  et	
  al.	
  

2010).	
   In	
   fact,	
   branching	
  morphogenesis	
   and	
   EMT	
   are	
   not	
   as	
   far	
   from	
   each	
   other	
   as	
   one	
  

might	
   think.	
   Epithelial	
   cells	
  need	
   to	
  be	
  able	
   to	
   transiently	
  activate	
   critical	
   EMT	
  associated	
  

transcription	
   factors	
   and	
   mesenchymal	
   properties	
   to	
   be	
   able	
   to	
   invade	
   the	
   surrounding	
  

matrix	
   in	
   branching	
  morphogenesis	
   (Lee,	
  Gjorevski	
   et	
   al.	
   2011).	
   It	
   is	
   likely	
   that	
   successful	
  

branching	
   is	
   dependent	
   on	
   a	
   partial	
   EMT	
   process	
   under	
   tight	
   control	
   from	
  morphogenic	
  

signals,	
  intrinsic	
  factors	
  such	
  as	
  Spry-­‐2	
  and	
  the	
  surrounding	
  microenvironment.	
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The	
  role	
  of	
  EMT	
  in	
  branching	
  morphogenesis	
  

Remodeling	
  and	
  flexibility	
   in	
  the	
  epithelial	
  nature	
  seems	
  to	
  be	
  important	
  during	
  branching	
  

morphogenesis.	
  Cells	
  located	
  at	
  the	
  leading	
  edge	
  of	
  an	
  elongating	
  epithelial	
  tube	
  show	
  loss	
  

of	
   polarity,	
   increased	
   cell	
   protrusion	
   and	
   migration.	
   This	
   process	
   is	
   accompanied	
   by	
  

acquisition	
   of	
   transient	
   but	
   reversible	
   EMT	
   phenotype	
   (Andrew	
   and	
   Ewald	
   2010).	
  

Additionally,	
  most	
  of	
  the	
  growth	
  factors	
  that	
  are	
  known	
  to	
  be	
  potent	
  EMT	
  inducers	
  such	
  as	
  

HGF,	
   FGFs,	
   EGFs	
   are	
   also	
   potent	
   inducers	
   of	
   branching	
   (Fata,	
   Werb	
   et	
   al.	
   2004).	
  

Furthermore,	
   microarray	
   analysis	
   of	
   the	
   branching	
   mouse	
   mammary	
   gland	
   indicate	
   that	
  

EMT	
   transcription	
   factors	
   such	
   as	
   Snail	
   and	
   Twist,	
   are	
   upregulated	
   in	
   the	
   branching	
   end	
  

buds	
   compared	
   to	
   ducts	
   (Kouros-­‐Mehr	
   and	
   Werb	
   2006).	
   EMT	
   regulators	
   have	
   been	
  

implicated	
  in	
  branching	
  morphogenesis	
  of	
  different	
  organs	
  such	
  as	
  the	
  mammary	
  gland	
  and	
  

the	
   salivary	
   gland	
   and	
   in	
   3D	
   experimental	
   models	
   of	
   branching	
   (Kouros-­‐Mehr	
   and	
  Werb	
  

2006;	
  Leroy	
  and	
  Mostov	
  2007;	
  Onodera,	
  Sakai	
  et	
  al.	
  2010).	
  Recently,	
  Lee	
  et	
  al	
  showed	
  that	
  

EMT	
   transcription	
   factors	
   Snail1	
   and	
   Snail2	
   are	
   upregulated	
   at	
   branch	
   sites,	
   mediating	
  

partial-­‐EMT,	
  in	
  an	
  experimental	
  model	
  of	
  mammary	
  branching	
  (Lee,	
  Gjorevski	
  et	
  al.	
  2011).	
  

Experiments	
  have	
  also	
  shown	
  that	
  a	
  localized	
  repression	
  or	
  redistribution	
  of	
  E-­‐cadherin	
  is	
  a	
  

feature	
  of	
  partial-­‐EMT	
  seen	
  at	
  cleft	
  sites	
  of	
  the	
  branching	
  salivary	
  gland	
  (Sakai,	
  Larsen	
  et	
  al.	
  

2003;	
  Onodera,	
  Sakai	
  et	
  al.	
  2010).	
  This	
   repression	
  or	
  dislocalization	
  of	
  E-­‐cadherin	
  has	
  also	
  

been	
  seen	
   in	
  the	
  mammary	
  gland	
  and	
   in	
  the	
  prostate	
  during	
  branching(Xue,	
  Smedts	
  et	
  al.	
  

2001;	
  Lee,	
  Gjorevski	
  et	
  al.	
  2011).	
  Additionally,	
  Leroy	
  et	
  al.	
  showed	
  that	
  the	
  distribution	
  of	
  E-­‐

cadherin	
   changes	
   in	
  branching	
  MDCK	
   cells	
  without	
   a	
  decrease	
   in	
   the	
   total	
   amount	
   (Leroy	
  

and	
  Mostov	
  2007).	
  Alternatively,	
  a	
  complete	
   loss	
  of	
  E-­‐cadherin	
  disrupts	
  epithelial	
   integrity	
  

and	
  promotes	
  the	
  individual	
  migration	
  of	
  cells	
  leading	
  to	
  disorganized	
  structures	
  such	
  as	
  in	
  

full	
   EMT.	
   In	
   addition	
   to	
   partial-­‐EMT,	
   epithelial	
   cell	
   plasticity	
   has	
   also	
   been	
  described	
   as	
   a	
  

process	
   called	
   collective	
   migration.	
   This	
   describes	
   the	
   movement	
   of	
   epithelial	
   cells	
   as	
   a	
  

group	
  while	
  they	
  are	
  still	
  somewhat	
  connected	
  and	
  has	
  been	
  shown	
  to	
  occur	
  in	
  mammary	
  

gland	
   morphogenesis	
   (Ewald,	
   Brenot	
   et	
   al.	
   2008).	
   Although	
   cell-­‐cell	
   junctions	
   connect	
  

epithelial	
   cells	
   undergoing	
   collective	
  migration	
   this	
   process	
   has	
  many	
   similarities	
   to	
   EMT	
  

such	
  as	
  alteration	
  of	
  polarity,	
  modification	
  of	
  the	
  extracellular	
  matrix	
  and	
  the	
  acquisition	
  of	
  

a	
  motile	
  phenotype	
  (Ewald,	
  Brenot	
  et	
  al.	
  2008).	
  These	
  similarities	
  suggest	
  that	
  the	
  partial-­‐

EMT	
  and	
  collective	
  migration	
  are	
  not	
  totally	
  independent	
  processes,	
  instead	
  they	
  represent	
  



75	
  

	
  

different	
  stages	
  in	
  the	
  spectrum	
  of	
  epithelial-­‐mesenchymal	
  properties.	
  The	
  data	
  on	
  partial-­‐

EMT	
   and	
   collective	
  migration	
   fits	
   nicely	
   to	
  my	
   observations	
  with	
   Spry-­‐2	
   in	
   branching	
   and	
  

EMT.	
   Interestingly,	
  when	
   I	
   knocked	
   down	
   Sprouty-­‐2	
   in	
   D492	
   cells	
   they	
   showed	
   increased	
  

abilities	
  to	
  undergo	
  EMT.	
  In	
  that	
  respect,	
  Sprouty-­‐2	
  seems	
  to	
  be	
  an	
  important	
  part	
  of	
  both	
  

the	
   branching	
   process	
   and	
   in	
   maintaining	
   epithelial	
   integrity.	
   Additionally,	
   these	
  

observations	
   further	
   support	
   a	
   role	
   for	
   partial-­‐EMT	
   in	
   the	
   branching	
   process	
   as	
   I	
   could	
  

influence	
   the	
   balance	
   of	
   branching	
   and	
   EMT	
   by	
   Spry-­‐2	
   KD	
   and	
   thus	
   a	
   loss	
   in	
   important	
  

negative	
  feedback	
  control.	
  

	
  

Concluding	
  remarks	
  and	
  future	
  perspcetives	
  

In	
  this	
  thesis	
  I	
  have	
  explored	
  the	
  impact	
  of	
  breast	
  endothelial	
  cells	
  on	
  breast	
  morphogenesis	
  

including	
   EMT.	
   I	
   have	
   also	
   analyzed	
   the	
   expression	
   pattern	
   of	
   Sprouty-­‐2	
   in	
   human	
   and	
  

mouse	
   mammary	
   gland	
   and	
   studied	
   how	
   downregulation	
   of	
   this	
   protein	
   affects	
   breast	
  

morphogenesis.	
   I	
   have	
   shown	
   that	
   BRENCs	
   stimulate	
   proliferation	
   and	
  morphogenesis	
   of	
  

normal	
   and	
   cancerous	
   breast	
   epithelial	
   cells	
   in	
   3D	
   rBM	
   culture.	
   Coculture	
   of	
   BRENCs	
   and	
  

D492,	
  a	
  breast	
  epithelial	
  stem	
  cell	
  line,	
  resulted	
  in	
  increased	
  branching	
  morphogenesis	
  and	
  

in	
   the	
   transition	
   towards	
   a	
  mesenchymal	
   phenotype.	
  My	
   data	
   indicate	
   that	
   BRENCs	
  may	
  

play	
  an	
  important	
  role	
  in	
  the	
  stem	
  cell	
  niche	
  in	
  the	
  human	
  breast	
  gland.	
  The	
  EMT	
  inducing	
  

effects	
  were,	
   at	
   least	
   partially,	
  mediated	
   through	
   endothelial	
   derived	
  HGF.	
   In	
   situ	
   studies	
  

showed	
  that	
  basal-­‐like	
  breast	
  cancers	
  contain	
  areas	
  with	
  an	
  EMT	
  phenotype	
  at	
  the	
  invading	
  

front	
   close	
   to	
   microvascular-­‐rich	
   areas.	
   To	
   explore	
   expressional	
   changes	
   of	
   Sprouty-­‐2	
   at	
  

critical	
  points	
  of	
  branching	
  morphogenesis	
  I	
  used	
  mammary	
  glands	
  of	
  virgin,	
  pregnant	
  and	
  

lactating	
   mice.	
   Sprouty-­‐2	
   expression	
   was	
   upregulated	
   during	
   pregnancy	
   but	
   reaching	
   its	
  

highest	
   level	
   during	
   lactation	
   and	
   this	
   expression	
   was	
   accompanied	
   by	
   expression	
   of	
  

pEGFR/Erk/MEK	
  pathway.	
  Interestingly,	
  similar	
  effects	
  were	
  seen	
  in	
  D492-­‐dervied	
  branching	
  

structures	
  in	
  3D	
  rBM	
  culture.	
  When	
  Sprouty-­‐2	
  was	
  knocked	
  down	
  in	
  D492,	
  marked	
  increase	
  

was	
  seen	
   in	
  branching	
   in	
  3D	
  culture	
   further	
  demonstrating	
   the	
  regulatory	
   role	
  of	
   sprouty.	
  

Interestingly,	
  I	
  could	
  show	
  that	
  Sprouty-­‐2	
  KD	
  cells	
  had	
  a	
  compromised	
  epithelial	
  integrity	
  as	
  

they	
  were	
  more	
  prone	
   to	
   undergo	
   epithelial	
   to	
  mesenchymal	
   transition	
   in	
   coculture	
  with	
  

endothelial	
  cells.	
  



76	
  

	
  

My	
  data	
   indicates	
  that	
  anti-­‐angiogenesis	
  and	
  anti	
  HGF/c-­‐MET	
  therapy	
  might	
  be	
  a	
  relevant	
  

choice	
   for	
   future	
   treatment	
   within	
   basal-­‐like	
   breast	
   cancers.	
   However,	
   additional	
  

endothelial-­‐derived	
   factors	
  might	
   be	
   involved	
   in	
   the	
   coculture	
   so	
   a	
  more	
   comprehensive	
  

analysis	
  must	
  be	
  conducted	
   in	
  vitro	
  and	
   in	
  vivo	
   in	
   the	
  near	
   future.	
  Additionally,	
  Sprouty-­‐2	
  

seems	
   to	
   be	
   critical	
   for	
   breast	
   epithelial	
   integrity	
   as	
   well	
   as	
   in	
   the	
   control	
   of	
   branching.	
  

Effects	
  of	
  the	
  other	
  human	
  Sprouty	
  proteins	
  (Sprouty-­‐1-­‐3-­‐4)	
  have	
  not	
  been	
  analyzed	
  in	
  this	
  

thesis	
   but	
   they	
   might	
   also	
   be	
   involved.	
   It	
   would	
   be	
   of	
   interest	
   to	
   look	
   closer	
   at	
   the	
  

expression	
  levels	
  of	
  Sprouty-­‐2	
  within	
  the	
  basal-­‐like	
  breast	
  cancers	
  and	
  see	
  if	
  their	
  absence	
  is	
  

a	
  marker	
  for	
  poor	
  prognosis.	
  	
  Finally,	
  my	
  preliminary	
  observation	
  that	
  miRNA	
  expression	
  is	
  

different	
  between	
  D492	
  and	
  D492M	
  suggest	
  their	
  role	
  in	
  epithelial	
  integrity	
  and	
  needs	
  to	
  be	
  

studied	
   further,	
   especially	
   the	
   Callipyge	
   locus	
   with	
   its	
   associated	
   miRNA	
   cluster	
   are	
   of	
  

particular	
   interest.	
   The	
   functional	
   role	
   of	
   the	
   Calipyge	
   locus	
   is	
   now	
   ongoing	
   at	
   the	
  

laboratory.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



77	
  

	
  

REFRENCES	
  
	
  

	
  

Afify,	
  A.,	
  P.	
  Purnell	
  and	
  L.	
  Nguyen	
  (2009).	
  "Role	
  of	
  CD44s	
  and	
  CD44v6	
  on	
  human	
  breast	
  cancer	
  cell	
  adhesion,	
  
migration,	
  and	
  invasion."	
  Exp	
  Mol	
  Pathol	
  86(2):	
  95-­‐100.	
  

Aird,	
  W.	
  C.	
  (2003).	
  "Endothelial	
  cell	
  heterogeneity."	
  Crit	
  Care	
  Med	
  31(4	
  Suppl):	
  S221-­‐230.	
  

Al-­‐Hajj,	
   M.,	
   M.	
   S.	
   Wicha,	
   A.	
   Benito-­‐Hernandez,	
   S.	
   J.	
   Morrison	
   and	
   M.	
   F.	
   Clarke	
   (2003).	
   "Prospective	
  
identification	
  of	
  tumorigenic	
  breast	
  cancer	
  cells."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  100(7):	
  3983-­‐3988.	
  

Amit,	
  I.,	
  A.	
  Citri,	
  T.	
  Shay,	
  Y.	
  Lu,	
  M.	
  Katz,	
  F.	
  Zhang,	
  G.	
  Tarcic,	
  D.	
  Siwak,	
  J.	
  Lahad,	
  J.	
  Jacob-­‐Hirsch,	
  N.	
  Amariglio,	
  N.	
  
Vaisman,	
   E.	
   Segal,	
  G.	
  Rechavi,	
  U.	
  Alon,	
  G.	
  B.	
  Mills,	
   E.	
  Domany	
  and	
  Y.	
   Yarden	
   (2007).	
   "A	
  module	
  of	
   negative	
  
feedback	
  regulators	
  defines	
  growth	
  factor	
  signaling."	
  Nat	
  Genet	
  39(4):	
  503-­‐512.	
  

Anbazhagan,	
  R.,	
  P.	
  P.	
  Osin,	
  J.	
  Bartkova,	
  B.	
  Nathan,	
  E.	
  B.	
  Lane	
  and	
  B.	
  A.	
  Gusterson	
  (1998).	
  "The	
  development	
  of	
  
epithelial	
  phenotypes	
  in	
  the	
  human	
  fetal	
  and	
  infant	
  breast."	
  J	
  Pathol	
  184(2):	
  197-­‐206.	
  

Andrew,	
   D.	
   J.	
   and	
   A.	
   J.	
   Ewald	
   (2010).	
   "Morphogenesis	
   of	
   epithelial	
   tubes:	
   Insights	
   into	
   tube	
   formation,	
  
elongation,	
  and	
  elaboration."	
  Dev	
  Biol	
  341(1):	
  34-­‐55.	
  

Arnaoutova,	
  I.,	
  J.	
  George,	
  H.	
  K.	
  Kleinman	
  and	
  G.	
  Benton	
  (2009).	
  "The	
  endothelial	
  cell	
  tube	
  formation	
  assay	
  on	
  
basement	
  membrane	
  turns	
  20:	
  state	
  of	
  the	
  science	
  and	
  the	
  art."	
  Angiogenesis	
  12(3):	
  267-­‐274.	
  

Badve,	
  S.,	
  D.	
  J.	
  Dabbs,	
  S.	
  J.	
  Schnitt,	
  F.	
  L.	
  Baehner,	
  T.	
  Decker,	
  V.	
  Eusebi,	
  S.	
  B.	
  Fox,	
  S.	
  Ichihara,	
  J.	
  Jacquemier,	
  S.	
  R.	
  
Lakhani,	
  J.	
  Palacios,	
  E.	
  A.	
  Rakha,	
  A.	
  L.	
  Richardson,	
  F.	
  C.	
  Schmitt,	
  P.	
  H.	
  Tan,	
  G.	
  M.	
  Tse,	
  B.	
  Weigelt,	
  I.	
  O.	
  Ellis	
  and	
  J.	
  
S.	
  Reis-­‐Filho	
   (2011).	
   "Basal-­‐like	
  and	
   triple-­‐negative	
  breast	
  cancers:	
  a	
  critical	
   review	
  with	
  an	
  emphasis	
  on	
   the	
  
implications	
  for	
  pathologists	
  and	
  oncologists."	
  Mod	
  Pathol	
  24(2):	
  157-­‐167.	
  

Balkwill,	
  F.	
  and	
  A.	
  Mantovani	
  (2001).	
  "Inflammation	
  and	
  cancer:	
  back	
  to	
  Virchow?"	
  Lancet	
  357(9255):	
  539-­‐545.	
  

Barcellos-­‐Hoff,	
  M.	
  H.,	
   J.	
   Aggeler,	
   T.	
  G.	
   Ram	
  and	
  M.	
   J.	
   Bissell	
   (1989).	
   "Functional	
   differentiation	
   and	
   alveolar	
  
morphogenesis	
  of	
  primary	
  mammary	
  cultures	
  on	
   reconstituted	
  basement	
  membrane."	
  Development	
  105(2):	
  
223-­‐235.	
  

Barth,	
  P.	
  J.,	
  S.	
  Ebrahimsade,	
  A.	
  Ramaswamy	
  and	
  R.	
  Moll	
  (2002).	
  "CD34+	
  fibrocytes	
  in	
  invasive	
  ductal	
  carcinoma,	
  
ductal	
  carcinoma	
  in	
  situ,	
  and	
  benign	
  breast	
  lesions."	
  Virchows	
  Arch	
  440(3):	
  298-­‐303.	
  

Basson,	
  M.	
  A.,	
  S.	
  Akbulut,	
  J.	
  Watson-­‐Johnson,	
  R.	
  Simon,	
  T.	
  J.	
  Carroll,	
  R.	
  Shakya,	
  I.	
  Gross,	
  G.	
  R.	
  Martin,	
  T.	
  Lufkin,	
  
A.	
  P.	
  McMahon,	
  P.	
  D.	
  Wilson,	
  F.	
  D.	
  Costantini,	
  I.	
  J.	
  Mason	
  and	
  J.	
  D.	
  Licht	
  (2005).	
  "Sprouty1	
  is	
  a	
  critical	
  regulator	
  
of	
  GDNF/RET-­‐mediated	
  kidney	
  induction."	
  Dev	
  Cell	
  8(2):	
  229-­‐239.	
  

Benelli,	
   R.,	
   G.	
   Lorusso,	
   A.	
   Albini	
   and	
   D.	
   M.	
   Noonan	
   (2006).	
   "Cytokines	
   and	
   chemokines	
   as	
   regulators	
   of	
  
angiogenesis	
  in	
  health	
  and	
  disease."	
  Curr	
  Pharm	
  Des	
  12(24):	
  3101-­‐3115.	
  

Benetatos,	
   L.,	
   G.	
   Vartholomatos	
   and	
   E.	
   Hatzimichael	
   (2011).	
   "MEG3	
   imprinted	
   gene	
   contribution	
   in	
  
tumorigenesis."	
  Int	
  J	
  Cancer	
  129(4):	
  773-­‐779.	
  

Blick,	
  T.,	
  H.	
  Hugo,	
  E.	
  Widodo,	
  M.	
  Waltham,	
  C.	
  Pinto,	
  S.	
  A.	
  Mani,	
  R.	
  A.	
  Weinberg,	
  R.	
  M.	
  Neve,	
  M.	
  E.	
  Lenburg	
  and	
  
E.	
  W.	
  Thompson	
  (2010).	
  "Epithelial	
  mesenchymal	
  transition	
  traits	
  in	
  human	
  breast	
  cancer	
  cell	
  lines	
  parallel	
  the	
  
CD44(hi/)CD24	
   (lo/-­‐)	
   stem	
  cell	
   phenotype	
   in	
  human	
  breast	
   cancer."	
   J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  15(2):	
  
235-­‐252.	
  



78	
  

	
  

Blick,	
  T.,	
  E.	
  Widodo,	
  H.	
  Hugo,	
  M.	
  Waltham,	
  M.	
  E.	
  Lenburg,	
  R.	
  M.	
  Neve	
  and	
  E.	
  W.	
  Thompson	
  (2008).	
  "Epithelial	
  
mesenchymal	
  transition	
  traits	
  in	
  human	
  breast	
  cancer	
  cell	
  lines."	
  Clin	
  Exp	
  Metastasis	
  25(6):	
  629-­‐642.	
  

Bocker,	
  W.,	
   R.	
  Moll,	
   C.	
   Poremba,	
   R.	
   Holland,	
   P.	
   J.	
   Van	
   Diest,	
   P.	
   Dervan,	
   H.	
   Burger,	
   D.	
  Wai,	
   R.	
   Ina	
   Diallo,	
   B.	
  
Brandt,	
   H.	
   Herbst,	
   A.	
   Schmidt,	
  M.	
  M.	
   Lerch	
   and	
   I.	
   B.	
   Buchwallow	
   (2002).	
   "Common	
   adult	
   stem	
   cells	
   in	
   the	
  
human	
  breast	
  give	
  rise	
  to	
  glandular	
  and	
  myoepithelial	
  cell	
  lineages:	
  a	
  new	
  cell	
  biological	
  concept."	
  Lab	
  Invest	
  
82(6):	
  737-­‐746.	
  

Brabletz,	
   S.,	
   K.	
   Bajdak,	
   S.	
   Meidhof,	
   U.	
   Burk,	
   G.	
   Niedermann,	
   E.	
   Firat,	
   U.	
   Wellner,	
   A.	
   Dimmler,	
   G.	
   Faller,	
   J.	
  
Schubert	
  and	
  T.	
  Brabletz	
  (2011).	
  "The	
  ZEB1/miR-­‐200	
  feedback	
   loop	
  controls	
  Notch	
  signalling	
   in	
  cancer	
  cells."	
  
EMBO	
  J	
  30(4):	
  770-­‐782.	
  

Brabletz,	
   S.	
   and	
   T.	
   Brabletz	
   (2010).	
   "The	
   ZEB/miR-­‐200	
   feedback	
   loop-­‐-­‐a	
   motor	
   of	
   cellular	
   plasticity	
   in	
  
development	
  and	
  cancer?"	
  EMBO	
  Rep	
  11(9):	
  670-­‐677.	
  

Brabletz,	
  T.,	
  A.	
  Jung,	
  S.	
  Reu,	
  M.	
  Porzner,	
  F.	
  Hlubek,	
  L.	
  A.	
  Kunz-­‐Schughart,	
  R.	
  Knuechel	
  and	
  T.	
  Kirchner	
  (2001).	
  
"Variable	
   beta-­‐catenin	
   expression	
   in	
   colorectal	
   cancers	
   indicates	
   tumor	
   progression	
   driven	
   by	
   the	
   tumor	
  
environment."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  98(18):	
  10356-­‐10361.	
  

Butler,	
   J.	
  M.,	
   H.	
   Kobayashi	
   and	
   S.	
   Rafii	
   (2010).	
   "Instructive	
   role	
   of	
   the	
   vascular	
   niche	
   in	
   promoting	
   tumour	
  
growth	
  and	
  tissue	
  repair	
  by	
  angiocrine	
  factors."	
  Nature	
  reviews.	
  Cancer	
  10(2):	
  138-­‐146.	
  

Butler,	
  J.	
  M.,	
  D.	
  J.	
  Nolan,	
  E.	
  L.	
  Vertes,	
  B.	
  Varnum-­‐Finney,	
  H.	
  Kobayashi,	
  A.	
  T.	
  Hooper,	
  M.	
  Seandel,	
  K.	
  Shido,	
  I.	
  A.	
  
White,	
  M.	
  Kobayashi,	
  L.	
  Witte,	
  C.	
  May,	
  C.	
  Shawber,	
  Y.	
  Kimura,	
  J.	
  Kitajewski,	
  Z.	
  Rosenwaks,	
  I.	
  D.	
  Bernstein	
  and	
  S.	
  
Rafii	
   (2010).	
   "Endothelial	
   cells	
   are	
   essential	
   for	
   the	
   self-­‐renewal	
   and	
   repopulation	
   of	
   Notch-­‐dependent	
  
hematopoietic	
  stem	
  cells."	
  Cell	
  Stem	
  Cell	
  6(3):	
  251-­‐264.	
  

Cabrita,	
  M.	
  A.	
  and	
  G.	
  Christofori	
  (2008).	
  "Sprouty	
  proteins,	
  masterminds	
  of	
  receptor	
  tyrosine	
  kinase	
  signaling."	
  
Angiogenesis	
  11(1):	
  53-­‐62.	
  

Calabrese,	
  C.,	
  H.	
  Poppleton,	
  M.	
  Kocak,	
  T.	
  L.	
  Hogg,	
  C.	
  Fuller,	
  B.	
  Hamner,	
  E.	
  Y.	
  Oh,	
  M.	
  W.	
  Gaber,	
  D.	
  Finklestein,	
  M.	
  
Allen,	
   A.	
   Frank,	
   I.	
   T.	
   Bayazitov,	
   S.	
   S.	
   Zakharenko,	
   A.	
   Gajjar,	
   A.	
   Davidoff	
   and	
   R.	
   J.	
   Gilbertson	
   (2007).	
   "A	
  
perivascular	
  niche	
  for	
  brain	
  tumor	
  stem	
  cells."	
  Cancer	
  Cell	
  11(1):	
  69-­‐82.	
  

Camp,	
  R.	
  L.,	
  E.	
  B.	
  Rimm	
  and	
  D.	
  L.	
  Rimm	
  (1999).	
  "Met	
  expression	
  is	
  associated	
  with	
  poor	
  outcome	
  in	
  patients	
  
with	
  axillary	
  lymph	
  node	
  negative	
  breast	
  carcinoma."	
  Cancer	
  86(11):	
  2259-­‐2265.	
  

Camps,	
   J.	
   L.,	
   S.	
  M.	
  Chang,	
   T.	
  C.	
  Hsu,	
  M.	
  R.	
   Freeman,	
   S.	
   J.	
  Hong,	
  H.	
   E.	
   Zhau,	
  A.	
  C.	
   von	
  Eschenbach	
  and	
   L.	
  W.	
  
Chung	
  (1990).	
  "Fibroblast-­‐mediated	
  acceleration	
  of	
  human	
  epithelial	
  tumor	
  growth	
  in	
  vivo."	
  Proc	
  Natl	
  Acad	
  Sci	
  
U	
  S	
  A	
  87(1):	
  75-­‐79.	
  

Cardiff,	
  R.	
  D.	
  and	
  S.	
  R.	
  Wellings	
  (1999).	
  "The	
  comparative	
  pathology	
  of	
  human	
  and	
  mouse	
  mammary	
  glands."	
  J	
  
Mammary	
  Gland	
  Biol	
  Neoplasia	
  4(1):	
  105-­‐122.	
  

Carmeliet,	
  P.	
  (2005).	
  "Angiogenesis	
  in	
  life,	
  disease	
  and	
  medicine."	
  Nature	
  438(7070):	
  932-­‐936.	
  

Carmeliet,	
  P.	
  and	
  R.	
  K.	
  Jain	
  (2011).	
  "Molecular	
  mechanisms	
  and	
  clinical	
  applications	
  of	
  angiogenesis."	
  Nature	
  
473(7347):	
  298-­‐307.	
  

Casci,	
  T.,	
  J.	
  Vinos	
  and	
  M.	
  Freeman	
  (1999).	
  "Sprouty,	
  an	
  intracellular	
  inhibitor	
  of	
  Ras	
  signaling."	
  Cell	
  96(5):	
  655-­‐
665.	
  

Cassavaugh,	
  J.	
  and	
  K.	
  M.	
  Lounsbury	
  (2011).	
  "Hypoxia-­‐mediated	
  biological	
  control."	
  J	
  Cell	
  Biochem	
  112(3):	
  735-­‐
744.	
  



79	
  

	
  

Charafe-­‐Jauffret,	
   E.,	
   C.	
   Ginestier,	
   F.	
   Monville,	
   P.	
   Finetti,	
   J.	
   Adelaide,	
   N.	
   Cervera,	
   S.	
   Fekairi,	
   L.	
   Xerri,	
   J.	
  
Jacquemier,	
   D.	
   Birnbaum	
   and	
   F.	
   Bertucci	
   (2006).	
   "Gene	
   expression	
   profiling	
   of	
   breast	
   cell	
   lines	
   identifies	
  
potential	
  new	
  basal	
  markers."	
  Oncogene	
  25(15):	
  2273-­‐2284.	
  

Cheng,	
  N.,	
  N.	
  A.	
  Bhowmick,	
  A.	
  Chytil,	
  A.	
  E.	
  Gorksa,	
  K.	
  A.	
  Brown,	
  R.	
  Muraoka,	
  C.	
  L.	
  Arteaga,	
  E.	
  G.	
  Neilson,	
  S.	
  W.	
  
Hayward	
   and	
   H.	
   L.	
   Moses	
   (2005).	
   "Loss	
   of	
   TGF-­‐beta	
   type	
   II	
   receptor	
   in	
   fibroblasts	
   promotes	
   mammary	
  
carcinoma	
   growth	
   and	
   invasion	
   through	
   upregulation	
   of	
   TGF-­‐alpha-­‐,	
   MSP-­‐	
   and	
   HGF-­‐mediated	
   signaling	
  
networks."	
  Oncogene	
  24(32):	
  5053-­‐5068.	
  

Cheng,	
  N.,	
  A.	
  Chytil,	
  Y.	
  Shyr,	
  A.	
  Joly	
  and	
  H.	
  L.	
  Moses	
  (2007).	
  "Enhanced	
  hepatocyte	
  growth	
  factor	
  signaling	
  by	
  
type	
   II	
   transforming	
   growth	
   factor-­‐beta	
   receptor	
   knockout	
   fibroblasts	
   promotes	
   mammary	
   tumorigenesis."	
  
Cancer	
  Res	
  67(10):	
  4869-­‐4877.	
  

Chu,	
  S.	
  H.,	
  D.	
  F.	
  Feng,	
  Y.	
  B.	
  Ma,	
  Z.	
  A.	
  Zhu,	
  H.	
  Zhang	
  and	
  J.	
  H.	
  Qiu	
  (2009).	
  "Stabilization	
  of	
  hepatocyte	
  growth	
  
factor	
  mRNA	
  by	
  hypoxia-­‐inducible	
  factor	
  1."	
  Mol	
  Biol	
  Rep	
  36(7):	
  1967-­‐1975.	
  

Clarke,	
  R.	
  B.,	
  A.	
  Howell,	
  C.	
  S.	
  Potten	
  and	
  E.	
  Anderson	
  (1997).	
  "Dissociation	
  between	
  steroid	
  receptor	
  expression	
  
and	
  cell	
  proliferation	
  in	
  the	
  human	
  breast."	
  Cancer	
  Res	
  57(22):	
  4987-­‐4991.	
  

Clarke,	
  R.	
  B.,	
  K.	
  Spence,	
  E.	
  Anderson,	
  A.	
  Howell,	
  H.	
  Okano	
  and	
  C.	
  S.	
  Potten	
  (2005).	
  "A	
  putative	
  human	
  breast	
  
stem	
  cell	
  population	
  is	
  enriched	
  for	
  steroid	
  receptor-­‐positive	
  cells."	
  Dev	
  Biol	
  277(2):	
  443-­‐456.	
  

Clayton,	
  H.,	
  I.	
  Titley	
  and	
  M.	
  Vivanco	
  (2004).	
  "Growth	
  and	
  differentiation	
  of	
  progenitor/stem	
  cells	
  derived	
  from	
  
the	
  human	
  mammary	
  gland."	
  Exp	
  Cell	
  Res	
  297(2):	
  444-­‐460.	
  

Coleman,	
  S.,	
  G.	
  B.	
  Silberstein	
  and	
  C.	
  W.	
  Daniel	
  (1988).	
  "Ductal	
  morphogenesis	
  in	
  the	
  mouse	
  mammary	
  gland:	
  
evidence	
  supporting	
  a	
  role	
  for	
  epidermal	
  growth	
  factor."	
  Dev	
  Biol	
  127(2):	
  304-­‐315.	
  

Coussens,	
  L.	
  M.,	
  C.	
  L.	
  Tinkle,	
  D.	
  Hanahan	
  and	
  Z.	
  Werb	
  (2000).	
  "MMP-­‐9	
  supplied	
  by	
  bone	
  marrow-­‐derived	
  cells	
  
contributes	
  to	
  skin	
  carcinogenesis."	
  Cell	
  103(3):	
  481-­‐490.	
  

Cowin,	
   P.	
   and	
   J.	
   Wysolmerski	
   (2010).	
   "Molecular	
   mechanisms	
   guiding	
   embryonic	
   mammary	
   gland	
  
development."	
  Cold	
  Spring	
  Harb	
  Perspect	
  Biol	
  2(6):	
  a003251.	
  

Dabrosin,	
  C.	
   (2003).	
   "Variability	
  of	
   vascular	
  endothelial	
   growth	
   factor	
   in	
  normal	
  human	
  breast	
   tissue	
   in	
   vivo	
  
during	
  the	
  menstrual	
  cycle."	
  J	
  Clin	
  Endocrinol	
  Metab	
  88(6):	
  2695-­‐2698.	
  

Damasceno,	
  M.	
  (2011).	
  "Bevacizumab	
  for	
  the	
  first-­‐line	
  treatment	
  of	
  human	
  epidermal	
  growth	
  factor	
  receptor	
  
2-­‐negative	
  advanced	
  breast	
  cancer."	
  Curr	
  Opin	
  Oncol	
  23	
  Suppl:	
  S3-­‐9.	
  

Daniel,	
  C.	
  W.,	
  G.	
  B.	
  Silberstein	
  and	
  P.	
  Strickland	
  (1987).	
  "Direct	
  action	
  of	
  17	
  beta-­‐estradiol	
  on	
  mouse	
  mammary	
  
ducts	
  analyzed	
  by	
  sustained	
  release	
  implants	
  and	
  steroid	
  autoradiography."	
  Cancer	
  Res	
  47(22):	
  6052-­‐6057.	
  

Daniel,	
  C.	
  W.,	
  L.	
   J.	
  Young,	
  D.	
  Medina	
  and	
  K.	
  B.	
  DeOme	
  (1971).	
  "The	
   influence	
  of	
  mammogenic	
  hormones	
  on	
  
serially	
  transplanted	
  mouse	
  mammary	
  gland."	
  Exp	
  Gerontol	
  6(1):	
  95-­‐101.	
  

Davies,	
  J.	
  A.	
  (2002).	
  "Do	
  different	
  branching	
  epithelia	
  use	
  a	
  conserved	
  developmental	
  mechanism?"	
  Bioessays	
  
24(10):	
  937-­‐948.	
  

De	
   Laurentiis,	
  M.,	
   D.	
   Cianniello,	
   R.	
   Caputo,	
   B.	
   Stanzione,	
   G.	
   Arpino,	
   S.	
   Cinieri,	
   V.	
   Lorusso	
   and	
   S.	
   De	
   Placido	
  
(2010).	
  "Treatment	
  of	
  triple	
  negative	
  breast	
  cancer	
  (TNBC):	
  current	
  options	
  and	
  future	
  perspectives."	
  Cancer	
  
Treat	
  Rev	
  36	
  Suppl	
  3:	
  S80-­‐86.	
  

de	
  Ruijter,	
   T.	
   C.,	
   J.	
   Veeck,	
   J.	
   P.	
   de	
  Hoon,	
  M.	
   van	
  Engeland	
  and	
  V.	
   C.	
   Tjan-­‐Heijnen	
   (2011).	
   "Characteristics	
   of	
  
triple-­‐negative	
  breast	
  cancer."	
  J	
  Cancer	
  Res	
  Clin	
  Oncol	
  137(2):	
  183-­‐192.	
  



