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ABSTRACT	
  OF	
  THE	
  DISSERTATION	
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  Regulators	
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  the	
  Development	
  	
  

of	
  Hematopoietic	
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  and	
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  Niches	
  

	
  

by	
  

	
  

Lydia	
  Kyung-­‐Min	
  Lee	
  

Doctor	
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  and	
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  Biology	
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  of	
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  Los	
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Professor	
  Hanna	
  A.	
  Mikkola,	
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The	
  future	
  of	
  personalized	
  regenerative	
  cellular	
  medicine	
  depends	
  on	
  the	
  ability	
  to	
  

faithfully	
  differentiate	
  pluripotent	
  cells	
  to	
  tissue	
  stem	
  cells,	
  or	
  reprogram	
  them	
  from	
  

other	
   cellular	
   sources.	
   So	
   far,	
   the	
   efforts	
   to	
   generate	
   transplantable	
   multi-­‐potent	
  

hematopoietic	
  stem	
  cells	
   (HSC)	
   in	
  vitro	
  have	
  yielded	
  hematopoietic	
  cells	
  with	
  only	
  

limited	
  functional	
  potential.	
  Thus,	
  improved	
  understanding	
  of	
  in	
  vivo	
  programs	
  that	
  

direct	
  specification	
  of	
  hematopoietic	
  stem	
  versus	
  progenitor	
  cells	
  during	
  embryonic	
  

development	
  holds	
  immense	
  clinical	
   implication.	
   	
  However,	
  characterization	
  of	
  the	
  

unique	
  properties	
  of	
  these	
  cell	
  populations	
  is	
  currently	
  hindered	
  by	
  the	
  inability	
  to	
  

distinguish	
   them	
   prospectively	
   due	
   to	
   the	
   absence	
   of	
   discriminating	
   cell	
   surface	
  

markers	
  or	
  genes.	
  

	
   Here,	
   we	
   uncovered	
   lymphatic	
   vessel	
   endothelial	
   receptor-­‐1	
   (LYVE1)	
   as	
   a	
  

unique	
   cell	
   surface	
   marker	
   that	
   identifies	
   definitive	
   hematopoietic	
   stem	
   and	
  

progenitor	
  cells	
  and	
  their	
  cellular	
  precursor,	
  the	
  hemogenic	
  endothelium,	
  in	
  the	
  yolk	
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sac.	
   Furthermore,	
  we	
   showed	
   that	
  LYVE1-eGFP-hCre knock-in mouse is a powerful 

tool to separate the primitive erythropoiesis from definitive, even after the cell admixture 

upon onset of embryonic circulation. Using this tool, we provide in vivo evidence that the 

earliest progenitors to seed the fetal liver derive from the yolk sac.  

 The mechanisms that establish multilineage differentiation potential in hemogenic 

endothelium are poorly understood. The vascular endothelial growth factor A (VEGF-A) 

is essential for endothelial development; however, its role in hemogenic endothelium has 

not been elucidated. Incorporating	
   several	
   unique	
   mouse	
   models	
   of	
   VEGF-­‐A	
   gene	
  

targeting,	
   we	
   document	
   that	
   proper	
   VEGF-­‐A	
   dosage	
   is	
   critical	
   for	
   vascular	
  

remodeling	
   and	
   generating	
   multipotent	
   HS/PCs	
   in	
   embryonic	
   hemogenic	
   tissues.	
  

Our	
   data	
   support	
   the	
   fact	
   that	
   VEGF-­‐A	
   haploinsufficiency	
   is	
   able	
   to	
   establish	
  

primitive	
   erythropoiesis	
   and	
  generate	
   transient	
  myelo-­‐erythroid	
  progenitors	
   from	
  

the	
   yolk	
   sac.	
  Moreover,	
  we	
   discover	
   a	
   new	
   cellular	
   source	
   of	
   VEGF-­‐A	
   in	
   placental	
  

trophoblasts,	
  and	
  show	
  that	
  trophoblast	
  VEGF-­‐A	
  is	
   important	
  for	
  angiogenesis	
  and	
  

hematopoiesis	
  in	
  distant	
  hemogenic	
  organs	
  as	
  well.	
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INTRODUCTION	
  

Healthy	
  donors	
  comprise	
  the	
  only	
  source	
  of	
  transplantable	
  hematopoietic	
  stem	
  cells	
  

(HSC)	
  to	
  date.	
  However,	
  the	
  limited	
  supply	
  of	
  HLA-­‐matched	
  donors	
  remains	
  as	
  one	
  

of	
   the	
   most	
   pressing	
   bottlenecks	
   for	
   the	
   treatment	
   of	
   many	
   patients	
   with	
  

hematopoietic	
  malignancies	
   and	
   inherited	
   blood	
   and	
   immune	
   disorders.	
   Hence,	
   it	
  

becomes	
   evident	
   that	
   the	
   in	
   vitro	
   production	
   of	
   transplantable	
   HSCs	
   carries	
  

immense	
   clinical	
   implications.	
   Furthermore,	
   the	
   high	
   stake	
   incentives	
   to	
   broaden	
  

regenerative	
   medicine	
   into	
   other	
   organ	
   systems	
   build	
   upon	
   the	
   success	
   of	
   the	
  

pioneering	
  HSC	
  therapies.	
  	
  

The	
  potential	
   for	
   in	
  vitro	
   generation	
  of	
   targeted	
  cellular	
   therapies	
  was	
  accelerated	
  

by	
  recent	
  discoveries	
  in	
  induced	
  pluripotent	
  stem	
  cells.	
  In	
  order	
  to	
  ultimately	
  offer	
  

personalized	
  patient-­‐specific	
  cell	
  replacement	
  treatments,	
  many	
  stem	
  cell	
  biologists	
  

have	
  centered	
  on	
  how	
  to	
  faithfully	
  steer	
  the	
  induced	
  pluripotent	
  cell	
  to	
  differentiate	
  

into	
   the	
   specific	
   cell	
   of	
   need.	
   Unfortunately,	
   directing	
   cell	
   reprogramming	
   in	
   the	
  

laboratory	
  has	
  remained	
  elusive	
  so	
  far.	
  In	
  fact,	
  while	
  hematopoietic	
  progenitor	
  cells	
  

with	
   restricted	
   lineage	
   and	
   repopulating	
   potential	
   have	
   been	
   produced	
   in	
   vitro,	
  

multipotent,	
  self-­‐renewing	
  HSCs	
  have	
  not	
  yet,	
  despite	
  being	
  the	
  best	
  characterized	
  

tissue	
  stem	
  cell.	
  Therefore,	
  understanding	
  how	
  HSC	
  development	
  and	
  maintenance	
  

are	
   regulated	
   will	
   not	
   only	
   advance	
   efforts	
   to	
   satisfy	
   the	
   clinical	
   demand	
   for	
  

transplantable	
  HSCs,	
  but	
  also	
  provide	
  insights	
  to	
  the	
  shared	
  tenets	
  that	
  define	
  other	
  

tissue	
   specific	
   stem	
   cells,	
   namely,	
   long-­‐term	
   engraftment	
   ability,	
   self-­‐renewal	
  

capacity	
  and	
  multipotency.	
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DEVELOPMENTAL	
  HEMATOPOIESIS	
  

	
  

	
   It	
   is	
   remarkable	
   that	
   the	
   stem	
   cells	
   that	
   are	
   responsible	
   for	
   sustaining	
   the	
  

production	
   of	
   all	
   blood	
   cell	
   types	
   in	
   the	
   lifespan	
   of	
   a	
   human	
   are	
   generated	
  

exclusively	
  during	
   few	
  days	
  of	
   embryogenesis.	
  Hence,	
   recapitulating	
   this	
  powerful	
  

developmental	
   program	
   stands	
   out	
   as	
   one	
   of	
   the	
  most	
   compelling	
   approaches	
   to	
  

design	
  protocols	
  of	
  HSC	
  generation	
  in	
  the	
  laboratory.	
  	