80	
  

	
  

De	
  Wever,	
  O.,	
  P.	
  Pauwels,	
  B.	
  De	
  Craene,	
  M.	
  Sabbah,	
  S.	
  Emami,	
  G.	
  Redeuilh,	
  C.	
  Gespach,	
  M.	
  Bracke	
  and	
  G.	
  Berx	
  
(2008).	
   "Molecular	
   and	
   pathological	
   signatures	
   of	
   epithelial-­‐mesenchymal	
   transitions	
   at	
   the	
   cancer	
   invasion	
  
front."	
  Histochem	
  Cell	
  Biol	
  130(3):	
  481-­‐494.	
  

Deome,	
   K.	
   B.,	
   L.	
   J.	
   Faulkin,	
   Jr.,	
   H.	
   A.	
   Bern	
   and	
   P.	
   B.	
   Blair	
   (1959).	
   "Development	
   of	
  mammary	
   tumors	
   from	
  
hyperplastic	
  alveolar	
  nodules	
  transplanted	
  into	
  gland-­‐free	
  mammary	
  fat	
  pads	
  of	
  female	
  C3H	
  mice."	
  Cancer	
  Res	
  
19(5):	
  515-­‐520.	
  

Dikic,	
  I.	
  and	
  S.	
  Giordano	
  (2003).	
  "Negative	
  receptor	
  signalling."	
  Curr	
  Opin	
  Cell	
  Biol	
  15(2):	
  128-­‐135.	
  

Dillon,	
   C.,	
   B.	
   Spencer-­‐Dene	
   and	
   C.	
   Dickson	
   (2004).	
   "A	
   crucial	
   role	
   for	
   fibroblast	
   growth	
   factor	
   signaling	
   in	
  
embryonic	
  mammary	
  gland	
  development."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  9(2):	
  207-­‐215.	
  

Djonov,	
  V.,	
  A.	
  C.	
  Andres	
  and	
  A.	
  Ziemiecki	
  (2001).	
  "Vascular	
  remodelling	
  during	
  the	
  normal	
  and	
  malignant	
   life	
  
cycle	
  of	
  the	
  mammary	
  gland."	
  Microsc	
  Res	
  Tech	
  52(2):	
  182-­‐189.	
  

Dontu,	
  G.,	
  K.	
  W.	
   Jackson,	
  E.	
  McNicholas,	
  M.	
   J.	
  Kawamura,	
  W.	
  M.	
  Abdallah	
  and	
  M.	
  S.	
  Wicha	
   (2004).	
   "Role	
  of	
  
Notch	
  signaling	
  in	
  cell-­‐fate	
  determination	
  of	
  human	
  mammary	
  stem/progenitor	
  cells."	
  Breast	
  Cancer	
  Res	
  6(6):	
  
R605-­‐615.	
  

Edakuni,	
  G.,	
  E.	
  Sasatomi,	
  T.	
  Satoh,	
  O.	
  Tokunaga	
  and	
  K.	
  Miyazaki	
  (2001).	
  "Expression	
  of	
  the	
  hepatocyte	
  growth	
  
factor/c-­‐Met	
  pathway	
  is	
  increased	
  at	
  the	
  cancer	
  front	
  in	
  breast	
  carcinoma."	
  Pathol	
  Int	
  51(3):	
  172-­‐178.	
  

Edwin,	
   F.,	
   K.	
   Anderson,	
   C.	
   Ying	
   and	
   T.	
   B.	
   Patel	
   (2009).	
   "Intermolecular	
   interactions	
   of	
   Sprouty	
   proteins	
   and	
  
their	
  implications	
  in	
  development	
  and	
  disease."	
  Mol	
  Pharmacol	
  76(4):	
  679-­‐691.	
  

Elenbaas,	
  B.	
  and	
  R.	
  A.	
  Weinberg	
  (2001).	
  "Heterotypic	
  signaling	
  between	
  epithelial	
  tumor	
  cells	
  and	
  fibroblasts	
  in	
  
carcinoma	
  formation."	
  Exp	
  Cell	
  Res	
  264(1):	
  169-­‐184.	
  

Elliott,	
   B.	
   E.,	
  W.	
   L.	
   Hung,	
   A.	
   H.	
   Boag	
   and	
   A.	
   B.	
   Tuck	
   (2002).	
   "The	
   role	
   of	
   hepatocyte	
   growth	
   factor	
   (scatter	
  
factor)	
  in	
  epithelial-­‐mesenchymal	
  transition	
  and	
  breast	
  cancer."	
  Can	
  J	
  Physiol	
  Pharmacol	
  80(2):	
  91-­‐102.	
  

Ewald,	
   A.	
   J.,	
   A.	
   Brenot,	
  M.	
   Duong,	
   B.	
   S.	
   Chan	
   and	
   Z.	
  Werb	
   (2008).	
   "Collective	
   epithelial	
   migration	
   and	
   cell	
  
rearrangements	
  drive	
  mammary	
  branching	
  morphogenesis."	
  Dev	
  Cell	
  14(4):	
  570-­‐581.	
  

Fata,	
   J.	
  E.,	
  Z.	
  Werb	
  and	
  M.	
  J.	
  Bissell	
   (2004).	
  "Regulation	
  of	
  mammary	
  gland	
  branching	
  morphogenesis	
  by	
  the	
  
extracellular	
  matrix	
  and	
  its	
  remodeling	
  enzymes."	
  Breast	
  Cancer	
  Res	
  6(1):	
  1-­‐11.	
  

Feldman,	
   M.,	
   W.	
   Ruan,	
   I.	
   Tappin,	
   R.	
   Wieczorek	
   and	
   D.	
   L.	
   Kleinberg	
   (1999).	
   "The	
   effect	
   of	
   GH	
   on	
   estrogen	
  
receptor	
  expression	
  in	
  the	
  rat	
  mammary	
  gland."	
  J	
  Endocrinol	
  163(3):	
  515-­‐522.	
  

Fendrick,	
   J.	
   L.,	
   A.	
  M.	
   Raafat	
   and	
   S.	
   Z.	
   Haslam	
   (1998).	
   "Mammary	
   gland	
   growth	
   and	
   development	
   from	
   the	
  
postnatal	
   period	
   to	
   postmenopause:	
   ovarian	
   steroid	
   receptor	
   ontogeny	
   and	
   regulation	
   in	
   the	
   mouse."	
   J	
  
Mammary	
  Gland	
  Biol	
  Neoplasia	
  3(1):	
  7-­‐22.	
  

Folkman,	
  J.	
  (1998).	
  "Antiangiogenic	
  gene	
  therapy."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  95(16):	
  9064-­‐9066.	
  

Folkman,	
  J.	
  (2003).	
  "Angiogenesis	
  and	
  apoptosis."	
  Semin	
  Cancer	
  Biol	
  13(2):	
  159-­‐167.	
  

Forsythe,	
  J.	
  A.,	
  B.	
  H.	
  Jiang,	
  N.	
  V.	
  Iyer,	
  F.	
  Agani,	
  S.	
  W.	
  Leung,	
  R.	
  D.	
  Koos	
  and	
  G.	
  L.	
  Semenza	
  (1996).	
  "Activation	
  of	
  
vascular	
  endothelial	
  growth	
  factor	
  gene	
  transcription	
  by	
  hypoxia-­‐inducible	
  factor	
  1."	
  Mol	
  Cell	
  Biol	
  16(9):	
  4604-­‐
4613.	
  

Franci,	
  C.,	
  M.	
  Takkunen,	
  N.	
  Dave,	
  F.	
  Alameda,	
  S.	
  Gomez,	
  R.	
  Rodriguez,	
  M.	
  Escriva,	
  B.	
  Montserrat-­‐Sentis,	
  T.	
  Baro,	
  
M.	
   Garrido,	
   F.	
   Bonilla,	
   I.	
   Virtanen	
   and	
   A.	
   Garcia	
   de	
   Herreros	
   (2006).	
   "Expression	
   of	
   Snail	
   protein	
   in	
   tumor-­‐
stroma	
  interface."	
  Oncogene	
  25(37):	
  5134-­‐5144.	
  



81	
  

	
  

Franzdottir,	
   S.	
   R.,	
   I.	
   T.	
   Axelsson,	
   A.	
   J.	
   Arason,	
   O.	
   Baldursson,	
   T.	
   Gudjonsson	
   and	
   M.	
   K.	
   Magnusson	
   (2010).	
  
"Airway	
  branching	
  morphogenesis	
  in	
  three	
  dimensional	
  culture."	
  Respir	
  Res	
  11:	
  162.	
  

Gao,	
  M.	
  Q.,	
  B.	
  G.	
  Kim,	
  S.	
  Kang,	
  Y.	
  P.	
  Choi,	
  H.	
  Park,	
  K.	
  S.	
  Kang	
  and	
  N.	
  H.	
  Cho	
  (2010).	
  "Stromal	
  fibroblasts	
  from	
  the	
  
interface	
   zone	
  of	
   human	
  breast	
   carcinomas	
   induce	
   an	
   epithelial-­‐mesenchymal	
   transition-­‐like	
   state	
   in	
   breast	
  
cancer	
  cells	
  in	
  vitro."	
  J	
  Cell	
  Sci	
  123(Pt	
  20):	
  3507-­‐3514.	
  

Gastaldi,	
  S.,	
  P.	
  M.	
  Comoglio	
  and	
  L.	
  Trusolino	
  (2010).	
  "The	
  Met	
  oncogene	
  and	
  basal-­‐like	
  breast	
  cancer:	
  another	
  
culprit	
  to	
  watch	
  out	
  for?"	
  Breast	
  Cancer	
  Res	
  12(4):	
  208.	
  

Giannoni,	
  E.,	
  F.	
  Bianchini,	
  L.	
  Masieri,	
  S.	
  Serni,	
  E.	
  Torre,	
  L.	
  Calorini	
  and	
  P.	
  Chiarugi	
  (2010).	
  "Reciprocal	
  activation	
  
of	
   prostate	
   cancer	
   cells	
   and	
   cancer-­‐associated	
   fibroblasts	
   stimulates	
   epithelial-­‐mesenchymal	
   transition	
   and	
  
cancer	
  stemness."	
  Cancer	
  Res	
  70(17):	
  6945-­‐6956.	
  

Giatromanolaki,	
  A.,	
  E.	
  Sivridis,	
  A.	
  Fiska	
  and	
  M.	
  I.	
  Koukourakis	
  (2010).	
  "The	
  CD44+/CD24-­‐	
  phenotype	
  relates	
  to	
  
'triple-­‐negative'	
  state	
  and	
  unfavorable	
  prognosis	
  in	
  breast	
  cancer	
  patients."	
  Med	
  Oncol.	
  

Gibbons,	
  D.	
  L.,	
  W.	
  Lin,	
  C.	
  J.	
  Creighton,	
  Z.	
  H.	
  Rizvi,	
  P.	
  A.	
  Gregory,	
  G.	
  J.	
  Goodall,	
  N.	
  Thilaganathan,	
  L.	
  Du,	
  Y.	
  Zhang,	
  
A.	
  Pertsemlidis	
  and	
  J.	
  M.	
  Kurie	
  (2009).	
  "Contextual	
  extracellular	
  cues	
  promote	
  tumor	
  cell	
  EMT	
  and	
  metastasis	
  
by	
  regulating	
  miR-­‐200	
  family	
  expression."	
  Genes	
  Dev	
  23(18):	
  2140-­‐2151.	
  

Ginestier,	
  C.,	
  M.	
  H.	
  Hur,	
  E.	
  Charafe-­‐Jauffret,	
  F.	
  Monville,	
   J.	
  Dutcher,	
  M.	
  Brown,	
   J.	
   Jacquemier,	
  P.	
  Viens,	
  C.	
  G.	
  
Kleer,	
  S.	
  Liu,	
  A.	
  Schott,	
  D.	
  Hayes,	
  D.	
  Birnbaum,	
  M.	
  S.	
  Wicha	
  and	
  G.	
  Dontu	
  (2007).	
  "ALDH1	
  is	
  a	
  marker	
  of	
  normal	
  
and	
  malignant	
  human	
  mammary	
  stem	
  cells	
  and	
  a	
  predictor	
  of	
  poor	
  clinical	
  outcome."	
  Cell	
  Stem	
  Cell	
  1(5):	
  555-­‐
567.	
  

Going,	
   J.	
   J.,	
   T.	
   J.	
   Anderson,	
   S.	
   Battersby	
   and	
   C.	
   C.	
  MacIntyre	
   (1988).	
   "Proliferative	
   and	
   secretory	
   activity	
   in	
  
human	
  breast	
  during	
  natural	
  and	
  artificial	
  menstrual	
  cycles."	
  Am	
  J	
  Pathol	
  130(1):	
  193-­‐204.	
  

Gong,	
   C.,	
   H.	
   Yao,	
  Q.	
   Liu,	
   J.	
   Chen,	
   J.	
   Shi,	
   F.	
   Su	
   and	
   E.	
   Song	
   (2010).	
   "Markers	
   of	
   tumor-­‐initiating	
   cells	
   predict	
  
chemoresistance	
  in	
  breast	
  cancer."	
  PLoS	
  One	
  5(12):	
  e15630.	
  

Gregory,	
  P.	
  A.,	
  A.	
  G.	
  Bert,	
  E.	
  L.	
  Paterson,	
  S.	
  C.	
  Barry,	
  A.	
  Tsykin,	
  G.	
  Farshid,	
  M.	
  A.	
  Vadas,	
  Y.	
  Khew-­‐Goodall	
  and	
  G.	
  
J.	
  Goodall	
  (2008).	
  "The	
  miR-­‐200	
  family	
  and	
  miR-­‐205	
  regulate	
  epithelial	
  to	
  mesenchymal	
  transition	
  by	
  targeting	
  
ZEB1	
  and	
  SIP1."	
  Nat	
  Cell	
  Biol	
  10(5):	
  593-­‐601.	
  

Gregory,	
   P.	
   A.,	
   C.	
   P.	
   Bracken,	
   A.	
   G.	
   Bert	
   and	
   G.	
   J.	
   Goodall	
   (2008).	
   "MicroRNAs	
   as	
   regulators	
   of	
   epithelial-­‐
mesenchymal	
  transition."	
  Cell	
  Cycle	
  7(20):	
  3112-­‐3118.	
  

Gross,	
   I.,	
   B.	
   Bassit,	
  M.	
   Benezra	
   and	
   J.	
   D.	
   Licht	
   (2001).	
   "Mammalian	
   sprouty	
   proteins	
   inhibit	
   cell	
   growth	
   and	
  
differentiation	
  by	
  preventing	
  ras	
  activation."	
  J	
  Biol	
  Chem	
  276(49):	
  46460-­‐46468.	
  

Grotegut,	
  S.,	
  D.	
  von	
  Schweinitz,	
  G.	
  Christofori	
  and	
  F.	
  Lehembre	
  (2006).	
  "Hepatocyte	
  growth	
  factor	
  induces	
  cell	
  
scattering	
  through	
  MAPK/Egr-­‐1-­‐mediated	
  upregulation	
  of	
  Snail."	
  EMBO	
  J	
  25(15):	
  3534-­‐3545.	
  

Gudjonsson,	
  T.,	
  M.	
  C.	
  Adriance,	
  M.	
  D.	
  Sternlicht,	
  O.	
  W.	
  Petersen	
  and	
  M.	
  J.	
  Bissell	
  (2005).	
  "Myoepithelial	
  cells:	
  
their	
  origin	
  and	
  function	
  in	
  breast	
  morphogenesis	
  and	
  neoplasia."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  10(3):	
  261-­‐
272.	
  

Gudjonsson,	
  T.	
  and	
  M.	
  K.	
  Magnusson	
  (2005).	
  "Stem	
  cell	
  biology	
  and	
  the	
  cellular	
  pathways	
  of	
  carcinogenesis."	
  
APMIS	
  113(11-­‐12):	
  922-­‐929.	
  

Gudjonsson,	
  T.,	
  L.	
  Ronnov-­‐Jessen,	
  R.	
  Villadsen,	
  F.	
  Rank,	
  M.	
  J.	
  Bissell	
  and	
  O.	
  W.	
  Petersen	
  (2002).	
  "Normal	
  and	
  
tumor-­‐derived	
   myoepithelial	
   cells	
   differ	
   in	
   their	
   ability	
   to	
   interact	
   with	
   luminal	
   breast	
   epithelial	
   cells	
   for	
  
polarity	
  and	
  basement	
  membrane	
  deposition."	
  J	
  Cell	
  Sci	
  115(Pt	
  1):	
  39-­‐50.	
  



82	
  

	
  

Gudjonsson,	
  T.,	
  R.	
  Villadsen,	
  H.	
  L.	
  Nielsen,	
  L.	
  Ronnov-­‐Jessen,	
  M.	
  J.	
  Bissell	
  and	
  O.	
  W.	
  Petersen	
  (2002).	
  "Isolation,	
  
immortalization,	
  and	
  characterization	
  of	
  a	
  human	
  breast	
  epithelial	
  cell	
   line	
  with	
  stem	
  cell	
  properties."	
  Genes	
  
Dev	
  16(6):	
  693-­‐706.	
  

Gudjonsson,	
  T.,	
  R.	
  Villadsen,	
  L.	
  Ronnov-­‐Jessen	
  and	
  O.	
  W.	
  Petersen	
  (2004).	
  "Immortalization	
  protocols	
  used	
  in	
  
cell	
  culture	
  models	
  of	
  human	
  breast	
  morphogenesis."	
  Cell	
  Mol	
  Life	
  Sci	
  61(19-­‐20):	
  2523-­‐2534.	
  

Gutierrez,	
  C.	
  and	
  R.	
  Schiff	
   (2011).	
   "HER2:	
  biology,	
  detection,	
  and	
  clinical	
   implications."	
  Arch	
  Pathol	
   Lab	
  Med	
  
135(1):	
  55-­‐62.	
  

Guy,	
   G.	
   R.,	
   R.	
   A.	
   Jackson,	
   P.	
   Yusoff	
   and	
   S.	
   Y.	
   Chow	
   (2009).	
   "Sprouty	
   proteins:	
   modified	
   modulators,	
  
matchmakers	
  or	
  missing	
  links?"	
  J	
  Endocrinol	
  203(2):	
  191-­‐202.	
  

Hacohen,	
   N.,	
   S.	
   Kramer,	
   D.	
   Sutherland,	
   Y.	
   Hiromi	
   and	
   M.	
   A.	
   Krasnow	
   (1998).	
   "sprouty	
   encodes	
   a	
   novel	
  
antagonist	
  of	
  FGF	
  signaling	
  that	
  patterns	
  apical	
  branching	
  of	
  the	
  Drosophila	
  airways."	
  Cell	
  92(2):	
  253-­‐263.	
  

Hanafusa,	
  H.,	
  S.	
  Torii,	
  T.	
  Yasunaga	
  and	
  E.	
  Nishida	
  (2002).	
  "Sprouty1	
  and	
  Sprouty2	
  provide	
  a	
  control	
  mechanism	
  
for	
  the	
  Ras/MAPK	
  signalling	
  pathway."	
  Nat	
  Cell	
  Biol	
  4(11):	
  850-­‐858.	
  

Hanahan,	
  D.	
  and	
  R.	
  A.	
  Weinberg	
  (2011).	
  "Hallmarks	
  of	
  cancer:	
  the	
  next	
  generation."	
  Cell	
  144(5):	
  646-­‐674.	
  

Hansen,	
   J.,	
   T.	
   Floss,	
   P.	
   Van	
   Sloun,	
   E.	
  M.	
   Fuchtbauer,	
   F.	
   Vauti,	
   H.	
  H.	
   Arnold,	
   F.	
   Schnutgen,	
  W.	
  Wurst,	
  H.	
   von	
  
Melchner	
  and	
  P.	
  Ruiz	
  (2003).	
  "A	
  large-­‐scale,	
  gene-­‐driven	
  mutagenesis	
  approach	
  for	
  the	
  functional	
  analysis	
  of	
  
the	
  mouse	
  genome."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  100(17):	
  9918-­‐9922.	
  

Haslam,	
  S.	
  Z.	
  and	
  T.	
  L.	
  Woodward	
  (2003).	
  "Host	
  microenvironment	
   in	
  breast	
  cancer	
  development:	
  epithelial-­‐
cell-­‐stromal-­‐cell	
   interactions	
   and	
   steroid	
  hormone	
  action	
   in	
  normal	
   and	
   cancerous	
  mammary	
   gland."	
   Breast	
  
Cancer	
  Res	
  5(4):	
  208-­‐215.	
  

Hellner,	
  K.,	
  J.	
  Mar,	
  F.	
  Fang,	
  J.	
  Quackenbush	
  and	
  K.	
  Munger	
  (2009).	
  "HPV16	
  E7	
  oncogene	
  expression	
  in	
  normal	
  
human	
   epithelial	
   cells	
   causes	
   molecular	
   changes	
   indicative	
   of	
   an	
   epithelial	
   to	
   mesenchymal	
   transition."	
  
Virology	
  391(1):	
  57-­‐63.	
  

Hewett,	
   P.	
   W.	
   (2009).	
   "Vascular	
   endothelial	
   cells	
   from	
   human	
   micro-­‐	
   and	
   macrovessels:	
   isolation,	
  
characterisation	
  and	
  culture."	
  Methods	
  Mol	
  Biol	
  467:	
  95-­‐111.	
  

Hewett,	
  P.	
  W.,	
  J.	
  C.	
  Murray,	
  E.	
  A.	
  Price,	
  M.	
  E.	
  Watts	
  and	
  M.	
  Woodcock	
  (1993).	
  "Isolation	
  and	
  characterization	
  of	
  
microvessel	
  endothelial	
  cells	
  from	
  human	
  mammary	
  adipose	
  tissue."	
  In	
  Vitro	
  Cell	
  Dev	
  Biol	
  Anim	
  29A(4):	
  325-­‐
331.	
  

Hovey,	
  R.	
  C.,	
   J.	
  F.	
  Trott	
  and	
  B.	
  K.	
  Vonderhaar	
   (2002).	
  "Establishing	
  a	
   framework	
  for	
  the	
  functional	
  mammary	
  
gland:	
  from	
  endocrinology	
  to	
  morphology."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  7(1):	
  17-­‐38.	
  

Howard,	
   B.	
   A.	
   and	
   B.	
   A.	
  Gusterson	
   (2000).	
   "Human	
  breast	
   development."	
   J	
  Mammary	
  Gland	
   Biol	
  Neoplasia	
  
5(2):	
  119-­‐137.	
  

Howlett,	
  A.	
  R.	
   and	
  M.	
   J.	
   Bissell	
   (1993).	
   "The	
   influence	
  of	
   tissue	
  microenvironment	
   (stroma	
  and	
  extracellular	
  
matrix)	
  on	
  the	
  development	
  and	
  function	
  of	
  mammary	
  epithelium."	
  Epithelial	
  Cell	
  Biol	
  2(2):	
  79-­‐89.	
  

Hsu,	
   J.	
   C.	
   and	
   K.	
   M.	
   Yamada	
   (2010).	
   "Salivary	
   gland	
   branching	
   morphogenesis-­‐-­‐recent	
   progress	
   and	
   future	
  
opportunities."	
  Int	
  J	
  Oral	
  Sci	
  2(3):	
  117-­‐126.	
  

Hu,	
  M.	
  and	
  K.	
  Polyak	
   (2008).	
  "Microenvironmental	
   regulation	
  of	
  cancer	
  development."	
  Curr	
  Opin	
  Genet	
  Dev	
  
18(1):	
  27-­‐34.	
  



83	
  

	
  

Hu,	
  X.,	
  H.	
  M.	
  Stern,	
  L.	
  Ge,	
  C.	
  O'Brien,	
  L.	
  Haydu,	
  C.	
  D.	
  Honchell,	
  P.	
  M.	
  Haverty,	
  B.	
  A.	
  Peters,	
  T.	
  D.	
  Wu,	
  L.	
  C.	
  Amler,	
  
J.	
   Chant,	
   D.	
   Stokoe,	
   M.	
   R.	
   Lackner	
   and	
   G.	
   Cavet	
   (2009).	
   "Genetic	
   alterations	
   and	
   oncogenic	
   pathways	
  
associated	
  with	
  breast	
  cancer	
  subtypes."	
  Mol	
  Cancer	
  Res	
  7(4):	
  511-­‐522.	
  

Hu,	
  Z.,	
  C.	
  Fan,	
  D.	
  S.	
  Oh,	
  J.	
  S.	
  Marron,	
  X.	
  He,	
  B.	
  F.	
  Qaqish,	
  C.	
  Livasy,	
  L.	
  A.	
  Carey,	
  E.	
  Reynolds,	
  L.	
  Dressler,	
  A.	
  Nobel,	
  
J.	
   Parker,	
  M.	
  G.	
   Ewend,	
   L.	
   R.	
   Sawyer,	
   J.	
  Wu,	
   Y.	
   Liu,	
   R.	
  Nanda,	
  M.	
   Tretiakova,	
  A.	
   Ruiz	
  Orrico,	
  D.	
  Dreher,	
   J.	
   P.	
  
Palazzo,	
  L.	
  Perreard,	
  E.	
  Nelson,	
  M.	
  Mone,	
  H.	
  Hansen,	
  M.	
  Mullins,	
  J.	
  F.	
  Quackenbush,	
  M.	
  J.	
  Ellis,	
  O.	
  I.	
  Olopade,	
  P.	
  
S.	
  Bernard	
  and	
  C.	
  M.	
  Perou	
  (2006).	
  "The	
  molecular	
  portraits	
  of	
  breast	
  tumors	
  are	
  conserved	
  across	
  microarray	
  
platforms."	
  BMC	
  Genomics	
  7:	
  96.	
  

Hugo,	
  H.,	
  M.	
  L.	
  Ackland,	
  T.	
  Blick,	
  M.	
  G.	
  Lawrence,	
  J.	
  A.	
  Clements,	
  E.	
  D.	
  Williams	
  and	
  E.	
  W.	
  Thompson	
  (2007).	
  
"Epithelial-­‐-­‐mesenchymal	
   and	
   mesenchymal-­‐-­‐epithelial	
   transitions	
   in	
   carcinoma	
   progression."	
   J	
   Cell	
   Physiol	
  
213(2):	
  374-­‐383.	
  

Impagnatiello,	
  M.	
  A.,	
  S.	
  Weitzer,	
  G.	
  Gannon,	
  A.	
  Compagni,	
  M.	
  Cotten	
  and	
  G.	
  Christofori	
   (2001).	
  "Mammalian	
  
sprouty-­‐1	
  and	
  -­‐2	
  are	
  membrane-­‐anchored	
  phosphoprotein	
  inhibitors	
  of	
  growth	
  factor	
  signaling	
  in	
  endothelial	
  
cells."	
  J	
  Cell	
  Biol	
  152(5):	
  1087-­‐1098.	
  

Ingman,	
  W.	
  V.	
  and	
  S.	
  A.	
  Robertson	
  (2008).	
  "Mammary	
  gland	
  development	
  in	
  transforming	
  growth	
  factor	
  beta1	
  
null	
  mutant	
  mice:	
  systemic	
  and	
  epithelial	
  effects."	
  Biol	
  Reprod	
  79(4):	
  711-­‐717.	
  

Jahchan,	
  N.	
   S.,	
   Y.	
  H.	
   You,	
  W.	
   J.	
  Muller	
   and	
   K.	
   Luo	
   (2010).	
   "Transforming	
   growth	
   factor-­‐beta	
   regulator	
   SnoN	
  
modulates	
   mammary	
   gland	
   branching	
   morphogenesis,	
   postlactational	
   involution,	
   and	
   mammary	
  
tumorigenesis."	
  Cancer	
  Res	
  70(10):	
  4204-­‐4213.	
  

Ji,	
  H.,	
  A.	
  M.	
  Houghton,	
  T.	
  J.	
  Mariani,	
  S.	
  Perera,	
  C.	
  B.	
  Kim,	
  R.	
  Padera,	
  G.	
  Tonon,	
  K.	
  McNamara,	
  L.	
  A.	
  Marconcini,	
  
A.	
  Hezel,	
  N.	
  El-­‐Bardeesy,	
  R.	
  T.	
  Bronson,	
  D.	
  Sugarbaker,	
  R.	
  S.	
  Maser,	
  S.	
  D.	
  Shapiro	
  and	
  K.	
  K.	
  Wong	
  (2006).	
  "K-­‐ras	
  
activation	
  generates	
  an	
  inflammatory	
  response	
  in	
  lung	
  tumors."	
  Oncogene	
  25(14):	
  2105-­‐2112.	
  

Jiang,	
  Z.,	
  R.	
  Jones,	
  J.	
  C.	
  Liu,	
  T.	
  Deng,	
  T.	
  Robinson,	
  P.	
  E.	
  Chung,	
  S.	
  Wang,	
  J.	
  I.	
  Herschkowitz,	
  S.	
  E.	
  Egan,	
  C.	
  M.	
  Perou	
  
and	
  E.	
  Zacksenhaus	
  (2011).	
  "RB1	
  and	
  p53	
  at	
  the	
  crossroad	
  of	
  EMT	
  and	
  triple-­‐negative	
  breast	
  cancer."	
  Cell	
  Cycle	
  
10(10):	
  1563-­‐1570.	
  

Johnson,	
   T.	
   E.,	
   D.	
   R.	
   Umbenhauer,	
   R.	
   Hill,	
   C.	
   Bradt,	
   S.	
   N.	
  Mueller,	
   E.	
  M.	
   Levine	
   and	
  W.	
  W.	
   Nichols	
   (1992).	
  
"Karyotypic	
  and	
  phenotypic	
  changes	
  during	
  in	
  vitro	
  aging	
  of	
  human	
  endothelial	
  cells."	
  J	
  Cell	
  Physiol	
  150(1):	
  17-­‐
27.	
  

Kao,	
  C.	
  Y.,	
  K.	
  Nomata,	
  C.	
  S.	
  Oakley,	
  C.	
  W.	
  Welsch	
  and	
  C.	
  C.	
  Chang	
  (1995).	
  "Two	
  types	
  of	
  normal	
  human	
  breast	
  
epithelial	
   cells	
   derived	
   from	
   reduction	
   mammoplasty:	
   phenotypic	
   characterization	
   and	
   response	
   to	
   SV40	
  
transfection."	
  Carcinogenesis	
  16(3):	
  531-­‐538.	
  

Kenney,	
  N.	
  J.,	
  A.	
  Bowman,	
  K.	
  S.	
  Korach,	
  J.	
  C.	
  Barrett	
  and	
  D.	
  S.	
  Salomon	
  (2003).	
  "Effect	
  of	
  exogenous	
  epidermal-­‐
like	
   growth	
   factors	
   on	
   mammary	
   gland	
   development	
   and	
   differentiation	
   in	
   the	
   estrogen	
   receptor-­‐alpha	
  
knockout	
  (ERKO)	
  mouse."	
  Breast	
  Cancer	
  Res	
  Treat	
  79(2):	
  161-­‐173.	
  

Kenny,	
   P.	
   A.,	
   G.	
   Y.	
   Lee,	
   C.	
   A.	
  Myers,	
   R.	
  M.	
   Neve,	
   J.	
   R.	
   Semeiks,	
   P.	
   T.	
   Spellman,	
   K.	
   Lorenz,	
   E.	
   H.	
   Lee,	
  M.	
   H.	
  
Barcellos-­‐Hoff,	
  O.	
  W.	
  Petersen,	
  J.	
  W.	
  Gray	
  and	
  M.	
  J.	
  Bissell	
  (2007).	
  "The	
  morphologies	
  of	
  breast	
  cancer	
  cell	
  lines	
  
in	
  three-­‐dimensional	
  assays	
  correlate	
  with	
  their	
  profiles	
  of	
  gene	
  expression."	
  Mol	
  Oncol	
  1(1):	
  84-­‐96.	
  

Kim,	
  H.	
  J.	
  and	
  D.	
  Bar-­‐Sagi	
  (2004).	
  "Modulation	
  of	
  signalling	
  by	
  Sprouty:	
  a	
  developing	
  story."	
  Nat	
  Rev	
  Mol	
  Cell	
  
Biol	
  5(6):	
  441-­‐450.	
  

Klein,	
  O.	
  D.,	
  G.	
  Minowada,	
  R.	
  Peterkova,	
  A.	
  Kangas,	
  B.	
  D.	
  Yu,	
  H.	
  Lesot,	
  M.	
  Peterka,	
  J.	
  Jernvall	
  and	
  G.	
  R.	
  Martin	
  
(2006).	
   "Sprouty	
   genes	
   control	
   diastema	
   tooth	
   development	
   via	
   bidirectional	
   antagonism	
   of	
   epithelial-­‐
mesenchymal	
  FGF	
  signaling."	
  Dev	
  Cell	
  11(2):	
  181-­‐190.	
  



84	
  

	
  

Kleinberg,	
  D.	
  L.,	
  M.	
  Feldman	
  and	
  W.	
  Ruan	
  (2000).	
  "IGF-­‐I:	
  an	
  essential	
  factor	
  in	
  terminal	
  end	
  bud	
  formation	
  and	
  
ductal	
  morphogenesis."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  5(1):	
  7-­‐17.	
  

Kleinman,	
  H.	
  K.	
  and	
  G.	
  R.	
  Martin	
  (2005).	
  "Matrigel:	
  basement	
  membrane	
  matrix	
  with	
  biological	
  activity."	
  Semin	
  
Cancer	
  Biol	
  15(5):	
  378-­‐386.	
  

Klonisch,	
  T.,	
  E.	
  Wiechec,	
  S.	
  Hombach-­‐Klonisch,	
  S.	
  R.	
  Ande,	
  S.	
  Wesselborg,	
  K.	
  Schulze-­‐Osthoff	
  and	
  M.	
  Los	
  (2008).	
  
"Cancer	
  stem	
  cell	
  markers	
  in	
  common	
  cancers	
  -­‐	
  therapeutic	
  implications."	
  Trends	
  Mol	
  Med	
  14(10):	
  450-­‐460.	
  

Kobayashi,	
  H.,	
  J.	
  M.	
  Butler,	
  R.	
  O'Donnell,	
  M.	
  Kobayashi,	
  B.	
  S.	
  Ding,	
  B.	
  Bonner,	
  V.	
  K.	
  Chiu,	
  D.	
  J.	
  Nolan,	
  K.	
  Shido,	
  L.	
  
Benjamin	
  and	
  S.	
  Rafii	
  (2010).	
  "Angiocrine	
  factors	
  from	
  Akt-­‐activated	
  endothelial	
  cells	
  balance	
  self-­‐renewal	
  and	
  
differentiation	
  of	
  haematopoietic	
  stem	
  cells."	
  Nat	
  Cell	
  Biol	
  12(11):	
  1046-­‐1056.	
  

Kouros-­‐Mehr,	
  H.	
  and	
  Z.	
  Werb	
  (2006).	
  "Candidate	
  regulators	
  of	
  mammary	
  branching	
  morphogenesis	
  identified	
  
by	
  genome-­‐wide	
  transcript	
  analysis."	
  Dev	
  Dyn	
  235(12):	
  3404-­‐3412.	
  

Kuperwasser,	
   C.,	
   T.	
   Chavarria,	
  M.	
  Wu,	
   G.	
  Magrane,	
   J.	
  W.	
   Gray,	
   L.	
   Carey,	
   A.	
   Richardson	
   and	
   R.	
   A.	
  Weinberg	
  
(2004).	
  "Reconstruction	
  of	
   functionally	
  normal	
  and	
  malignant	
  human	
  breast	
   tissues	
   in	
  mice."	
  Proc	
  Natl	
  Acad	
  
Sci	
  U	
  S	
  A	
  101(14):	
  4966-­‐4971.	
  

Lammert,	
  E.,	
  O.	
  Cleaver	
  and	
  D.	
  Melton	
  (2001).	
  "Induction	
  of	
  pancreatic	
  differentiation	
  by	
  signals	
   from	
  blood	
  
vessels."	
  Science	
  294(5542):	
  564-­‐567.	
  

Lee,	
  C.	
  C.,	
  A.	
   J.	
   Putnam,	
  C.	
  K.	
  Miranti,	
  M.	
  Gustafson,	
   L.	
  M.	
  Wang,	
  G.	
   F.	
  Vande	
  Woude	
  and	
  C.	
   F.	
  Gao	
   (2004).	
  
"Overexpression	
   of	
   sprouty	
   2	
   inhibits	
   HGF/SF-­‐mediated	
   cell	
   growth,	
   invasion,	
   migration,	
   and	
   cytokinesis."	
  
Oncogene	
  23(30):	
  5193-­‐5202.	
  