  

	
  

	
   HSCs	
  are	
  not	
  the	
  first	
  hematopoietic	
  cells	
  that	
  are	
  generated	
  in	
  the	
  embryo:	
  

they	
  are	
  produced	
   last,	
   and	
  only	
  after	
   two	
  other	
  waves	
  of	
  provisional	
  progenitors	
  

that	
   fulfill	
   the	
   immediate	
   needs	
   of	
   the	
   growing	
   fetus	
   by	
   ensuring	
   oxygen	
   delivery	
  

and	
  tissue	
  remodeling	
  and	
  defense,	
  have	
  been	
  formed.	
  These	
  earlier	
  two	
  waves	
  are	
  

termed	
  “primitive”	
  and	
  “transient-­‐definitive”	
  and	
  emerge	
  from	
  the	
  extra-­‐embryonic	
  

yolk	
  sac	
  (Fig.	
  1).	
  The	
  HSC-­‐forming	
  wave	
  is	
  termed	
  “definitive”	
  hematopoiesis	
  and	
  	
  

	
  

	
  

	
  

Figure'1.'Waves'of'hematopoiesis'during'mammalian'development'
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takes	
   place	
   In	
   multiple	
   sites:	
   the	
   aorta-­‐gonad-­‐mesonephros	
   region,	
   the	
   umbilical	
  

and	
  vitelline	
  vessels,	
  the	
  placenta,	
  and	
  the	
  yolk	
  sac.	
  	
  Once	
  generated,	
  progeny	
  from	
  

the	
  transient-­‐definitive	
  and	
  definitive	
  waves	
  seed	
  the	
  fetal	
  liver	
  for	
  proliferation	
  and	
  

maturation,	
  before	
  migrating	
  to	
  the	
  bone	
  marrow,	
  their	
  lifelong	
  niche	
  of	
  residence.	
  

	
   While	
   it	
  was	
   long	
   recognized	
   that	
   the	
   primitive	
   progenitors	
   arise	
   from	
   the	
  

fetal	
  liver	
  kinase	
  1	
  (Flk1)	
  expressing	
  mesoderm	
  in	
  the	
  blood	
  islands	
  of	
  the	
  yolk	
  sac,	
  

the	
  cellular	
  founder	
  of	
  the	
  definitive	
  waves	
  was	
  contested	
  until	
  recent	
  imaging	
  and	
  

lineage	
   tracing	
   studies	
   nominated	
   a	
   rare	
   subset	
   of	
   highly	
   specialized	
   endothelial	
  

cells,	
  termed	
  as	
  “hemogenic	
  endothelium”,	
  as	
  the	
  precursor	
  of	
  definitive	
  cells.	
  Real-­‐

time	
   in	
  vivo	
   visualization	
  of	
   the	
  dorsa	
   aorta	
   of	
   cmyb:eGFP;kdrl:memCherry	
  double-­‐

transgenic	
   transparent	
   zebrafish	
   embryos	
   showed	
   that	
   kdrl:memCherry+	
   cells	
  

changed	
   into	
  cmyb;eGFP+	
   cells	
   (Bertrand	
  et	
   al.,	
   2010).	
  When	
  mouse	
  embryos	
  with	
  

green	
   fluorescent	
   protein	
   (GFP)	
   expressed	
   under	
   the	
   control	
   of	
   the	
   Ly-­6A	
   (also	
  

known	
   as	
   Sca1)	
   transcriptional	
   elements	
   were	
   flushed	
   with	
   fluorochrome-­‐

conjugated	
   endothelial	
   cell-­‐specific	
   CD31	
   antibodies,	
   sliced	
   and	
   then	
   cultured	
  

directly	
   under	
   the	
   confocal	
   microscope	
   for	
   sequential	
   time-­‐lapsed	
   imaging,	
   rare	
  

GFP+	
  cells	
  were	
  noted	
  to	
  bud	
  from	
  GFP+CD31+	
  endothelial	
  cells	
  lining	
  the	
  lumen	
  of	
  

the	
  aorta	
  (Boisset	
  et	
  al.,	
  2010).	
  Lineage	
  tracing	
  studies	
  using	
  kdrl:Cre;switch	
  DsRed	
  

reporter	
  zebrafish	
  and	
  inducible	
  VE-­‐Cadherin	
  Cre	
  mouse	
  line	
  further	
  demonstrated	
  

the	
  endothelial	
  origin	
  of	
  HSCs	
  (Bertrand	
  et	
  al.,	
  2010;	
  Zovein	
  et	
  al.,	
  2008).	
  	
  

	
  

	
   The	
   lineage	
   tracing	
   studies	
   showed	
   conclusively	
   that	
   HSCs	
   emerge	
   from	
  

endothelial	
  cells;	
  however,	
  neither	
  these	
  nor	
  the	
  time-­‐lapsed	
  reports	
  addressed	
  the	
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origin	
  of	
  the	
  transient-­‐definitive	
  wave.	
  Given	
  that	
  endothelial	
  cells	
  display	
  plasticity	
  

in	
  adopting	
  venous	
  versus	
  arterial	
  identity,	
  it	
  is	
  unknown	
  whether	
  the	
  self-­‐renewing,	
  

multipotent	
  HSCs	
   and	
   the	
   transient	
  myelo-­‐erythoid	
   restricted	
  progenitors	
   emerge	
  

from	
  a	
  common	
  or	
  wave-­‐specific	
  hemogenic	
  endothelium.	
  The	
  discovery	
  of	
  similar	
  

plasticity	
  in	
  hemogenic	
  endothelium	
  to	
  stir	
  its	
  fate	
  would	
  provide	
  an	
  exciting	
  avenue	
  

to	
   elucidate	
  why	
  ex	
  vivo	
   attempts	
   to	
  produce	
  HSCs	
  have	
   failed.	
  However,	
   how	
   the	
  

hemogenic	
   endothelium	
   responsible	
   for	
   the	
   transient-­‐definitive	
  wave	
   differs	
   from	
  

the	
  one	
  responsible	
  for	
  the	
  definitive	
  wave	
  is	
  poorly	
  understood	
  because	
  of the lack 

of wave-specific cell markers. Therefore, identifying tools for prospective fractionation 

of the temporally and spatially overlapping	
  products	
   from	
   the	
   two	
  definitive	
  waves	
  

will	
  be	
  critical	
  to	
  dissect	
  the	
  regulatory	
  programs	
  that	
  govern	
  the	
  diversity	
  and	
  fate	
  

of	
  hemogenic	
  endothelium.	
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ROLE	
  OF	
  VASCULAR	
  ENDOTHELIAL	
  GROWTH	
  FACTOR	
  A	
  IN	
  HEMATOPOIESIS	
  

	
  

	
   One	
   critical	
   signaling	
   pathway	
   acting	
   on	
   embryonic	
   mesoderm	
   and	
  

endothelium	
  involves	
  the	
  Vascular	
  Endothelial	
  Growth	
  Factor	
  A	
  (VEGF-­‐A),	
  a	
  potent	
  

regulator	
   of	
   vasculogenesis	
   and	
   angiogenesis	
   during	
   development.	
   VEGF	
   is	
   a	
  

secreted	
  mitogen	
  that	
  binds	
  with	
  high	
  affinity	
  to	
  two	
  receptor	
  tyrosine	
  kinases,	
  fms-­‐

related	
  tyrosine	
  kinase	
  1	
  (flt-­‐1)	
  and	
  fetal	
  liver	
  kinase	
  1	
  (flk-­‐1).	
  Mouse	
  embryos	
  that	
  

are	
  homozygous	
  for	
  these	
  receptors	
  or	
  even	
  simply	
  heterozygous	
  for	
  the	
  ligand	
  die	
  

between	
   embryonic	
   day	
   8.5	
   and	
   9.5	
   and	
   display	
   concomitant	
   vascular	
   and	
  

hematopoietic	
   defects.	
   Blood	
   islands	
   of	
   yolk	
   sacs	
   with	
   disrupted	
   Flk1	
   or	
   Flt1	
  

signaling	
   appear	
   devoid	
   of	
   primitive	
   cells	
   (Carmeliet	
   et	
   al.,	
   1996;	
   Ferrara	
   et	
   al.,	
  

1996;	
  Fong	
  et	
  al.,	
  1995;	
  Shalaby	
  et	
  al.,	
  1995).	
  	
  

	
   In	
   adult	
   HSCs,	
   colony	
   forming	
   potential	
  was	
   reduced	
  when	
   VEGF	
   signaling	
  

was	
  interrupted	
  by	
  a	
  small-­‐molecule	
  inhibitor	
  of	
  VEGF	
  receptor	
  tyrosine	
  kinase	
  that	
  

acts	
   intracellularly	
  and	
  was	
  only	
  mildly	
  affected	
  when	
  a	
  soluble	
  Flt1,	
  which	
  blocks	
  

VEGF	
  signaling	
  extracellularly,	
  was	
  administered.	
  This	
  suggested	
  that	
  HSC	
  survival	
  

is	
   regulated	
   by	
   VEGF-­‐A	
   via	
   an	
   internal	
   autocrine	
   loop	
   mechanism	
   (Gerber	
   et	
   al.,	
  

2002).	
  	
  

	
   In	
  adults,	
  endothelial	
  cells	
  have	
  been	
  shown	
  to	
  express	
  VEGF.	
  Despite	
  intact	
  

levels	
  of	
  circulating	
  VEGF-­‐A	
  protein	
  or	
  mRNA	
  in	
  whole	
  organs,	
  systemic	
  endothelial	
  

apoptosis	
  with	
  neonatal	
  demise	
  can	
  ensue	
  when	
  VEGF-­‐A	
  is	
  inactivated	
  specifically	
  in	
  

VE-­‐Cadherin-­‐Cre	
  expressing	
  endothelial	
   cells	
   (Lee	
  et	
  al.,	
  2007).	
  This	
  uncovered	
  an	
  

autocrine	
   VEGF-­‐A	
   signaling	
   pathway	
   that	
   is	
   required	
   for	
   adult	
   endothelial	
   cell	
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homeostasis	
   and	
   begs	
   the	
   question	
   for	
   a	
   similar	
   role	
   of	
   VEGF-­‐A	
   in	
   hemogenic	
  

endothelium.	
  	
  

	
   Because	
  vascular	
   and	
  hematopoietic	
  defects	
  usually	
   appear	
   concurrently,	
   it	
  

was	
   difficult	
   to	
   exclude	
   that	
   defective	
   hematopoiesis	
   was	
   a	
   secondary	
   effect	
   of	
  

impaired	
  or	
  absent	
  hemogenic	
  endothelium.	
  At	
  least	
  in	
  Xenopus	
  embryos,	
  the	
  VEGF-­‐

A	
  requirement	
  for	
  HSC	
  specification	
  versus	
  endothelial	
  arterial	
  formation	
  appears	
  to	
  

be	
  VEGF-­‐A	
  isoform	
  specific	
  (Leung	
  et	
  al.,	
  2013).	
  

	
  

	
   Taken	
  together,	
  a	
  critical	
  function	
  of	
  VEGF	
  in	
  embryonic	
  hematopoiesis	
  has	
  

been	
  implied,	
  but	
  in	
  vivo	
  mammalian	
  studies	
  of	
  VEGF	
  deficiency	
  during	
  development	
  

are	
  scarce.	
  This	
  might	
  have	
  been	
  due	
  to	
  the	
  experimental	
  challenges	
  posed	
  by	
  the	
  

lethality	
  of	
  the	
  VEGF-­A	
  heterozygous	
  embryos.	
  However,	
  new	
  models	
  of	
  genetic	
  

manipulation	
  are	
  opening	
  new	
  avenues	
  to	
  readdress	
  questions	
  that	
  could	
  not	
  be	
  

previously	
  assessed.
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PLACENTA	
  AS	
  A	
  NOVEL	
  NICHE	
  FOR	
  HEMATOPOIESIS	
  

	
  

	
   The	
  chorioallantoic	
  placenta	
  contains	
  cells	
  of	
  trophectoderm	
  and	
  mesoderm	
  

lineages,	
  among	
  others.	
   	
  The	
  maternal-­‐fetal	
  exchange	
  of	
  gases,	
  nutrients	
  and	
  waste	
  

products	
   takes	
   place	
   between	
   the	
   fetal	
   blood	
   vessels	
   lined	
   by	
  mesoderm-­‐derived	
  

endothelial	
   cells	
   and	
   the	
   maternal	
   blood	
   spaces	
   lined	
   by	
   trophectoderm-­‐derived	
  

trophoblast	
   cells	
   (Cross	
   et	
   al.,	
   1994;	
   Georgiades	
   et	
   al.,	
   2002).	
   One	
   class	
   of	
  

trophoblast	
   cells	
   has	
   very	
   large	
   cytoplasm	
   and	
   polyploid	
   nuclei	
   and	
   is	
   called	
  

trophoblast	
   giant	
   cells	
   (TGC).	
   These	
   have	
   been	
   characterized	
   into	
   at	
   least	
   four	
  

different	
   types	
   depending	
   on	
   their	
   location	
   in	
   the	
   placenta	
   and	
   their	
  

endocrine/paracrine	
  function	
  (Simmons	
  et	
  al.,	
  2007).	
  	
  

	
  

	
   The	
  placenta,	
  more	
  specifically,	
  TGCs	
  have	
  been	
  reported	
  to	
  express	
  VEGF-­‐A	
  

(Demir	
  et	
  al.,	
  2004;	
  Voss	
  et	
  al.,	
  2000).	
  	
  The	
  VEGF-­‐A	
  receptor	
  flt1	
  is	
  not	
  only	
  present	
  

in	
  endothelial	
   cells	
  but	
  also	
   in	
   the	
   trophoblasts	
  of	
   the	
  ectoplacental	
   cone	
   first	
  and	
  

the	
  spongiotrophoblast	
  region	
  later.	
  However,	
  chimeric	
  placentas	
  with	
  inactivating	
  

flt1lacZ/lacZ	
   trophoblasts	
   and	
   flt1+/+	
   fetal	
   endothelium	
   do	
   not	
   display	
   any	
   defects	
   in	
  

placental,	
   vascular,	
   or	
   hematopoietic	
   compartments	
   (Hirashima	
   et	
   al.,	
   2003).	
  

Alternatively,	
  the	
  VEGF-­‐A	
  receptor	
  flk1	
  is	
  robustly	
  expressed	
  in	
  endothelial	
  cells	
  and	
  

hematopoietic	
   progenitors	
   but	
   absent	
   in	
   trophoblasts.	
   Of	
   note,	
   the	
   placenta	
   also	
  

secretes	
  another	
  member	
  of	
  the	
  VEGF	
  family,	
  the	
  placental-­‐like	
  growth	
  factor,	
  which	
  

binds	
  to	
  flt1,	
  enhancing	
  VEGF-­‐A	
  signaling	
  through	
  flk1	
  (Autiero	
  et	
  al.,	
  2003).	
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While	
  previously	
  HSCs	
  found	
  in	
  the	
  placenta	
  were	
  disregarded	
  as	
  simply	
  circulating,	
  

it	
  is	
  now	
  accepted	
  that	
  they	
  can	
  emerge	
  de	
  novo	
  from	
  the	
  placenta	
  (Alvarez-­‐Silva	
  et	
  

al.,	
  2003;	
  Barcena	
  et	
  al.,	
  2009;	
  Rhodes	
  et	
  al.,	
  2008;	
  Robin	
  et	
  al.,	
  2009).	
   In	
   fact,	
   the	
  

murine	
  placenta	
  harbors	
  15-­‐fold	
  more	
  HSCs	
   than	
  any	
  other	
  HSC-­‐generating	
  organ	
  

(Gekas	
   et	
   al.,	
   2005).	
   Two	
   functionally	
   distinct	
   hematopoietic	
   niches	
   have	
   been	
  

described:	
  the	
  large	
  fetal	
  blood	
  vessels	
   in	
  the	
  chorioallantoic	
  mesenchyme	
  for	
  HSC	
  

generation	
  and	
   the	
   small	
   fetal	
  blood	
  vessels	
   in	
   the	
   labyrinth	
   for	
  HSC	
  proliferation	
  