Lee,	
  E.	
  Y.	
  and	
  W.	
  J.	
  Muller	
  (2010).	
  "Oncogenes	
  and	
  tumor	
  suppressor	
  genes."	
  Cold	
  Spring	
  Harb	
  Perspect	
  Biol	
  
2(10):	
  a003236.	
  

Lee,	
  G.	
   Y.,	
   P.	
  A.	
  Kenny,	
  E.	
  H.	
   Lee	
  and	
  M.	
   J.	
  Bissell	
   (2007).	
   "Three-­‐dimensional	
   culture	
  models	
  of	
  normal	
  and	
  
malignant	
  breast	
  epithelial	
  cells."	
  Nat	
  Methods	
  4(4):	
  359-­‐365.	
  

Lee,	
   K.,	
   N.	
   Gjorevski,	
   E.	
   Boghaert,	
   D.	
   C.	
   Radisky	
   and	
   C.	
  M.	
   Nelson	
   (2011).	
   "Snail1,	
   Snail2,	
   and	
   E47	
   promote	
  
mammary	
  epithelial	
  branching	
  morphogenesis."	
  EMBO	
  J	
  30(13):	
  2662-­‐2674.	
  

Lee,	
  S.	
  H.,	
  D.	
  J.	
  Schloss,	
  L.	
  Jarvis,	
  M.	
  A.	
  Krasnow	
  and	
  J.	
  L.	
  Swain	
  (2001).	
  "Inhibition	
  of	
  angiogenesis	
  by	
  a	
  mouse	
  
sprouty	
  protein."	
  J	
  Biol	
  Chem	
  276(6):	
  4128-­‐4133.	
  

Leroy,	
   P.	
   and	
   K.	
   E.	
   Mostov	
   (2007).	
   "Slug	
   is	
   required	
   for	
   cell	
   survival	
   during	
   partial	
   epithelial-­‐mesenchymal	
  
transition	
  of	
  HGF-­‐induced	
  tubulogenesis."	
  Mol	
  Biol	
  Cell	
  18(5):	
  1943-­‐1952.	
  

Lin,	
   E.	
   Y.,	
   A.	
   V.	
   Nguyen,	
   R.	
   G.	
   Russell	
   and	
   J.	
   W.	
   Pollard	
   (2001).	
   "Colony-­‐stimulating	
   factor	
   1	
   promotes	
  
progression	
  of	
  mammary	
  tumors	
  to	
  malignancy."	
  J	
  Exp	
  Med	
  193(6):	
  727-­‐740.	
  

Linas,	
  S.	
  L.	
  and	
  J.	
  E.	
  Repine	
  (1999).	
  "Endothelial	
  cells	
  regulate	
  proximal	
  tubule	
  epithelial	
  cell	
  sodium	
  transport."	
  
Kidney	
  Int	
  55(4):	
  1251-­‐1258.	
  

Linderholm,	
   B.	
   K.,	
   H.	
   Hellborg,	
   U.	
   Johansson,	
   G.	
   Elmberger,	
   L.	
   Skoog,	
   J.	
   Lehtio	
   and	
   R.	
   Lewensohn	
   (2009).	
  
"Significantly	
  higher	
  levels	
  of	
  vascular	
  endothelial	
  growth	
  factor	
  (VEGF)	
  and	
  shorter	
  survival	
  times	
  for	
  patients	
  
with	
  primary	
  operable	
  triple-­‐negative	
  breast	
  cancer."	
  Ann	
  Oncol	
  20(10):	
  1639-­‐1646.	
  

Little,	
  M.,	
  K.	
  Georgas,	
  D.	
  Pennisi	
  and	
  L.	
  Wilkinson	
  (2010).	
  "Kidney	
  development:	
  two	
  tales	
  of	
  tubulogenesis."	
  
Curr	
  Top	
  Dev	
  Biol	
  90:	
  193-­‐229.	
  



85	
  

	
  

Liu,	
  S.,	
  C.	
  Ginestier,	
  S.	
  J.	
  Ou,	
  S.	
  G.	
  Clouthier,	
  S.	
  H.	
  Patel,	
  F.	
  Monville,	
  H.	
  Korkaya,	
  A.	
  Heath,	
  J.	
  Dutcher,	
  C.	
  G.	
  Kleer,	
  
Y.	
   Jung,	
   G.	
   Dontu,	
   R.	
   Taichman	
   and	
   M.	
   S.	
   Wicha	
   (2011).	
   "Breast	
   cancer	
   stem	
   cells	
   are	
   regulated	
   by	
  
mesenchymal	
  stem	
  cells	
  through	
  cytokine	
  networks."	
  Cancer	
  Res	
  71(2):	
  614-­‐624.	
  

Lo,	
  T.	
  L.,	
  P.	
  Yusoff,	
  C.	
  W.	
  Fong,	
  K.	
  Guo,	
  B.	
  J.	
  McCaw,	
  W.	
  A.	
  Phillips,	
  H.	
  Yang,	
  E.	
  S.	
  Wong,	
  H.	
  F.	
  Leong,	
  Q.	
  Zeng,	
  T.	
  
C.	
  Putti	
   and	
  G.	
  R.	
  Guy	
   (2004).	
   "The	
   ras/mitogen-­‐activated	
  protein	
  kinase	
  pathway	
   inhibitor	
  and	
   likely	
   tumor	
  
suppressor	
  proteins,	
  sprouty	
  1	
  and	
  sprouty	
  2	
  are	
  deregulated	
  in	
  breast	
  cancer."	
  Cancer	
  Res	
  64(17):	
  6127-­‐6136.	
  

Lochter,	
  A.	
  (1998).	
  "Plasticity	
  of	
  mammary	
  epithelia	
  during	
  normal	
  development	
  and	
  neoplastic	
  progression."	
  
Biochem	
  Cell	
  Biol	
  76(6):	
  997-­‐1008.	
  

Lopes,	
   N.,	
   B.	
   Sousa,	
   D.	
   Vieira,	
   F.	
   Milanezi	
   and	
   F.	
   Schmitt	
   (2009).	
   "Vessel	
   density	
   assessed	
   by	
   endoglin	
  
expression	
  in	
  breast	
  carcinomas	
  with	
  different	
  expression	
  profiles."	
  Histopathology	
  55(5):	
  594-­‐599.	
  

Lorusso,	
   G.	
   and	
   C.	
   Ruegg	
   (2008).	
   "The	
   tumor	
   microenvironment	
   and	
   its	
   contribution	
   to	
   tumor	
   evolution	
  
toward	
  metastasis."	
  Histochem	
  Cell	
  Biol	
  130(6):	
  1091-­‐1103.	
  

Lu,	
  P.,	
  M.	
  D.	
  Sternlicht	
  and	
  Z.	
  Werb	
  (2006).	
  "Comparative	
  mechanisms	
  of	
  branching	
  morphogenesis	
  in	
  diverse	
  
systems."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  11(3-­‐4):	
  213-­‐228.	
  

Lu,	
  P.	
  and	
  Z.	
  Werb	
  (2008).	
  "Patterning	
  mechanisms	
  of	
  branched	
  organs."	
  Science	
  322(5907):	
  1506-­‐1509.	
  

Mahler-­‐Araujo,	
   B.,	
   K.	
   Savage,	
   S.	
   Parry	
   and	
   J.	
   S.	
   Reis-­‐Filho	
   (2008).	
   "Reduction	
   of	
   E-­‐cadherin	
   expression	
   is	
  
associated	
  with	
  non-­‐lobular	
  breast	
  carcinomas	
  of	
  basal-­‐like	
  and	
  triple	
  negative	
  phenotype."	
  J	
  Clin	
  Pathol	
  61(5):	
  
615-­‐620.	
  

Mailleux,	
  A.	
  A.,	
  D.	
  Tefft,	
  D.	
  Ndiaye,	
  N.	
   Itoh,	
   J.	
  P.	
  Thiery,	
  D.	
  Warburton	
  and	
  S.	
  Bellusci	
   (2001).	
   "Evidence	
   that	
  
SPROUTY2	
  functions	
  as	
  an	
  inhibitor	
  of	
  mouse	
  embryonic	
  lung	
  growth	
  and	
  morphogenesis."	
  Mech	
  Dev	
  102(1-­‐
2):	
  81-­‐94.	
  

Mani,	
  S.	
  A.,	
  W.	
  Guo,	
  M.	
   J.	
   Liao,	
  E.	
  N.	
  Eaton,	
  A.	
  Ayyanan,	
  A.	
  Y.	
  Zhou,	
  M.	
  Brooks,	
  F.	
  Reinhard,	
  C.	
  C.	
  Zhang,	
  M.	
  
Shipitsin,	
  L.	
  L.	
  Campbell,	
  K.	
  Polyak,	
  C.	
  Brisken,	
  J.	
  Yang	
  and	
  R.	
  A.	
  Weinberg	
  (2008).	
  "The	
  epithelial-­‐mesenchymal	
  
transition	
  generates	
  cells	
  with	
  properties	
  of	
  stem	
  cells."	
  Cell	
  133(4):	
  704-­‐715.	
  

Mani,	
  S.	
  A.,	
  J.	
  Yang,	
  M.	
  Brooks,	
  G.	
  Schwaninger,	
  A.	
  Zhou,	
  N.	
  Miura,	
  J.	
  L.	
  Kutok,	
  K.	
  Hartwell,	
  A.	
  L.	
  Richardson	
  and	
  
R.	
  A.	
  Weinberg	
  (2007).	
  "Mesenchyme	
  Forkhead	
  1	
  (FOXC2)	
  plays	
  a	
  key	
  role	
  in	
  metastasis	
  and	
  is	
  associated	
  with	
  
aggressive	
  basal-­‐like	
  breast	
  cancers."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  104(24):	
  10069-­‐10074.	
  

Marhaba,	
  R.	
  and	
  M.	
  Zoller	
  (2004).	
  "CD44	
  in	
  cancer	
  progression:	
  adhesion,	
  migration	
  and	
  growth	
  regulation."	
  J	
  
Mol	
  Histol	
  35(3):	
  211-­‐231.	
  

Mason,	
   J.	
  M.,	
  D.	
   J.	
  Morrison,	
  M.	
  A.	
   Basson	
   and	
   J.	
  D.	
   Licht	
   (2006).	
   "Sprouty	
  proteins:	
  multifaceted	
  negative-­‐
feedback	
  regulators	
  of	
  receptor	
  tyrosine	
  kinase	
  signaling."	
  Trends	
  Cell	
  Biol	
  16(1):	
  45-­‐54.	
  

Matsumoto,	
  K.,	
  H.	
  Yoshitomi,	
  J.	
  Rossant	
  and	
  K.	
  S.	
  Zaret	
  (2001).	
  "Liver	
  organogenesis	
  promoted	
  by	
  endothelial	
  
cells	
  prior	
  to	
  vascular	
  function."	
  Science	
  294(5542):	
  559-­‐563.	
  

Meng,	
  X.,	
  M.	
  Li,	
  X.	
  Wang,	
  Y.	
  Wang	
  and	
  D.	
  Ma	
  (2009).	
  "Both	
  CD133+	
  and	
  CD133-­‐	
  subpopulations	
  of	
  A549	
  and	
  
H446	
  cells	
  contain	
  cancer-­‐initiating	
  cells."	
  Cancer	
  Sci	
  100(6):	
  1040-­‐1046.	
  

Micalizzi,	
  D.	
  S.,	
  S.	
  M.	
  Farabaugh	
  and	
  H.	
  L.	
  Ford	
  (2010).	
  "Epithelial-­‐mesenchymal	
  transition	
  in	
  cancer:	
  parallels	
  
between	
  normal	
  development	
  and	
  tumor	
  progression."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  15(2):	
  117-­‐134.	
  

Mironchik,	
   Y.,	
   P.	
   T.	
   Winnard,	
   Jr.,	
   F.	
   Vesuna,	
   Y.	
   Kato,	
   F.	
   Wildes,	
   A.	
   P.	
   Pathak,	
   S.	
   Kominsky,	
   D.	
   Artemov,	
   Z.	
  
Bhujwalla,	
   P.	
   Van	
   Diest,	
   H.	
   Burger,	
   C.	
   Glackin	
   and	
   V.	
   Raman	
   (2005).	
   "Twist	
   overexpression	
   induces	
   in	
   vivo	
  
angiogenesis	
  and	
  correlates	
  with	
  chromosomal	
  instability	
  in	
  breast	
  cancer."	
  Cancer	
  Res	
  65(23):	
  10801-­‐10809.	
  



86	
  

	
  

Miyashita,	
   M.,	
   T.	
   Ishida,	
   K.	
   Ishida,	
   K.	
   Tamaki,	
   M.	
   Amari,	
   M.	
   Watanabe,	
   N.	
   Ohuchi	
   and	
   H.	
   Sasano	
   (2011).	
  
"Histopathological	
   subclassification	
   of	
   triple	
   negative	
   breast	
   cancer	
   using	
   prognostic	
   scoring	
   system:	
   five	
  
variables	
  as	
  candidates."	
  Virchows	
  Arch	
  458(1):	
  65-­‐72.	
  

Morel,	
  A.	
  P.,	
  M.	
  Lievre,	
  C.	
  Thomas,	
  G.	
  Hinkal,	
  S.	
  Ansieau	
  and	
  A.	
  Puisieux	
  (2008).	
  "Generation	
  of	
  breast	
  cancer	
  
stem	
  cells	
  through	
  epithelial-­‐mesenchymal	
  transition."	
  PLoS	
  One	
  3(8):	
  e2888.	
  

Moura,	
   R.	
   S.,	
   J.	
   P.	
   Coutinho-­‐Borges,	
  A.	
   P.	
   Pacheco,	
   P.	
  O.	
  Damota	
   and	
   J.	
   Correia-­‐Pinto	
   (2011).	
   "FGF	
   signaling	
  
pathway	
  in	
  the	
  developing	
  chick	
  lung:	
  expression	
  and	
  inhibition	
  studies."	
  PLoS	
  One	
  6(3):	
  e17660.	
  

Moustakas,	
  A.	
  and	
  C.	
  H.	
  Heldin	
  (2007).	
  "Signaling	
  networks	
  guiding	
  epithelial-­‐mesenchymal	
  transitions	
  during	
  
embryogenesis	
  and	
  cancer	
  progression."	
  Cancer	
  Sci	
  98(10):	
  1512-­‐1520.	
  

Moustakas,	
  A.,	
  K.	
  Pardali,	
  A.	
  Gaal	
  and	
  C.	
  H.	
  Heldin	
  (2002).	
  "Mechanisms	
  of	
  TGF-­‐beta	
  signaling	
  in	
  regulation	
  of	
  
cell	
  growth	
  and	
  differentiation."	
  Immunol	
  Lett	
  82(1-­‐2):	
  85-­‐91.	
  

Naccarato,	
   A.	
   G.,	
   P.	
   Viacava,	
   G.	
   Bocci,	
   G.	
   Fanelli,	
   P.	
   Aretini,	
   A.	
   Lonobile,	
   G.	
  Montruccoli	
   and	
   G.	
   Bevilacqua	
  
(2003).	
  "Definition	
  of	
  the	
  microvascular	
  pattern	
  of	
  the	
  normal	
  human	
  adult	
  mammary	
  gland."	
  J	
  Anat	
  203(6):	
  
599-­‐603.	
  

Nakamura,	
  Y.,	
  R.	
  Morishita,	
  J.	
  Higaki,	
  I.	
  Kida,	
  M.	
  Aoki,	
  A.	
  Moriguchi,	
  K.	
  Yamada,	
  S.	
  Hayashi,	
  Y.	
  Yo,	
  K.	
  Matsumoto	
  
and	
  et	
  al.	
  (1995).	
  "Expression	
  of	
  local	
  hepatocyte	
  growth	
  factor	
  system	
  in	
  vascular	
  tissues."	
  Biochem	
  Biophys	
  
Res	
  Commun	
  215(2):	
  483-­‐488.	
  

Nakshatri,	
  H.,	
  E.	
  F.	
  Srour	
  and	
  S.	
  Badve	
  (2009).	
  "Breast	
  cancer	
  stem	
  cells	
  and	
  intrinsic	
  subtypes:	
  controversies	
  
rage	
  on."	
  Curr	
  Stem	
  Cell	
  Res	
  Ther	
  4(1):	
  50-­‐60.	
  

Neiva,	
   K.	
   G.,	
   Z.	
   Zhang,	
   M.	
   Miyazawa,	
   K.	
   A.	
   Warner,	
   E.	
   Karl	
   and	
   J.	
   E.	
   Nor	
   (2009).	
   "Cross	
   talk	
   initiated	
   by	
  
endothelial	
   cells	
   enhances	
   migration	
   and	
   inhibits	
   anoikis	
   of	
   squamous	
   cell	
   carcinoma	
   cells	
   through	
  
STAT3/Akt/ERK	
  signaling."	
  Neoplasia	
  11(6):	
  583-­‐593.	
  

Nelson,	
  C.	
  M.	
  and	
  M.	
  J.	
  Bissell	
   (2005).	
  "Modeling	
  dynamic	
  reciprocity:	
  engineering	
  three-­‐dimensional	
  culture	
  
models	
  of	
  breast	
  architecture,	
  function,	
  and	
  neoplastic	
  transformation."	
  Semin	
  Cancer	
  Biol	
  15(5):	
  342-­‐352.	
  

Nelson,	
   C.	
  M.	
   and	
  M.	
   J.	
   Bissell	
   (2006).	
   "Of	
   extracellular	
  matrix,	
   scaffolds,	
   and	
   signaling:	
   tissue	
   architecture	
  
regulates	
  development,	
  homeostasis,	
  and	
  cancer."	
  Annu	
  Rev	
  Cell	
  Dev	
  Biol	
  22:	
  287-­‐309.	
  

Neville,	
  M.	
  C.,	
   T.	
  B.	
  McFadden	
  and	
   I.	
   Forsyth	
   (2002).	
   "Hormonal	
   regulation	
  of	
  mammary	
  differentiation	
  and	
  
milk	
  secretion."	
  J	
  Mammary	
  Gland	
  Biol	
  Neoplasia	
  7(1):	
  49-­‐66.	
  

Nielsen,	
  H.	
  L.,	
  L.	
  Ronnov-­‐Jessen,	
  R.	
  Villadsen	
  and	
  O.	
  W.	
  Petersen	
  (2002).	
  "Identification	
  of	
  EPSTI1,	
  a	
  novel	
  gene	
  
induced	
  by	
  epithelial-­‐stromal	
  interaction	
  in	
  human	
  breast	
  cancer."	
  Genomics	
  79(5):	
  703-­‐710.	
  

Nielsen,	
  T.	
  O.,	
  F.	
  D.	
  Hsu,	
  K.	
  Jensen,	
  M.	
  Cheang,	
  G.	
  Karaca,	
  Z.	
  Hu,	
  T.	
  Hernandez-­‐Boussard,	
  C.	
  Livasy,	
  D.	
  Cowan,	
  L.	
  
Dressler,	
   L.	
   A.	
   Akslen,	
   J.	
   Ragaz,	
   A.	
   M.	
   Gown,	
   C.	
   B.	
   Gilks,	
   M.	
   van	
   de	
   Rijn	
   and	
   C.	
   M.	
   Perou	
   (2004).	
  
"Immunohistochemical	
   and	
   clinical	
   characterization	
   of	
   the	
   basal-­‐like	
   subtype	
   of	
   invasive	
   breast	
   carcinoma."	
  
Clin	
  Cancer	
  Res	
  10(16):	
  5367-­‐5374.	
  

Nikolova,	
  G.,	
  B.	
  Strilic	
  and	
  E.	
  Lammert	
  (2007).	
  "The	
  vascular	
  niche	
  and	
  its	
  basement	
  membrane."	
  Trends	
  Cell	
  
Biol	
  17(1):	
  19-­‐25.	
  

Niranjan,	
  B.,	
  L.	
  Buluwela,	
  J.	
  Yant,	
  N.	
  Perusinghe,	
  A.	
  Atherton,	
  D.	
  Phippard,	
  T.	
  Dale,	
  B.	
  Gusterson	
  and	
  T.	
  Kamalati	
  
(1995).	
   "HGF/SF:	
   a	
   potent	
   cytokine	
   for	
  mammary	
   growth,	
  morphogenesis	
   and	
   development."	
   Development	
  
121(9):	
  2897-­‐2908.	
  



87	
  

	
  

Niu,	
  R.	
  F.,	
  L.	
  Zhang,	
  G.	
  M.	
  Xi,	
  X.	
  Y.	
  Wei,	
  Y.	
  Yang,	
  Y.	
  R.	
  Shi	
  and	
  X.	
  S.	
  Hao	
  (2007).	
  "Up-­‐regulation	
  of	
  Twist	
  induces	
  
angiogenesis	
   and	
   correlates	
  with	
  metastasis	
   in	
   hepatocellular	
   carcinoma."	
   J	
   Exp	
  Clin	
   Cancer	
  Res	
   26(3):	
   385-­‐
394.	
  

Noel,	
  A.,	
  M.	
  C.	
  De	
  Pauw-­‐Gillet,	
  G.	
  Purnell,	
  B.	
  Nusgens,	
  C.	
  M.	
  Lapiere	
  and	
  J.	
  M.	
  Foidart	
  (1993).	
  "Enhancement	
  of	
  
tumorigenicity	
  of	
  human	
  breast	
  adenocarcinoma	
  cells	
   in	
  nude	
  mice	
  by	
  matrigel	
  and	
  fibroblasts."	
  Br	
   J	
  Cancer	
  
68(5):	
  909-­‐915.	
  

Noel,	
  A.	
  and	
  J.	
  M.	
  Foidart	
  (1998).	
  "The	
  role	
  of	
  stroma	
  in	
  breast	
  carcinoma	
  growth	
  in	
  vivo."	
  J	
  Mammary	
  Gland	
  
Biol	
  Neoplasia	
  3(2):	
  215-­‐225.	
  

O'Hare,	
  M.	
  J.,	
  J.	
  Bond,	
  C.	
  Clarke,	
  Y.	
  Takeuchi,	
  A.	
  J.	
  Atherton,	
  C.	
  Berry,	
  J.	
  Moody,	
  A.	
  R.	
  Silver,	
  D.	
  C.	
  Davies,	
  A.	
  E.	
  
Alsop,	
   A.	
  M.	
   Neville	
   and	
   P.	
   S.	
   Jat	
   (2001).	
   "Conditional	
   immortalization	
   of	
   freshly	
   isolated	
   human	
  mammary	
  
fibroblasts	
  and	
  endothelial	
  cells."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  98(2):	
  646-­‐651.	
  

Olson,	
  P.,	
  J.	
  Lu,	
  H.	
  Zhang,	
  A.	
  Shai,	
  M.	
  G.	
  Chun,	
  Y.	
  Wang,	
  S.	
  K.	
  Libutti,	
  E.	
  K.	
  Nakakura,	
  T.	
  R.	
  Golub	
  and	
  D.	
  Hanahan	
  
(2009).	
   "MicroRNA	
   dynamics	
   in	
   the	
   stages	
   of	
   tumorigenesis	
   correlate	
  with	
   hallmark	
   capabilities	
   of	
   cancer."	
  
Genes	
  Dev	
  23(18):	
  2152-­‐2165.	
  

Onodera,	
   T.,	
   T.	
   Sakai,	
   J.	
   C.	
   Hsu,	
   K.	
   Matsumoto,	
   J.	
   A.	
   Chiorini	
   and	
   K.	
   M.	
   Yamada	
   (2010).	
   "Btbd7	
   regulates	
  
epithelial	
  cell	
  dynamics	
  and	
  branching	
  morphogenesis."	
  Science	
  329(5991):	
  562-­‐565.	
  

Panagiotaki,	
  N.,	
   F.	
  Dajas-­‐Bailador,	
   E.	
  Amaya,	
  N.	
   Papalopulu	
  and	
  K.	
  Dorey	
   (2010).	
   "Characterisation	
  of	
   a	
  new	
  
regulator	
   of	
   BDNF	
   signalling,	
   Sprouty3,	
   involved	
   in	
   axonal	
   morphogenesis	
   in	
   vivo."	
   Development	
   137(23):	
  
4005-­‐4015.	
  

Pavlovich,	
  A.	
  L.,	
  E.	
  Boghaert	
  and	
  C.	
  M.	
  Nelson	
  (2011).	
  "Mammary	
  branch	
  initiation	
  and	
  extension	
  are	
  inhibited	
  
by	
  separate	
  pathways	
  downstream	
  of	
  TGFbeta	
  in	
  culture."	
  Exp	
  Cell	
  Res	
  317(13):	
  1872-­‐1884.	
  

Pechoux,	
   C.,	
   T.	
   Gudjonsson,	
   L.	
   Ronnov-­‐Jessen,	
  M.	
   J.	
   Bissell	
   and	
   O.	
  W.	
   Petersen	
   (1999).	
   "Human	
  mammary	
  
luminal	
  epithelial	
  cells	
  contain	
  progenitors	
  to	
  myoepithelial	
  cells."	
  Dev	
  Biol	
  206(1):	
  88-­‐99.	
  

Peinado,	
   H.,	
   F.	
   Marin,	
   E.	
   Cubillo,	
   H.	
   J.	
   Stark,	
   N.	
   Fusenig,	
   M.	
   A.	
   Nieto	
   and	
   A.	
   Cano	
   (2004).	
   "Snail	
   and	
   E47	
  
repressors	
  of	
  E-­‐cadherin	
  induce	
  distinct	
  invasive	
  and	
  angiogenic	
  properties	
  in	
  vivo."	
  J	
  Cell	
  Sci	
  117(Pt	
  13):	
  2827-­‐
2839.	
  

Peinado,	
  H.,	
  D.	
  Olmeda	
  and	
  A.	
  Cano	
   (2007).	
   "Snail,	
  Zeb	
  and	
  bHLH	
  factors	
   in	
   tumour	
  progression:	
  an	
  alliance	
  
against	
  the	
  epithelial	
  phenotype?"	
  Nature	
  reviews.	
  Cancer	
  7(6):	
  415-­‐428.	
  

Pennacchietti,	
   S.,	
   P.	
   Michieli,	
   M.	
   Galluzzo,	
   M.	
   Mazzone,	
   S.	
   Giordano	
   and	
   P.	
   M.	
   Comoglio	
   (2003).	
   "Hypoxia	
  
promotes	
  invasive	
  growth	
  by	
  transcriptional	
  activation	
  of	
  the	
  met	
  protooncogene."	
  Cancer	
  Cell	
  3(4):	
  347-­‐361.	
  

Pepper,	
  M.	
  S.,	
  D.	
  Baetens,	
  S.	
  J.	
  Mandriota,	
  C.	
  Di	
  Sanza,	
  S.	
  Oikemus,	
  T.	
  F.	
  Lane,	
  J.	
  V.	
  Soriano,	
  R.	
  Montesano	
  and	
  
M.	
  L.	
   Iruela-­‐Arispe	
  (2000).	
  "Regulation	
  of	
  VEGF	
  and	
  VEGF	
  receptor	
  expression	
   in	
  the	
  rodent	
  mammary	
  gland	
  
during	
  pregnancy,	
  lactation,	
  and	
  involution."	
  Dev	
  Dyn	
  218(3):	
  507-­‐524.	
  

Perou,	
  C.	
  M.,	
  T.	
  Sorlie,	
  M.	
  B.	
  Eisen,	
  M.	
  van	
  de	
  Rijn,	
  S.	
  S.	
  Jeffrey,	
  C.	
  A.	
  Rees,	
  J.	
  R.	
  Pollack,	
  D.	
  T.	
  Ross,	
  H.	
  Johnsen,	
  
L.	
   A.	
   Akslen,	
   O.	
   Fluge,	
   A.	
   Pergamenschikov,	
   C.	
  Williams,	
   S.	
   X.	
   Zhu,	
   P.	
   E.	
   Lonning,	
   A.	
   L.	
   Borresen-­‐Dale,	
   P.	
   O.	
  
Brown	
  and	
  D.	
  Botstein	
  (2000).	
  "Molecular	
  portraits	
  of	
  human	
  breast	
  tumours."	
  Nature	
  406(6797):	
  747-­‐752.	
  

Petersen,	
   O.	
   W.,	
   P.	
   E.	
   Hoyer	
   and	
   B.	
   van	
   Deurs	
   (1987).	
   "Frequency	
   and	
   distribution	
   of	
   estrogen	
   receptor-­‐
positive	
  cells	
  in	
  normal,	
  nonlactating	
  human	
  breast	
  tissue."	
  Cancer	
  Res	
  47(21):	
  5748-­‐5751.	
  

Petersen,	
  O.	
  W.,	
  H.	
   L.	
  Nielsen,	
   T.	
  Gudjonsson,	
  R.	
  Villadsen,	
   F.	
   Rank,	
   E.	
  Niebuhr,	
  M.	
   J.	
   Bissell	
   and	
   L.	
   Ronnov-­‐
Jessen	
   (2003).	
   "Epithelial	
   to	
   mesenchymal	
   transition	
   in	
   human	
   breast	
   cancer	
   can	
   provide	
   a	
   nonmalignant	
  
stroma."	
  Am	
  J	
  Pathol	
  162(2):	
  391-­‐402.	
  



88	
  

	
  

Petersen,	
  O.	
  W.	
  and	
  K.	
  Polyak	
  (2010).	
  "Stem	
  cells	
   in	
  the	
  human	
  breast."	
  Cold	
  Spring	
  Harb	
  Perspect	
  Biol	
  2(5):	
  
a003160.	
  

Petersen,	
   O.	
   W.,	
   L.	
   Ronnov-­‐Jessen,	
   A.	
   R.	
   Howlett	
   and	
   M.	
   J.	
   Bissell	
   (1992).	
   "Interaction	
   with	
   basement	
  
membrane	
   serves	
   to	
   rapidly	
  distinguish	
  growth	
  and	
  differentiation	
  pattern	
  of	
  normal	
   and	
  malignant	
  human	
  
breast	
  epithelial	
  cells."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  89(19):	
  9064-­‐9068.	
  

Pirtskhalaishvili,	
  G.	
  and	
  J.	
  B.	
  Nelson	
   (2000).	
  "Endothelium-­‐derived	
   factors	
  as	
  paracrine	
  mediators	
  of	
  prostate	
  
cancer	
  progression."	
  Prostate	
  44(1):	
  77-­‐87.	
  

Pollard,	
  J.	
  W.	
  (2001).	
  "Tumour-­‐stromal	
  interactions.	
  Transforming	
  growth	
  factor-­‐beta	
  isoforms	
  and	
  hepatocyte	
  
growth	
  factor/scatter	
  factor	
  in	
  mammary	
  gland	
  ductal	
  morphogenesis."	
  Breast	
  Cancer	
  Res	
  3(4):	
  230-­‐237.	
  

Pollard,	
   J.	
  W.	
  (2004).	
  "Tumour-­‐educated	
  macrophages	
  promote	
  tumour	
  progression	
  and	
  metastasis."	
  Nature	
  
reviews.	
  Cancer	
  4(1):	
  71-­‐78.	
  

Polo,	
  M.	
  L.,	
  M.	
  V.	
  Arnoni,	
  M.	
  Riggio,	
  V.	
  Wargon,	
  C.	
  Lanari	
  and	
  V.	
  Novaro	
  (2010).	
  "Responsiveness	
  to	
  PI3K	
  and	
  
MEK	
   inhibitors	
   in	
   breast	
   cancer.	
   Use	
   of	
   a	
   3D	
   culture	
   system	
   to	
   study	
   pathways	
   related	
   to	
   hormone	
  
independence	
  in	
  mice."	
  PLoS	
  One	
  5(5):	
  e10786.	
  

Polyak,	
  K.	
  (2007).	
  "Breast	
  cancer:	
  origins	
  and	
  evolution."	
  J	
  Clin	
  Invest	
  117(11):	
  3155-­‐3163.	
  

Qian,	
   B.	
   Z.,	
   J.	
   Li,	
   H.	
   Zhang,	
   T.	
   Kitamura,	
   J.	
   Zhang,	
   L.	
   R.	
   Campion,	
   E.	
   A.	
   Kaiser,	
   L.	
   A.	
   Snyder	
   and	
   J.	
  W.	
   Pollard	
  
(2011).	
   "CCL2	
   recruits	
   inflammatory	
   monocytes	
   to	
   facilitate	
   breast-­‐tumour	
   metastasis."	
   Nature	
   475(7355):	
  
222-­‐225.	
  

Rakha,	
  E.	
  A.,	
   S.	
   E.	
   Elsheikh,	
  M.	
  A.	
  Aleskandarany,	
  H.	
  O.	
  Habashi,	
  A.	
  R.	
  Green,	
  D.	
  G.	
  Powe,	
  M.	
  E.	
   El-­‐Sayed,	
  A.	
  
Benhasouna,	
  J.	
  S.	
  Brunet,	
  L.	
  A.	
  Akslen,	
  A.	
  J.	
  Evans,	
  R.	
  Blamey,	
  J.	
  S.	
  Reis-­‐Filho,	
  W.	
  D.	
  Foulkes	
  and	
  I.	
  O.	
  Ellis	
  (2009).	
  
"Triple-­‐negative	
  breast	
   cancer:	
  distinguishing	
  between	
  basal	
   and	
  nonbasal	
   subtypes."	
  Clin	
  Cancer	
  Res	
  15(7):	
  
2302-­‐2310.	
  

Recio,	
  J.	
  A.	
  and	
  G.	
  Merlino	
  (2003).	
  "Hepatocyte	
  growth	
  factor/scatter	
  factor	
  induces	
  feedback	
  up-­‐regulation	
  of	
  
CD44v6	
  in	
  melanoma	
  cells	
  through	
  Egr-­‐1."	
  Cancer	
  Res	
  63(7):	
  1576-­‐1582.	
  

Robinson,	
  S.	
  C.	
  and	
  L.	
  M.	
  Coussens	
   (2005).	
   "Soluble	
  mediators	
  of	
   inflammation	
  during	
   tumor	
  development."	
  
Adv	
  Cancer	
  Res	
  93:	
  159-­‐187.	
  

Robinson,	
  S.	
  D.,	
  G.	
  B.	
  Silberstein,	
  A.	
  B.	
  Roberts,	
  K.	
  C.	
  Flanders	
  and	
  C.	
  W.	
  Daniel	
  (1991).	
  "Regulated	
  expression	
  
and	
   growth	
   inhibitory	
   effects	
   of	
   transforming	
   growth	
   factor-­‐beta	
   isoforms	
   in	
   mouse	
   mammary	
   gland	
  
development."	
  Development	
  113(3):	
  867-­‐878.	
  

Ronnov-­‐Jessen,	
   L.	
   and	
  M.	
   J.	
   Bissell	
   (2009).	
   "Breast	
   cancer	
   by	
   proxy:	
   can	
   the	
  microenvironment	
   be	
   both	
   the	
  
cause	
  and	
  consequence?"	
  Trends	
  Mol	
  Med	
  15(1):	
  5-­‐13.	
  

Ronnov-­‐Jessen,	
  L.,	
  O.	
  W.	
  Petersen	
  and	
  M.	
  J.	
  Bissell	
  (1996).	
  "Cellular	
  changes	
  involved	
  in	
  conversion	
  of	
  normal	
  
to	
  malignant	
  breast:	
  importance	
  of	
  the	
  stromal	
  reaction."	
  Physiol	
  Rev	
  76(1):	
  69-­‐125.	
  

Rosario,	
  M.	
  and	
  W.	
  Birchmeier	
   (2003).	
   "How	
  to	
  make	
  tubes:	
   signaling	
  by	
   the	
  Met	
   receptor	
   tyrosine	
  kinase."	
  
Trends	
  Cell	
  Biol	
  13(6):	
  328-­‐335.	
  

Rosolowsky,	
   L.	
   J.,	
   C.	
   J.	
   Hanke	
   and	
   W.	
   B.	
   Campbell	
   (1999).	
   "Adrenal	
   capillary	
   endothelial	
   cells	
   stimulate	
  
aldosterone	
  release	
  through	
  a	
  protein	
  that	
  is	
  distinct	
  from	
  endothelin."	
  Endocrinology	
  140(10):	
  4411-­‐4418.	
  

Ruegg,	
  C.	
  (2006).	
  "Leukocytes,	
  inflammation,	
  and	
  angiogenesis	
  in	
  cancer:	
  fatal	
  attractions."	
  J	
  Leukoc	
  Biol	
  80(4):	
  
682-­‐684.	
  



89	
  

	
  

Ruger,	
  B.	
  M.,	
  J.	
  Breuss,	
  D.	
  Hollemann,	
  G.	
  Yanagida,	
  M.	
  B.	
  Fischer,	
  I.	
  Mosberger,	
  A.	
  Chott,	
  I.	
  Lang,	
  P.	
  F.	
  Davis,	
  P.	
  