(Rhodes	
   et	
   al.,	
   2008)	
   (Fig.	
   2;	
   YS,	
   yolk	
   sac;	
   MB,	
  maternal	
   blood;	
   Dec,	
   decidua;	
   CP,	
  

chorionic	
  plate;	
  Lab,	
   labyrinth;	
  FL,	
   fetal	
   liver;	
  DA,	
  dorsal	
  aorta;	
  HSC,	
  hematopoietic	
  

stem	
   cell;	
   EC,	
   endothelial	
   cell;	
   Tb,	
   trophoblast;	
   Pe,	
   pericyte).	
   The	
   placenta	
  

Figure'2.'The'hematopoie1c'niches'in'the'placenta''
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constitutes	
   a	
   unique	
   hematopoietic	
   microenvironment	
   that	
   can	
   support	
   HSC	
  

expansion	
  without	
  promoting	
  differentiation.	
  (Ottersbach	
  and	
  Dzierzak,	
  2005).	
  Our	
  

group	
  recently	
  expanded	
  the	
  repertoire	
  of	
  the	
  trophoblast	
  as	
  an	
  important	
  niche	
  cell	
  

that	
   prevents	
   premature	
   differentiation	
   of	
   HS/PCs	
   in	
   the	
   placental	
   labyrinth	
  

vasculature	
   via	
   PDGF-­‐B/PDGFRβ	
   signaling	
   (Chhabra	
   et	
   al.,	
   2012).	
  Many	
  more	
   cell	
  

types	
  likely	
  contribute	
  to	
  the	
  placental	
  niche	
  and	
  their	
  differential	
  regulation	
  of	
  the	
  

HSC-­‐generating	
  versus	
  proliferating	
  segregated	
  niches	
  awaits	
  further	
  investigation.	
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INTRODUCTION 
 

Embryonic survival depends on orchestrated developmental programs that can 

rapidly produce differentiated blood cells and concomitantly generate a pool of 

undifferentiated hematopoietic stem cells (HSC) within a narrow window of time. This 

developmental challenge is met by segregating hematopoiesis into multiple functional 

waves. The earliest wave (called “primitive”) appears in the extra-embryonic yolk sac 

and predominantly generates erythroid cells that express unique embryonic globins to 

meet the immediate metabolic needs of the developing embryo. The final wave (called 

“definitive”) introduces the enduring HSCs that hold the lifelong capacity to replenish all 

blood cell types --namely, the myeloid, erythroid and lymphoid lineages. These 

multipotent hematopoietic cells emerge from the specialized hemogenic endothelium in 

several anatomical sites: the para-aortic splanchnopleural/aorta-gonad-mesonephros 

region (pSP/AGM), the yolk sac, the placenta, and the vitelline and umbilical vessels that 

connect the dorsal aorta to the yolk sac and placenta, respectively (Medvinsky and 

Dzierzak, 1996; Muller et al., 1994; Palis et al., 1999; Rhodes et al., 2008; Zeigler et al., 

2006). Flanking these two waves, an intermediate wave (called “transient-definitive”) 

consisting of provisional progenitors with predominantly myelo-erythroid potential 

emerges from the yolk sac (Mikkola and Orkin, 2006). The red cells made from these 

progenitors express “definitive” adult type globins; however, these progenitors lack self-

renewal ability and the robust lymphoid potential characteristics of HSCs. Although the 

characterization of the hematopoietic waves and organs that give rise to them is gradually 

improving, the contribution of each wave to fetal hematopoiesis remains poorly defined 
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due to the lack of wave-specific cell markers hindering the prospective isolation of these 

temporally and spatially overlapping products. Currently, our toolbox of cell surface 

antigens to prospectively isolate developing hematopoietic stem and progenitor cells 

(HS/PCs) includes CD41, ckit, CD45, CD150, Sca1, Mac1 (Ferkowicz et al., 2003; Gazit 

et al., 2014; Mikkola et al., 2003a; Morrison et al., 1995). However, none of these 

markers can segregate the myelo-erythroid restricted progenitors from the multipotent 

stem cells. 

One strategy to discriminate cells from individual waves is to characterize them at 

the time of their specification before they intermix in circulation. The mesoderm-derived 

blood islands in the yolk sac have been recognized as the origin of the primitive erythroid 

cells (Haar and Ackerman, 1971), but the precise precursor for the latter two waves had 

remained contested for decades, as they emerge at the time or after circulation is already 

established. Time-lapsed imaging of in vitro and in vivo HS/PC emergence as well as 

lineage tracing experiments provided long-awaited evidence that a subset of highly 

specialized endothelial cells was capable of generating definitive hematopoietic cells 

(Bertrand et al.; Boisset et al.; Chen et al., 2009; Eilken et al., 2009; Lancrin et al., 2009; 

Zovein et al., 2008). However, like the HS/PC markers, most antigens/genes known to be 

expressed in hemogenic endothelium --such as, flk1, CD31, VE-Cadherin and Tie2-- are 

not specific to individual waves or anatomical sites. Moreover, although many of these 

markers are developmentally regulated (McKinney-Freeman et al., 2009), none of them 

are wave-specific. Thus, there are no robust methods to prospectively identify or 

genetically target only one of the hematopoietic waves or organs, while sparing others.  
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Here we identify surface expression of the lymphatic vessel endothelial hyaluronan 

receptor-1 (LYVE1) as a unique marker that distinguishes hemogenic endothelium and 

definitive HS/PCs in the yolk sac from the primitive erythroid lineage, as well as from the 

hemogenic endothelium and HS/PCs in other anatomical sites. Moreover, we used the 

LYVE1-eGFP-hCre knock-in mouse to mark the molecular divergence between the 

primitive and definitive hematopoietic programs in the yolk sac. While a fraction of 

definitive HSCs also become labeled, the majority of the HSC compartment was 

unaffected. As the primitive wave originating from the yolk sac and the HSC waves 

arising from the placenta and AGM are completely and partially spared, respectively, 

from LYVE1-Cre mediated excision, this tool now enables the tracing and genetic 

manipulation of hemogenic endothelium that gives rise to the yolk sac definitive 

hematopoietic waves.  
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RESULTS 

 
 

LYVE1 protein is expressed exclusively in yolk sac hematopoietic stem and 

progenitor cells and hemogenic endothelium  

 

Our objective was to identify a novel hemogenic endothelial cell surface marker 

that could illuminate the divergence of the hematopoietic waves. Our laboratory had 

previously screened for differentially expressed hematovascular genes in yolk sac 

endothelium lacking the Stem Cell Leukemia (Scl/Tal1) gene, which encodes a 

transcription factor that is critical for the establishment of hemogenic identity in 

endothelium (Lancrin et al., 2009; Van Handel et al., 2012). We reasoned that endothelial 

genes that are down-regulated upon Scl inactivation could potentially serve as markers 

that highlight the hemogenic endothelium, or distinct subsets of it. We selected the 

LYVE1 as a candidate because it is extensively expressed in the early yolk sac 

vasculature but largely absent from the dorsal aorta (Banerji et al., 1999; Gordon et al., 

2008), and thereby potentially provide a tissue specific marker for hemogenic 

endothelium.  

We first assessed the expression of LYVE1 protein in hemogenic tissues by 

immunostaining. Screening of E10.5 hemogenic tissues demonstrated that LYVE1 

protein was robustly expressed in the yolk sac and vitelline vessels, but highly restricted 

in the embryo proper and undetectable in the placenta and umbilical vessels (Fig. 1A). 

Using flow cytometry analysis, LYVE1 protein could be detected in the yolk sac as early 

as at the 8 somite-pair embryonic stage (E8.5) (Fig. 1B). 
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During early gestation, the yolk sac is primarily populated by Ter119+ primitive 

erythroid cells. Immunofluorescence and flow cytometry analysis revealed that primitive 

erythroid cells were devoid of LYVE1 protein expression both immediately after their 

emergence in the yolk sac at E9.5, and upon their maturation in the peripheral blood at 

E11.0 (Fig. 1C).  In contrast, LYVE1 was expressed in 49.6% (± 15.9%) of CD41+ cKit+ 

nascent HS/PCs in E9.5 yolk sac (Fig. 1D) 

Given that HS/PCs arise from hemogenic endothelium, we surveyed the 

vasculature for LYVE1 expression in all hemogenic organs. As previously reported 

(Gordon et al., 2008), immunostaining confirmed that LYVE1 was expressed almost 

ubiquitously in CD31+ endothelial cells of the E10.5 yolk sac. LYVE1 expression 

continued along the vitelline artery, which has been shown to give rise to hematopoietic 

clusters beginning at E10.0 (Zovein et al., 2010). Within intra-embryonic tissues, LYVE1 

expression was confined to the cardinal vein and spared from the dorsal aorta (Fig. 1A). 

Flow cytometry analysis further highlighted the striking contrast of LYVE1+ fraction in 

the Flk1+CD41- endothelial compartment between the distinct hemogenic organs at E9.5: 

89.0% ± 2.9% in the yolk sac versus 3.2% ± 1.9% and 5.0% ± 2.6% in the placenta and 

embryonic caudal half, respectively (Fig. S1). Altogether, these data show that the yolk 

sac is the predominant site that contains the putative hemogenic endothelium with 

LYVE1 protein expression during the window of HS/PC emergence.  

 
To verify whether the yolk sac is the only source of LYVE1+ HS/PCs, we 

assessed LYVE1 surface expression in HS/PC populations in the different hemogenic 

tissues of Ncx1-/- embryos that are heartbeat-deficient and hence lack circulation (Koushik 

et al., 2001).  Flow cytometry of Ncx1-/- tissues showed co-expression of LYVE1 with 
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CD41+cKit+ HS/PCs specifically in the yolk sac, but not in the placenta or embryo proper, 

which harbored some LYVE+ HS/PCs in control littermates with intact circulation (Fig. 

1E and Suppl. 2). These data nominated the yolk sac as a sole source of LYVE1+ HS/PCs, 

and suggested that during normal cardiac function, the HS/PC pool in the placenta and 

embryo is infused with LYVE1+ HS/PCs circulating from the yolk sac (Fig. 1E). 

 

LYVE1Cre lineage tracing bypasses the primitive erythroid lineage but labels yolk 

sac definitive myelo-erythroid progenitors  

 

To define the fate of LYVE1+ candidate hemogenic endothelial cells, we 

performed lineage-tracing analysis by interbreeding LYVE1-eGFP-hCre knock-in mice 

(referred as “LYVE1Cre” hereafter) with the R26-stop-YFP reporter line (referred as 

“YFP”). Cells with Cre recombinase activity driven by the LYVE1 promoter underwent 

excision of the floxed transcriptional stop preceding the YFP sequence in the Rosa26 

locus, permanently labeling them and all their daughter cells with YFP expression (Fig. 2 

A).  

 

Flow cytometry analysis of E9.0 LYVE1Cre;YFP yolk sacs showed that the 

Ter119+ primitive red blood cells were not labeled (Fig. 2A). The absence of reporter 

activity in E9.0 yolk sac erythroid cells was not due to YFP gene silencing as they were 

90% labeled when crossed with the hemato-endothelial cell specific Tie2/Tek Cre strain, 

in which Cre is activated after gastrulation in hemato-vascular precursors and 100% 

labeled when mated with the germ cell specific VasaCre mouse, in which Cre is active 
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during fertilization resulting in labeling of all cells of the conceptus (Fig. 2B). This 

demonstrated that primitive erythropoiesis does not arise from the LYVE1-lineage. 

Consistent with previous studies, we also found that YFP expression from the Rosa26 

locus is silenced in primitive erythroid cells as these cells mature in circulation 

irrespective of the Cre that was used for activating YFP expression (Fig. S3).  
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In contrast to the primitive erythroid cells that were not lineage-traced by LYVE1-Cre, 

74% (± 3.7% SEM) of CD41+cKit+ HS/PCs from E9.25 LYVE1Cre;YFP yolk sac were 

marked by YFP. Furthermore, 100% of myelo-erythroid hematopoietic colonies that were 

formed from yolk sac single cell suspension were labeled with YFP (Fig. 2C and 2D). 

These data are in concordance with the observed surface expression for LYVE1 protein, 

and suggest that the majority of yolk sac HS/PCs, at least the myelo-erythroid progenitors 

that constitute the transient definitive hematopoietic wave, emerge from LYVE1-lineage 

traced hemogenic endothelium  

 
 

LYVE1 lineage traced cells contribute to a subset of fetal and adult HSCs and their 

progeny 

 

We next assessed the contribution of LYVE1 lineage traced cells to the definitive 

HSC compartment in the fetal liver and adult bone marrow. In E13.5 fetal liver, the Lin-

Sca1+cKit+CD34+ HSC pool was 38.9% YFP marked (Fig. 2E). Moreover, in the adult, 

similar fractions of YFP labeled cells were found in the Lin-Sca1+cKit+ HSC compartment 

of the bone marrow (33.8 ±1.7%), Mac1+Gr1+ myeloid cells of the bone marrow (38.5 

±3.5%), CD4+CD8+ T lymphocytes in the thymus (41.1 ±1.9%), CD19+B220+ B 

lymphocytes in the spleen (39.75 ±5.5%), and CD45+ cells in the peripheral blood (35.73 

±5.3%) (Fig. 2F). These data establish that a subgroup of long-term populating, self-

renewing HSCs stem emerge from the LYVE1 lineage while the majority of them arise 

from precursors not marked by LYVE1 lineage trace.  



	
  24	
  

LYVE1Cre lineage tracing robustly labels HS/PCs in the yolk sac but also shows 

some ectopic labeling in the placenta and AGM 

  

 As 44.0% and 42.9% of CD41+cKit+ HS/PC populations in E9.5 placenta and 

caudal half, respectively, were also labeled by YFP despite the lack of LYVE1 protein 

expression in these tissues in the absence of circulation, we compared YFP labeling in 

Ncx1-/- versus control littermates to investigate for the contribution of HS/PCs migrating 

through circulation. At E9.5, only 0.7% of HS/PCs residing in the Ncx1-/- placenta 

showed YFP labeling. The Ncx1-/- embryonic HS/PCs could not be assessed due to 

insufficient number of cells (Fig. 3A). To evaluate the labeling in myeloerythroid 

progenitors, Ncx1-/- and control hemogenic organ explants underwent co-culture in OP9-

DL1 stroma for 5 days and then colonies were allowed to grow in methylcellulose for 7-

10 days (Fig. 3B). When examined under fluorescence microscope, 92%, 65% and 77% 

of colonies derived from the Ncx1 control yolk sac, placenta and embryonic caudal half 

showed green fluorescence. In contrast to the concepti with circulating cells, 95%, 10% 

and none of the colonies derived from circulation deficient Ncx1-/- yolk sac, placenta and 

embryo, respectively, were YFP+ (Fig. 3C). These data further support the notion that the 

LYVE1Cre is a useful tool for labeling definitive HS/PCs originating from the yolk sac.	
  

 

 To further outline the source of LYVE1-traced HS/PCs, we next focused on the 

endothelial cells, which release HS/PCs into circulation via endothelium-to-

hematopoietic cell transition. Within the Ter119-CD41-CD31+ endothelial compartment at 

E9.5, 85.6 ±0.1% in the yolk sac versus 4.7 ±2.4% and 4.2 ±1.2% in the placenta and 
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caudal half, respectively, were YFP marked (Fig. 3D). Of note, although the LYVE1 

protein could not be visualized by immunofluorescence staining of the E10.5 placenta 

and only low level of LYVE1 protein could be discerned by flow analysis in 0.13% of 

endothelial cells, anti-YFP immunostaining was detected in some cells in placental  

z
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vascular walls. In the embryo proper, anti-LYVE1 immunostaining had localized the 

protein expression to the cardinal vein but not the aorta. However, anti-YFP staining was 

present in both vascular structures, indicating a discordant expression between LYVE1 

protein and LYVE1-lineage traced YFP protein (Fig S4). In contrast to the hematopoietic 

cells, the fractions of endothelial cells with marking were not significantly changed in the 

Ncx1-/- tissues lacking circulation (84.4 ±0.1% in yolk sac, 4.5 ±2.2% in placenta, and 2.8 

±0.4% in caudal half) (Fig. S5). These data imply that LYVE1-Cre shows promiscuous 

activation in a subset of endothelial cells in the placenta and embryo proper in the 

absence of protein expression.  