Hocker	
   and	
   M.	
   Dettke	
   (2008).	
   "Vascular	
   morphogenesis	
   by	
   adult	
   bone	
   marrow	
   progenitor	
   cells	
   in	
   three-­‐
dimensional	
  fibrin	
  matrices."	
  Differentiation	
  76(7):	
  772-­‐783.	
  

Russo,	
   J.,	
   G.	
   Calaf,	
   L.	
   Roi	
   and	
   I.	
   H.	
   Russo	
   (1987).	
   "Influence	
   of	
   age	
   and	
   gland	
   topography	
   on	
   cell	
   kinetics	
   of	
  
normal	
  human	
  breast	
  tissue."	
  J	
  Natl	
  Cancer	
  Inst	
  78(3):	
  413-­‐418.	
  

Russo,	
  J.,	
  R.	
  Moral,	
  G.	
  A.	
  Balogh,	
  D.	
  Mailo	
  and	
  I.	
  H.	
  Russo	
  (2005).	
  "The	
  protective	
  role	
  of	
  pregnancy	
  in	
  breast	
  
cancer."	
  Breast	
  Cancer	
  Res	
  7(3):	
  131-­‐142.	
  

Russo,	
  J.	
  and	
  I.	
  H.	
  Russo	
  (2004).	
  "Development	
  of	
  the	
  human	
  breast."	
  Maturitas	
  49(1):	
  2-­‐15.	
  

Sabbah,	
  M.,	
  S.	
  Emami,	
  G.	
  Redeuilh,	
  S.	
  Julien,	
  G.	
  Prevost,	
  A.	
  Zimber,	
  R.	
  Ouelaa,	
  M.	
  Bracke,	
  O.	
  De	
  Wever	
  and	
  C.	
  
Gespach	
   (2008).	
   "Molecular	
   signature	
   and	
   therapeutic	
   perspective	
   of	
   the	
   epithelial-­‐to-­‐mesenchymal	
  
transitions	
  in	
  epithelial	
  cancers."	
  Drug	
  Resist	
  Updat	
  11(4-­‐5):	
  123-­‐151.	
  

Saifudeen,	
  Z.,	
  S.	
  Dipp,	
  J.	
  Stefkova,	
  X.	
  Yao,	
  S.	
  Lookabaugh	
  and	
  S.	
  S.	
  El-­‐Dahr	
  (2009).	
  "p53	
  regulates	
  metanephric	
  
development."	
  J	
  Am	
  Soc	
  Nephrol	
  20(11):	
  2328-­‐2337.	
  

Sakai,	
  T.,	
  M.	
  Larsen	
  and	
  K.	
  M.	
  Yamada	
  (2003).	
  "Fibronectin	
  requirement	
  in	
  branching	
  morphogenesis."	
  Nature	
  
423(6942):	
  876-­‐881.	
  

Santisteban,	
  M.,	
  J.	
  M.	
  Reiman,	
  M.	
  K.	
  Asiedu,	
  M.	
  D.	
  Behrens,	
  A.	
  Nassar,	
  K.	
  R.	
  Kalli,	
  P.	
  Haluska,	
  J.	
  N.	
  Ingle,	
  L.	
  C.	
  
Hartmann,	
  M.	
  H.	
  Manjili,	
   D.	
   C.	
   Radisky,	
   S.	
   Ferrone	
   and	
  K.	
   L.	
   Knutson	
   (2009).	
   "Immune-­‐induced	
   epithelial	
   to	
  
mesenchymal	
  transition	
  in	
  vivo	
  generates	
  breast	
  cancer	
  stem	
  cells."	
  Cancer	
  Res	
  69(7):	
  2887-­‐2895.	
  

Sarrio,	
  D.,	
  S.	
  M.	
  Rodriguez-­‐Pinilla,	
  D.	
  Hardisson,	
  A.	
  Cano,	
  G.	
  Moreno-­‐Bueno	
  and	
  J.	
  Palacios	
  (2008).	
  "Epithelial-­‐
mesenchymal	
  transition	
  in	
  breast	
  cancer	
  relates	
  to	
  the	
  basal-­‐like	
  phenotype."	
  Cancer	
  Res	
  68(4):	
  989-­‐997.	
  

Sasaki,	
  A.,	
  T.	
  Taketomi,	
  T.	
  Wakioka,	
  R.	
  Kato	
  and	
  A.	
  Yoshimura	
   (2001).	
   "Identification	
  of	
  a	
  dominant	
  negative	
  
mutant	
   of	
   Sprouty	
   that	
   potentiates	
   fibroblast	
   growth	
   factor-­‐	
   but	
   not	
   epidermal	
   growth	
   factor-­‐induced	
   ERK	
  
activation."	
  J	
  Biol	
  Chem	
  276(39):	
  36804-­‐36808.	
  

Sebastian,	
  J.,	
  R.	
  G.	
  Richards,	
  M.	
  P.	
  Walker,	
  J.	
  F.	
  Wiesen,	
  Z.	
  Werb,	
  R.	
  Derynck,	
  Y.	
  K.	
  Hom,	
  G.	
  R.	
  Cunha	
  and	
  R.	
  P.	
  
DiAugustine	
   (1998).	
   "Activation	
   and	
   function	
   of	
   the	
   epidermal	
   growth	
   factor	
   receptor	
   and	
   erbB-­‐2	
   during	
  
mammary	
  gland	
  morphogenesis."	
  Cell	
  Growth	
  Differ	
  9(9):	
  777-­‐785.	
  

Shackleton,	
  M.,	
  F.	
  Vaillant,	
  K.	
  J.	
  Simpson,	
  J.	
  Stingl,	
  G.	
  K.	
  Smyth,	
  M.	
  L.	
  Asselin-­‐Labat,	
  L.	
  Wu,	
  G.	
  J.	
  Lindeman	
  and	
  J.	
  
E.	
  Visvader	
  (2006).	
  "Generation	
  of	
  a	
  functional	
  mammary	
  gland	
  from	
  a	
  single	
  stem	
  cell."	
  Nature	
  439(7072):	
  84-­‐
88.	
  

Shekhar,	
  M.	
  P.,	
  J.	
  Werdell	
  and	
  L.	
  Tait	
  (2000).	
  "Interaction	
  with	
  endothelial	
  cells	
  is	
  a	
  prerequisite	
  for	
  branching	
  
ductal-­‐alveolar	
  morphogenesis	
   and	
  hyperplasia	
  of	
   preneoplastic	
   human	
  breast	
   epithelial	
   cells:	
   regulation	
  by	
  
estrogen."	
  Cancer	
  Res	
  60(2):	
  439-­‐449.	
  

Shen,	
  Q.,	
  S.	
  K.	
  Goderie,	
  L.	
  Jin,	
  N.	
  Karanth,	
  Y.	
  Sun,	
  N.	
  Abramova,	
  P.	
  Vincent,	
  K.	
  Pumiglia	
  and	
  S.	
  Temple	
  (2004).	
  
"Endothelial	
   cells	
   stimulate	
   self-­‐renewal	
   and	
   expand	
  neurogenesis	
   of	
   neural	
   stem	
   cells."	
   Science	
   304(5675):	
  
1338-­‐1340.	
  

Shetty,	
   A.,	
  M.	
   Loddo,	
   T.	
   Fanshawe,	
   A.	
   T.	
   Prevost,	
   R.	
   Sainsbury,	
   G.	
   H.	
  Williams	
   and	
   K.	
   Stoeber	
   (2005).	
   "DNA	
  
replication	
  licensing	
  and	
  cell	
  cycle	
  kinetics	
  of	
  normal	
  and	
  neoplastic	
  breast."	
  Br	
  J	
  Cancer	
  93(11):	
  1295-­‐1300.	
  

Shim,	
  K.,	
  G.	
  Minowada,	
  D.	
  E.	
  Coling	
  and	
  G.	
  R.	
  Martin	
  (2005).	
  "Sprouty2,	
  a	
  mouse	
  deafness	
  gene,	
  regulates	
  cell	
  
fate	
  decisions	
  in	
  the	
  auditory	
  sensory	
  epithelium	
  by	
  antagonizing	
  FGF	
  signaling."	
  Dev	
  Cell	
  8(4):	
  553-­‐564.	
  



90	
  

	
  

Shimono,	
  Y.,	
  M.	
  Zabala,	
  R.	
  W.	
  Cho,	
  N.	
  Lobo,	
  P.	
  Dalerba,	
  D.	
  Qian,	
  M.	
  Diehn,	
  H.	
  Liu,	
  S.	
  P.	
  Panula,	
  E.	
  Chiao,	
  F.	
  M.	
  
Dirbas,	
   G.	
   Somlo,	
   R.	
   A.	
   Pera,	
   K.	
   Lao	
   and	
  M.	
   F.	
   Clarke	
   (2009).	
   "Downregulation	
   of	
   miRNA-­‐200c	
   links	
   breast	
  
cancer	
  stem	
  cells	
  with	
  normal	
  stem	
  cells."	
  Cell	
  138(3):	
  592-­‐603.	
  

Shojaei,	
   F.,	
   C.	
   Zhong,	
   X.	
  Wu,	
   L.	
   Yu	
   and	
  N.	
   Ferrara	
   (2008).	
   "Role	
   of	
  myeloid	
   cells	
   in	
   tumor	
   angiogenesis	
   and	
  
growth."	
  Trends	
  Cell	
  Biol	
  18(8):	
  372-­‐378.	
  

Shuen,	
   A.	
   Y.	
   and	
  W.	
   D.	
   Foulkes	
   (2011).	
   "Inherited	
   mutations	
   in	
   breast	
   cancer	
   genes-­‐-­‐risk	
   and	
   response."	
   J	
  
Mammary	
  Gland	
  Biol	
  Neoplasia	
  16(1):	
  3-­‐15.	
  

Sleeman,	
   K.	
   E.,	
   H.	
   Kendrick,	
   A.	
   Ashworth,	
   C.	
  M.	
   Isacke	
   and	
  M.	
   J.	
   Smalley	
   (2006).	
   "CD24	
   staining	
   of	
   mouse	
  
mammary	
   gland	
   cells	
   defines	
   luminal	
   epithelial,	
  myoepithelial/basal	
   and	
  non-­‐epithelial	
   cells."	
   Breast	
   Cancer	
  
Res	
  8(1):	
  R7.	
  

Smith,	
  G.	
  H.	
  and	
  D.	
  Medina	
  (1988).	
  "A	
  morphologically	
  distinct	
  candidate	
  for	
  an	
  epithelial	
  stem	
  cell	
  in	
  mouse	
  
mammary	
  gland."	
  J	
  Cell	
  Sci	
  90	
  (	
  Pt	
  1):	
  173-­‐183.	
  

Sonnenberg,	
  E.,	
  D.	
  Meyer,	
  K.	
  M.	
  Weidner	
  and	
  C.	
  Birchmeier	
  (1993).	
  "Scatter	
  factor/hepatocyte	
  growth	
  factor	
  
and	
  its	
  receptor,	
  the	
  c-­‐met	
  tyrosine	
  kinase,	
  can	
  mediate	
  a	
  signal	
  exchange	
  between	
  mesenchyme	
  and	
  epithelia	
  
during	
  mouse	
  development."	
  The	
  Journal	
  of	
  cell	
  biology	
  123(1):	
  223-­‐235.	
  

Sorlie,	
  T.,	
  C.	
  M.	
  Perou,	
  R.	
  Tibshirani,	
  T.	
  Aas,	
  S.	
  Geisler,	
  H.	
  Johnsen,	
  T.	
  Hastie,	
  M.	
  B.	
  Eisen,	
  M.	
  van	
  de	
  Rijn,	
  S.	
  S.	
  
Jeffrey,	
  T.	
  Thorsen,	
  H.	
  Quist,	
  J.	
  C.	
  Matese,	
  P.	
  O.	
  Brown,	
  D.	
  Botstein,	
  P.	
  Eystein	
  Lonning	
  and	
  A.	
  L.	
  Borresen-­‐Dale	
  
(2001).	
   "Gene	
   expression	
   patterns	
   of	
   breast	
   carcinomas	
   distinguish	
   tumor	
   subclasses	
   with	
   clinical	
  
implications."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  98(19):	
  10869-­‐10874.	
  

Sorlie,	
   T.,	
   Y.	
  Wang,	
   C.	
   Xiao,	
   H.	
   Johnsen,	
   B.	
   Naume,	
   R.	
   R.	
   Samaha	
   and	
   A.	
   L.	
   Borresen-­‐Dale	
   (2006).	
   "Distinct	
  
molecular	
   mechanisms	
   underlying	
   clinically	
   relevant	
   subtypes	
   of	
   breast	
   cancer:	
   gene	
   expression	
   analyses	
  
across	
  three	
  different	
  platforms."	
  BMC	
  Genomics	
  7:	
  127.	
  

Stadtfeld,	
  M.,	
  E.	
  Apostolou,	
  H.	
  Akutsu,	
  A.	
  Fukuda,	
  P.	
  Follett,	
  S.	
  Natesan,	
  T.	
  Kono,	
  T.	
  Shioda	
  and	
  K.	
  Hochedlinger	
  
(2010).	
   "Aberrant	
   silencing	
   of	
   imprinted	
   genes	
   on	
   chromosome	
   12qF1	
   in	
   mouse	
   induced	
   pluripotent	
   stem	
  
cells."	
  Nature	
  465(7295):	
  175-­‐181.	
  

Stead,	
  L.	
  A.,	
  T.	
  L.	
  Lash,	
  J.	
  E.	
  Sobieraj,	
  D.	
  D.	
  Chi,	
  J.	
  L.	
  Westrup,	
  M.	
  Charlot,	
  R.	
  A.	
  Blanchard,	
  J.	
  C.	
  Lee,	
  T.	
  C.	
  King	
  and	
  
C.	
  L.	
  Rosenberg	
  (2009).	
  "Triple-­‐negative	
  breast	
  cancers	
  are	
  increased	
  in	
  black	
  women	
  regardless	
  of	
  age	
  or	
  body	
  
mass	
  index."	
  Breast	
  Cancer	
  Res	
  11(2):	
  R18.	
  

Sternlicht,	
   M.	
   D.,	
   H.	
   Kouros-­‐Mehr,	
   P.	
   Lu	
   and	
   Z.	
   Werb	
   (2006).	
   "Hormonal	
   and	
   local	
   control	
   of	
   mammary	
  
branching	
  morphogenesis."	
  Differentiation	
  74(7):	
  365-­‐381.	
  

Stingl,	
  J.	
  (2009).	
  "Detection	
  and	
  analysis	
  of	
  mammary	
  gland	
  stem	
  cells."	
  J	
  Pathol	
  217(2):	
  229-­‐241.	
  

Stingl,	
  J.,	
  C.	
  J.	
  Eaves,	
  U.	
  Kuusk	
  and	
  J.	
  T.	
  Emerman	
  (1998).	
  "Phenotypic	
  and	
  functional	
  characterization	
  in	
  vitro	
  of	
  
a	
  multipotent	
  epithelial	
  cell	
  present	
  in	
  the	
  normal	
  adult	
  human	
  breast."	
  Differentiation	
  63(4):	
  201-­‐213.	
  

Stingl,	
   J.,	
  C.	
   J.	
  Eaves,	
   I.	
  Zandieh	
  and	
  J.	
  T.	
  Emerman	
  (2001).	
  "Characterization	
  of	
  bipotent	
  mammary	
  epithelial	
  
progenitor	
  cells	
  in	
  normal	
  adult	
  human	
  breast	
  tissue."	
  Breast	
  Cancer	
  Res	
  Treat	
  67(2):	
  93-­‐109.	
  

Stingl,	
  J.,	
  P.	
  Eirew,	
  I.	
  Ricketson,	
  M.	
  Shackleton,	
  F.	
  Vaillant,	
  D.	
  Choi,	
  H.	
  I.	
  Li	
  and	
  C.	
  J.	
  Eaves	
  (2006).	
  "Purification	
  
and	
  unique	
  properties	
  of	
  mammary	
  epithelial	
  stem	
  cells."	
  Nature	
  439(7079):	
  993-­‐997.	
  

Stoos,	
  B.	
  A.,	
  O.	
  A.	
  Carretero,	
  R.	
  D.	
  Farhy,	
  G.	
  Scicli	
  and	
  J.	
  L.	
  Garvin	
  (1992).	
  "Endothelium-­‐derived	
  relaxing	
  factor	
  
inhibits	
   transport	
   and	
   increases	
   cGMP	
  content	
   in	
   cultured	
  mouse	
   cortical	
   collecting	
  duct	
   cells."	
   J	
  Clin	
   Invest	
  
89(3):	
  761-­‐765.	
  



91	
  

	
  

Sullivan,	
  C.	
  A.,	
   S.	
  Ghosh,	
   I.	
   T.	
  Ocal,	
  R.	
   L.	
  Camp,	
  D.	
   L.	
  Rimm	
  and	
  G.	
  G.	
  Chung	
   (2009).	
   "Microvessel	
   area	
  using	
  
automated	
   image	
   analysis	
   is	
   reproducible	
   and	
   is	
   associated	
   with	
   prognosis	
   in	
   breast	
   cancer."	
   Hum	
   Pathol	
  
40(2):	
  156-­‐165.	
  

Sun,	
  J.	
  G.,	
  R.	
  X.	
  Liao,	
  J.	
  Qiu,	
  J.	
  Y.	
  Jin,	
  X.	
  X.	
  Wang,	
  Y.	
  Z.	
  Duan,	
  F.	
  L.	
  Chen,	
  P.	
  Hao,	
  Q.	
  C.	
  Xie,	
  Z.	
  X.	
  Wang,	
  D.	
  Z.	
  Li,	
  Z.	
  T.	
  
Chen	
  and	
  S.	
  X.	
  Zhang	
  (2010).	
  "Microarray-­‐based	
  analysis	
  of	
  microRNA	
  expression	
  in	
  breast	
  cancer	
  stem	
  cells."	
  J	
  
Exp	
  Clin	
  Cancer	
  Res	
  29:	
  174.	
  

Szot,	
  C.	
  S.,	
  C.	
  F.	
  Buchanan,	
  J.	
  W.	
  Freeman	
  and	
  M.	
  N.	
  Rylander	
  (2011).	
  "3D	
  in	
  vitro	
  bioengineered	
  tumors	
  based	
  
on	
  collagen	
  I	
  hydrogels."	
  Biomaterials.	
  

Taketomi,	
  T.,	
  D.	
  Yoshiga,	
  K.	
  Taniguchi,	
  T.	
  Kobayashi,	
  A.	
  Nonami,	
  R.	
  Kato,	
  M.	
  Sasaki,	
  A.	
  Sasaki,	
  H.	
  Ishibashi,	
  M.	
  
Moriyama,	
  K.	
  Nakamura,	
  J.	
  Nishimura	
  and	
  A.	
  Yoshimura	
  (2005).	
  "Loss	
  of	
  mammalian	
  Sprouty2	
  leads	
  to	
  enteric	
  
neuronal	
  hyperplasia	
  and	
  esophageal	
  achalasia."	
  Nat	
  Neurosci	
  8(7):	
  855-­‐857.	
  

Taniguchi,	
   K.,	
   T.	
   Ayada,	
   K.	
   Ichiyama,	
   R.	
   Kohno,	
   Y.	
   Yonemitsu,	
   Y.	
   Minami,	
   A.	
   Kikuchi,	
   Y.	
   Maehara	
   and	
   A.	
  
Yoshimura	
  (2007).	
  "Sprouty2	
  and	
  Sprouty4	
  are	
  essential	
  for	
  embryonic	
  morphogenesis	
  and	
  regulation	
  of	
  FGF	
  
signaling."	
  Biochem	
  Biophys	
  Res	
  Commun	
  352(4):	
  896-­‐902.	
  

Taube,	
  J.	
  H.,	
  J.	
  I.	
  Herschkowitz,	
  K.	
  Komurov,	
  A.	
  Y.	
  Zhou,	
  S.	
  Gupta,	
  J.	
  Yang,	
  K.	
  Hartwell,	
  T.	
  T.	
  Onder,	
  P.	
  B.	
  Gupta,	
  
K.	
  W.	
  Evans,	
  B.	
  G.	
  Hollier,	
  P.	
  T.	
  Ram,	
  E.	
  S.	
   Lander,	
   J.	
  M.	
  Rosen,	
  R.	
  A.	
  Weinberg	
  and	
  S.	
  A.	
  Mani	
   (2010).	
   "Core	
  
epithelial-­‐to-­‐mesenchymal	
   transition	
   interactome	
   gene-­‐expression	
   signature	
   is	
   associated	
   with	
   claudin-­‐low	
  
and	
  metaplastic	
  breast	
  cancer	
  subtypes."	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  107(35):	
  15449-­‐15454.	
  

Tefft,	
   D.,	
   M.	
   Lee,	
   S.	
   Smith,	
   D.	
   L.	
   Crowe,	
   S.	
   Bellusci	
   and	
   D.	
   Warburton	
   (2002).	
   "mSprouty2	
   inhibits	
   FGF10-­‐
activated	
  MAP	
  kinase	
  by	
  differentially	
  binding	
  to	
  upstream	
  target	
  proteins."	
  Am	
  J	
  Physiol	
  Lung	
  Cell	
  Mol	
  Physiol	
  
283(4):	
  L700-­‐706.	
  

Tefft,	
   J.	
   D.,	
   M.	
   Lee,	
   S.	
   Smith,	
   M.	
   Leinwand,	
   J.	
   Zhao,	
   P.	
   Bringas,	
   Jr.,	
   D.	
   L.	
   Crowe	
   and	
   D.	
  Warburton	
   (1999).	
  
"Conserved	
   function	
   of	
   mSpry-­‐2,	
   a	
   murine	
   homolog	
   of	
   Drosophila	
   sprouty,	
   which	
   negatively	
   modulates	
  
respiratory	
  organogenesis."	
  Curr	
  Biol	
  9(4):	
  219-­‐222.	
  

Thiery,	
   J.	
   P.,	
   H.	
   Acloque,	
   R.	
   Y.	
   Huang	
   and	
   M.	
   A.	
   Nieto	
   (2009).	
   "Epithelial-­‐mesenchymal	
   transitions	
   in	
  
development	
  and	
  disease."	
  Cell	
  139(5):	
  871-­‐890.	
  

Tuck,	
  A.	
  B.,	
  M.	
  Park,	
  E.	
  E.	
  Sterns,	
  A.	
  Boag	
  and	
  B.	
  E.	
  Elliott	
  (1996).	
  "Coexpression	
  of	
  hepatocyte	
  growth	
  factor	
  
and	
  receptor	
  (Met)	
  in	
  human	
  breast	
  carcinoma."	
  Am	
  J	
  Pathol	
  148(1):	
  225-­‐232.	
  

Tufro,	
   A.,	
   V.	
   F.	
  Norwood,	
   R.	
  M.	
   Carey	
   and	
  R.	
   A.	
  Gomez	
   (1999).	
   "Vascular	
   endothelial	
   growth	
   factor	
   induces	
  
nephrogenesis	
  and	
  vasculogenesis."	
  J	
  Am	
  Soc	
  Nephrol	
  10(10):	
  2125-­‐2134.	
  

Ulich,	
   T.	
   R.,	
   E.	
   S.	
   Yi,	
   R.	
   Cardiff,	
   S.	
   Yin,	
  N.	
  Bikhazi,	
   R.	
  Biltz,	
   C.	
   F.	
  Morris	
   and	
  G.	
   F.	
   Pierce	
   (1994).	
   "Keratinocyte	
  
growth	
  factor	
  is	
  a	
  growth	
  factor	
  for	
  mammary	
  epithelium	
  in	
  vivo.	
  The	
  mammary	
  epithelium	
  of	
  lactating	
  rats	
  is	
  
resistant	
  to	
  the	
  proliferative	
  action	
  of	
  keratinocyte	
  growth	
  factor."	
  Am	
  J	
  Pathol	
  144(5):	
  862-­‐868.	
  

Uzzan,	
   B.,	
   P.	
   Nicolas,	
   M.	
   Cucherat	
   and	
   G.	
   Y.	
   Perret	
   (2004).	
   "Microvessel	
   density	
   as	
   a	
   prognostic	
   factor	
   in	
  
women	
  with	
  breast	
  cancer:	
  a	
  systematic	
  review	
  of	
  the	
  literature	
  and	
  meta-­‐analysis."	
  Cancer	
  Res	
  64(9):	
  2941-­‐
2955.	
  

van	
   der	
   Voort,	
   R.,	
   T.	
   E.	
   Taher,	
   V.	
   J.	
  Wielenga,	
  M.	
   Spaargaren,	
   R.	
   Prevo,	
   L.	
   Smit,	
   G.	
   David,	
   G.	
   Hartmann,	
   E.	
  
Gherardi	
   and	
   S.	
   T.	
   Pals	
   (1999).	
   "Heparan	
   sulfate-­‐modified	
  CD44	
  promotes	
   hepatocyte	
   growth	
   factor/scatter	
  
factor-­‐induced	
   signal	
   transduction	
   through	
   the	
   receptor	
   tyrosine	
   kinase	
   c-­‐Met."	
   J	
   Biol	
   Chem	
  274(10):	
   6499-­‐
6506.	
  



92	
  

	
  

van	
  Zijl,	
  F.,	
  M.	
  Mair,	
  A.	
  Csiszar,	
  D.	
  Schneller,	
  G.	
  Zulehner,	
  H.	
  Huber,	
  R.	
  Eferl,	
  H.	
  Beug,	
  H.	
  Dolznig	
  and	
  W.	
  Mikulits	
  
(2009).	
   "Hepatic	
   tumor-­‐stroma	
   crosstalk	
   guides	
   epithelial	
   to	
   mesenchymal	
   transition	
   at	
   the	
   tumor	
   edge."	
  
Oncogene	
  28(45):	
  4022-­‐4033.	
  

Veeravagu,	
  A.,	
  S.	
  R.	
  Bababeygy,	
  M.	
  Y.	
  Kalani,	
  L.	
  C.	
  Hou	
  and	
  V.	
  Tse	
  (2008).	
  "The	
  cancer	
  stem	
  cell-­‐vascular	
  niche	
  
complex	
  in	
  brain	
  tumor	
  formation."	
  Stem	
  Cells	
  Dev	
  17(5):	
  859-­‐867.	
  

Villadsen,	
  R.,	
  A.	
  J.	
  Fridriksdottir,	
  L.	
  Ronnov-­‐Jessen,	
  T.	
  Gudjonsson,	
  F.	
  Rank,	
  M.	
  A.	
  LaBarge,	
  M.	
  J.	
  Bissell	
  and	
  O.	
  
W.	
  Petersen	
  (2007).	
  "Evidence	
  for	
  a	
  stem	
  cell	
  hierarchy	
  in	
  the	
  adult	
  human	
  breast."	
  J	
  Cell	
  Biol	
  177(1):	
  87-­‐101.	
  

Walden,	
  P.	
  D.,	
  W.	
  Ruan,	
  M.	
  Feldman	
  and	
  D.	
  L.	
  Kleinberg	
  (1998).	
  "Evidence	
  that	
  the	
  mammary	
  fat	
  pad	
  mediates	
  
the	
  action	
  of	
  growth	
  hormone	
  in	
  mammary	
  gland	
  development."	
  Endocrinology	
  139(2):	
  659-­‐662.	
  

Warburton,	
  D.,	
  A.	
  El-­‐Hashash,	
  G.	
  Carraro,	
  C.	
  Tiozzo,	
  F.	
  Sala,	
  O.	
  Rogers,	
  S.	
  De	
  Langhe,	
  P.	
  J.	
  Kemp,	
  D.	
  Riccardi,	
  J.	
  
Torday,	
  S.	
  Bellusci,	
  W.	
  Shi,	
  S.	
  R.	
  Lubkin	
  and	
  E.	
  Jesudason	
  (2010).	
  "Lung	
  organogenesis."	
  Curr	
  Top	
  Dev	
  Biol	
  90:	
  
73-­‐158.	
  

Weaver,	
   V.	
   M.,	
   A.	
   H.	
   Fischer,	
   O.	
   W.	
   Peterson	
   and	
   M.	
   J.	
   Bissell	
   (1996).	
   "The	
   importance	
   of	
   the	
  
microenvironment	
   in	
   breast	
   cancer	
   progression:	
   recapitulation	
   of	
   mammary	
   tumorigenesis	
   using	
   a	
   unique	
  
human	
  mammary	
  epithelial	
  cell	
  model	
  and	
  a	
  three-­‐dimensional	
  culture	
  assay."	
  Biochem	
  Cell	
  Biol	
  74(6):	
  833-­‐
851.	
  

Weaver,	
  V.	
  M.,	
  O.	
  W.	
  Petersen,	
  F.	
  Wang,	
  C.	
  A.	
  Larabell,	
  P.	
  Briand,	
  C.	
  Damsky	
  and	
  M.	
  J.	
  Bissell	
  (1997).	
  "Reversion	
  
of	
  the	
  malignant	
  phenotype	
  of	
  human	
  breast	
  cells	
  in	
  three-­‐dimensional	
  culture	
  and	
  in	
  vivo	
  by	
  integrin	
  blocking	
  
antibodies."	
  The	
  Journal	
  of	
  cell	
  biology	
  137(1):	
  231-­‐245.	
  

Wellner,	
  U.,	
  J.	
  Schubert,	
  U.	
  C.	
  Burk,	
  O.	
  Schmalhofer,	
  F.	
  Zhu,	
  A.	
  Sonntag,	
  B.	
  Waldvogel,	
  C.	
  Vannier,	
  D.	
  Darling,	
  A.	
  
zur	
  Hausen,	
  V.	
  G.	
  Brunton,	
  J.	
  Morton,	
  O.	
  Sansom,	
  J.	
  Schuler,	
  M.	
  P.	
  Stemmler,	
  C.	
  Herzberger,	
  U.	
  Hopt,	
  T.	
  Keck,	
  S.	
  
Brabletz	
   and	
   T.	
   Brabletz	
   (2009).	
   "The	
   EMT-­‐activator	
   ZEB1	
   promotes	
   tumorigenicity	
   by	
   repressing	
   stemness-­‐
inhibiting	
  microRNAs."	
  Nat	
  Cell	
  Biol	
  11(12):	
  1487-­‐1495.	
  

Wielenga,	
  V.	
  J.,	
  R.	
  van	
  der	
  Voort,	
  T.	
  E.	
  Taher,	
  L.	
  Smit,	
  E.	
  A.	
  Beuling,	
  C.	
  van	
  Krimpen,	
  M.	
  Spaargaren	
  and	
  S.	
  T.	
  Pals	
  
(2000).	
   "Expression	
   of	
   c-­‐Met	
   and	
   heparan-­‐sulfate	
   proteoglycan	
   forms	
   of	
   CD44	
   in	
   colorectal	
   cancer."	
   Am	
   J	
  
Pathol	
  157(5):	
  1563-­‐1573.	
  

Wiseman,	
   B.	
   S.	
   and	
   Z.	
  Werb	
   (2002).	
   "Stromal	
   effects	
   on	
  mammary	
   gland	
   development	
   and	
   breast	
   cancer."	
  
Science	
  296(5570):	
  1046-­‐1049.	
  

Xiong,	
  A.,	
  T.	
  W.	
  Austin,	
  E.	
   Lagasse,	
  N.	
  Uchida,	
  S.	
  Tamaki,	
  B.	
  B.	
  Bordier,	
   I.	
   L.	
  Weissman,	
   J.	
   S.	
  Glenn	
  and	
  M.	
  T.	
  
Millan	
   (2008).	
   "Isolation	
   of	
   human	
   fetal	
   liver	
   progenitors	
   and	
   their	
   enhanced	
   proliferation	
   by	
   three-­‐
dimensional	
  coculture	
  with	
  endothelial	
  cells."	
  Tissue	
  Eng	
  Part	
  A	
  14(6):	
  995-­‐1006.	
  

Xue,	
  Y.,	
  F.	
  Smedts,	
  E.	
  T.	
  Ruijter,	
  F.	
  M.	
  Debruyne,	
  J.	
  J.	
  de	
  la	
  Rosette	
  and	
  J.	
  A.	
  Schalken	
  (2001).	
  "Branching	
  activity	
  
in	
  the	
  human	
  prostate:	
  a	
  closer	
  look	
  at	
  the	
  structure	
  of	
  small	
  glandular	
  buds."	
  Eur	
  Urol	
  39(2):	
  222-­‐231.	
  

Yamazaki,	
  K.	
  and	
  B.	
  P.	
  Eyden	
  (1995).	
  "Ultrastructural	
  and	
   immunohistochemical	
  observations	
  on	
   intralobular	
  
fibroblasts	
  of	
  human	
  breast,	
  with	
  observations	
  on	
   the	
  CD34	
  antigen."	
   J	
   Submicrosc	
  Cytol	
  Pathol	
  27(3):	
   309-­‐
323.	
  

Yang,	
  J.	
  and	
  R.	
  A.	
  Weinberg	
  (2008).	
  "Epithelial-­‐mesenchymal	
  transition:	
  at	
  the	
  crossroads	
  of	
  development	
  and	
  
tumor	
  metastasis."	
  Dev	
  Cell	
  14(6):	
  818-­‐829.	
  

Yao,	
  Y.,	
  L.	
  Jin,	
  A.	
  Fuchs,	
  A.	
  Joseph,	
  H.	
  M.	
  Hastings,	
  I.	
  D.	
  Goldberg	
  and	
  E.	
  M.	
  Rosen	
  (1996).	
  "Scatter	
  factor	
  protein	
  
levels	
  in	
  human	
  breast	
  cancers:	
  clinicopathological	
  and	
  biological	
  correlations."	
  Am	
  J	
  Pathol	
  149(5):	
  1707-­‐1717.	
  



93	
  

	
  

Yigzaw,	
  Y.,	
  H.	
  M.	
  Poppleton,	
  N.	
  Sreejayan,	
  A.	
  Hassid	
  and	
  T.	
  B.	
  Patel	
  (2003).	
  "Protein-­‐tyrosine	
  phosphatase-­‐1B	
  
(PTP1B)	
  mediates	
  the	
  anti-­‐migratory	
  actions	
  of	
  Sprouty."	
  J	
  Biol	
  Chem	
  278(1):	
  284-­‐288.	
  

Yu,	
   K.,	
   C.	
   H.	
   Lee,	
   P.	
   H.	
   Tan	
   and	
   P.	
   Tan	
   (2004).	
   "Conservation	
   of	
   breast	
   cancer	
   molecular	
   subtypes	
   and	
  
transcriptional	
  patterns	
  of	
  tumor	
  progression	
  across	
  distinct	
  ethnic	
  populations."	
  Clin	
  Cancer	
  Res	
  10(16):	
  5508-­‐
5517.	
  

Yusoff,	
   P.,	
   D.	
   H.	
   Lao,	
   S.	
   H.	
   Ong,	
   E.	
   S.	
  Wong,	
   J.	
   Lim,	
   T.	
   L.	
   Lo,	
   H.	
   F.	
   Leong,	
   C.	
  W.	
   Fong	
   and	
  G.	
   R.	
   Guy	
   (2002).	
  
"Sprouty2	
  inhibits	
  the	
  Ras/MAP	
  kinase	
  pathway	
  by	
  inhibiting	
  the	
  activation	
  of	
  Raf."	
  J	
  Biol	
  Chem	
  277(5):	
  3195-­‐
3201.	
  

Zahnow,	
  C.	
  A.	
  (2006).	
  "ErbB	
  receptors	
  and	
  their	
  ligands	
  in	
  the	
  breast."	
  Expert	
  Rev	
  Mol	
  Med	
  8(23):	
  1-­‐21.	
  

Zavadil,	
  J.	
  and	
  E.	
  P.	
  Bottinger	
  (2005).	
  "TGF-­‐beta	
  and	
  epithelial-­‐to-­‐mesenchymal	
  transitions."	
  Oncogene	
  24(37):	
  
5764-­‐5774.	
  

Zhang,	
   A.,	
   Z.	
   Dong	
   and	
   T.	
   Yang	
   (2006).	
   "Prostaglandin	
   D2	
   inhibits	
   TGF-­‐beta1-­‐induced	
   epithelial-­‐to-­‐
mesenchymal	
  transition	
  in	
  MDCK	
  cells."	
  Am	
  J	
  Physiol	
  Renal	
  Physiol	
  291(6):	
  F1332-­‐1342.	
  

Zhou,	
  X.,	
  R.	
  G.	
  Rowe,	
  N.	
  Hiraoka,	
  J.	
  P.	
  George,	
  D.	
  Wirtz,	
  D.	
  F.	
  Mosher,	
  I.	
  Virtanen,	
  M.	
  A.	
  Chernousov	
  and	
  S.	
  J.	
  