 

LYVE1Cre is a unique tool for molecular targeting of yolk sac definitive 

hematopoiesis and early fetal liver colonization 

 

 In addition to serving as a site for HSC expansion during late midgestation, the 

fetal liver has a critical role in supporting definitive erythropoiesis through most of fetal 

life. In contrast to the primitive erythroid cells that mature at their site of origin, namely 

the yolk sac, the progenitors for the definitive erythroid cells must transit through the 

fetal liver to mature. However, although postulated to also originate from the yolk sac, 

the anatomical origin of the precursors that first colonize the fetal liver and jump-start 

fetal definitive erythropoiesis has not been experimentally proven. FACS analysis of 

E13.5 fetal liver from LYVE1Cre;YFP mice showed that 87%±1.5% of the 

CD71+Ter119low proerythroblast compartment had derived from the LYVE1-lineage (Fig.  
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4A). As only a minimal subset of the HS/PCs originating in the early placenta and the 

embryo exhibit YFP marking, these data suggest that the progenitors that are responsible 

for initiating fetal liver definitive erythropoiesis are of yolk sac origin.  

 

 As the primitive erythroid lineage from the yolk sac and the majority of the 

definite HSC pool originating from the embryo and the placenta is not excised by the 

LYVE1Cre, we reasoned that the LYVE1Cre would provide a unique model to study the 

impact of yolk sac definitive hematopoiesis specifically on fetal hematopoiesis and 

survival. Runt-related transcription factor 1 (Runx1) is required for the generation of both 

the transient definitive hematopoietic progenitors in the yolk sac and HSCs in all 

hemogenic tissues. 

 At E9.5, LYVE1Cre-mediated Runx1 inactivation exhibited a dramatic reduction 

of myeloerythroid colonies from the yolk sac (from 469.5 in control to 85.5 total CFUs in 

LYVE1Cre;Runx1fl/-) (Fig. 4B). As anticipated from the known requirement of Runx1 in 

hemogenic endothelium (Chen et al., 2009), genotyping of colonies confirmed that only 

cells that had escaped LYVE1Cre-mediated Runx1 deletion were able to grow (Fig. 4C). 

We then examined the fetal liver at E11.5 as it is where HS/PCs from all organs converge 

for maturation and expansion. Analysis of E11.5 LYVE1Cre;Runx1fl/- mutants revealed a 

marked reduction in both fetal liver cKit+CD34- erythroid enriched progenitors and 

CD71+Ter119low proerythroblasts. However, by E12.5, these population fractions did 

recover to numbers comparable to control littermates (Fig. 4D), suggesting that another 

source of undeleted precursors can sustain definitive erythropoiesis after midgestation. 

These data implied that the deletion of Runx1 from LYVE1Cre expressing hemogenic 
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endothelium allows depletion of transient definitive erythroid progenitors that initiate 

fetal liver definitive erythropoiesis.  

	
  

 To further investigate the impact of yolk sac definitive progenitors on definitive 

erythropoiesis, we utilized the LYVE1Cre to delete the transcription factor Scl. Scl is 

essential for the specification of hemogenic endothelium (Porcher et al., 1996; Van 

Handel et al., 2012), and later is required for the differentiation of both primitive and 

definitive red cells (Schlaeger et al., 2005), while being dispensable for HSC 

maintenance (Mikkola et al., 2003b). As shown in prior publications, deletion of Scl by 

Tie2Cre resulted in defects in both primitive and definitive erythropoiesis. May-

Grunwald Giemsa stain of the E12.5 peripheral blood displayed erythroid cells that were 

binucleated and with larger nucleus to cytoplasm ratio. In contrast, an intact morphology 

of circulating erythroblasts was evident when LYVE1Cre had excised the Scl gene, 

indicating that primitive erythropoiesis had been spared (Fig. 4E). On the other hand, like 

the Tie2Cre;Sclfl/fl embryos, FACS analysis of the corresponding LYVE1Cre;Sclfl/fl fetal  

 livers showed abnormal accumulation of the CD71+Ter119low immature erythroblasts 

(Fig. 4F). This defect was ameliorated one day later, possibly because HSC-derived 

erythroid cells replenished the fetal liver proerythroblast pool (Fig. 4G). This verified that 

LYVE1-Cre deletes Scl specifically from the transient-definitive erythroid cells but not 

primitive erythroid cells, enabling studies addressing the impact of the different erythroid 

waves on embryonic development and survival. 
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DISCUSSION 

 

 The inability to prospectively identify the rare multipotent hematopoietic stem 

cells from a pool of lineage-restricted progenitors has hindered the road to elucidate on 

one hand the regulatory mechanisms that confer stemness in developing HSCs, and on 

the other hand the impact of the transient progenitor waves in embryonic development 

and survival. Here, we have provided evidence to nominate LYVE1Cre knockin mouse 

as a novel tool to dissect the waves of developmental hematopoiesis, in particular, to 

target the transient-definitive progenitor wave.  

 

 Our data indicate that the LYVE1+ hemogenic endothelium compartment does not 

give rise to primitive erythroid cells. The absolute absence of LYVE1 protein expression 

and LYVE1Cre;YFP marking in these cells implies that they emerge from a mesodermal 

precursor that either is independent from the LYVE1 lineage, or gives rise to the 

primitive erythroid precursors before LYVE1Cre activation.  

 

 In sharp contrast, both LYVE1 expression and lineage-tracing were robust in the 

definitive HS/PC population arising from the hemogenic endothelium of the yolk sac. 

Such dichotomy offers a powerful tool to separate the primitive from definitive 

erythropoiesis even after circulatory admixture. In fact, using the LYVE1Cre-mediated 

recombination, we were able to uncouple the defective differentiation events in primitive 

and definitive erythroid cells caused by Tie2Cre-specific Scl deletion (Schlaeger et al., 

2005). This selective inactivation of Scl in the definitive wave only allows now to study 
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the requirement of Scl in fetal liver erythropoiesis without confounding effects of early 

embryonic lethality --as in the germline Scl null (Porcher et al., 1996)-- or primitive 

erythroid defects --as in the Tie2Cre;Sclfl/fl. Furthermore, we show in vivo evidence that 

the earliest progenitors to seed the fetal liver are products of the yolk sac; however, the 

deletion of Runx1 from these cells causes only temporary effect on fetal liver 

hematopoiesis without compromising blood development during late gestation. 

 

 The promiscuous activation of LYVE1Cre transgene in the placental vasculature 

and dorsal aorta in the absence of LYVE1 protein expression during the window of HSC 

specification precludes strong statements of the yolk sac as the sole source of LYVE1-

lineage traced adult hematopoietic cells. Hence, to what extent adult hematopoiesis 

emerges de novo from the yolk sac awaits further studies. 
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MATERIALS AND METHODS  
 
 
Mouse models. LYVE1-eGFP-hCre mice (Pham et al., 2010) were intercrossed with the 

reporter line carrying the YFP preceded by a floxed transcriptional stop in the Rosa26 

locus (Srinivas et al., 2001). Similar breeding strategies were used for Tie2Cre;YFP and 

VasaCre;YFP concepti. Ncx1 heterozygous mice for knockout experiments were obtained 

from (Koushik et al., 2001). Timed matings were performed and the noon of the day of 

vaginal plug was recorded as embryonic day 0.5 (E0.5). Mice were maintained according 

to protocols of Animal Research Committee at the University of California, Los Angeles. 

 

Preparation of tissue sections. After isoflurane-induced anesthesia, mice were sacrificed 

by cervical dislocation. Fetal hematopoietic organs were dissected and fixed in 4% 

paraformaldehyde at 4° C for 4-6 hours, followed by 30% sucrose in PBS solution 

overnight, 1:1 30% sucrose:OCT (Tissue-Tek, Electron Microscopy Sciences) for 1 hour 

at 4° C, and finally embedded and frozen in 100% OCT. Frozen sections were cut at 5-7 

μm with a Leica CM3050 S cryostat. For paraffin-embedded blocks, tissues were fixed in 

4% paraformaldehyde at 4° C overnight and processed by standard protocol at the Tissue 

Procurement and Histology Core Laboratory of the Pathology and Laboratory Medicine 

at UCLA. Paraffin sections were cut at 5 μm.  