Weiss	
  (2008).	
  "Fibronectin	
  fibrillogenesis	
  regulates	
  three-­‐dimensional	
  neovessel	
  formation."	
  Genes	
  Dev	
  22(9):	
  
1231-­‐1243.	
  

Zhou,	
  Y.,	
  Y.	
  Zhong,	
  Y.	
  Wang,	
  X.	
  Zhang,	
  D.	
  L.	
  Batista,	
  R.	
  Gejman,	
  P.	
  J.	
  Ansell,	
  J.	
  Zhao,	
  C.	
  Weng	
  and	
  A.	
  Klibanski	
  
(2007).	
  "Activation	
  of	
  p53	
  by	
  MEG3	
  non-­‐coding	
  RNA."	
  J	
  Biol	
  Chem	
  282(34):	
  24731-­‐24742.	
  

Zwart,	
  W.,	
  V.	
  Theodorou	
  and	
  J.	
  S.	
  Carroll	
  (2011).	
  "Estrogen	
  receptor-­‐positive	
  breast	
  cancer:	
  a	
  multidisciplinary	
  
challenge."	
  Wiley	
  Interdiscip	
  Rev	
  Syst	
  Biol	
  Med	
  3(2):	
  216-­‐230.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



94	
  

	
  

ORIGINAL	
  PAPERS	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
  

	
  

Paper	
  #1	
  



332

In Vitro Cell. Dev. Biol.—Animal 42:332–340, November/December 2006
� 2006 Society for In Vitro Biology
1071-2690/06 $18.00+0.00

HUMAN BREAST MICROVASCULAR ENDOTHELIAL CELLS RETAIN PHENOTYPIC TRAITS
IN LONG-TERM FINITE LIFE SPAN CULTURE

VALGARDUR SIGURDSSON, AGLA J. R. FRIDRIKSDOTTIR, JENS KJARTANSSON, JON G. JONASSON,
MARGRET STEINARSDOTTIR, OLE WILLIAM PETERSEN, HELGA M. OGMUNDSDOTTIR, AND THORARINN GUDJONSSON1

Faculty of Medicine, University of Iceland (V. S., H. M. O., T. G.), Molecular and Cell Biology Research Laboratory, Icelandic Cancer
Society (V. S., A. J. R. F., H. M. O., T. G.), Reykjavik, Iceland, Structural Cell Biology Unit, Department of Medical Anatomy-A, The

Panum Institute, University of Copenhagen, Denmark (A. J. R. F., O. W. P.), St. Josefs Hospital, Iceland (J. K.), Department of
Pathology, University Hospital of Iceland (J. G. J.), Chromosome Laboratory, Department of Genetics and Molecular Medicine, University

Hospital of Iceland (M. S.)

(Received 25 April 2006; accepted 26 April 2006)

SUMMARY

Attempts to study endothelial–epithelial interactions in the human breast have been hampered by lack of protocols
for long-term cultivation of breast endothelial cells (BRENCs). The aim of this study was to establish long-term cultures
of BRENCs and to compare their phenotypic traits with the tissue of origin. Microvasculature was localized in situ by
immunohistochemistry in breast samples. From this tissue, collagen-rich stroma and adipose tissue were dissected me-
chanically and further disaggregated to release microvessel organoids. BRENCs were cultured from these organoids in
endothelial specific medium and characterized by staining for endothelial markers. Microvessels were a prominent feature
of intralobular tissue as evidenced by immunostaining against endothelial specific markers such as CD31, VE-cadherin,
and von Willebrand factor (VWF). Double staining against VE-cadherin and lymphatic vessel endothelial hyaluronan
receptor-1 (LYVE-1) showed that blood and lymphatic vessels could be distinguished. An antibody against CD31 was
used to refine protocols for isolation of microvasculature from reduction mammoplasties. BRENCs retained critical traits
even at high passage, including uptake of low-density lipoprotein, and had E-selectin induced upon treatment with tumor
necrosis factor-�. The first signs of senescence in passage 14 were accompanied by gain of trisomy 11. At passage 18
cells showed chromosomal aberrations and growth arrest as revealed by �-galactosidase staining. We demonstrate here
that breast microvasculature may serve as a large-scale source for expansion of BRENCs with molecular and functional
traits preserved. These cells will form the basis for studies on the role of endothelial cells in breast morphogenesis.
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INTRODUCTION

Blood vessels perfuse all tissues in the body and mediate meta-
bolic exchanges between tissues and blood. Furthermore, recent
data have demonstrated that blood vessels participate in embryo
development and tissue morphogenesis (Shekhar et al., 2000; Lam-
mert et al., 2001, 2003; Cleaver and Melton, 2003; Shen et al.,
2004). Although endothelial cells from different organs share many
morphological and functional features, subtleties at both levels have
been shown to be organ specific (McCarthy et al., 1991; Jackson
and Nguyen, 1997; Belloni and Nicolson, 1988; Bachetti and Mor-
bidelli, 2000; Bouis et al., 2001; Chi et al., 2003). In particular the
microenvironment seems to determine form and function as most
convincingly revealed in the blood–brain barrier (Wagner and Ri-
sau, 1994; Abbott, 2002).

The human breast gland is a good example of a dynamic organ
composed of a branching epithelium surrounded by vascularized
stroma. Indeed, the stroma accounts for more than 80% of the rest-
ing breast volume (Rønnov-Jessen et al., 1996) and collectively is
composed of cellular components such as fibroblasts, immune cells,

1 To whom correspondence should be addressed.

and fat cells in addition to vascular-derived endothelial cells and
smooth muscle cells embedded in a collagen-rich extracellular ma-
trix. While blood vessels and particularly angiogenesis have re-
ceived considerable attention in relation to breast cancer (Gasparini
and Harris, 1995; Boudreau and Myers, 2003) the structure and
function of the vasculature in the normal human breast are poorly
understood. Recently, Naccarato et al. (2003) demonstrated that
morphological differences exist between intralobular and extralob-
ular vasculature. Whereas ducts were surrounded by many small
capillaries, lobules showed fewer but larger microvessels with a
sinusoidal phenotype. A similar pattern has been found by other
(Rønnov-Jessen et al., 1996).

Most of the information on human endothelial cells in culture is
derived from experiments with human umbilical vein endothelial
cells (HUVECs) since these are readily accessible (Bouis et al.,
2001). In general, HUVECs have been regarded as representative
also of microvascular endothelial cells (Manconi et al., 2000). While
this may be safely assumed for a number of investigations, when
studying cellular interactions at the level of individual organs the
tissue specificity must be considered. This was elegantly demon-
strated by the recent gene expression profiling of endothelial cells
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FIG. 1. Microvessels are a prominent feature of TDLU in the human breast. Cryostat sections of normal human breast tissue stained
with (A) CD31, (B) VE-cadherin, (C) CD34, (D) LYVE-1. Note intralobular staining with CD31, VE-cadherin, and LYVE-1. CD34 stain
stromal cells broadly. Sections were counterstained with hematoxylin. Bar � 50 �m. Figure is published in color online at http://
inva.allenpress.com/invaonline/?request�index.html.

of different tissue origins (Pasqualini et al., 2002; Pasqualini and
Arap, 2002; Chi et al., 2003).

There are only few published reports of in vitro studies of normal
BRENCs (Hewett et al., 1992; Hewett and Murray, 1993b; O’Hare
et al., 2001), mainly because of limited access to tissue material as
well as the lack of protocols for isolation and cultivation. Methods
for the isolation and culture of BRENCs have been regarded as
extremely laborious and time consuming. Hewett et al. (1993) es-
tablished a method for the isolation of BRENCs by sequential di-
gestion of the breast fat tissue with collagenase and trypsin followed
by specific selection of microvessel fragments with Ulex europaeus
agglutinin-1 (UEA)–coated magnetic beads. A modification of this
method included replacement of UEA with CD31 (PECAM) (Hewett
and Murray, 1993b). Rønnov-Jessen and Petersen (1993) estab-
lished a method for the isolation of different cellular compartments
of the human breast including microvessel organoids. The enriched
microvessel compartment is mostly derived from collagen-rich stro-
ma and provides an alternative source to adipose tissue for further
purification of BRENCs. With regard to increasing data from other
organs demonstrating that endothelial cells play an active role in
organogenesis and cell differentiation (Lammert et al., 2001, 2003;
Matsumoto et al., 2001; Shen et al., 2004), it is important to im-
prove conditions for both isolation and long-term culture of

BRENCs and to study them in the normal context of breast mor-
phogenesis. The aim of this study was to establish long-term cul-
tures of BRENCs and to compare the endothelial phenotype in cul-
ture with their counterpart in situ.

MATERIALS AND METHODS

Materials. Breast tissue specimens where obtained from reduction mam-
moplasties after informed consent. The study was approved by the Data Pro-
tection Commission and the National Bioethics Committee in Iceland (per-
mission number 99/111). Culture dishes were from Nunc (Roskilde, Den-
mark) and Chamber Slides from BD (Bedford, MA). Vitrogen, was from Co-
hesion Technologies (Palo Alto, CA). Growth factor–reduced matrigel was
obtained from Becton Dickinson (Bedford, MA). Collagenase IA was obtained
from Sigma, Brondby, Denmark (C-9891). Cell culture medium, Dulbecco
modified Eagle medium (DMEM)/F12, and fetal calf serum was obtained from
GIBCO (GIBCO BRL, Life Technologies, Grand Island, NY) and endothelial
growth medium, EGM-2 from Cambrex (Cambrex Bio Science, Walkersville,
MD). Anti-CD31 Dynabeads where obtained from Dynal Biotech (Dynal Bio-
tech ASA, Oslo, Norway). MACS columns and microbeads where purchased
from Miltenyi (Miltenyi Biotec GmbH, Gladbach, Germany).

Primary cell culture and isolation. Primary breast endothelial cells were
isolated from interstitial stroma or adipose tissue from breast biopsies as
described in more detail in the result section. Briefly, epithelial tissue and
collagen-rich interstitial stroma were separated from adipose tissue and
minced into small pieces and digested in DMEM/F12 medium supplemented
with collagenase-1A (900 U/ml) overnight at 37� C on a rotary shaker (60
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FIG. 2. Blood and lymph endothelial cells stain differently in TDLUs of normal human breast tissue. (A) Immunofluorescence double
staining with VE-cadherin (green) and Thy-1 (red). Blood vessels were clearly distinguishable from fibroblasts and epithelial cells by
expression of VE-cadherin. Fibroblasts and myoepithelial cells were recognized by their expression of Thy-1. (B) Double staining against
VE-cadherin (green) and CD31 (red) in endothelial cells shows colocalization. (C) Blood and lymphatic endothelial cells were identified
by expression of VE-cadherin (red) and LYVE-1 (green), respectively. (D) Extralobular expression of LYVE-1 (green). Nuclear staining
(blue). Bar � 50 �m. Figure is published in color online at http://inva.allenpress.com/invaonline/?request�index.html.

rpm). After enzymatic disaggregation the digest was differentially centrifu-
gated as described by others (Rønnov-Jessen and Petersen, 1993). This re-
sulted in four different components enriched in acini and ducts, large vessels,
microvessels, and fibroblasts. The microvessel pellet was washed twice with
5 ml incubation buffer (phosphate-buffered saline [PBS]/0.1% bovine serum
albumin [BSA]/2 mM ethylenediaminetetraacetic acid [EDTA]) and incubated
with anti-CD31 Dynabeads for 20 min at 4� C. Microvessel organoids bound
to the Dynabeads were isolated on a magnetic concentrator. Microvascular
organoids from adipose tissue were isolated as described by Hewett et al.
(1993). Briefly, adipose tissue was collagenase-treated for 2 h at 37� C. The
crude digest was centrifuged and microvessel organoids were isolated using
anti-CD31 Dynabeads. All breast endothelial organoids were seeded on vi-
trogen-coated T25 culture flasks and cultured in EGM-2 supplemented with
30% fetal bovine serum (FBS). Serum concentration could be reduced to 2–
5% after the first passage for short-term culture. When needed the MACS
cell sorting system was used for the selection of contaminating fibroblasts.
Anti–Thy-1 antibody (ASO2, Dianova, Hamburg, Germany) was used to de-
plete fibroblasts.

Immunocytochemistry and confocal microscopy. Breast biopsies were frozen
in n-hexan (Merck) and mounted in tissue freezing medium (Leica instru-
ments) for sectioning. Frozen biopsies were sectioned at a 5-�m setting in a
cryostat. The sections were dried for 15 min at room temperature and fixed

in methanol as described previously (Petersen and van Deurs, 1988). Primary
antibodies included anti-CD31 (JC70A, DakoCytomation, Denmark), anti-
VE-cadherin (BV9, abcam, Cambridge, UK), anti-CD34 (QBEnd/10, Novo-
castra, Newcastle, UK), anti-LYVE-1 (ab10278, abcam), anti-Thy1 (ASO2,
Dianova), anti-VWF (F8/86), anti-VEGFR2 (KDR/EIC, abcam), anti-CD105
(SN6h, NeoMarkers, Fremont, CA), anti-vimentin (V9, DakoCytomation), and
anti-keratin K19 (BA17, DakoCytomation). Rabbit anti-mouse immunoglob-
ulins (Z0259, DakoCytomation) were used as secondary antibodies and a
peroxidase conjugated anti-peroxidase mouse mAb was used as a tertiary
antibody (P850, DakoCytomation). The peroxidase reactions were performed
using 0.5 mg/ml 3,3-diaminobenzidine (DakoCytomation) and 0.02% H2O2

(Merck) for 10 min. The cultures were counterstained with hematoxylin. For
double-labelling experiments we used fluorescent isotype-specific secondary
antibodies (Molecular Probes, Invitrogen). Antibody incubations were carried
out for 30 min, and specimens were rinsed twice for 5 min each at room
temperature. Fluorescent nuclear counterstaining was performed with TO-
PRO-3 iodide (Molecular Probes, Invitrogen, Groco, Reykiacik, Iceland). Af-
ter staining specimens were mounted with coverslips using Fluoromount-G
(Southern Biotechnology). Immunofluorescence was visualized using a Zeiss
LSM 5 Pascal laser-scanning microscope (Carl Zeiss).

Functional assays. Acetylated low-density lipoprotein (AcLDL) uptake as-
say was performed on semiconfluent breast endothelial cells cultured on four-



335BREAST ENDOTHELIAL CELLS

FIG. 3. Schematic presentation of the human breast including the TDLU and a protocol for the isolation of breast blood vessel
endothelial cells. Tissue from breast reduction mammoplasties was minced and separated into an adipose component and an epithelial/
stromal component. Each component was digested with collagenase for 4 and 24 h, respectively. Digestion of adipose tissue resulted in
relatively pure microvessel organoids. In contrast, digestion of epithelial/stromal component resulted in a mixture of cells and organoids.
This could be further purified into microvasculature by differential centrifugation. The microvasculature from either component was
incubated with anti-CD31 Dynabeads and isolated on a magnetic concentrator. This was seeded into collagen-coated culture flasks and
cultured in the EGM-2 plus serum. Maximum propagation was achieved when cells were cultured in 30% serum. For short-term culture
serum concentration could be lowered to 2–5 %, however, BRENCs did not grow without serum supplement. Figure is published in color
online at http://inva.allenpress.com/invaonline/?request�index.html.
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FIG. 4. Characterization of breast endothelial cells in culture. Primary cultures of human breast endothelial cells stained with (A)
CD31 (green), (B) VWF (green), (C) VE-cadherin (green), (D) LYVE-1 (green). Breast endothelial cells in culture express classical
endothelial markers but not the lymphatic endothelial marker. Nuclear staining (red). Bar � 50 �m. Figure is published in color online
at http://inva.allenpress.com/invaonline/?request�index.html.

well chamber slides. Conjugated AcLDL-A488 was added at 10 �g/ml to the
cells and the cells were then incubated for 4 h. The cultures were then
washed twice with PBS and fixed with 1% formalin solution. Chamber slides
were mounted with coverslips and AcLDL uptake visualized using a Zeiss
laser-scanning microscope. E-selectin expression was induced with tumor
necrosis growth factor-� (20 ng/ml) for 4 h on subconfluent breast endothelial
cells cultured on four-well chamber slides. Subsequently, the slides were
fixed with methanol and incubated with anti–E-selectin (ELAM) antibody
(Research Diagnostic clone 1.2B6, Concord, MA) for 30 min at room tem-
perature. Rabbit anti-mouse immunoglobulins were used as secondary anti-
bodies as described above. Breast endothelial tube formation assay was per-
formed on matrigel coated four-well chamber slides. Each well was coated
with 50 �l matrigel and incubated at 37� C for 30 min. Endothelial cells
were trypsinized and seeded into the wells and formation of capillary-like
net was observed and photographed after 24 h of culture.

Senescence assay. Staining for senescence-associated �-galactosidase (SA-
�-gal) was performed according to the manufacturers instructions (senescence
�-galactosidase staining kit, Cell Signalling Technology, Danvers, MA). Brief-
ly, cells were cultured on T25 cell culture flasks until semiconfluent. The
cells were then fixed and incubated with the staining solution, which con-
tained X-gal. Senescent cells showed �-galactosidase activity at pH 6, which
was detected as a blue color. This procedure was used on primary breast
endothelial cells from three different individuals in passage 6, 13, and 18.
For comparison HUVECs from three different individuals were also stained
with this procedure.

Karyotype analysis. Karyotype analysis was performed at the Chromosome
Laboratory at the Landspitali University Hospital, using standard cytogenetic
procedures. Briefly, cells were incubated with MAS (metaphase arresting so-
lution, Genial Genetic Solutions, Ltd., Cheshire, UK) for 3 h, followed by
hypotonic treatment (0.0075 M KCl) for 20 min at 37� C and fixed with
methanol/acetic acid (1:3). Slides were aged for 2 d and G-banded with
trypsin solution and Leishmans stain. From each culture 30 cells were ana-
lyzed and karyotypes described following International system for human
cytogenetics (ISCN) recommendations (Mitelman, 1995).

RESULTS

Characterization of breast endothelial cells in situ. We first
mapped the spatial localization of the blood vasculature within the
terminal duct lobular unit (TDLU) using classical endothelial-spe-
cific markers. These include CD31, VE-cadherin, and VWF, which
are all expressed on different blood vessels. To discriminate be-
tween blood and lymphatic vessels we used an antibody against
LYVE-1 that is highly specific for lymphatic vessels (Fig. 1). When
stained with antibodies against CD31 and VE-cadherin, a promi-
nent intralobular expression was seen (Fig. 1A,B) and it was evident
that BRENCs were in close contact with the epithelial compartment.



337BREAST ENDOTHELIAL CELLS

TABLE 1

CHARACTERISTICS OF BREAST ENDOTHELIAL CELLS IN CULTURE

Phenotype/passagesa BRENCsb 6 BRENCs 13 BRENCs 18

CD31
vWF

VE-cadherin
VEGFR2

CD105
Vimentin
SA-�-gal

THY-1
Ck-18

LYVE-1

�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

�
�
�

ND
�
�

�/�
�
�
�

Function
Tube formation on matrigel

E-selectin
AcLDL uptake

�
�
�

�
�

ND

�/�
ND
ND

Karyotype Normal Normal Abnormal

a vWF, von Willebrand factor; SA-�-gal, senescence-associated �-galacto-
sidase; LYVE-1, lymphatic vessel endothelial hyalvronan receptor; AcLDL,
acetylated low-density lipoprotein; VEGFR2, vascular endothelial growth fac-
tor receptor 2; Ck-18, cytokeratin-18; ND, not done.

b BRENCs, breast endothelial cells.

CD34 has been extensively used as a marker for endothelial cells
in situ. However, in our hands this marker was expressed on a wide
variety of other cell types such as fibroblasts and myoepithelial cells
(Fig. 1C, additional data not shown). Localization of lymphatic ves-
sels was studied by staining for LYVE-1, which is exclusively ex-
pressed on lymphatic vessels. The observed expression indicated
that intralobular lymphatic vessels were also a prominent feature of
the TDLU (Fig. 1D). The intralobular organization of blood and
lymphatic vessels was further demonstrated with immunofluores-
cence double labeling (Fig. 2). Double staining against VE-cadherin
and Thy-1 revealed a distinction between the vascular and the fi-
broblast/epithelial compartment (Fig. 2A). Double staining of VE-
cadherin with CD31 showed colocalization (Fig. 2B). To distinguish
between blood and lymphatic vascular cells we performed double
staining against VE-cadherin and LYVE-1 (Fig. 2C). Figure 2D
shows extralobular expression of LYVE-1 in a large lymphatic ves-
sel. In summary, the intimate relationship between the endothelial
and epithelial compartments inside the TDLU suggests the possi-
bility of a reciprocal cellular interaction across these compartments
in the normal breast gland.

Isolation and cultivation of breast endothelial cells. Breast micro-
vasculature was obtained by extraction from the collagen-rich in-
terstitial stroma or the surrounding adipose tissue with a modifi-
cation of methods published by Rønnov-Jessen et al. (1996),
Rønnov-Jessen and Petersen (1993), and Hewett et al. (1993), also
described in Material and Methods and outlined in Fig. 3. Modifi-
cations from previous methods included immunomagnetic purifica-
tion in a CD31 (PECAM) retaining column followed by a flow-
through in an anti–Thy-1 column in order to remove contaminating
fibroblasts. Enriched microvessel organoids were plated onto col-
lagen-coated tissue culture flasks and cultivated in the EGM-2 me-
dium (Fig. 3, schematic figure). This medium was further supple-

mented with 30% fetal calf serum which was indispensable for long-
term endothelial growth. Under these culture conditions primary
BRENCs were kept up to 18 passages with a split ratio of 1:4 at
each passage. For short-term culture purposes (4–6 passages) the
serum level could be reduced to 2% (Fig. 3). The success rate in
establishing long-term BRENCs cultures in terms of biopsies was
9 out of 35 (25.7%). This allowed for cryopreservation of several
vials from each biopsy for future purposes. A high viability after
cryopreservation was observed if cultures were provided with fresh
medium before handling and 55% fetal calf serum was added as a
cryopreservative.

Characterization of cultured BRENCs. BRENC cultures were
characterized in passage 6, 13, and 18. As seen in Fig. 4 and Table
1 BRENCs stained brightly with the endothelial markers CD31,
VWF, and VE-cadherin but were negative for the lymphatic marker
LYVE-1, the fibroblast marker Thy-1, and the epithelial cytokeratin
18. The endothelial lineage of the cultured BRENCs was further
evidenced by their ability to form capillary-like networks on top of
matrigel (Fig. 5A,B). Furthermore, BRENCs showed uptake of the
endothelial specific marker AcLDL when added to the culture me-
dium, and addition of tumor necrosis factor-� resulted in the in-
duction of another endothelial specific marker, E-selectin. Table 1
summarizes the marker expression and functional characteristics of
cultured BRENCs.

BRENCs remain karyotypically normal until the onset of senes-
cence. Karyotyping revealed that BRENCs were remarkably stable
even after long-term culture. Generally, at passage 14 a subpopu-
lation of BRENCs emerged exhibiting signs of senescence as evi-
denced by expression of SA-�-gal (data not shown). This was ac-
companied by chromosomal changes in terms of trisomy 11. For
comparison with BRENCs we used HUVECs and these started to
accumulate chromosomal changes already in the sixth passage with
the same split ratio. Interestingly, the same chromosomal abnor-
malities, i.e., trisomy 11, appeared in BRENCs and HUVECs. Fig-
ure 6 shows the karyotype of BRENCs and HUVECs at passage 13.
At passage 18 BRENCs expressed a widespread senescent pheno-
type as evidenced by the appearance of large cells with fragmented
nuclei and expression of SA-�-gal. Nevertheless, BRENCs retained
the ability to form tube-like structures even at the onset of senes-
cence after passage 14 (data not shown) which indicates that this
behavior is independent of cell growth.

DISCUSSION

We have characterized long-term cultures of human BRENCs and
compared their phenotypic traits to the tissue of origin. Further-
more, we optimized protocols for isolation of BRENCs from reduc-
tion mammoplasty. When compared to endothelial cells in situ, cul-
tured BRENCs clearly retained critical phenotypic traits until pas-
sage 14 when signs of senescence were seen concurrently with the
appearance of chromosomal instability. BRENCs were completely
senescent at passage 18.

The first successful isolation of human microvessel endothelial
cells was reported in 1979 when endothelial cells from adrenal
cortex, neonatal foreskin, and spleen were grown in vitro (Folkman
et al., 1979). Since then, human microvessel endothelial cells have
been isolated and cultured from many different organs such as the
brain (Dorovini-Zis et al., 1991; Lamszus et al., 1999), dermis (Dav-
ison et al., 1983; Jackson et al., 1990; Richard et al., 1998), lung
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FIG. 5. Breast endothelial cells recapitulate a microvascular pattern on matrigel and retain functional properties in monolayer culture.
(A) Phase contrast micrograph of BRENCs on matrigel. Note the formation of capillary-like structures. (B) Immunofluorescence staining
of BRENCs in endothelial cells cultured on matrigel with CD31 (green). Nuclear staining (blue). (C) Monolayer culture of BRENCs
incubated with fluorescein isothiocyanate (FITC)-labelled AcLDL (green). Note the endothelial specific uptake of AcLDL (D) Monolayer
culture of BRENCs induced with tumor necrosis factor-� and stained with E-selectin immunoperoxidase. Bar � 50 �m. Figure is published
in color online at http://inva.allenpress.com/invaonline/?request�index.html.

(Hewett and Murray, 1993a), bone marrow (Richard et al., 1998),
intestine (Haraldsen et al., 1995), and breast adipose tissue (Hewett
et al., 1993) However, most of these methods are time consuming
and laborious thus limiting their application.

Long-term BRENCs cultures were successfully established from
26% of the biopsies. One reason for this relatively low success rate
could be the phase of the menstrual cycle of each patient when
undergoing the reduction mammoplasty. It has been shown that the
vascular endothelial growth factor (VEGF) and insulin-like growth
factor-1 (IGF-1) levels increase in the normal breast tissue in the
luteal phase compared with the follicular phase of the menstrual
cycle which may provide a pro-angiogenic environment in the luteal
phase (Dabrosin, 2003a, 2003b).

The fact that we observe trisomy on chromosome 11 in passage
6 in HUVECs and passage 14 in BRENCs is in line with data from

other groups (Nichols et al., 1987; Johnson et al., 1992). Nichols
et al. (1987) serially subcultivated endothelial cells from adult hu-
man arteries and veins and compared them to endothelial cells from
umbilical cord; polyploidy, including trisomy 11, was only seen in
HUVECs. Johnson et al. (1992) demonstrated trisomy 11 in all but
one of 12 adult EC cultures. Interestingly, a number of oncogenes
are present on chromosome 11 including Ha-ras and the B cell
lymphoma 1 (bcl.1) (Johnson et al., 1992). Because the development
of polyploidy is a sign of senescence, it is possible that the early
appearance of polyploidy and trisomy 11 in HUVECs is related to
the fact that these cells are derived from a tissue that is at the end
of its in vivo life span when studied. The ability of BRENCs to
retain genotypic and phenotypic stability for up to 14 passages in
culture will allow the use of these cells for studies on their role in
normal development and morphogenesis of the human breast gland.
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FIG. 6. Breast endothelial cells show chromosomal stability even after long-term propagation in culture. Karyotypes of BRENCs (upper
left) and HUVECs (upper right) in passage 13. Trisomy 11 is seen in passage 13 in HUVECs but not in BRENCs. Phase contrast images
of BRENCs (lower left) and HUVECs (lower right) in passage 13. Bar � 50 �m. Figure is published in color online at http://
inva.allenpress.com/invaonline/?request�index.html.

CONCLUSION

The data presented here show that BRENCs retain characteristic
in situ markers in culture and that cultivation can be achieved for
up to 13 passages without any significant phenotypical or chromo-
somal changes. The ability to culture BRENCs provides the possi-
bility to create ‘‘designer’’ microenvironments in vitro, incorporating
different cell types for the study of mutual interactions during nor-
mal morphogenesis (Bissell et al., 2002). Such studies are currently
in progress in our laboratory.
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cancerous breast epithelial cells in 3D culture
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Abstract
Background: Epithelial-stromal interaction provides regulatory signals that maintain correct histoarchitecture and 
homeostasis in the normal breast and facilitates tumor progression in breast cancer. However, research on the 
regulatory role of the endothelial component in the normal and malignant breast gland has largely been neglected. 
The aim of the study was to investigate the effects of endothelial cells on growth and differentiation of human breast 
epithelial cells in a three-dimensional (3D) co-culture assay.

Methods: Breast luminal and myoepithelial cells and endothelial cells were isolated from reduction mammoplasties. 
Primary cells and established normal and malignant breast cell lines were embedded in reconstituted basement 
membrane in direct co-culture with endothelial cells and by separation of Transwell filters. Morphogenic and 
phenotypic profiles of co-cultures was evaluated by phase contrast microscopy, immunostaining and confocal 
microscopy.

Results: In co-culture, endothelial cells stimulate proliferation of both luminal- and myoepithelial cells. Furthermore, 
endothelial cells induce a subpopulation of luminal epithelial cells to form large acini/ducts with a large and clear 
lumen. Endothelial cells also stimulate growth and cloning efficiency of normal and malignant breast epithelial cell 
lines. Transwell and gradient co-culture studies show that endothelial derived effects are mediated - at least partially - 
by soluble factors.

Conclusion: Breast endothelial cells - beside their role in transporting nutrients and oxygen to tissues - are vital 
component of the epithelial microenvironment in the breast and provide proliferative signals to the normal and 
malignant breast epithelium. These growth promoting effects of endothelial cells should be taken into consideration in 
breast cancer biology.

Background
The human breast gland is composed of two main cellular
compartments, the branching epithelium, commonly
referred to as the terminal duct lobular units (TDLUs)
and the surrounding stroma. The TDLUs consist of an
inner layer of luminal epithelial cells and an outer layer of
myoepithelial cells separated from the surrounding vas-
cular rich stroma by a basement membrane [1,2]. The
breast stroma is composed of cellular components such
as fibroblasts, immune cells and endothelial cells and the
extracellular matrix (ECM) as well as entrapped growth

factors within the ECM. Breast stroma accounts for
roughly 80% of the total tissue volume and exerts a domi-
nant effect on tissue morphogenesis in both the normal
and malignant breast gland [3,4]. Recent studies have
underscored the dominant role of breast stroma during
epithelial morphogenesis (reviewed in [4]). Previous
studies have shown that normal and malignant breast
epithelium can mimic certain aspects of the breast gland
histoarchitecture - such as lumen formation and branch-
ing morphogenesis - when cultured alone or in co-culture
with fibroblasts in three-dimensional matrix [5-7]. The
importance of the stroma in the normal and cancerous
breast is becoming increasingly appreciated. Boulanger et
al. demonstrated that spermatogonial cells underwent a
breast epithelial differentiation program upon interaction
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with the mammary gland microenvironment [8]. Further-
more, Booth et al. showed that breast stroma can redirect
neural progenitor cells to produce cellular progeny com-
mitted to breast epithelial differentiation [9]. While the
functional role of fibroblasts and various extracellular
matrix components in breast morphogenesis has been
extensively studied [10-12], much less is known of the
role of the vascular endothelium in the process. Previ-
ously, the role of endothelial cells has been seen as a pas-
sive conducting system, transporting oxygen and
nutrients to tissues. In recent years however, studies in
organogenesis and stem cell research have shown that
endothelial cells play a pivotal role in tissue morphogene-
sis and stem cell niche [13,14]. In the prostate, vascula-
ture expansion has been shown to precede the expansion
of the epithelium following castration and androgen
treatment, suggesting the importance of endothelial
derived signals or epithelial growth [15]. We have
recently shown that microvessels are in close proximity
with TDLUs [16]. A detailed description of the epithelial-
endothelial interactions in the human breast gland how-
ever, has until recently been largely neglected. There are,
however, few reports describing in vitro the interaction
between endothelial- and epithelial cells in the human
breast. Shekhar et al. [17,18] showed that interaction
between endothelial cells and premalignant breast epi-
thelial cells was necessary to allow sufficient proliferation
of endothelial cells as well as to induce branching ductal-
alveolar morphogenesis and hyperplasia of premalignant
cells [17,18]. In these studies, they used human umbilical
vein endothelial cells (HUVEC) instead of organ-specific
endothelial cells. It is becoming increasingly recognized
that endothelial cells from different organs vary in terms
of morphology, marker expression and metabolic proper-
ties [19-23] highlighting the need to use organotypic
endothelial cells in co-cultures with breast epithelial cells.
We have recently improved the isolation protocol and the
culture conditions for long term culture of breast
endothelial cells (BRENCs) [16]. In this study, we
describe a novel three dimensional co-culture system,
where primary breast endothelial cells are seeded
together with epithelial cells in three dimensional laminin
rich gel. We provide evidence that BRENCs can induce
proliferation of breast epithelial cells in three-dimen-
sional culture. Furthermore, in co-culture with endothe-
lial cells a subpopulation of luminal epithelial cells form
bigger acini/ducts with larger lumens. Seeding normal
and cancerous epithelial cells in rBM at clonal dilution
with endothelial cells resulted in increased cloning effi-
cacy and larger colony size. This data suggests that
endothelial cells in addition to providing nutrient and
oxygen to tissues, might be an important microenviron-
mental factor for normal morphogenesis and cancerous
growth in the human breast gland.

Methods
Establishment of primary cell culture
Breast tissue specimens were obtained from reduction
mammoplasties with informed consent from patients and
approval from the National Bioethics Committee of Ice-
land, Reference number VSNa2001050056. Primary epi-
thelial cells were processed as previously described and
cultured on collagen I (Inamed, Gauting, Germany)
coated culture flasks (BD Biosciences, Bedford MA) in
serum free chemically defined medium (CDM3) [24,25].
Primary breast endothelial cells were isolated from the
organoid supernatant as previously described [16].
Briefly, following centrifugation at 1000 rpm for 5 min-
utes, capillary organoids were isolated using CD31 coated
magnetic beads (Invitrogen). Primary endothelial cells
were cultured on collagen coated flasks in EGM-2
medium (Lonza, Basel, Switzerland) supplemented with
30% FBS (Invitrogen), heparin, FGF-2, EGF- VEGF,
IGFR3, ascorbic acid and hydrocortisone. FBS concentra-
tion was reduced to 5% after 2 passages, this medium will
be referred to as EGM5.

Isolation of luminal- and myoepithelial cells
Luminal- and myoepithelial cells outgrown from
organoids were isolated with MACS cell sorting system
(Miltenyi Biotech, Bergisch Gladbach, Germany), with
specific mAb for each cell type (see table 1). EpCAM and
MUC-1 were used to isolate luminal epithelial cells and
Thy-1 and β 4 integrin for myoepithelial cells. Purified
luminal- and myoepithelial cells were cultured on CDM3
and -4 respectively as previously described [24].

Cell lines
Human breast cell lines MCF10A, D382 [26], MCF7,
T47-D and MDA-MB-231 were used in three dimen-
sional culture (see table 2 for details). MCF10a and D382
were maintained on H14 medium [27]. MDA-MB-231,
T47-D and MCF-7 were maintained on ATCC recom-
mended culture medium.

Three-dimensional cell culture
1 × 104 primary epithelial cells were suspended in 300 μl
rBM along with 2 × 105 endothelial cells and seeded in a
24-well plate. After incubation at 37°C for 30 minutes the
cultures were supplemented with EGM5 medium. Co-
cultures were maintained for 14 days and culture medium
was changed three times per week.

The epithelial cell lines MCF10A, D382, MCF7, T47-D
and MDA-MB-231 (table 2) were seeded at a clonal den-
sity (500 cells per gel) with 2 × 105 BRENCs and cultured
as described above. Colony size and number was mea-
sured on days 5, 9 and 13.

To determine dose effect of endothelial cells in co-cul-
ture, BRENCs were seeded at increasing concentrations -
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ranging from 1,000 cells to 200,000 cells - with 250
MCF10A cells. Colony size and number was measured on
day 10.

To prevent direct cell-cell contact, BRENCs were
seeded on a 0.4 μm pore size Transwell (TW) filter
(Corning Life Sciences, Lowell, MA) and cultured in a 12
well plate for 3 days. Epithelial cells (500 cells per well)
were then seeded into 100 μl rBM in a separate plate and
placed in an incubator at 37°C for 10 minutes. Confluent
BRENCs on TW filters were then transferred on top of
the gels. Cultures were maintained on EGM5 medium for
8 days.

Gradient co-cultures were conducted using 7 × 104

BRENCs embedded into 100 μl of rBM and seeded in a 4-

well chamber slide. 3 × 103 epithelial cells were seeded in
separate 100 μl rBM and placed in the same well as the
BRENCs, allowing the gels to merge in the centre, achiev-
ing a gradient in the densities of the two cell types. The
chamber slide was then placed in an incubator at 37°C for
20 minutes and supplemented with 1 ml EGM5. Cultures
were maintained for 10 days.

Immunochemistry
Gels were frozen in n-hexane at the end of the culture
period. For cryosectioning, gels were mounted in O.C.T.
medium and sectioned in 9 μm slices in a cryostat. Pri-
mary tissue samples were sectioned in 9 μm slices for
immunofluorescence and 5 μm slices for DAB staining.
Cryostat sections were fixed in methanol at -20°C for 10
minutes and incubated with primary antibodies (table 1)
mixed in PBS+10% FBS for 30 minutes. Slides were incu-
bated with isotype specific fluorescent antibodies (Alexa
fluor (AF, 488 (green), 546 (red) Invitrogen) mixed in
PBS+10% FBS for 30 minutes in the dark. The specimens
were then incubated with a fluorescent nuclear counter-
stain (TO-PRO-3, Invitrogen) and mounted with cover-
slips using Fluoromount-G (Southern Biotech). Co-
culture gels were stained in a similar manner, with an ini-
tial blocking step using IF blocking solution [28] (10%
goat serum (Invitrogen) and 1% Goat anti Mouse F(ab')2
Fragments (Invitrogen) in PBS) for 30 minutes. For F-
actin staining sections were fixed in 3.7% formaldehyde
for 10 minutes and permeabilized with 0.1% Triton-X-100
in PBS for 5 minutes. Slides were then incubated with
AF488 conjugated Phalloidin (Invitrogen) for 30 minutes
and counterstained with TOPRO-3.

Table 1: list of antibodies usied in the study

Antibody Clone Species Isotype Company

β4-integrin 3E1 Mouse IgG1 Millipore

CD10 SS 2/36 Mouse IgG1 Dako

CD31 JC/70A Mouse IgG1 Dako

ck14 LL002 Mouse IgG3 Abcam

ck19 A53-B/A2 Mouse IgG2a Abcam

cl-caspase-3 Polyclonal Rabbit IgG Cell Signalling

EpCAM VU1D9 Mouse IgG1 Novocastra

ki67 Polyclonal Rabbit IgG Abcam

MUC-1 115D8 Mouse IgG2b Biogenesis

thy-1 ASO02 Mouse IgG1 Dianova

ZO-1 1A12 Mouse IgG1 Zymed

Table 2: List of cell lines used in the study

Cell line Origin Phenotype

Normal like cell lines MCF10a F Basal/Mixed

D382 RM Luminal

Cancer cell lines MCF7 IDC (PE) ER+

T47-D IDC (PE) ER+

MDA-MB-231 AC (PE) ER- MES

F: Fibrocystic disease, RM: Reduction mammoplasty, IDC: Invasive 
ductal carcinoma, PE: Pleural effusion, AC: Adenocarcinoma, ER: 

Estrogen Receptor, MES: Mesenchymal
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In gel staining of endothelial cells
Endothelial cells were seeded on top or into rBM and cul-
tured for two weeks. Visualization of CD31 was per-
formed after 24 hours and Ac-LDL uptake after two
weeks. For CD31 visualization, gels were fixed in metha-
nol at -20°C for 10 minutes. Nonspecific binding was
blocked using IF blocking solution for 30 minutes, fol-
lowed by an overnight incubation with anti CD31 anti-
body. Secondary AF488 IgG1 antibody was incubated for
2 hours, followed by TOPRO-3 counterstaining for 15
minutes. LDL uptake of embedded endothelial cells was
visualized by incubation of Alexa Fluor 488 AcLDL con-
jugate (Invitrogen) for 5 hours. Immunofluorescence was
visualized using a Zeiss LSM 5 Pascal laser scanning
microscope. See table 1 for list of antibodies used in this
study.

Imaging and statistical analysis
All three-dimensional culture experiments were per-
formed in triplicate for statistical accuracy. Imaging was
performed using a Leica DMI3000 microscope and a
Leica 310FX imaging system. Populations were compared
using an unpaired two-tailed t test. Sample distribution
was tested using an F-test. Welch correction was used for
t-tests of samples with unequal variation. Graphs were
created in Microsoft Excel. Error bars represent the stan-
dard error of the mean (SEM) unless stated otherwise.

Results
Breast endothelial cells cultured in rBM are quiescent but 
metabolically active
When breast endothelial cells (BRENCs) are cultured on
top of rBM they form a dense, capillary-like, network
shortly after seeding (Figure 1a). However, after approxi-
mately 72 hours these structures detach from the gel (Fig-
ure 1b). The short lifespan of endothelial cells in this
assay limits their use in long-term culture. In contrast,
BRENCs that are embedded into the rBM appear as small
round viable cells (Figure 1c, left). In these culture condi-
tions the BRENCs stay proliferative quiescent but meta-
bolically active for an extended time period (at least 14
days) (Figure 1d). Immunofluorescence staining demon-
strate that BRENCs retain their marker expression in
rBM as evidenced by CD31 staining (Figure 1c, right) and
stay metabolically active as shown by uptake of acetylated
low density lipoprotein (Ac-LDL) after two weeks in cul-
ture (Figure 1d insert). Prolonged proliferative quiescence
of endothelial cells when seeded within rBM provides an
opportunity to analyze endothelial contributions to epi-
thelial growth and morphogenesis.

BRENCs facilitate growth of primary luminal and 
myoepithelial cells
BRENCs and isolated primary luminal epithelial (LEP) or
myoepithelial cells (MEP) were embedded within rBM

and co-cultured for 14 days (Figure 2). When breast epi-
thelial cells were cultured alone in rBM at high density
(105 cells within 300 μl rBM), LEPs formed acini-like col-
onies with a small central lumen (Figure 2A) as has previ-
ously been shown [29], whereas MEPs formed solid
round colonies. At lower densities (104 cells per 300 μl
rBM) growth was reduced and limited lumen formation
was observed in LEP cultures. In contrast, co-culture of
epithelial cells seeded at low density with endothelial
cells, resulted in increased colony size, in both LEP and
MEP co-cultures compared to low density control (Figure
2A). Interestingly, a dramatic increase in lumen size was
observed in a subpopulation of LEP colonies in co-cul-
ture, (Figure 2A insert). Scatter plot reveals an increase in
colony size in co-culture compared to both high density
and low density LEP cultures (Figure 2B). Average colony
size in high density and low density monoculture was 34
and 28 μm, respectively (Figure 2B). In contrast, average
colony size in co-culture of BRENCs and LEP was 44 μm.
In MEP cultures average colony size in high density and
low density MEP culture was 71 and 58 μm, respectively
(Fig 2C). In contrast, average colony size in co-culture of
BRENCs and low density MEP was 72 μm. Interestingly,
there was much more variation in colony size within each
MEP culture than LEP culture. This data indicate that
endothelial cells can signal to both luminal and myoepi-
thelial cells to form larger colonies in co-culture than
when cultured alone. Immunophenotypic characteriza-
tion of high density (HD) culture and co-culture show
clear apical to basal polarization in luminal epithelial
cells. Luminal colonies are polarized with a central lumen
and basally located nuclei, as evidenced by F-actin and
nuclear stain (Figure 2D). No lumen formation is
observed in MEP cultures. LEP colonies display basal
polarization as seen with basal β4-integrin staining of
both HD control and co-culture colonies. Apical polar-
ization of LEP colonies is evidenced by staining against
ZO-1. MEP colonies are negative for both CK19 and
ZO1. Similar staining pattern is seen in HD and co-cul-
ture. Myoepithelial colonies also show a basal polariza-
tion as judged by β4 integrin expression (Figure 2D) but
no apical polarization is observed.

Clonal colony formation is enhanced by BRENCs in normal 
and malignant breast epithelial cell lines
In order to analyze the effects of endothelial cells on pro-
liferative and morphogenic phenotypes of established cell
lines, several normal and cancerous breast epithelial cell
lines were tested (table 2). When seeded within rBM at a
clonal dilution (500 cells per 300 μl rBM), normal and
malignant epithelial cells show limited or no proliferation
(Figure 3A, left panel). In contrast, when co-cultured with
BRENCs, a significant (P < 0.0001) increase in colony size
is observed in all tested cell lines (Figure 3A, right panel).
The phenotype of colonies in co-culture with BRENCs
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differs between cell lines, ranging from multiacinar-like
structures seen in MCF-10A, solid round (D382, MCF-7
and T47-D) and mesenchymal-like structures seen in
MDA-MB-231 co-cultures (Figure 3A, right panel).
When cryosectioned and immunostained against β4 inte-
grin it was possible to see the organized and disorganized
cell clusters in MCF-10A and MDA-MB-231, respectively
(Figure 3B, a-b). In MCF10a cultures, β4 integrin expres-
sion is only seen on the periphery of individual acini,
whereas in MDA-MB-231 cultures expression is ubiqui-
tously seen, demonstrating a lack of polarity. Immunos-
taining for CD31 demonstrated the presence of BRENCs
as single cells close to the epithelial colonies (Figure 3B, c-
d). Immunostaining against ki67 demonstrates high levels
of cell proliferation in both MCF-10A and MDA-MB231
colonies in co-culture (Figure 3B, e-f). The levels of apop-
tosis are low in both cell lines as evidenced by low stain-
ing for cleaved-caspase-3 (Figure 3B, g-h). Figures 3C and
3D show the colony size formed in co-culture between
different epithelial cell lines and BRENCs compared to
controls. A highly significant (p < 0.0001) increase in col-

ony size was seen under co-culture conditions for all cell
lines tested (Figure 3C). Colony size continued to
increase throughout the culture period (Figure 3D).
MDA-MB-231 colony size was dramatically increased
from day 9 indicating possible endothelial independent
effects after the colony has reached a certain size thresh-
old.

In epithelial cultures without BRENCs, there was very
limited colony formation, whereas in the co-culture con-
ditions there was a marked increase in cloning efficiency.
Figure 4 depicts the effects of BRENCs on cloning effi-
ciency in the different cell lines, i.e. the number of colo-
nies relative to the number of cells seeded. The cloning
efficiency increased from less than 5% in controls to
between 9% and 41% in co-cultures (Figure 4A). To ana-
lyze whether proliferative effects were dependent on the
amount of BRENCs in co-cultures, MCF10a cells were
embedded in rBM with increasing amount of BRENCs. In
low density BRENCs co-cultures, there is limited cloning
efficiency (less than 5%) and proliferation (colonies <100
μm). When BRENCs' density was increased, cloning effi-

Figure 1 Endothelial cells stay quiescent but metabolically active when cultured within rBM. When BRENCs are seeded onto rBM they form 
network structures within a few hours that disassociate from the rBM within 72 hours (upper panel). In contrast BRENCS that are embedded into rBM 
(lower panel) stay quiescent but metabolically active for a prolonged time in culture. Fluorescent staining in a and c reveals CD31 expression. Note 
the insert in (d) that demonstrates the uptake of Ac-LDL at day 14. Bars = 50 μm.

a b

d

24h

72h phase contrast

c

Phase contrast CD31

day 14
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ciency increased in a near-linear fashion, reaching its
highest level with 200,000 BRENCs (24%) whereas colony
size stopped increasing much earlier, reaching a plateau
(~250 μm) at 50,000 BRENCs (Figure 4B).

Proliferative signals from BRENCs are delivered via soluble 
factors
To discriminate between direct contact and soluble fac-
tors in co-culture we used Transwell (TW) filters and a
gradient co-culture system to physically separate the two

cell populations. Endothelial cells were plated in mono-
layer on TW filters and allowed to grow to confluency.
500 epithelial cells were then seeded into 100 μl rBM.
Endothelial coated TW filters were next placed on top of
the gel (Figure 5A). Some colony formation was also evi-
dent in control cultures in this setup and could be
explained by better diffusion of growth factors into the
gel from the culture medium due to a higher area/vol-
ume. Colony size was significantly larger in Transwell
separated co-cultures of the normal cell lines MCF10A

Figure 2 BRENCs stimulate growth and morphogenesis of primary breast epithelial cells. A. BRENCs stimulate growth of both luminal epi-
thelial and myoepithelial cells in rBM. Upper panel: At high density, LEP cells form colonies with a small central lumen. At low density, no lumen 
formation is seen. In co-culture of low density LEP and BRENCS, large colonies with a large central lumen can be seen. Lower Panel: At high density, 
MEP cells form solid round colonies. At low density, colony size is reduced, but increases in co-culture with BRENCs. Bar = 50 μm. B. Scatter plot dem-
onstrate that co-culture of BRENCs and LEP result in larger colony size than LEP alone cultured in low and high density. Colony size in high 
density control was significantly greater than in low density control. Average colony size in co-culture (n = 135) was significantly increased when com-
paring with high and low density controls (n = 45, both). Sample variance was also increased significantly when comparing controls and co-culture, 
but not between the controls. For samples of unequal variance, Welch's correction was used when performing the T-test. C. Scatter plot show large 
variance in MEP culture size with and without BRENCs. Colony size in high density control (n = 45) was significantly higher than in low density 
control (n = 45). Sample variance was also different. A significant difference was seen when comparing low density control and co-culture (n = 135), 
but not in high density control and co-culture. D. Phenotypic characterization of luminal epithelial and myoepithelial colonies with and with-
out BRENCs in rBM. Immunofluorescence of cryosectioned colonies revealed that LEP colonies express CK19 and the tight junction protein ZO1 
whereas MEP colonies were negative. MEP colonies, in contrast are positive for CK14 and CALLA. β4-integrin delineates the basal surface of both LEP 
and MEP colonies. Note the strong F-Actin staining subapical in co-culture of LEP and BRENCs. Cells were counterstained with TO-PRO-3 (blue). Bar = 
50 μm.
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Figure 3 BRENCs induce clonal growth of normal and malignant breast epithelial cell lines. A) BRENCs generate positive environment for 
clonal growth of breast epithelial cells. MCF10A, D382, MCF7, T47-D and MDA-MB-231 cells were seeded at a clonal dilution, alone or in co-culture 
with BRENCs. When cultured alone there was very limited colony formation, most seeded cells stayed as non-proliferative single cells (a, c, e, g, i). In 
contrast, co-cultures of BRENCs with all cell lines resulted in dramatic increase in colony growth. MCF10A cells formed multiacinar-like structures (b), 
whereas D382 formed solid round colonies (d). both MCF7 and T47-D formed solid round colonies (f, h). MDA-MB-231 formed mesenchymal like col-
onies (j). Bar = 100 μm. B) Immunophenotypic characterization of endothelial-epithelial co-cultures. β4-integrin staining reveals the different 
phenotype of MCF10A and MDA-MB-231, where MCF10A forms dense multiacinar structures delineated by β4-integrin expression but MDA-MB-231 
forms colonies of loosely connected cells with diffused staining pattern of β4-integrin. (a-b). Note the expression pattern of β4-integrin. CD31 staining 
shows the distribution of BRENCs around the colonies (c-d). ki67 expression levels are similar in both cell lines (d-e) and minimal expression of cleaved 
caspase 3 is seen (g-h) Bar = a-d 100 μm and e-h = 50 μm. C) Colony size is increased in co-cultures with BRENCs. Colony size (n > 100 for all cell 
lines) of epithelial cells co-cultured with BRENCs increased significantly compared with controls (P < 0.0001 for all co-cultures). MCF10A gave the big-
gest response, with a 15.5 fold increase in colony size, averaging at 320.6 μm diameter. Colony size varied greatly between cell lines. D) Colony 
growth over time. Most cell lines followed a linear growth pattern. Note however, the drastic change in growth of MDA-MB-231 cells after day 9 (light 
grey line).
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and D382, as well as MCF-7 (P < 0.0001) compared to co-
cultures of the other malignant cell lines T47-D and
MDA-MB-231, where no significant growth increase was
detected.(Figure 5B and 5C). Cloning efficiency was
increased in co-cultures with the normal epithelial cell
lines MCF10a and D382, but not with the malignant epi-
thelial cell lines. This possibly demonstrates a lower need
for growth stimulation of the cancerous cell lines in com-
parison to the normal cell lines (Figure 5D).

To examine the spatial extent of BRENCs growth sig-
nals we setup a co-culture assay (Figure 6A) with a gradi-
ent in the densities of both BRENCs and epithelial cells.
MCF10a co-culture showed that colony growth was most
prominent in close contact with BRENCs and was com-

parable to regular co-culture but distal effects, however,
were also visible (Figure 6B and 6C). This further demon-
strated that BRENCs mediate the proliferative effects
through soluble factors but the effects diffuse slowly
through the gel. Growth of MDA-MB-231 showed a dif-
ferent pattern, where no significant proliferative effect
was seen in either proximal or distal windows (Figure 6B
and 6C). The appearance of spindle shaped colonies in
the proximal window was also rarer than in co-culture,
perhaps explaining this apparent size difference.

Discussion
In this paper we have presented a novel three dimen-
sional co-culture system that can be used to analyze cell-
cell interaction in heterotypic co-culture. We have dem-
onstrated that isolated primary breast endothelial cells
exert a density dependant proliferative effect on epithelial
cells when co-cultured. These growth signals are con-
veyed by soluble factors that disperse from the endothe-
lial cells.

Paracrine interactions are important in the stromal-
epithelial crosstalk within the breast gland. Various
stromal cells such as fibroblasts produce growth factors
and extracellular matrix that influence breast morpho-
genesis and cancer progression but very little is known
about the inductive signals from vascular endothelium.
Our data supports the notion that stroma is a vital regula-
tor of tissue morphogenesis and could have a role in can-
cer progression in the human breast and thus adds a new
key player, endothelial cells to this scenario. Studies on
epithelial-endothelial interactions in the human breast
are lacking. In contrast, studies in mice have shown that
angiogenesis precedes the growth of epithelium during
puberty and pregnancy when mammary epithelium
undergoes a dramatic growth phase [30]. This suggests
that endothelium may contribute to the breast morpho-
genesis. During pregnancy the mammary epithelium and
its supporting intra-lobular vasculature rapidly expands
to prepare for lactation, resulting in dramatic changes in
the microenvironment [31]. The vasculature of the lactat-
ing gland is composed of well-developed capillary mesh-
work enveloping the secretory acini with basket-like
structures [30]. During involution, apoptotic cell death
returns the breast gland from active to resting state [30].
These morphological changes are also seen during each
menstruation cycle where the breast gland undergoes a
miniature version of this cycle observed during preg-
nancy, lactation and involution [32]. Vascular networks
exist in most tissues where endothelial cell are in prime
position to interact with parenchymal cells such as the
epithelial cells. Indeed, recent data from various organs
such as liver, pancreas, brain and bone marrow indicate
that organ specific endothelial cells are important for fate
control of stem cells, organogenesis and tissue mainte-

Figure 4 BRENCs enhance cloning efficiency of normal and ma-
lignant breast epithelial cell lines in co-culture. A) Colony forma-
tion (cloning efficiency) is greatly increased in co-cultures. 
MCF10A cells' colony forming ratio increased from 1% to 41.9%. MDA-
MB-231 colony formation increased from 3.2% to 28.6%. Overall, in-
crease in colony formation was greater for the normal cell lines than for 
the cancer cell lines. B) Density of BRENCs determines the cloning 
efficiency of MCF10A cells in co-culture. Increasing the density of 
BRENCs in co-culture resulted in an increase in colony formation (trian-
gle). Colony size reached an apparent plateau at a BRENCs density of 
50,000 (square box).
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nance (reviewed in [33]). Lammert et al. showed that
endothelial cells are important for both pancreas and
liver development before the endothelium takes up its
usual roles [14]. In the nervous system Shen et al. [13]
demonstrated that endothelial cells were enriched in the
niche occupied by neural stem cells and that these

endothelial cells regulate nerve stem cell proliferation and
induce these stem cells to become neurons in vitro. Lai et
al. [34] showed that endothelial cells induced prolifera-
tion and functional differentiation in embryonic stem
cell-derived neural progenitor cells. In the bone marrow,
hematopoietic stem cells are regulated by the vascular

Figure 5 Endothelial-derived effects are mediated trough soluble factors. A) Schematic figure of a Transwell co-culture assay. BRENCs (grey) 
were seeded on Transwell (TW) filter inserts and allowed to reach confluency. Epithelial cells (orange) were embedded into Matrigel and seeded in 
the lower chamber (a). Hematoxylin stained BRENCs on a TW insert (b). Bar = 200 μm. B) Phase contrast images of controls and co-cultures in rBM. 
BRENCs were able to stimulate proliferation of MCF10a (a, b) and D382 (c, d) when separated by a Transwell filter. BRENCs were also able to stimulate 
proliferation of MCF7 (e, f), T47-D (g, h) and MDA-MB-231 (i, j) when separated by a Transwell filter. Bar = 50 μm. C) Epithelial colony size is increased 
in co-culture with BRENCs. A significant (P < 0.0001) increase in colony size of the cell lines MCF10a, D382 and MCF7 was seen in co-cultures (black 
bars) compared to controls (white bars). No significant proliferative effect was seen in T47-D and MDA-MB-231 co-culture with BRENCs. D) Cloning 
efficiency of normal breast epithelial cells is enhanced in co-culture with BRENCs. Colony formation was increased for the non-malignant cell 
lines only (MCF10a and D382). In contrast, similar colony count was seen in controls and co-cultures for the cancer lines.
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niche [35]. In vitro experiments have shown that
endothelial cells can provide the right environment for
growth and differentiation of megakaryocytes [36].

In our 3D culture model BRENCS remain prolifera-
tively quiescent but metabolically active and generate a
stimulatory microenvironment for epithelial cells. This
quiescence enables visualization of proliferating cells over
a long time period, as the endothelial cells themselves do
not form colonies that would limit visibility in the assay.
Improvement of our in vitro three-dimensional cell cul-
ture model, for example incorporating fibroblasts is
important. Nonetheless, these models remain superior

systems to approach the situation found in vivo. Animal
models, in particular mice, have provided extensive infor-
mation regarding mammary development and cancer
progression. Human and mouse mammary glands, how-
ever, have distinct differences [2]. In addition, an inherent
limitation to in vivo models is the lack of information
regarding cell-cell and cell-stroma interactions. Mono-
layer cultures (2D), due to their lack of physiological con-
text are not suitable to study tissue morphogenesis.
Breast epithelial cells cultured in 2D fail to form acinar-
like structures and lose tissue specific differentiation such
as apical-basal differentiation. In contrast, 3D models

Figure 6 Proliferation effects decrease in relation with distance from endothelial cells. A) Schematic representation of BRENCs and epithe-
lial cells in gradient co-culture. BRENCs and epithelial cells were embedded into separate gels on culture plates. The gels were allowed to fuse be-
fore culture medium was added. B) Composite image of the gradient co-culture demonstrating the epithelial and endothelial boundaries. 
Phase contrast image demonstrates the spatial distribution of epithelial colonies. The size of the colonies decreases proportionally with the distance 
from BRENCs. The distal colony growth, however, demonstrates that the endothelial effects are mediated at least partially by soluble factors. C) Effects 
of endothelial cells are most prominent at close distance to epithelial cells. Gradient co-culture show prominent proximal effects in MCF10A. 
The effects are however still present distally. No distal effects were seen in co-culture of BRENCs and MB-MDA-231. The apparent difference between 
co-culture and proximal windows can possibly be explained by the earlier appearance of mesenchymal colonies in co-culture.
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have proven to be highly relevant when studying the tis-
sue morphogenesis and cancer progression where they
add critical elements not found in conventional two
dimensional cell culture systems [37].

The observation that BRENCs stimulate a subpopula-
tion of primary luminal epithelial cells to form colonies
with a larger lumen is of interest and could indicate that
these epithelial cells were derived from a ductal part of
the epithelium rather than the small lobuli-derived acini.
Using a Transwell assay we demonstrated that the prolif-
erative effects of BRENCs are delivered by soluble factors.
However, these factors do not diffuse effectively through
the gel, and are most prominent at close proximity. These
factors remain to be identified. Recent studies on
endothelial-epithelial interaction by Neiva et al. have
identified factors produced by endothelial cells that
enhance migration and survival of epithelial cells [38].
The appearance of spindle shaped MDA-MB-231 colo-
nies occurred most often in co-culture with complete
mixing of the cell types (Figure 4), whereas in both the
Transwell and gradient co-cultures the appearance rates
were much lower (not shown). This suggests that even
though proliferative effects are conferred, they are not as
strong as in close cell-cell contact.

Conclusions
Our co-culture model may help define some of the key
components involved in heterotypic cell-cell interactions
in normal breast morphogenesis and cancer progression.
This model might be relevant for hard to culture cell
types such as primary breast cancer cells where one
might be able to grow these cells more readily in vitro.
This study strengthens the notion that to understand tis-
sue maintenance and tumor progression it is important to
gain information on stromal components interacting with
the epithelial cells. It is clear from other tissues that
endothelial cells play an important role in organogenesis
and tissue maintenance. Our data provides important
hints that this might also be true in the breast gland. Fur-
thermore, endothelial cells and their interaction with
malignant breast cells might be an important factor to
take into consideration in breast cancer biology.
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Abstract

Epithelial to mesenchymal transition (EMT) is a critical event in cancer progression and is closely linked to the breast
epithelial cancer stem cell phenotype. Given the close interaction between the vascular endothelium and cancer cells,
especially at the invasive front, we asked whether endothelial cells might play a role in EMT. Using a 3D culture model we
demonstrate that endothelial cells are potent inducers of EMT in D492 an immortalized breast epithelial cell line with stem
cell properties. Endothelial induced mesenchymal-like cells (D492M) derived from D492, show reduced expression of
keratins, a switch from E-Cadherin (E-Cad) to N-Cadherin (N-Cad) and enhanced migration. Acquisition of cancer stem cell
associated characteristics like increased CD44high/CD24low ratio, resistance to apoptosis and anchorage independent growth
was also seen in D492M cells. Endothelial induced EMT in D492 was partially blocked by inhibition of HGF signaling. Basal-
like breast cancer, a vascular rich cancer with stem cell properties and adverse prognosis has been linked with EMT. We
immunostained several basal-like breast cancer samples for endothelial and EMT markers. Cancer cells close to the vascular
rich areas show no or decreased expression of E-Cad and increased N-Cad expression suggesting EMT. Collectively, we have
shown in a 3D culture model that endothelial cells are potent inducers of EMT in breast epithelial cells with stem cell
properties. Furthermore, we demonstrate that basal-like breast cancer contains cells with an EMT phenotype, most
prominently close to vascular rich areas of these tumors. We conclude that endothelial cells are potent inducers of EMT and
may play a role in progression of basal-like breast cancer.
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Introduction

Epithelial to mesenchymal transition (EMT) is associated with

increased aggressiveness and adverse prognosis in carcinomas

[1,2]. This conversion of cancer cells towards a more mesenchy-

mal phenotype involves loss or lowered expression of epithelial

markers (e.g. E-Cad and keratins), increased expression of

mesenchymal markers (e.g. N-Cad, vimentin, fibronectin), in-

creased mobility and an invasive phenotype [3,4,5]. EMT in

breast cancer is tightly linked to the triple negative (ER-, PR- and

ErbB2-) basal-like breast cancer subgroup and cancer stem cells

[6,7,8,9,10,11,12]. Basal-like breast cancers express many markers

associated with both myoepithelial and luminal epithelial cells

suggesting the bipotential differentiation pattern and possible stem

cell origin of these tumors [9,13,14]. Previous studies have

demonstrated increased expression of EMT markers at tumor-

stroma interfaces [15,16] and stromal cells are increasingly being

recognized as major players in cancer progression [17,18].

Increasing number of factors are known that can induce EMT

including transforming growth factor-b (TGF-b), ligands for

receptor tyrosine kinases such as vascular endothelial growth

factor (VEGF), epidermal growth factor (EGF) and hepatocyte

growth factor (HGF) as well as components of the extracellular

matrix [3,19]. These signaling events ultimately control transcrip-

tional regulatory factors such as Snail, Slug, Twist, ZEB1, ZEB2

and FOXC2 leading to increased and decreased expression of

mesenchymal and epithelial markers, respectively. Defining the

cellular and microenvironmental cues that trigger EMT during the

progression of breast cancers is critical and could provide new

therapeutic targets.

Vascular endothelial cells have attracted increased attention as

important regulators of organogenesis and stem cell maintenance

in various tissues, such as bone marrow, brain, liver and pancreas

[20,21,22,23]. Furthermore, intratumoral angiogenesis is also one

of the hallmarks of cancer progression and increased microvessel

density in tumors is an indicator of poor prognosis [12]. In the
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breast gland, Shekhar et al. have previously shown that human

umbilical vein endothelial cells (HUVEC) induce ductal-alveolar

morphogenesis of preneoplastic MCF10A cells [24]. We have

recently improved methods to propagate breast endothelial cells

(BRENCS) in culture and shown that BRENCS can mediate

proliferative and morphogenic signals to breast epithelial cells in

coculture [25,26]. In the lung, we have shown that endothelial

cells induce branching morphogenesis in lung epithelial cells when

cocultured in a 3D model. Interestingly, these structures mimic

phenotypic traits of lung histology in vivo including bronchio-

alveolar like structures [27]. Thus, data from diverse organs shows

that endothelial cells are important players in tissue remodeling

making this cell type particularly interesting as a regulator of

morphogenesis.

We have previously established a breast epithelial cell line,

referred to as D492, which has a basal-like phenotype as evidenced

by expression of both luminal (K8, K19) and myoepithelial (K5/6,

K14) cytokeratins. Furthermore, D492 has stem cell properties as

demonstrated by its ability to differentiate into luminal- and

myoepithelial cells and to form branching TDLU-like structures in

a 3D reconstituted basement membrane (rBM) [28,29]. Here, we

demonstrate in 3D coculture that endothelial cells are potent

inducers of EMT in D492 and this process is partially inhibited by

blocking HGF. Furthermore, we show in basal-like breast cancer

that N-Cad a marker of EMT is upregulated in proximity to

vascular rich areas. These data suggest that the vascular rich

stroma in breast cancer lesions might serve as an ideal niche for

the stimulation of epithelial cancer cells to undergo EMT, and

might especially apply to the highly aggressive basal-like breast

cancers, a subtype rich in stem cells.

Materials and Methods

Cell culture
D492 and D382 were cultured in H14 medium as described

previously [28]. W2320 cell line was cultured in DMEM/F12+5%

FBS [33]. The MCF-7, MCF10A and MDA-MB-231 cell lines

where purchased from ATCC (American Type Culture Collec-

tion) and are routinely authenticated with genotype profiling

according to ATCC guidelines. Primary human BRENCs were

isolated from breast reduction mammoplasties as previously

described by Sigurdsson et al. [25] and cultured on endothelial

growth medium (EGM) (Lonza) containing 50 IU/ml penicillin,

50 mg/ml streptomycin, hydrocortisone, FGF, EGF, VEGF, R3-

IGF-1, Ascorbic acid, Heparin, GA-1000 and supplemented with

5% FBS (EGM5). Growth factor reduced reconstituted basement

membrane (rBM, purchased as Matrigel, BD Biosciences) was

used in direct 3D coculture. Transwell coculture was conducted in

a 24 well setup with a 0,4 mm polyester membrane seperating the

chambers (Costar). 56104 endothelial cells were seeded in the

upper chamber as a monolayer and 250 D492 cells in 100 ml

matrigel on the bottom of the lower chamber maintained on

EGM5. For additional information on cell culture and 3D

coculture see Methods S1.

Blocking experiments
Direct coculture of 500 D492 cells with 26105 BRENCs in

300 ml of rBM were treated with 8 mg/ml anti-HGF neutralizing

antibody (#MAB294, R&D Systems) in the rBM and in the

medium. In transwell coculture HGF was blocked with 8 mg/ml

anti-HGF in the rBM and in the medium in the lower transwell

chamber and the controls were treated with mouse IgG1 in the

same manner.

Immunochemistry and tumor samples
Formalin-fixed, paraffin embedded tissue blocks were cut into

5 mm serial sections and mounted on slides. Sections were

deparaffinized and rehydrated in xylene and ethanol. Antigen

retrieval was done by boiling in citrate buffer for 15 min. The

following primary antibodies were used; fibronectin (LabMab, gift

from D.E. Mosher [30], CD-31 (M0823, DakoCytomation),

Keratin 19 (ab7754, Abcam), Keratin 14 (NCL-LL002, NovoCas-

tra), E-Cad (#13-1700, Zymed), N-Cad (#610920, BD), EpCAM

(NCL-ESA, Novocastra). For double and triple labelling experi-

ments we used fluorescence iso-type specific secondary antibodies

(Invitrogen). Fluorescent nuclear counterstain, TO-PRO-3 (Invitro-

gen) was used in immunofluorescence. Specimens were visualized

on a Zeiss LSM 5 Pascal laser-scanning microscope (Carl Zeiss).

Breast cancer specimens were from the clinical Department of

Pathology, Landspitali, University Hospital and included 9 basal-

like and four estrogen receptor positive (ER-positive) breast cancers.

This work has been approved by the National Bioethics Committee

of Iceland, Reference number VSNa2001050056.

Western blotting
Equal amounts (5 mg) of proteins were separated on 10%

NuPage Bis-Tris gels (Invitrogen) and transferred to a PVDF

membrane (Invitrogen). Antibodies: E-Cad (1:500; Zymed), N-

Cad (1:1000; BD), b-actin (1:5000; Abcam), GAPDH (1:5000;

Abcam), K5/6 (1:1000; Zymed), K8 (1:1000; Abcam), K14

(1:1000; Abcam), a-SM-Actin (1:500; Dako) K17 (1:500; Dako),

K19 (1:1000; abcam), Vimentin (1:1000;Dako) and FOXC2

(1:2000; Abcam) were used. Membranes were visualized with

ECL+ after incubation with anti-mouse or rabbit secondary

antibody (1:5000) (GE healthcare).

Migration, anchorage independence and mammosphere
assays

For migration experiments a total of 16104 and 2,56104

starved cells were seeded in DMEM/F12 basic medium on

collagen coated transwell filter in a transwell Boyden chamber

(Corning) with an 8 mm pore size. The transwell filter were

incubated in collagen (0.06 mg/ml) in PBS for 24 h at 4uC, then

excess collagen solution was rinsed off with PBS before cells were

seeded. EGM5 medium was used as a chemoattractant in the

lower chamber. After 12 h incubation cells in the upper chamber

were removed with a cotton swab and migrated cells on the

bottom surface stained with 0.1% crystal violet. Cells were counted

in three representative fields in each transwell. Soft agar assay was

performed by mixing 16104 D492 and D492M cells to 1.5 ml of

0.5% low melting agar (Invitrogen) that was overlaid on 1% agar

solution in 6 well plates and cultured on H14 medium. After 20

days the colonies were stained with crystal violet and counted.

Mammosphere assay was done in 24 well Ultra-Low attachment

plates (Corning) where 500, single cell filtered, D492 and D492M

cells were seeded and cultured on EGM5 medium. Number and

size of spheres was evaluated after 8 days.

Apoptosis resistance
D492 and D492M were seeded into 6 well culture plates (BD)

and grown to 70% confluency. Cells were treated with 10 mM of

Camptothecin (Sigma) in EGM5 medium and counted on culture

days 0–3.

Flow cytometry analysis
Adherent cells were trypsinized and filtered through a 30 nm

nylon filter (Millipore). Cells were incubated for 20 minutes with
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fluorochrome-conjugated antibodies against CD44 (clone IM7,

BD), CD24 (clone ML5, BD) or isotype-matched controls,

subsequently washed and resuspended in PBS with 4% formalde-

hyde (cell-fix). Cells were collected (26104 events) on a FACS-

Calibur (BD) and analysed using CellQuest (BD).

Statistical analysis
Data is presented as mean +SEM from number of independent

experiments as indicated. Statistical analysis was performed by

two-tailed Students T-test using GraphPad. P values of ,0.05

were considered to be statistically significant.

Results

Immortalized breast epithelial cell line with stem cell
properties generate mesenchymal-like cells in coculture
with endothelial cells

The D492 cell line forms branching structures in reconstituted

basement membrane (rBM) [28,29]. Growth of D492 alone in

rBM requires, however, moderate cell density (16104 cells per

300 ml rBM) [28]. In order to test the effects of breast endothelial

cells (BRENCs) on growth, and morphogenesis of D492 cells we

set up a coculture with BRENCS and D492 cells inside a rBM. In

this assay BRENCs remain viable and metabolically active but

non-proliferative (Fig S1). No growth was seen when D492 cells

were cultured alone at clonal dilution (500 cells per 300 ml rBM)

(Fig. 1A). In contrast, in coculture with BRENCs the total number

of D492 colonies increased with increasing amount of endothelial

cells reaching a cloning efficacy of 23.5% (117.363.5 colonies;

p,0.01) (Fig. 1A). In addition to solid round and branching

structures that have previously been shown to form when D492

are cultured alone, spindle shape, mesenchymal-like colonies

emerged in coculture with BRENCs (Figs. 1B and S2). No effect

was seen on endothelial cell morphology under coculture

conditions. These data suggest that BRENCs stimulate growth

and morphogenesis of D492 and furthermore induce the

formation of spindle-shaped colonies reminiscent of EMT in a

3D environment.