 

Immunostaining. Fixed frozen and paraffin-embedded sections were prepared and 

immunostained as described elsewhere (Rhodes et al., 2008) but using the following 
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antibodies: LYVE1 conjugated to APC (1:200; BD Pharmingen), Ter119 (1:500, BD 

Pharmingen), CD41 (1:100; eBiosciences), and GFP (1:500; Abcam). Biotinylated 

secondary antibodies (1:500; Vector) and Tyramide Signal Amplification kit 

(PerkinElmer) were used as directed by manufacturer’s protocol. Immunofluorescent 

images were obtained on a Zeiss Axio Imager.A1 with a Zeiss Axiocam MRm camera or 

a Zeiss LSM 510 microscope equipped with 405 nm, 488 nm, 543 nm, and 633 nm lasers. 

 

Flow cytometry. Tissues were dissociated with collagenase (Worthington), DNase 

(Qiagen) and dispase (Invitrogen) at 37° C for 20 minutes. Cells were stained with rat 

anti-mouse monoclonal antibodies against Ter119, CD71, CD41, cKit, Sca1, CD31, flk1, 

and LYVE1 (all from BD Biosciences or eBiosciences). Dead cells were excluded with 

DAPI. Cells were assayed on a Becton Dickinson Biosciences LSRII or Fortessa flow 

cytometer and data was analyzed with FlowJo software (Tree Star Inc.). 

 

Clonogenic progenitor assay. Methylcellulose colony-forming assays were performed 

as described previously (Chhabra et al., 2012). Briefly, single cell suspension was plated 

in MethoCult 3434 (Stem Cell Technologies) supplemented with TPO (PeproTech) and 

colonies were enumerated in 5-7 days. Clustering of 30 or more cells were defined as one 

colony. Colonies were imaged using a Canon PowerShot G6 camera connected to Zeiss 

Axiovert 40 CFL microscope. Individual LYVE1Cre;Runx1fl/- colonies were genotyped 

by PCR. 
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Cytospin. Peripheral blood cells were mounted on frosted microscope glass slides 

(Fisherbrand) using a Shandon Cytospin 4 (Thermo Electron). Air dried slides were 

stained MGG stain (Sigma Aldrich). Images were taken using an Olympus BX51 

microscope with a DP72 camera. 

 

Statistical analysis. 

Mathematical analysis and statistics were performed using GraphPad Prism Software. P 

values and data reported as mean ± SEM were calculated using the Student’s unpaired 

two-tailed t tests. 
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Figure'S1.'LYVE1'protein'expression'in'the'CD419'Flk1+'endothelial'compartment'in'the'YS,'PL'
and'CH.'

Figure'S2.'IF'staining'of'CD41+'progenitors'with'and'without'co9expression'of'LYVE1'protein'in'
placenta'and'dorsal'aorta'(DA).'FACS'plot'of'LYVE1'protein'in'HS/PC'populaLons'in'the'YS,'PL'
and'EM.''Cardinal'vein,'CV.''
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Figure'S3.'Silencing'of'YFP+'marking'from'mature'primi8ve'erythroid'cells'in'peripheral'blood'

Figure'S4.'Ectopic'IF'staining'of'YFP+'cells'lining'the'blood'vessels'in'placenta'and'dorsal'aorta'
at'E10.5'

Figure'S5.'LYVE1'protein'expression'in'the'CD41J'Flk1+'endothelial'compartment'in'the'Ncx'
null'YS,'PL'and'CH.'
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INTRODUCTION	
  

	
  

	
   	
   Multipotent,	
   self-­‐renewing	
   hematopoietic	
   stem	
   cells	
   (HSCs)	
   bestow	
   bone	
  

marrow	
  transplantations	
  with	
  their	
  life-­‐saving	
  regenerative	
  capacity.	
  However,	
  the	
  

quest	
   to	
   generate	
   HSCs	
   in	
   vitro	
   from	
   induced	
   pluripotent	
   stem	
   cells	
   has	
   so	
   far	
  

yielded	
  the	
  production	
  of	
  progenitors	
  with	
  only	
  restricted	
  lineage	
  potential.	
  Hence,	
  

to	
  overcome	
   this	
  hurdle,	
   it	
  will	
  be	
  critical	
   to	
  elucidate	
  molecular	
  mechanisms	
   that	
  

distinguish	
   the	
   normal	
   developmental	
   programs	
   that	
   generate	
   multipotent,	
  

hematopoietic	
   cells	
   from	
   those	
   that	
   result	
   in	
   the	
   lineage	
   restricted	
   hematopoietic	
  

counterparts.	
  

	
  

	
   	
   During	
   mammalian	
   development,	
   blood	
   cells	
   emerge	
   in	
   three	
   distinct	
  

functional	
   waves	
   from	
   segregated	
   anatomical	
   sites.	
   The	
   earliest	
   embryonic	
  

hematopoietic	
   cells	
   arise	
   from	
   the	
   yolk	
   sac	
   in	
   a	
   process	
   called	
   primitive	
  

hematopoiesis,	
  which	
  consists	
  of	
  the	
  rapid	
  production	
  of	
  mature	
  hematopoietic	
  cells	
  

(mainly	
  erythroid	
  cells	
  that	
  express	
  unique	
  embryonic	
  globin	
  chains)	
  that	
  can	
  fulfill	
  

the	
  immediate	
  metabolic	
  needs	
  of	
  the	
  developing	
  embryo	
  (Mikkola	
  and	
  Orkin,	
  2006;	
  

Palis,	
  2008).	
  Then	
  follows	
  a	
  wave	
  of	
  progenitors	
  with	
  potential	
  to	
  differentiate	
  into	
  

the	
  myeloid	
  and	
  erythroid	
  but	
  not	
   the	
   lymphoid	
   lineages.	
  This	
  wave	
   is	
  referred	
  as	
  

transient-­‐definitive	
   hematopoiesis	
   as	
   the	
   erythroid	
   cells	
   that	
   emerge	
   from	
   these	
  

precursors	
  are	
  definitive,	
  adult	
  type;	
  but	
   incapable	
  of	
  self-­‐renewal	
  or	
  repopulation	
  

of	
  the	
  recipient	
  hematopoietic	
  system	
  upon	
  transplantation.	
  It	
  is	
  the	
  subsequent	
  and	
  

last	
  wave,	
  called	
  definitive	
  hematopoiesis,	
  that	
  arises	
  from	
  the	
  placenta,	
  the	
  yolk	
  sac	
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and	
  the	
  aorta-­‐gonads-­‐mesonephros	
  (AGM)	
  region	
  in	
  the	
  embryonic	
  caudal	
  half	
  and	
  

is	
   responsible	
   for	
   the	
   generation	
   of	
   the	
   lifelong	
   reservoir	
   of	
   HSCs	
   in	
   the	
   bone	
  

marrow	
   (Alvarez-­‐Silva	
   et	
   al.,	
   2003;	
   de	
   Bruijn	
   et	
   al.,	
   2000;	
   Gekas	
   et	
   al.,	
   2005;	
  

Medvinsky	
  and	
  Dzierzak,	
  1996;	
  Rhodes	
  et	
  al.,	
  2008;	
  Robin	
  et	
  al.,	
  2009).	
  	
  

	
   	
   To	
   understand	
   how	
   the	
   hematopoietic	
   waves	
   diverge,	
   it	
   will	
   be	
   critical	
   to	
  

pinpoint	
  the	
  precursors	
  that	
  give	
  rise	
  to	
  the	
  various	
  cell	
  types.	
  The	
  cellular	
  origin	
  of	
  

hematopoietic	
   stem	
  and	
  progenitor	
   cells	
   (HS/PCs)	
  had	
   remained	
  controversial	
   for	
  

decades.	
  However,	
  recent	
  studies	
  using	
  lineage	
  tracing	
  experiments	
  as	
  well	
  as	
  time-­‐

lapsed	
   imaging	
   of	
   in	
   vivo	
   and	
   in	
   vitro	
   hematopoietic	
   emergence	
   in	
   mouse	
   and	
  

zebrafish	
  embryos	
  demonstrated	
  that	
  a	
  rare	
  subset	
  of	
  highly	
  specialized	
  endothelial	
  

cells	
  -­‐-­‐now	
  referred	
  as	
  hemogenic	
  endothelium-­‐-­‐	
  generates	
  HS/PCs	
  (Bertrand	
  et	
  al.,	
  

2010;	
  Chen	
  et	
  al.,	
  2009;	
  Eilken	
  et	
  al.,	
  2009;	
  Lancrin	
  et	
  al.,	
  2009;	
  Zovein	
  et	
  al.,	
  2008).	
  