To see if the endothelial induced EMT-like phenotype was

breast-endothelial specific we also cocultured D492 with human

umbilical vein endothelial cells (HUVECs). HUVECs were also

able to induce a similar phenotype to what was seen in coculture

with BRENCs (data not shown) suggesting a general endothelial-

derived effect rather than an endothelial organ-specific effect.

As D492 has an immunophenotype similar to the cells of basal-

like breast cancer, we also tested W2320 which is a basal-like

metaplastic breast cancer cell line [31]. W2320 generated solid

epithelial colonies when cultured alone in 3D rBM. In contrast,

when cocultured with BRENCs there was a marked increase in

total colony formation and induction of spindle-like colonies

(Fig. 1C). We also tested several other cell lines in our 3D coculture

model. D382 is E6E7 immortalized cell line generated from

differentiated, normal, luminal breast epithelial cells [28] and

MCF10A is a non-tumorigenic epithelial cell line. MCF-7, is an

estrogen receptor positive breast cancer cell line, while MDA-MB-

231 is a highly malignant basal-like breast cancer cell line. When

these cell lines were cocultured with BRENCs in a rBM assay,

MDA-MB-231 generated mesenchymal colonies while D382 and

MCF10A, generated only round epithelial colonies (Fig. S3).

Furthermore, the estrogen receptor positive breast cancer cell line

Figure 1. Breast epithelial cells with stem cell properties generate spindle-like cells in coculture with endothelial cells. A, Colony
growth of D492-derived epithelial structures increases proportional with increased number of BRENCs in coculture. When 500 D492 cells are cultured
in 300 ml rBM they fail to grow (control). With BRENCs, colony growth increases from 76 (56104 BRENCs), 96 (16105 BRENCs) to 117 colonies (23,5%
cloning efficacy) when 26105 BRENCs are inoculated with 500 D492 cells. Average (AVG) number of colonies +SEM in three experiments. *, p,0.05;
**, p,0.01; compared to 56104 BRENCs. B, D492 generate spindle-like cells in coculture with BRENCs (26105 cells). D492 cells (500 cells incubated)
form three distinct structures, branching, solid, and spindle-like colonies. Appearance of the spindle colonies from D492 is novel and occurs only in
coculture with endothelial cells. Average % of colony type +SEM in three experiments. Bar 100 mm. C, Using a primary metaplastic breast cancer cell
line, W2320, we were able to show that these cells could also produce spindle-like colonies in coculture with BRENCs (right). Data shown as AVG
number of colonies +SEM in three experiments (left). *p,0.05. Bar 100 mm.
doi:10.1371/journal.pone.0023833.g001
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MCF-7, generated only large solid round colonies in coculture

with BRENCs (Fig. S3). This indicates that breast cancer cell lines

with basal-like characteristics have the plasticity for mesenchymal

conversion, in coculture with endothelial cells, while other more

differentiated cell lines are unable to undergo this transition.

Isolation and characterization of a D492-derived EMT cell
line

To analyze the origin and morphogenic capacity of branching

and spindle-like colonies from cocultures, we isolated single

colonies and plated them into monolayer culture. Cells derived

from branching colonies showed cuboidal epithelial phenotype

whereas cells from spindle-like colonies showed a spindle shaped

phenotype (Fig. 2). Spindle-like colonies were isolated and

expanded as sublines, one of them is referred to as D492M

(mesenchymal) (Fig. 2). When replated into secondary rBM

cocultures, cells from spindle-like colonies were fixed in making

similar colonies whereas cells from branching colonies retain the

ability to make both branching and spindle-like colonies (Fig. 2).

The parental cell line D492 was initially established by

transfection with a retroviral vector containing the E6 and E7

oncogenes and the neomycin resistant gene [28]. To eliminate

possible endothelial-derived contamination, the D492M subline

was selected in medium containing neomycin. Furthermore, we

cloned and sequenced an insertion site of the retrovirus (Methods

S1). We showed the presence of this insertion in D492M and four

different single cell-derived mesenchymal colonies as well as being

present in 5 different single cell derived D492 sub-clones (Fig.

S4A). To further confirm the epithelial origin of the mesenchymal

colonies we generated a D492 subline containing a GFP

expressing vector. When these GFP positive D492 cells were

cocultured with BRENCs all mesenchymal-like colonies were

green (Fig. S4B). This confirms the epithelial origin of the

mesenchymal colonies and furthermore confirms the clonal origin

of D492M from the D492 cell line.

Immunophenotypic characterization of D492M confirmed that

the spindle cell morphology was a direct consequence of EMT.

Thus, as opposed to the parent cell line, D492M has lost

expression of E-Cad and shows reduced expression of keratins 5/

6, 8, 14, 17, and 19, while showing increased expression of

Vimentin, N-Cad, and alpha-smooth muscle actin (Figs. 3A and

B). Using an Illumina BeadChip expression microarray (HumanWG-

6 v3.0) we screened the expression pattern in the two cell lines.

There was significantly different expression level of 9399 genes of

the 13105 genes that had detectable expression levels (for an FDR

of ,1%). Clustering pattern for the top 50 genes demonstrates the

clear differences between the two cell lines (Fig. S5). E-Cad,

keratins 5, 6, 14, and 19 were all downregulated in D492M

compared to D492. Likewise, mesenchymal markers such as N-

Cad, Thy-1, thrombin receptor (PAR1), and CD70 were all highly

up-regulated in D492M. Global gene expression shows EMT-

associated transcription factors that are upregulated in D492M,

including FOXC2 (3.96 fold), and FOXC1 (1.29 fold) (Fig. 3C).

FOXC2 upregulation in D492M was confirmed with western blot

and compared to D492, MDA-MB-231 and D382 (Fig. 3D). To

confirm that the EMT is causally driven by the endothelial-

induced EMT, rather than reflecting the properties of a single

clonal cell sub-line we isolated four other sublines from D492

Figure 2. Isolation of D492-derived mesenchymal-like cells (D492M). Six branching and six spindle-like colonies were isolated and plated in
monolayer culture. Cells from branching structures retain cuboidal epithelial phenotype in monolayer (left panel). When cocultured with BRENCs
these cells generate branching TDLU-like (40%) and spindle-like colonies (50%) in secondary 3D culture (u2 3D). Cells from spindle-like colonies (right
panel) showed mesenchymal/spindle like morphology in monolayer and cells isolated from one of these colonies gave rise to D492M. When
cocultured with BRENCs these cells only gave rise to spindle like colonies in secondary 3D coculture.
doi:10.1371/journal.pone.0023833.g002
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derived spindle-like colonies (D492M1-4). All these sublines were

shown to have acquired an EMT phenotype (Fig. S6).

D492M has acquired a functional EMT and cancer stem
cell phenotype

A major characteristic of the mesenchymal phenotype is increased

motility. In a transwell migration assay when compared to D492, the

D492M cells showed increased migration, 3.8 fold (p,0.05) and 7.4

fold (p,0.01) when plated at 16104 or 2.56104 cells, respectively

(Fig. 4A). Functionally, the D492M cells also showed signs of

transformation by growth in soft agar assay. While D492 fail to grow,

D492M grew well in this assay showing 6% cloning efficacy (p,0.01)

(Fig. 4B). In addition, when cultured in monolayer, D492M formed

multilayered ridges further indicating a loss of contact inhibition

(Fig. 4B, right). The CD44high, CD24low phenotype has been

associated with cancer stem cell phenotype in the breast [32] and

recently EMT-like traits have been added to this profile [6,7]. Flow

cytometry analysis showed that the D492 cells contain a mixture of

CD44high,CD24high cells (81%) and CD44high,CD24low cells (19%).

In contrast, D492M showed marked increase in the proportion of

CD44high, CD24low cells (70%) (Fig. 4C).

Papers have demonstrated a strong correlation between the

EMT phenotype and the ability to form mammospheres, an assay

that functionally tests for breast stem cell properties [6,33]. When

cultured in low attachment plates both D492 and D492M

generated mammospheres demonstrating the self-renewal and

cancer stem cell properties of these cell lines, respectively (Fig. 4D).

However, D492M generated significantly larger and higher

number of colonies (size.100 mm; p,0.01 and size.150 mm;

p,0.05) in this assay (Fig. 4D). One of the hallmarks of cancer

stem cells and EMT is the acquisition of apoptosis resistance

[6,34]. D492M showed increased resistance (p,0.05) to chemi-

cally induced apoptosis (Fig. 4E). Thus, D492M has acquired

phenotypic and functional characteristics of EMT cells and cancer

stem cells.

Endothelial induced EMT in D492 is generated through
soluble factors partially mediated by HGF

To analyze if endothelial induced EMT in D492 was mediated

through soluble factors we used transwell coculture with BRENCs

cultured on top of a filter and D492 cells embedded in rBM, in the

lower well (Fig. 5A). In this setup, BRENCs were even more

Figure 3. D492M has acquired an EMT phenotype. A, Immunofluoresence staining on D492M show switch from E- to N-Cad and reduced
expression of K14 and K19. Counterstain TO-PRO-3, Bar 100 mm. B, Western blotting confirms downregulation of epithelial markers such as E-Cad, K-
5/6, 8, 14, 17 and 19 in D492M. In contrast, the mesenchymal markers N-Cad, Vimentin and alpha-smooth muscle actin were expressed more
intensively in D492M than D492. GAPDH loading control. C, EMT associated transcription factors are upregulated in D492M. Gene expression data
showed upregulation of FOXC2 (3.96 fold,p: 8.4e-17) and FOXC1 (1.29 fold,p: 0.004) transcription factors in D492M. D, FOXC2 is strongly expressed in
breast epithelial cell lines with EMT phenotype. Western blotting shows strong expression of FOXC2 in D492M and MDA-MB-231, an EMT-like breast
cancer cell line, compared to no or low expression in D492 and D382. Actin, loading control.
doi:10.1371/journal.pone.0023833.g003
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effective in inducing the emergence of spindle-like colonies (Fig. 5B)

suggesting endothelial-derived soluble factor/s. These spindle-like

colonies show an EMT phenotype with an E- to N-Cad switch,

reduced K14 and K19 expression and increased expression of

vimentin and fibronectin (Fig. 5C). It should, however, be noted

that in this setup a few small colonies grew in D492 monoculture

and were either of solid round or spindle-like morphology. The

reason for this is unknown but may be due to the difference in the

experimental setup of the transwell compared to the direct

coculture 3D experiments.

Figure 4. D492M has acquired cancer stem cell-like phenotype. A, D492M show increased migration compared to D492. Increased migration
was seen at the two cell concentrations (16104 and 2.56104). B, D492M grow anchorage independently. In 0.5% soft agar D492 cells fail to form
colonies. In contrast, the D492M cells are able to grow, indicating acquisition of anchorage independent growth. In monolayer culture (right) D492
cells are contact inhibited while D492M piles up in the culture flask indicating lack of contact inhibition (arrows). Counterstain hematoxylin. Bar
100 mm. C, D492M cells are CD44high,CD24low consisting with the breast cancer stem cell phenotype. D492 contain a subpopulation (19%) of cells
that are CD44high, CD24low. This population increases to 70% in the D492M cell line. D, D492 and D492M differ in their ability to form mammospheres.
Both D492 and D492M can generate colonies in mammosphere assay, however, D492M generates more and larger (.100 mm: 1.7 fold; .150 mm:1.5
fold) mammospheres than D492 cells. E, D492M cells show delayed chemically induced apoptosis. D492 and D492M show distinct responses to
Camptothecin, an apoptosis inducing agent. D492 cells underwent immediate apoptosis and showed cell survival under 40% on day 2 while having
no effect on D492M. On day 3 D492M cells showed cell survival of 60% where only few D492 cells were left. Data shown as AVG number of cells per
field (A,E) or AVG number of colonies (B,D) +SEM in three experiments. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0023833.g004
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There are a number of factors that can elicit EMT such as

TGF-b1, FGF, EGF and HGF. As D492 did not form any EMT

in the EGM5 coculture media that contains EGF, FGF and VEGF

we set focused on TGF-b1 and HGF, known morphogenic and

EMT inducing factors [3]. We treated 3D cocultures with a small

molecule inhibitor targeting the TGF-b receptor-1 (ALK5) and

with a TGF-b1 neutralizing antibody. We observed no changes in

the number of spindle colonies using the ALK5 kinase inhibitor or

the anti-TGF-b1 (not shown) indicating that other factors were

responsible for the endothelial induced EMT.

HGF is expressed in endothelial cells and other stromal cells

and can induce both scattering (including EMT) and morpho-

genic effects on epithelial cells [35]. In our 3D rBM assay

BRENCs secreted HGF into the surrounding culture media as

Figure 5. Endothelial induced EMT is mediated through soluble factors and is partially blocked by inhibition of HGF. A, In the
transwell coculture setup endothelial cells were cultured as a monolayer in the upper well and D492 cells in 3D rBM on the bottom of the lower well.
B, BRENCs induce spindle-like colony formation in transwell coculture. D492 cells without BRENCs showed limited growth (less than 1% of seeded
cells, control). coculture the BRENCs induced a significant increase in number of spindle-like colonies. C, D492-derived branching colonies generated
in transwell culture show characteristical epithelial phenotype including expression of E-Cad, K14 and K19. In contrast, D492-derived spindle like
colonies show EMT phenotype including expression of N-Cad, Vimentin and fibronectin (FN). Bar 100 mm. D–E, Formation of spindle-like colonies is
partially blocked by inhibition of HGF. Spindle-like colony formation is reduced with anti-HGF by 44% in direct coculture (D) and by 30% in transwell
coculture (E). Data shown as AVG number of colonies +SEM in three experiments. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0023833.g005
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measured by ELISA. They secreted over four times higher

concentrations than D492 in this setup (Fig. S7). When coculture

of D492 and BRENCS was treated with a neutralizing antibody

against HGF a significant decrease (p,0.01) in spindle colonies was

observed in contrast to a significant increase (p,0.01) in the

formation of branching colonies (Fig. 5D). We also tested this in

transwell coculture and as before BRENCs induced the emergence

of spindle colonies. Neutralizing antibody against HGF significantly

decreased (p,0.05) their number but had no effects on branching

colonies (Fig. 5E). Collectively, this suggests that the balance in

formation of branching or spindle colonies from D492 cells can be

modulated by HGF signaling and that soluble HGF, at least

partially, mediates endothelial induced EMT in our 3D coculture

model.

EMT phenotype in basal-like breast cancers is associated
with vascular-rich areas

Circumstantial evidence suggests that basal-like breast cancers

originate in epithelial stem or progenitor cells [14]. Furthermore,

studies show that these tumors are highly vascularized [36,37] and

rich in EMT associated markers such as N-Cad with low or no E-

Cad expression [9,11]. Because both EMT and angiogenesis are

associated with increased metastatic potential, we explored the

possible connection between vascularization and the EMT

phenotype within basal-like breast cancer. We stained 9 basal-

like and four estrogen receptor positive (ER-positive) breast

cancers with antibodies against E-Cad, N-Cad, K14, K19 and

CD-31. While all ER-positive cancers were N-Cad and K14

negative, basal-like cancers were positive for N-Cad and K14, with

some tumors showing medium-to-low expression of N-Cad

(Fig. 6A). To study the possible association between vasculariza-

tion and the EMT-phenotype, we quantified the microvascular

density (MVD) in N-Cad medium-to-low areas and in N-Cad high

areas. Microvessel density (MVD) was significantly higher in areas

containing cells with high expression of N-Cad (MVD:

86.7763.52) compared to areas with low N-Cad expression

(MVD: 36.6664.01) (Fig. 6B, 6C and Fig. S8). Low or no

expression of E-Cad was seen in all basal-like biopsies tested

(Fig. 6D). Thus the cellular context in basal like breast cancers

reveals an interesting pattern of cancer cells showing an EMT

phenotype closely associated with vascular rich components. Based

on these findings we hypothesize that the endothelial compartment

might contribute to the EMT phenotype of tumor cells within

basal like breast cancer.

Discussion

We report here, that in a 3D coculture model EMT-like cells

arise from immortalized breast epithelial cells with stem cell

properties upon interaction with breast endothelial cells. These

effects are at least partially mediated through HGF with other

endothelial-derived factors possibly involved. The endothelial

induced transition resulted in a characteristic EMT phenotype as

evidenced by marked difference in protein and gene expression

with loss of many adhesion and epithelial specific markers and

gain of mesenchymal markers. Functionally, the EMT cells

showed increased migratory abilities and an increase in cancer

stem cell phenotype. Furthermore, we show that basal-like breast

cancers are rich in cells showing a potential EMT phenotype

with highest intensity of N-Cad expression close to vascular rich

areas.

EMT has recently been linked to basal-like breast cancer as

demonstrated by upregulation of EMT markers (Vimentin, alpha-

smooth muscle actin, and N-Cad) together with reduction of

characteristic epithelial markers (E-Cad and keratins) [9,11]. This

is supported by our observation that basal like breast cancers have

features of EMT as evidenced by no or reduced expression of E-

Cad and high expression of N-Cad. Interestingly, the strongest

expression of N-Cad was seen in vascular-rich areas suggesting

that endothelial cells may provide a favorable environment for the

EMT phenotype. Intratumoral angiogenesis, assessed by micro-

vessel density, has been proposed to identify patients at high risk of

recurrence, especially in node-negative breast cancer. Meta-

analyses have confirmed this association, although being a

relatively weak risk factor [38]. More recent studies have shown

that microvessel density might be a major risk factor in triple

negative breast cancer [39] and vascular endothelial growth factor

(VEGF), a marker of angiogenesis, has also been shown to be

significantly higher in this subclass of breast cancer [40]. High

MVD has also been associated with medullary breast tumors,

which are a subtype of the basal-like group and with breast tumors

with a predominant CD44high/CD24low cancer stem cell pheno-

type [37,41]. Niu et al. have also showed in hepatocellular

carcinoma, that tumors expressing Twist, a marker of EMT, have

higher MVD [42].

EMT is a complex process and there have been numerous

factors shown to elicit EMT in culture. Of these, TGF-b1 and

ligands for various receptor tyrosine kinases have received much

attention [34]. We report here that inhibition of TGF-b1 with a

neutralizing antibody or an ALK5 inhibitor did not affect the

formation of spindle-like colonies in coculture suggesting that

TGF-b1 is not involved in endothelial induced EMT in the 3D-

context. Interestingly, Mostov et al. reported that HGF induces

partial EMT in MDCK cells cultured in 3D collagen gel [35].

The HGF receptor, c-Met has also been shown to have a higher

expression in basal-like breast cancer than in other subtypes.

Basal-like breast cancer are also enriched for gene sets indicating

transcriptional activation induced by c-Met signaling [43].

Hypoxia, a major effector of endothelial cells has been shown

to increase HGF mRNA stability through overexpression of HIF-

1alpha [44]. Hypoxia has also been shown to increase the

expression of c-Met, leading to increased sensitivity to HGF and

an invasive phenotype in the tumor cells [45]. In our study,

endothelial cells were shown to secrete HGF in 3D culture and

when HGF was blocked with a neutralizing antibody in direct-

and indirect (transwell) coculture a significant reduction in the

number of EMT colonies was observed demonstrating that

endothelial-derived HGF is, at least partially, responsible for

EMT in our culture model. These findings suggest a novel role

for endothelial cells and angiogenesis in cancer progression in

addition to the more classical role of oxygen and nutritional

delivery.

Defining the cellular and microenvironmental cues that trigger

EMT during cancer progression is important. Studies have shown

increased expression of EMT markers at the tumor-stroma

interface [15,16] and stromal cells are now recognized as major

players in cancer progression (reviewed in [17,18]). The stromal

compartment includes various cell types, e.g. fibroblasts (and

myofibroblasts), immune cells and endothelial cells. Fibroblasts

and myofibroblasts have received attention as important players in

tissue morphogenesis and neoplasia [17,46]. We have previously

shown that breast cancer cells can generate non-malignant

fibroblast-like cells that can facilitate growth and invasion of

cancer cells [31]. Myofibroblast have been shown to induce EMT

and tumor progression in a hepatocellular carcinoma mouse

model through PDGF and TGF-beta signaling [47]. Recently,

CD8 positive T cells have been shown to induce EMT in mouse

mammary cancer cells. Following T cell-induced EMT, these
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Figure 6. The EMT phenotype is most prominent close to vascular rich areas in basal-like breast cancer. A, N-Cad expression is most
prominently found within basal-like breast cancer. ER tumors are K19 positive but negative for N-Cad and K14. In contrast basal-like breast cancers
(BLBC) are positive for all three markers. Bar 100 mm. B, Increased microvessel density in basal-like breast cancer is associated with areas containing
cells with high expression of N-Cad. Immunostaining show increased CD31 positive microvessels in areas with high N-Cad expression. Statistcal
analyzis (bottom) from three basal-like breast cancer biopsies show significant increase in microvessels within areas with high N-Cad expression. C,
Expression of CD-31 reveals highly vascularized area at the tumor stroma interface. N-Cad expression was seen in most cancer cells. Note the strong
expression of N-Cad close to the vascular rich area (dashed line). D, Double-labeling against E- (red) and N-Cad (green) in the same area shows strong
expression of N-Cad only. Low or no expression of E-Cad (red) was seen close to the CD31 positive (green) endothelial cells. Cells were counterstained
with hematoxylin (A B and C) and TO-PRO-3 (D). Bar, 100 mm.
doi:10.1371/journal.pone.0023833.g006
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cancer cells acquired cancer stem cell phenotype including

increased CD44high/CD24low ratio, drug resistance and increased

tumorigenicity [48].

Although EMT can easily be recognized in monolayer culture

of cells, recognizing these cells in situ is more troublesome, due to

its transient nature. In contrast to monolayer cultures, 3D

culture models capture more closely the in vivo situation [49].

Papers from our laboratory and others have shown the

importance of 3D cultures to elucidate the functional role of

the stroma as an instructive factor in normal breast morpho-

genesis and cancer progression [17,18,49,50,51]. Numerous cell

lines, such as MCF10A and MCF-7, have been reported to be

susceptible to EMT in traditional monolayer culture [52]. Our

results, however, show that in 3D culture EMT induction by

BRENCs is only achieved in selected cell lines, i.e. those

harboring stem/progenitor characteristics (D492) and/or cell

lines that have cancer initiating abilities (MDA-MB 231). We

also show that primary metaplastic breast cancer cells, W2330

[31], can be facilitated to undergo EMT in 3D coculture with

BRENCs. In contrast the luminal epithelial cell line D382,

MCF10A and MCF-7 show no signs of EMT in coculture with

BRENCs. Even though MCF10A has been shown to have a

basal-like phenotype, they lack fundamental stem cell properties

that D492 has, such as branching morphogenesis that may

explain why they are non-responsive to endothelial induced

EMT in 3D cultures.

Recent studies have shown that induction of EMT in

immortalized human breast epithelial cells was associated with

acquisition of cancer stem cell associated properties, measured by

increased expression of CD44high/CD24low cells accompanied by

the ability to form mammosphere colonies in culture [6,7]. In

these studies, immortalized breast epithelial cells (HMECs) were

induced to undergo EMT in 2D culture conditions with TGF-b1

or transfected with potent inducers of EMT such as snail, Twist

or the ras oncogene. These studies are in line with our data where

D492M show cancer stem cell and tumorigenic phenotype as

evidenced by an increased ratio of CD44high/CD24low cells,

ability to form mammospheres, increased motility, anchorage

independent growth and resistance against chemically induced

apoptosis. It is noteworthy that in our study, D492, a cell line

with epithelial stem cell properties, appear to lose the normal

epithelial stem cell properties (i.e. generating differentiated

luminal and myoepithelial cells and forming branching TDLU-

like structures) after undergoing EMT and acquire a phenotype

associated with cancer stem cells. This suggests an important

difference between the properties of breast epithelial stem cells

and epithelial cancer stem cells. Studies linking cancer stem cells

and EMT also raise interesting questions about the cell renewal,

developmental plasticity and signaling pathways involved in

cancer progression.

In this paper we show that in basal like breast cancer, cells

undergoing EMT are enriched in the vascular-rich areas and

furthermore, we show that endothelial cells can directly induce

EMT. This endothelial-induced EMT is at least partially

facilitated by HGF making this a potential novel therapeutic

target for patients with the basal-like subtype of breast cancer.

Furthermore, our findings suggest a role for endothelial cells in

basal-like breast cancer suggesting that therapy targeting the

neovascular compartment might be relevant.

Supporting Information

Figure S1 Endothelial cells cultured in rBM appear as
single, non proliferative but metabolically active cells.

Endothelial cells cultured for 10 days within rBM remain as single

non proliferative but metabolically active as seen by the uptake of

fluorescent labeled Ac-LDL (green). Insert shows single endothelial

cells that have taken up Ac-LDL in higher magnification.

(TIF)

Figure S2 Spindle-like colony formation increases pro-
portionally with the amount of endothelial cells. Increased

number of BRENCs in coculture with D492 results in decreased

and increased number of solid and spindle-like colonies. No effect

was seen on branching colonies. AVG % of colonies +SEM in

triplicate. *, p,0.05; **, p,0.01; compared to 56104 BRENCs.

(TIF)

Figure S3 BRENCs facilitate mesenchymal phenotype
in MDA-MB-231 a poorly differentiated breast cancer
cell line. To explore if BRENC could induce EMT in other cell

types we set up cocultures of BRENCs (26105 cells) with

MCF10A, MCF-7, D382 and MDA-MB-231 (500 cells). Cocul-

ture of BRENCs with MCF-10A, D382 and MCF-7 resulted in

non-branching, non-EMT-like epithelial colonies. In contrast

coculture of BRENCs with the highly malignant cancer cell line

MDA-MB-231 resulted in large EMT-like colonies. Bar 100 mm.

(TIF)

Figure S4 D492 and D492M share a common origin. A,

Origin of D492M confirmed by viral insertional analysis. D492

cell line contains a retroviral insertion of E6 and E7 genes. The

insert site was identified (schematic) on chromosome 20q13.1 close

to the gene PTP1N that codes for the protein tyrosine phosphatese

1B (PTP1B). PCR analyzes identified the same insert in D492M

confirming its origin from D492. B, GFP positive D492 cells give

rise to mesenchymal colonies in coculture with BRENCs. The

origin of mesenchymal colonies from D492 was confirmed by

using GFP positive D492. All colonies in the 3D culture were GFP

positive. Bar = 100 mm.

(TIF)

Figure S5 Gene expression analysis demonstrates glob-
al changes in D492-D492M transition. Heat map showing

the top 50 genes discriminating D492 and D492M. Red and green

shows up- and down regulation of genes, respectively.

(TIF)

Figure S6 Characterization of four mesenchymal-de-
rived cell lines from D492. D492-derived mesenchymal cell

lines designed D492M1-M4 were characterized in terms of

expression profile and for functional mesenchhymal properties.

A. D492M1 show reduced expression of E-cadherin and EpCAM,

weak expression of N-Cad and strong expression of fibronectin

(FN) and vimentin. B. D492M-1 show increased migration

compared to D492. C. Mesenchymal cell lines derived from

D492 show advanced growth in soft agar. D. Summary of

phenotypic and functional characteristics of D492M1-M4.

(TIF)

Figure S7 BRENCs secreted HGF into the surrounding
culture media. BRENCs secreted HGF into the surrounding

culture media as measured by ELISA. BRENCs secreted over four

times higher concentration of HGF than D492 when cultured

rBM.

(TIF)

Figure S8 N-cadherin expression is prominent around
vascular rich area of basal-like breast cancers. Two basal

like breast cancer were stained with antibodies against N-Cad and

CD31. Figures show N-Cad high and N-Cad medium/low areas
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within the same cancer stained with N-Cad and CD31. Cells

counterstained with heamotoxylin. Bar = 100 mm.

(TIF)

Methods S1 Supplementary material and methods.

(DOC)
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Supplementary material and methods 
Cell culture 
The breast epithelial stem cell line D492 and daughter cell line D492M were 

maintained in H14 medium (Briand, Petersen et al. 1987), consisting of 

DMEM/F12, 50 IU/ml penicillin, 50 µg/ml streptomycin (Invitrogen), 250 ng/ml 

insulin, 10 µg/ml transferrin, 2,6 ng/ml sodium selenite, 0,1 nM estradiol, 0,5 

µg/ml hydrocortisone, 5 µg/m l prolactin (SIGMA) and 10 ng/ml EGF 

(Peprotech). Luminal epithelial cell line referred to as D382 and MCF10A 

were also maintained on H14 medium. MDA-MB 231 was cultured on RPMI-

1640 supplemented with 5% FBS. W2320 and MCF-7 on DMEM/F12 with 5% 

FBS. The MCF-7, MCF10A and MDA-MB-231 cell lines where purchased 

from ATCC and are routinely authenticated with genotype profiling according 

to ATCC guidelines. To further ensure cell line integrity D492, D492M and 

D382 cell lines were analyzed with the same method. 

 
Generation of GFP positive D492 cells 
Lentiviral pGIPZ vector (RHS4346) expressing green fluorescent protein 

(GFP) (Open Biosystems, Huntsville, AL) was transfected into HEK-293T cells 

using Arrest-In transfection reagent (ATR1740; Open Biosystems) according 

to instructions. Virus-containing supernatants were collected at 48 hours after 

transfection and target cells infected in the presence of 8ug/ul polybrene.  24 

hours later, drug selection was done with 3ug/ul puromycin to establish stable 

cell line expressing GFP.   

 

Preparation of 3D cocultures 

Coculture experiments were carried out in 24 well culture plates (BD Falcon) 

with 500 D492 cells alone (monoculture) and with , 5x104, 1x104 and 2x105 

BRENCs (cocultures). The two cell types were mixed and suspended in 300µl 

rBM and cultured in EGM5 for 15 days. Cocultures of BRENCs with normal 

breast epithelial lines MCF10A and D382, estrogen receptor positive breast 

cancer cell line MCF-7, basal-like / EMT breast cancer cell line MDA-MB-231 



 
 

 
 

and primary metaplastic breast cancer cell line W2320 were done with 500 

epithelial cells and 2x105 BRENCs in EGM5 medium.  
 
Isolation of 3D coculture colonies, replating and secondary 3D coculture 

Branching, solid and spindle-like structures were isolated from 3D cocultures 

with gentle shaking on ice in PBS - EDTA (5mM) solution. Single structures 

were placed in a 24 well plate and cultured on H14 medium. Monolayer 

cultured cells from branching, solid and spindle like colonies were then put 

back into 3D coculture of 500 cells with 5x104 BRENCs in rBM. 

 
ELISA and additional blocking experiments 
BRENCS and D492 were seeded in 3D monocultures in rBM and the HGF 

concentration in the culture media was determined using comercially available 

HGF ELISA kit (DHG00; R and D, MN, USA) according to instructions. ALK5 

kinase inhibitor (SB431542, Tocris Bioscience) was used to block signals 

through the ALK5 receptor and was diluted in the rBM (10µM) and in the 

medium (10µM) in coculture of 500 D492 cells and 5x104 BRENCs. We also 

blocked TGFβ1(8µg/ml) in 3D coculture with a neutralizing antibody 

(ab10517, Abcam) in the rBM and in the medium.  

 

Microvessel density scoring 
Microvessel counting was conducted as previously described [1,2]. Briefly, 

microvessel density was evaluated by immunohistochemistry of tumor vessels 

for CD31 in whole tissue sections.  An immunopositive cell or cluster of cells 

clearly separated from adjacent clusters, was considered an individual vessel. 

Microvessels were counted in three different areas of low and high N-cadherin 

expression, respectively, in three different biopsies in a 200x field. 

 
Endothelial uptake of AcLDL in 3D rBM cultures 
Endothelial cells have the ability to take up AcLDL and this trait has become 

routine to identify them in culture. BRENCs were treated with 15 µg/ml AcLDL 

conjugated to A488 fluorecent dye (Invitrogen) for 4 hrs. The uptake of 

AcLDL-A488 was monitored on day 10 in 3D cultures of BRENCs. 

 



 
 

 
 

Retroviral insertion analysis 
The D492 cell line was initially established by transfection with a retroviral 

vector containing the E6 and E7 oncogenes and the neomycin resistant gene 

for selection [3]. To identify the genomic insertion site of the E6/E7 containing 

retrovirus we performed an inverse PCR (I-PCR) (Suzuki et al., 2002) by 

using 5 µg of cell line DNA digested with 60 U of BamHI overnight in 40 µl. 

After heat inactivation DNA was diluted to 200 µl, circularized by ligation with 

T4 DNA ligase at 16°C overnight, ethanol precipitated, and resuspended in 30 

µl of Tris-EDTA. PCR was performed in 25 µl with 1 µl of the DNA template, 

0,2 mM deoxynucleoside triphosphates, 10 pmol of each primer, 1,3 U of 

Expand Long Template Polymerase, and Expand Buffer 1 (Roche). The 

primers used were I-1F (CTAGCTTGCCACCTACGGGT) and I-1R 

(TGAGGAAATTGAGGCACAGC). The cycling conditions were 94°C for 2 min, 

followed by 10 cycles of 94°C for 10 s, 65°C for 30 s, and 68°C for 6 min and 

20 cycles of 94°C for 10 s, 65°C for 30 s, and 68°C for 6 min with a 20-s 

autoextension and a final extension at 68°C for 10 min. Amplified products 

were cloned into the TA cloning TOPO vector (Invitrogen) and clones selected 

and sequenced. We identified with this method a single insertion on 

chromosome 20, 95 kb upstream of the gene PTPN1 (encoding for the 

phosphatase PTP1B).  

 

Gene expression analysis 
RNA was isolated from D492 and D492M at 50% and 90% confluency in 

monolayer culture using RNeasy mini kit (QIAGEN). Experiments were 

conducted in triplicate, on three different time points (36 samples). RNA was 

analysed on NanoDrop ND-1000 spectrophotometer and run on Agilent 2100 

Bioanalyzer chip. Microarray analysis was carried out using the Illumina 

BeadChip expression microarray (HumanWG-6 v3.0) platform. The data was 

background subtracted and normalized using cubic spline with all samples as 

a group using BeadStudio. Probes were quality filtered such that if p detect 

>0,01 then the intensity was replaced with a missing value. Probes with 

missing values for all 36 hybridizations were omitted from future analysis. This 

left 16547 probes which had p value <=0,01 in at least one hybridization. To 



 
 

 
 

identify differentially expressed genes we used the MeV software 

(www.tm4.org) and the significance of microarrays (SAM) method [4]. Genes 

that had detectable expression levels in 50% of the samples were used in the 

comparison. All raw data are available at 

http://stofnanir.hi.is/rle/sites/stofnanir.hi.is.rle/files/EMT-

expression%20profile%20D492-vs-D492M.xlsx 

 
Supplementary figure legends 
Supplementary figure 1. Endothelial cells cultured in rBM appear as 
single, non proliferative but metabolically active cells. Endothelial cells 

cultured for 10 days within rBM remain as single non proliferative but 

metabolically active as seen by the uptake of fluorescent labeled Ac-LDL 

(green). Insert shows single endothelial cells that have taken up Ac-LDL in 

higher magnification. 
 
Supplementary figure 2. Spindle-like colony formation increases 
proportionally with the amount of endothelial cells. Increased number of 

BRENCs in coculture with D492 results in decreased and increased number 

of solid and spindle-like colonies. No effect was seen on branching colonies. 

AVG % of colonies +SEM in triplicate. *, p<0,05; **, p<0,01; compared to 

5x104 BRENCs.  

 

Supplementary figure 3. BRENCs facilitate mesenchymal phenotype in 
MDA-MB-231 a poorly differentiated breast cancer cell line. To explore if 

BRENC could induce EMT in other cell types we set up cocultures of 

BRENCs (2x105 cells) with MCF10A, MCF-7, D382 and MDA-MB-231 (500 

cells). Coculture of BRENCs with MCF-10A, D382 and MCF-7 resulted in non-

branching, non-EMT-like epithelial colonies. In contrast coculture of BRENCs 

with the highly malignant cancer cell line MDA-MB-231 resulted in large EMT-

like colonies. Bar 100 µm. 

 

Supplementary figure 4. D492 and D492M share common origin. A, Origin 

of D492M confirmed by viral insertional analysis. D492 cell line contains a 

retroviral insertion of E6 and E7 genes. The insert site was identified 



 
 

 
 

(schematic) on chromosome 20q13.1 close to the gene PTP1N that codes for 

the protein tyrosine phosphatese 1B (PTP1B). PCR analyzes identified the 

same insert in D492M confirming its origin from D492. B, GFP positive D492 

cells give rise to mesenchymal colonies in coculture with BRENCs. The origin 

of mesenchymal colonies from D492 was confirmed by using GFP positive 

D492. All colonies in the 3D culture were GFP positive. Bar =100 µm. 

 
Supplementary figure 5. Gene expression analysis demonstrates global 
changes in D492-D492M transition. Heat map showing the top 50 genes 

discriminating D492 and D492M. Red and green shows up- and down 

regulation of genes, respectively . 

 
Supplementary figur 6. Characterization of four mesenchymal-derived 
cell lines from D492 
D492-derived mesenchymal cell lines designed D492M1-M4 were 

characterized in terms of expression profile and for functional mesenchhymal 

properties. A. D492M1 show reduced expression of E-cadherin and EpCAM, 

weak expression of N-Cad and strong expression of fibronectin (FN) and 

vimentin. B. D492M-1 show increased migration compared to D492.  C. 
Mesenchymal cell lines derived from D492 show advanced growth in soft 

agar. D.  Summary of phenotypic and functional characteristics of D492M1-

M4. 

 

Supplementary figure 7. BRENCs secreted HGF into the surrounding 
culture media. BRENCs secreted HGF into the surrounding culture media as 

measured by ELISA. BRENCs secreted over four times higher concentration 

of HGF than D492 when cultured rBM. 

 
Supplementary figure 8.  N-cadherin expression is prominent around 
vascular rich area of basal-like breast cancers. Two basal like breast 

cancer were stained with antibodies against N-Cad and CD31. Figures show 

N-Cad high and N-Cad medium/low areas within the same cancer stained 

with N-Cad and CD31. Cells counterstained with heamotoxylin. Bar =100 µm.
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Abstract 
Branching morphogenesis is a conserved mechanism used by many species 

for organogenesis and tissue maintenance. Receptor tyrosine kinases (RTKs) 

including the epidermal growth factor receptor (EGFR) and their intracellular 

regulators sprouty protein family are believed to be critical regulators of 

branching morphogenesis. In this study, we show that, Sprouty-2 (Spry-2) is 

predominantly expressed in the luminal epithelial cells both in ducts and lobuli 

in the human breast gland.  We have also analyzed the expression of Spry-2 

and EGFR pathway in virgin, lactating and pregnant mouse mammary gland. 

Spry-2 is expressed at branching epithelial buds during pregnancy with 

increased expression during lactation. The expression of pEGFR show similar 

expression pattern as Spry-2.  Using D492 a breast epithelial cell line with 

stem cell properties, which generate branching structures in 3D culture we 

show that Spry-2 expression increases during the formation of branching.  

Immunostaining locates expression of Spry-2 and pEGFR at the tip of lobular-

like, branching ends. Interestingly, Spry-2 knock down (KD) results in 

increased migration and in larger and more complex branching structures 

indicating loss of negative feedback to control spatial location of cells and 

branching morphogenesis.  In co-culture with endothelial cells D492 sprouty 

KD generate spindle like colonies reminiscent of epithelial to mesenchymal 

tansition. In conclusion, these data indicate that Spry-2 is an important 

regulator of branching morphogenesis and epithelial to mesenchymal 

transition in the mammary gland.  
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Introduction 
Branching morphogenesis is a highly conserved developmental process, 

where epithelial-based organs are able to increase their surface area and 

form the correct functional histoarchitecture. (Davies, 2002; Horowitz and 

Simons, 2009). This process gives rise to the airways of the lungs (Metzger et 

al., 2008), the urine collecting ducts (Costantini and Kopan), the prostate 

(Cunha et al., 2004), salivary glands (Hsu and Yamada, 2010) and the 

mammary glands (Ewald et al., 2008; Fata et al., 2004).   

 The molecular events that induce and regulate branching 

morphogenesis are highly conserved between different organs and between 

different species (Lu et al., 2006). Receptor tyrosine kinases (RTKs), such as 

fibroblast growth factor receptors (FGFRs) and epidermal growth factor 

receptors (EGFRs) are key mediators of signals that regulates proliferation, 

differentiation and branching morphogenesis in the mammary gland (Davies, 

2002; Dillon et al., 2004). (Extracellular cues such as FGFs and EGFs act via 

their respective receptors to activate, among other pathways, the mitogen-

activated protein kinase (MAP-kinase) pathways and phosphatidylinositol 3-

kinase  (PI-3 kinase) pathways which are critical for proper development of 

branched organs (Davies, 2002). Indeed, aberrant expression of RTKs such 

as the EGFR family is common in number of cancers including breast cancer 

(reviewed in (Gutierrez and Schiff, 2011)).  Signaling must be precisely 

regulated both spatially and temporally to ensure normal homeostasis. Recent 

studies have underscored the importance of negative feedback control of 

RTKs signaling in ensuring correct cell fate and morphogenesis (Amit et al., 

2007). Sprouty, initially shown to be critical for tracheal development in 

drosophila (Hacohen et al., 1998), is now known to act as a conserved 

antagonist of RTK signaling in higher eukaryotes (Gross et al., 2001; 

Hanafusa et al., 2002; Impagnatiello et al., 2001; Lee et al., 2001; Sasaki et 

al., 2001; Tefft et al., 2002; Yusoff et al., 2002). There are four mammalian 

sprouty proteins (Sprouty1-4) and they have been proposed to participate in a 

classical negative feedback loop on RTK signaling through ras/Erk/Mek 

pathway. However, detailed molecular mechanism of the action of the sprouty 

proteins has not been fully elucidated. The studies of sprouty in the 

mammalian system have thus far mostly focused on the regulation of FGFR 
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and EGFR (Mason et al., 2006).. Sprouty proteins have been identified as 

antagonists of FGFR, c-Met and EGFR in lung, kidney and vasculogenesis 

but their role in the human breast gland morphogenesis has not been 

systematically analyzed (Kim and Bar-Sagi, 2004). 

 In mouse mammary glands the branching ducts ends in terminal end 

buds (TEB) whereas in humans, breast ducts are more elaborate and 

terminates in the lobuli commonly referred to as the terminal duct lobular units 

(TDLU) (Rønnov-Jessen et al., 1996).  The TDLUs are composed of 

differentiated luminal- (LEP) and surrounding myoepithelial (MEP) cells, 

separated from the stroma by basement membrane. Branching 

morphogenesis in the mammary gland is believed to occur through collective 

migration of both LEP and MEP cells where epithelial cells at the branching 

end loose adhesion and acquire transient mesenchymal-like phenotypes 

through epithelial to mesenchymal transition (EMT) that enables cells with 

active motility and invasion (Ewald et al., 2008; Micalizzi et al., 2010).  Indeed, 

temporal EMT phenotypes have also been linked to cancer progression and 

metastasis (Hanahan and Weinberg, 2011; Mani et al., 2008; Micalizzi et al., 

2010). This temporal activation of EMT in both cancer progression and 

branching morphogenesis highlights the importance of understanding the 

molecular regulators of breast morphogenesis. Indeed, disruption in the 

regulation of RTKs, critical regulators of branching morphogenesis, is also 

major factor seen in many cancer forms, including breast cancers (Davies, 

2002). Lo et al. have recently shown that sprouty-2 gene expression is 

suppressed in breast cancers suggesting that sprouty-2 could function as a 

tumor suppressor (Lo et al., 2004), linking candidate morphogenic pathways 

to cancer progression. 

 Three-dimensional cultures have proven to be important tools to 

recapitulate in-vivo like context in the mammary gland (Gray et al., 2010; 

Kenny et al., 2007). We have previously shown that D492 a suprabasal 

epithelial cell line with stem cell properties generates TDLU-like structures in 

3D culture (Gudjonsson et al., 2002; Villadsen et al., 2007). D492 is thus a 

good model to dissect molecular mechanisms regulating branching 

morphogenesis.  We have recently shown that breast endothelial cells 

(BRENCs) stimulate growth and morphogenesis of breast and lung epithelial 
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cells (Franzdottir et al., 2010; Ingthorsson et al., 2010). Interestingly when-

cultured with BRENCs in rBM D492 generate spindle-like colonies with EMT 

phenotype (Sigurdsson et al., 2011).  In this paper, we show that sprouty-2 is 

abundant in luminal epithelial cells of duct and lobuli in human breast tissue. 

We also show that sprouty-2 is abundant in lactating mouse mammary gland 

and its expression is associated with expression of phosphorylated EGFR and 

downstream MAPK signaling pathway. Using D492 cell line that generates 

TDLU-like structures in rBM we show that sprouty-2 is expressed at the 

branching tips. Suppression of sprouty-2 through shRNA gene knockdown 

increases branching morphogenesis and promotes epithelial to mesenchymal 

transition when cultured with endothelial cells. 

  

 

Material and methods 
Cell culture 
The breast epithelial stem cell line D492 was maintained in H14 medium 

(Briand, Petersen et al. 1987), consisting of DMEM/F12, 50 IU/ml penicillin, 50 

µg/ml streptomycin (Invitrogen), 250 ng/ml insulin, 10 µg/ml transferrin, 2.6 

ng/ml sodium selenite, 0.1 nM estradiol, 0.5 µg/ml hydrocortisone, 5 µg/ml 

prolactin (SIGMA) and 10 ng/ml EGF (Peprotech). Primary LEPs and MEPs 

on CDM3 and CDM4 as previously described (Inthorsson et al. 2010). Primary 

human BRENCs were isolated from breast reduction mammoplasties as 

previously described (Sigurdsson et al. 2006) and cultured on endothelial 

growth medium (EGM-2) (Lonza) + 5% FBS (Invitrogen).  
 
Preparation of 3D mono- and co-cultures 

3D monocultures were carried out in 96 well culture plates (BD Falcon), 7 x 

103, 1 x 104 and 1,3 x 104 D492 cells were suspended in 300µl of rBM 

(Matrigel, BD). Co-culture experiments were carried out with 1 x 103 D492 

mixed with 5 x104 BRENCs. 100µl of mixed cells / rBM were seeded in each 

well in a 96 well plate and cultured on H14 (MC) or EGM5 (CC) for 16 days.  

 
Isolation and processing of mammary glands and 3D cell cultures  
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Tissue from human breast reductions were used for IHC and isolation of 

primary breast epithelial cells. Primary LEPs and MEPs were isolated by 

magnetic cell sorting (MACS) as previously described (REF). Mammary 

glands were isolated from C57BL/6 mice from 6 week old virgins, on day 15 of 

pregnancy and on day 2 of lactation. Mammary glands were snap frozen in 

liquid nitrogen and preserved at -80°C. The tissue was cryosectioned into 

15µm sections and mounted on slides. Isolation of whole colonies from 3D 

cell culture was done as previously described by gentle dissociation in PBS-

EDTA buffer (Lee et al., 2007).  

 
Immunochemistry 
Formalin-fixed, paraffin embedded tissue blocks were cut into 5µm serial 

sections and mounted on slides. Sections were deparafinized and rehydrated 

in xylene and ethanol. Antigen retrieval was done by boiling in EDTA buffer for 

15 min. Frozen mouse mammary glands were cryosectioned at 15µm setting 

following formalin fixation. The following primary antibodies were used; 

Sprouty-2 (#07-524, Upstate/Millipore),  CD-31 (M0823, DakoCytomation), 

Keratin 19 (ab7754, Abcam), Keratin 14 (NCL-LL002, NovoCastra), PCNA 

(ab29, Abcam), EGFR (#4267, Cell Signaling), p-EGFR (Tyr1068) (#3777, 

Cell Signaling). Fluorescent nuclear counterstain, TO-PRO-3 (Invitrogen) was 

used in IF. Specimens were visualized on a Zeiss LSM 5 Pascal laser-

scanning microscope (Carl Zeiss).  

 
Western blotting 
Equal amounts (5 µg) of proteins were separated on 10% NuPage Bis-Tris 

gels (Invitrogen) and transferred to a PVDF membrane (Invitrogen). 

Antibodies: Sprouty-2 (1:2000, #07-524, Upstate/Millipore), Erk (1:2000, 

#4695, Cell Signaling), p-Erk (1:2000, #9101, Cell Signaling), β-actin (1:5000; 

ab3280, Abcam) were used. Membranes were visualized with ECL+ after 

incubation with anti-mouse or rabbit secondary antibody(1:5000) (GE 

healthcare). 
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 Q-RT-PCR 
Total RNA was extracted with Trizol (Invitrogen), DNAase treated and reverse 

transcribed with Hexanucleotides using ReverAid (#K1622, Fermentas). 

Resulting cDNA was used for Q-RT-PCR, in master mix (Applied Biosystems) 

with primer pairs and probes for Spry2 (Hs00183386_m1, AB)  and GAPDH 

(AB). Experiments were done in triplicate on 7500 Real Time PCR System 

(AB). Quantitations of Spry2 mRNA levels were normalized to GAPD and 

relative mRNA difference was calculated with the 2-∆Ct Method. 

 

Spry2 KD by shRNA 
pGIPZ lentiviral shRNA constructs targeting Sprouty2 transcripts were 

purchased from Open Biosystems (RHS4430-101098640, RHS4430-

101103852, RMM1766-96881511). A non-silencing construct (RHS4346) was 

used as a control. Viral particles were produced in HEK-293T cells using 

Arrest-In transfection reagent (ATR1740; Open Biosystems) according to 

instructions. Virus-containing supernatants were collected at 48 hours after 

transfection and target cells were infected in the presence of 8ug/ul 

polybrene. Stable, D492, Spry-2 KD cells were established by puromycin 

selection (3µg/µl) as well as selection for green fluorescent protein (GFP) 

expression. 

 
Migration and proliferation assay 
For migration experiments a total of 2,5 · 104 starved cells were seeded in 

DMEM/F12 basic medium on collagen coated upper compartment of a 

transwell Boyden chamber (Corning) with an 8µm pore size. EGM5 medium 

was used as a chemoattractant in the lower chamber. After 18h incubation, 

cells in the upper chamber were removed with a cotton swab and migrated 

cells on the bottom surface stained with 0,1% crystal violet. Cells were 

counted in three representative fields in each transwell. In the proliferation 

assay, 104 cells were seeded per well in a 24 well plate (Falcon, BD). Cells 

were fixed with formalin and stained with 0,1% crystal violet (days 1-5), 

washed and left to dry. The crystal violet staining in each well was dissolved 

in acetic acid and measured at 570nm in a plate reader. 
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Statistical analysis 
Data is presented as mean +SEM from number of independent experiments 

as indicated. Statistical analysis was performed by two-tailed Students T-test 

using GraphPad . P values of <0,05 were considered to be statistically 

significant. 
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Results 
Sprouty-2 is predominantly expressed in luminal epithelial cells in the 
human breast gland 
To explore the expression of Sprouty-2 (Spry-2) in the human breast gland we 

stained tissues from reduction mammoplasties and analyzed the expression 

of isolated breast epithelial cells in culture. Characterization of Spry-2 

expression in normal human breast tissue revealed a distinct expression 

pattern between the epithelium and stroma.  Spry-2 expression was seen in 

all epithelial cells, both in large ducts and in the terminal duct lobular units 

(TDLU) (Fig. 1A). The same expressional pattern was seen when we used in 

situ hybridization (Fig. S1). Spry-2 was also detected in discreet areas in the 

stroma, most likely endothelial cells (Fig. 1A). Dual labeling with antibodies 

targeting linage restricted markers, i.e. keratin 18 (luminal epithelial cells), 

keratin 14 (myoepithelial cell) and Spry-2, demonstrated that Spry-2 was 

predominantly expressed within the luminal epithelial compartment (Fig. 1A). 

This was supported by analyzing the expression of Spry-2 in purified 

myoepithelial and luminal epithelial cells using quantitative real-time PCR. 

Luminal epithelial cells showed 15-58 fold higher expression of Spry2 

compared to myoepithelial cells (Fig. 1B). A disadvantage of studying sprouty 

expression in tissue from reduction mammoplasty specimens is that we are 

unable analyze expression during different developmental stages of branching 

morphogenesis.  We therefore moved to mouse mammary gland for such 

analysis.  

 
Sprouty-2 expression in the pregnant and lactating mouse mammary 
gland is associated with activated EGFR signaling  
Accumulating evidence exist that the sprouty protein family is an important 

regulator of branching morphogenesis in various organs (Kim and Bar-Sagi, 

2004). To see how Spry-2 is expressed during mammary gland branching 

morphogenesis we isolated mammary glands from virgin, pregnant and 

lactating mice and analyzed EGFR and Spry-2 expression during these critical 

developmental periods. Expression of phosphorylated EGFR (p-EGFR) was 

low in the virgin mammary gland but increased focally at branching end buds 
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in the pregnant gland.  Furthermore, a dramatic increase in p-EGFR was seen 

in end buds during lactation (Fig. 2A). Increased Spry-2 expression was seen 

during pregnancy that reached its highest expression level during lactation 

associated with p-EGFR expression (Fig. 2A). p-EGFR and Spry-2 expression 

was inversely correlated with cell proliferation as evidenced by dramatic 

reduction in cell proliferation (PCNA staining) during lactation (Fig. 2A). Spry-2 

expression was also accompanied with increased signals through EGFR 

downstream signaling pathway measured by total- and pospho-ERK, 

especially during the lactational period (Fig. 2B). Thus increased Spry-2 

expression was associated with activation of the EGFR/Erk/MEK signaling 

pathway. These data suggest that Spry-2 and pEGFR/ERK/MEK signaling 

work together to maintain maximal differentiation state during mouse 

mammary lactation.  
 

Spatial and temporal expression of sprouty-2 and EGFR interactive 
pathway during branching morphogenesis of breast epithelial cells in 3D 
culture   
To explore the functional role of Spry-2 in branching morphogenesis in the 

human breast we used the D492 cell line cultured in 3D rBM. D492 has stem 

cell properties, can differentiate into luminal- and myoepithelial cells and 

through branching morphogenesis forms TDLU-like colonies when cultured 

within a 3D rBM (Gudjonsson et al., 2002; Villadsen et al., 2007). We first 

analyzed temporal expression of Spry-2 during TDLU formation in 3D rBM. 

D492 cells undergo most of their branching during days 8-16 in 3D rBM 

culture (Fig. 3A). Initially, D492 forms solid round colonies that start to branch 

on days 10-12 (primary branching). After the first branching event ductal 

structures elongate and secondary branching occurs with bifurcation or 

trifurcation on the lobular-like ends (Fig. 3A). To analyze Spry-2 expression 

we isolated mRNA from culture days, 8, 10, 12, 14 and 16. Pre-branching, 

round colonies show high expression of Spry-2. Interestingly, during the 

formation of primary branching (day 10-12) the expression of Spry-2 

decreases. At day 16 elaborated TDLU-like structures have formed and the 

expression of Spry-2 is increased to more than 4fold compared to day 10 (Fig. 

3B). Expression was also confirmed with an immunoblotting on D13, D16 and 
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D19 showing the increase in Spry-2 expression from D13 to D16. 

Interestingly, p-EGFR is expressed at similar level as evidenced by increased 

expression from D13 to D16 but is lowered on D19 when further branching 

has stopped (Fig. 3C). This expression pattern suggests that Spry-2 might 

have a regulatory role during the temporal formation of branching structures 

and the formation of lobular units at the ductal ends. In support of this, 

immunofluorescence staining of branching colonies at day 16 shows that 

Spry-2 expression is mainly concentrated at the branching, lobular-like tips 

but is lowered at sites of cleft formation (Fig. 3D). The location of Spry-2 at 

day16 is similar to that of p-EGFR at branching tips while staining for total 

EGFR has a more general distribution in the branching colonies (Fig. 3D). 

Staining for β4-integrin and F-actin expression show the general outlines of 

the branching structures and its connection to the surrounding basement 

membrane (Fig. 3D).  

 
Sprouty-2 knock down in D492 promotes increased branching 
morphogenesis  
To further explore the functional role of Spry-2 in the regulation of branching 

morphogenesis we knocked down Spry-2 in D492 and explored their 

proliferation migration and morphogenic potential. We used a lentiviral 

approach where D492 was transfected with a GFP-containing non-silencing 

(NS) control and 3 different knock down (KD) shRNA constructs (Spry2 KD1, 

Spry2-KD2 and Spry2-KD3) targeting Spry2. The Spry-2 KD3 construct was 

most effective, decreasing Spry-2 levels 4 fold (Fig. 4A-B) and continuing 

work focused on this knock down construct and a single cell subclone referred 

to as Spry2 KD3a.  There was no morphological difference seen between NS 

cells and KD cells when visualized in monolayer (Fig. 4C) but D492Spry2-KD3 

and D492Spry2-KD3a showed increased migration compared to D492NS cells 

(Fig. 4D). There was, however, no significant difference in the proliferation of 

D492Spry2-KD3 cells and D492NS (Fig. 4E). To analyze the effects of sprouty-2 

knockdown on branching morphogenesis we compared the cell lines in 3D 

rBM culture. D492Spry2-NS generated in vivo-like 3D branching colonies similar 

to wild type D492 while D492Spry2-KD3 and D492Spry2-KD3a showed increased 

branching (Fig. 5A). The effect of sprouty-2 knockdown was quantified by 
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counting colonies of simple/early branching, complex/late branching and other 

(mostly solid round colonies) morphology (Fig. 5B).  In a setup with 1x104 

cells both D492Spry2-KD3 and D492Spry2-KD3a cell lines formed more branching 

colonies in total and substantially more colonies that showed the complex 

branching phenotype in comparison to D492Spry2-NS cells (Fig. 5C). Large 

complex colonies (>250µm) were twofold more common in both D492Spry2-KD3 

and D492Spry2-KD3a cell lines compared to D492Spry2-NS cells (Fig. 5D). All cell 

lines were cultured in three different cell concentrations (1.3 x104, 1x104 and 

7x103) due to the fact that different degree of branching is observed with 

different number of cells seeded in the rBM. In general less branching was 

seen in culture with higher cell density but the D492Spry2-KD3 cells formed more 

branching colonies in all cell concentrations (Fig. 5E). When we looked at the 

expression of Spry-2 at D16 in D492Spry2-NS and D492Spry2-KD3 cells we could 

see that the D492Spry2-NS cells showed normal expression of Spry-2 at the 

lobular tips while the D492Spry2-KD3 cells showed markedly suppressed 

expression (Fig. 5F).  

 

Endothelial cells in co-culture stimulate branching morphogenesis and 
induce EMT in D492Spry2-KD cells 
As previously published, endothelial cells stay as single viable, 

nonproliferative, and functionally active cells in 3D culture in rBM (Ingthorsson 

et al., 2010) and when cocultured with epithelial cells they support 

morphogenesis and improve clonal efficiency (Franzdottir et al., 2010; 

Ingthorsson et al., 2010). Furthemore, we have recently shown that in 

coculture, breast endothelial cells (BRENCs) induce breast epithelial cells 

(e.g. D492 cells) to undergo EMT (Sigurdsson et al., 2011). When D492 cells 

were cocultured with BRENCs we saw marked stimulation in branching 

morphogenesis of D492 cells. Branching TDLU-like structures in coculture 

were generated from as few as 100 D492 cells in 300 µl rBM compared to the 

usual amount of 10,000 cells used in monoculture in this assay (Fig. 6A). 

Immunophenotypic characterization of the TDLU-like structures generated in 

co-cultures revealed distinct luminal- and myoepithelial differentiation as 

shown by expression of cytokeratin 19 and 14, respectively (Fig. 6A). Dual 

immunostaining against cytokeratin 14 and CD31 demonstrates the location 
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of endothelial cells surrounding the TDLU structures (Fig. 6A). Thus, TDLU-

like colonies generated in co-culture with BRENCs mimic TDLU´s in situ with 

a bi-layered epithelium consisting of inner layer of luminal epithelial cells, 

outer layer of myoepithelial cells and extralobular location of endothelial cells.   

 When D492 cells were co-cultured with BRENCS they formed larger 

branching colonies in coculture but as reported previously they also 

underwent an epithelial to mesenchymal transition (Sigurdsson et al., 2011). 

D492 NS cells formed50% EMT-like colonies and 40% branching colonies 

while D492Spry2-KD3 cells formed over 65% EMT-like colonies. The D492Spry2-

KD3a clone which produced larger and a higher number of branching colonies 

in the monoculture was also used in coculture and interestingly they 

exclusively produced EMT-like colonies. Partial EMT is known to occur during 

branching and this suggests that Spry2 might regulate branching through 

temporal suppression of EMT during the branching process.        
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Discussion 
The sprouty protein family is increasingly recognized as a key regulator of 

receptor tyrosine kinases signaling in different species and organs where 

Spry-2 has captured most attention (Basson et al., 2005; Chi et al., 2004; 

Taniguchi et al., 2007). In this study, we have analyzed the expression of 

Spry-2 in mouse and human mammary gland.  In the human breast gland 

sprouty-2 were equally expressed in ducts and TDLU, however, its expression 

was most prominent within the luminal epithelial cells. We demonstrated that 

expression of Spry-2 is low in virgin mouse mammary gland but is focally 

increased at branching tips during pregnancy and reaches maximum 

expression during lactation.  The expression of p-EGFR/ERK correlated with 

expression of sprouty-2 but correlated inversely with cell proliferation. 

Previously, Lo et al demonstrated by in situ hybridization that Spry-2 was 

highly expressed in pregnant mouse mammary gland but disappeared during 

lactation (Lo et al., 2004).  The difference between their data and ours could 

be explained by the fact that they were analyzing mRNA expression but in our 

study we were focusing on protein expression.  

The functional role of sprouty in branching morphogenesis during trachea 

development in drosophila was first evidenced in spry-/- mutants were 

excessive morphogenesis was seen (Guy et al., 2003). Tefft et al. (Tefft et al., 

1999) demonstrated that inhibition of mSpry-2 expression in mouse embryo at 

E11,5 produced a significant increase in lung branching.  Development of the 

uretic bud is an example of controlled branching morphogenesis that is 

regulated by sprouty proteins (Basson et al., 2005).  In the nephric duct cells 

with higher Ret tyrosine kinase receptor expression preferentially moves to 

the dorsal nephric duct adjacent to the metanephric mesenchyme where they 

form the first uretic bud.  Interesting Spry1-/- mutant show elevated 

expression of RET and increased branching (Costantini and Kopan, 2010). 

These data demonstrate the regulatory role of sprouty proteins during 

branching morphogenesis.    

Data from mouse studies show that the mammary organoid branches 

and migrates by bifurcation and collective migration (Fata et al., 2007). 

Furthermore end buds and TDLU formation requires growth factor induced 

cell proliferation and studies show that this cell proliferation is mediated 
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through Erk1/2 (Ewald et al., 2008; Fata et al., 2007).  These results correlate 

with our data where D492 captures in 3D culture by collective migration the 

morphogenic process in the mammary gland including the formation of TDLU 

like structures. Sprouty-2 expression was most prominent at the pheripheral 

branching buds and lost or significantly reduced in clefts/furrows similar to the 

expression pattern seen in the growing mammary gland in pregnant mice.  

The same expression pattern was also seen for p-EGFR.  This indicates that 

D492 cell line can in addition to generation of TDLU-like structures capture 

important signaling pathways involved in morphogenesis. During branching 

morphogenesis epithelial cells need to transiently activate critical 

mesenchymal properties to be able to invade the surrounding matrix. This 

mesenchymal transition proceeds gradually under tight control of 

morphogenic signals and under regulation of the microenvironment (Andrew 

and Ewald, 2010). Branching morphogenesis can therefore be regarded as 

partial EMT that is under tight control from the surrounding microenvironment 

or from within the invading cell. When we suppress sprouty-2 expression in 

D492 we see hyperplasia-like effect and increased branching morphogenesis.   

It is becoming clear that the stromal microenvironment plays a critical 

role in tissue morphogenesis including breast morphogenesis (Bissell et al., 

2002). It is also widely acknowledged that cancer progression is dependent 

on signals from the surrounding microenvironment (Ronnov-Jessen and 

Bissell, 2009).  Fibroblasts and extracellular matrix molecules, such as 

laminin, fibronectin and extracellular matrix-entrapped growth factors have 

received much attention (Hanahan and Weinberg, 2011). Our recent results 

demonstrate that endothelial cells stimulate growth and morphogenesis of 

breast epithelial cells (Ingthorsson et al., 2010) and induce EMT (Sigurdsson 

et al., 2011). We have also shown that endothelial cells can induce bronchial 

epithelial cells with stem cell properties to generate bronchioalveolar 

branching structure in 3D culture (Franzdottir et al., 2010). Interestingly, in 

coculture of endothelial cells and D492 we see dramatic increase in TDLU 

formation.  This demonstrates the proliferative and morphogenic induction 

from endothelial cells.  When we coculture endothelial cells with D492Spry2-KD3 

we see increase in the induction of EMT-like colonies and the single cell 

derived clone D492Spry2-KD3a show almost complete transition to mesenchymal 
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phenotype when cocultured with BRENCs.  These data provide possible 

insights into the cellular mechanisms behind sprouty induced morphogenesis. 

Sprouty might act as a temporal modulator of RTK signaling through 

suppression of EMT. 

In summary, we show here that sprouty-2 which is expressed at 

branching buds in pregnant and lactating mouse mammary glands is also 

expressed in human breast gland predominantly in the luminal epithelial 

compartment. Furthermore, in 3D culture D492 capture the histarchitecture  of 

the breast gland including the spatial expression pattern of sprouty-2 and 

pEGFR seen during mouse mammary gland remodeling. Interestingly knock 

down of sprouty-2 result in increased migration and advanced branching 

phenotype. In addition, coculture with endothelial cells result in facilitated 

epithelial to mesenchymal transition.  In conclusion, these data show that 

generation of branching TDLU-like structures are regulated by sprouty-2.  

Furthermore, our data indicate that sprouty-2 is an important regulator of 

epithelial integrity as sprouty-2 KD in D492 cells make the prone to 

endothelial induced EMT.  
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Figure legends 
Figure 1. Expression of sprouty-2 in lobules and ducts in the normal 
human breast gland 
A) Expression of spry-2 is most prominent in the luminal epithelial cells. 

Sprouty expression was predominantly found within the epithelial 

compartment of duct and lobuli (top panel). Sprouty-2 expression was 

predominantly expressed in luminal epithelial cells both in ducts and lobuli.  

Sprouty was costained for the K14 (myoepithelial, middle panel) and K18 

(luminal, bottom panel)).  Sections were counterstained with TOPRO-3.  Bar 

=100µm. 

 

B) Expressional differences of sprouty-2 in luminal- and myoepithelial cells. 

Real time PCR was used to quantify expressional difference of sprouty-2 

between luminal- and myoepithelial cells. Sprouty-2 expression was generally 

low in myoepithelial cells compared to luminal epithelial cells that expressed 

up to 58 fold more sprouty-2. 

 
Figure 2. Expression of sprouty-2 in virgin, pregnant and lactating 
mouse mammary gland. A) Expression of sprouty-2 and pEGFR is inversely 

correlated with cell proliferation.  pEGFR expression is not seen in the virgin 

mouse mammary gland but focal expression is seen at terminal buds in 

pregnant gland.  Dramatic increase in pEGFR expression is seen in the 

lactating gland. Similar expression is found for sprouty-2. Low expression is 

found in the virgin gland with few positive stromal cells.  In the pregnant gland 

there is small increase in the epithelium. Note the strong expression in the 

stroma which disappears during lactation. Proliferation is increased from virgin 

to pregnant gland but disappear during lactation with only few PCNA positive 

cells left. Cells counterstained with TOPRO-3, Bar=100µm. 

 

B) Sprouty-2 expression is highest during lactation accompanied by activation 

of Erk/MAPK pathway. Western blot demonstrated the expression differences 

of sprouty-2 in virgin, pregnant and lactating gland.  There is over 38 fold 

increase in sprouty-2 expression during lactation compared to virgin state. 
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Total Erk and pERK is also significantly increased during lactation. Actin used 

as a loading control. 

 
Figure 3. Spry2 expression is correlated with critical points in branching 
morphogenesis of D492 breast stem cell line 
A) D492 generate branching structures when cultured in rBM. When seeded 

in rBM D492 generate TDLU-like structures. By following in vitro TDLU 

formation it is possible to follow individual steps in the branching 

morphogenesis process. Until day 8 or 9 cells grow as single colonies. First 

sign of initial budding occurs at day 10 and 11(yellow arrows) followed by duct 

elongation and bifurcation blue and red arrows, respectively. 

 

B-C) Sprouty-2 expression shows a dramatic shift during TDLU formation in 

3D culture 

Colonies were isolated from 3D culture at different time points as indicated.  

Initially at day 8 there is relative high expression of Spry2 but its expression is 

reduced during initial budding but increases again during duct elongation and 

further bifurcation of complex branching. Western  blot confirms that Spry2 

levels increase up to day 16 and remain high while p-EGFR is slightly 

decreasing for day 16 to day 19. Actin used as a loading control. 

 

D) pEGFR and Sprouty-2 are expressed at the growing tips of TDLU-like 

structures. TDLU-like structures were stained with antibodies against sprouty-

2, EGFR, pEGFR, β4-integrin and F-actin.  pEGFR was predominantly 

expressed at the branching tips while total EGFR had a more general 

distribution. Sprouty-2 was also expressed on branching tips but not in clefts. 

F-actin staining gives a general outlook of a branching colony while β4-

integrin outlines their connection to the surrounding rBM matrix. 

Counterstained with TOPRO3 nuclearstain. Bar=100µm. 

 

Figure 4.  Sprouty-2 Knock down in D492 results in increased migration  
A and B) D492 show significant knock down of Sprouty-2.  D492 were 

transfected with non-silencing(NS) shRNA and different version of knock 
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down(KD) shRNA against sprouty-2.   KD-3 showed most efficient knock 

down (70%) measured by western blot.   

 

C)D492Spry-2KD-3 retain epithelial phenotype in monolayer culture. No 

phenotypic difference was observed in monolayer between D492NS and 

D492Spry-2KD-3 upper panel.  Transfection efficacy was evaluated by GFP. 

 

D) D492Spry-2KDhas acquired increased migration. When plated on porous 

transwell filter D492Spry-2KD-3  showed increased migration compared to 

D492NS.  Single cell derived clone KD-3a from KD-3 had the highest 

migrational abilities. 

 

E) Spry-2 knock down has no effect on cell proliferation. Monolayer 

proliferation of D492NS , D492Spry-2KD-3 and D492Spry-2KD-3a was evaluated on 

different time points as indicated. There was no remarkable difference in the 

proliferation rate of the NS and KD cells although at day 4 D492Spry-2KD-3a 

seemed to proliferate slightly less. 

 
Figure 5. D492Spry-2KD result in increased branching 
A) Spry-2KD result in increased branching colonies in 3D culture. 

Phasecontrast images of representive 3D rBM gels for D492NS , D492Spry-2KD-3 

and D492Spry-2KD-3a. 

B) Quantification of 3D rBM morphogenesis. Epithelial colonies were divided 

into three morphotypes, simple branching, complex branching and other. 

Representive images of simple- and complex branching are shown. 

 

C) 3D morphogenesis of D492NS , D492Spry-2KD-3 and D492Spry-2KD-3a cells. In a 

setup with 104 cells both Spry-2 KD cells showed an increase in simple- and 

complex branching. 

 

D) Large complex colonies in 3D rBM culture. Complex branching colonies 

over 250µm were counted and that showed a 2 fold increase in the Spry-2 KD 

cells. 
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E)  3D morphogenesis of D492NS , D492Spry-2KD-3 and D492Spry-2KD-3a cells with 

variable amount of cells. In a setup using 1.3x104, 104 and 7x103 cells the 

Spry-2 KD cells showed superior branching abilities compared to NS cells in 

all setups.  

 

F) Spry-2 expression in branching colonies from D492NS and D492Spry-2KD-3. As 

seen before Spry-2 was located at branching tips in NS cells. Spry-2 KD cells 

showed reduced expression of Spry2 with some areas of diffused staining. 

  

Figure 6. D492Spry-2KD are prone to EMT in coculture with endothelial 
cells. 
A) Endothelial cells stimulate growth of D492 cells.  When plated in 3D rBM 

culture with endothelial cells D492 cells can form complex branching colonies 

from as little as 100-1000 cells compared to 7x103 -104 in monoculture in 3D. 

These colonies are bilayered and polarized as they express K14 on the outer 

side and K19 on the inner side (upper right). In coculture endothelial cells stay 

as single cells as seen with CD31 staining (lower right).  

 

B) Phenotypes in coculture. In coculture with endothelial cells D492 cells form 

branching- and spindle-like colonies. 

 

C) Spry-2 KD cells show an increase in the spindle-like morphology. While 

D492NS cells form about 40% spindle-like colonies there is a significant 

increase in the D492Spry-2KD-3 cells up to 65%. The D492Spry-2KD-3a form almost 

exclusively spindle-like colonies in coculture with endothelial cells.  

 

Figure S1. In situ hybridization shows high expression of Sprouty-2 in 
breast epithelial cells. 
Sprouty-2 is expressed at high levels in breast epithelial cells in contrast to 

the surrounding stromal cells. High expression is seen in lobules and ducts.  
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