Now,	
   attention	
   has	
   turned	
   to	
   elucidate	
   the	
  molecular,	
   cellular	
   and	
   developmental	
  

profiles	
  of	
  the	
  hemogenic	
  endothelium.	
  Our	
  group	
  presented	
  evidence	
  that	
  the	
  stem	
  

cell	
  leukemia	
  (Scl/tal1)	
  gene	
  encodes	
  for	
  a	
  critical	
  transcription	
  factor	
  that	
  provides	
  

hemogenic	
   competence	
   to	
   endothelium	
   by	
   activating	
   a	
   broad	
   hemato-­‐vascular	
  

transcriptional	
  program	
  while	
   repressing	
  a	
   competing	
  cardiac	
   fate	
   (Van	
  Handel	
  et	
  

al.,	
   2012).	
   However,	
   the	
   mechanisms	
   that	
   establish	
   multilineage	
   differentiation	
  

ability	
  in	
  hemogenic	
  endothelium	
  and	
  HSCs	
  remain	
  largely	
  unknown.	
  	
  

	
  

	
   Because	
   the	
   vascular	
   endothelial	
   growth	
   factor-­‐A	
   (VEGF-­‐A)	
   plays	
   a	
   critical	
  

role	
   in	
   endothelial	
   cell	
   development	
   and	
   differentiation	
   during	
   the	
   period	
   when	
  

definitive	
  hematopoiesis	
  is	
  established,	
  we	
  hypothesized	
  that	
  VEGF-­‐A	
  participates	
  in	
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the	
   specification	
   and	
   function	
   of	
   the	
   hemogenic	
   endothelium.	
   VEGF-­‐A	
   is	
   a	
   potent	
  

secreted	
  mitogen	
  that	
  binds	
  with	
  high	
  affinity	
  to	
  two	
  receptor	
  tyrosine	
  kinases,	
  fms-­‐

related	
  tyrosine	
  kinase	
  1	
  (flt-­‐1)	
  and	
  fetal	
   liver	
  kinase	
  1	
  (flk-­‐1).	
  VEGF-­‐A	
  signaling	
  is	
  

critical	
   for	
   vasculogenesis	
   and	
   angiogenesis	
   in	
   embryonic	
   and	
   extra-­‐embryonic	
  

tissues	
  (Ferrara	
  et	
  al.,	
  2003).	
  Earlier	
  reports	
  revealed	
  that	
  genetic	
  ablation	
  of	
  both	
  

or	
  even	
  a	
  single	
  VEGF-­A	
  allele	
  caused	
  marked	
  vascular	
  disruption	
  in	
  the	
  dorsal	
  aorta	
  

and	
  yolk	
  sac,	
  resulting	
  in	
  embryonic	
  lethality	
  during	
  midgestation	
  (Carmeliet	
  et	
  al.,	
  

1996;	
   Ferrara	
   et	
   al.,	
   1996).	
   These	
   reports	
   also	
   suggested	
   severely	
   compromised	
  

hematopoiesis	
   in	
   the	
   yolk	
   sac,	
   as	
   the	
   blood	
   islands	
   of	
   VEGF-­A	
  deficient	
   yolk	
   sacs	
  

appeared	
  devoid	
  of	
  primitive	
  erythroblasts.	
  However,	
  developmental	
  studies	
  using	
  

in	
   vivo	
   mammalian	
  models	
   of	
   VEGF-­‐A	
   deficiency	
   have	
   been	
   far	
   and	
   few	
   between	
  

because	
   embryonic	
   lethality	
   posed	
   significant	
   methodological	
   challenges.	
  

Embryonic	
   lethality	
   of	
   the	
   heterozygote	
   required	
   aggregation	
   of	
   VEGF-­A	
  mutant	
  

embryonic	
  stem	
  cells	
  with	
  wild-­‐type	
  tetraploid	
  embryos	
  in	
  order	
  to	
  create	
  embryos	
  

that	
  were	
  affected	
  by	
  a	
  reduction	
  in	
  VEGF-­‐A	
  levels	
  (Carmeliet	
  et	
  al.,	
  1996;	
  Ferrara	
  et	
  

al.,	
  1996).	
  Hence,	
  detailed	
  in	
  vivo	
  studies	
  of	
  the	
  hematopoietic	
  perturbations	
  during	
  

development	
  have	
  not	
  been	
  conducted.	
  	
  

	
  

	
   Incorporating	
   several	
   unique	
  mouse	
  models	
   of	
   VEGF-­‐A	
   gene	
   targeting,	
   we	
  

document	
   that	
   proper	
   VEGF-­‐A	
   dosage	
   is	
   critical	
   for	
   vascular	
   remodeling	
   and	
  

generating	
  multipotent	
  HS/PCs	
   in	
  embryonic	
  hemogenic	
   tissues.	
  Our	
  data	
  support	
  

the	
  fact	
  that	
  VEGF-­‐A	
  haploinsufficiency	
  is	
  able	
  to	
  establish	
  primitive	
  erythropoiesis	
  

and	
   generate	
   transient	
  myelo-­‐erythroid	
   progenitors	
   from	
   the	
   yolk	
   sac.	
   Moreover,	
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we	
   discover	
   a	
   new	
   cellular	
   source	
   of	
   VEGF-­‐A	
   in	
   placental	
   trophoblasts	
   that	
   is	
  

important	
  for	
  angiogenesis	
  and	
  hematopoiesis	
  in	
  distant	
  hemogenic	
  organs	
  as	
  well.	
  	
  	
  

	
  

RESULTS	
  

	
  

Vasa-­Cre	
   intercross	
   with	
   VEGF-­Afl/wt	
   mice	
   is	
   a	
   robust	
   model	
   for	
   VEGF-­A	
  

haploinsufficiency	
  	
  

	
  

	
   To	
  overcome	
  the	
  previously	
  encountered	
  experimental	
  hurdles	
  of	
  generating	
  

VEGF-­A	
   heterozygous	
   embryos,	
   we	
   established	
   a	
   robust	
   in	
   vivo	
  model	
   of	
   global	
  

VEGF-­A	
   haploinsufficiency	
   by	
   interbreeding	
   VEGF-­Afl/wt	
   mice	
   with	
   a	
   germline	
   Cre	
  

deleter.	
  The	
  germ	
  cell	
  specific	
  Vasa-­‐Cre	
  is	
  active	
  in	
  the	
  egg	
  at	
  the	
  time	
  of	
  fertilization,	
  

enabling	
  germline	
  excision	
  of	
  the	
  VEGF-­A	
  gene	
  and	
  generation	
  of	
  concepti	
  with	
  VEGF	
  

heterozygocity	
   in	
   all	
   cells	
   (Gallardo	
   et	
   al.,	
   2007).	
   	
   Vasa-­Cre;VEGFfl/wt	
   mutants	
  

displayed	
   marked	
   embryonic	
   growth	
   restriction	
   and	
   developmental	
   delay	
   at	
  

embryonic	
   day	
   9.5	
   (E9.5),	
   and	
   lethality	
   followed	
   within	
   a	
   day	
   (Fig.	
   1A).	
   Of	
   note,	
  

hypocellularity	
  preceded	
  gross	
  findings,	
   in	
  particular,	
   in	
  the	
  embryonic	
  caudal	
  half	
  

(Fig.	
   1B).	
   Vascular	
   disruptions	
   were	
   prominent	
   in	
   both	
   embryonic	
   and	
   extra-­‐

embryonic	
   tissues.	
  The	
  embryo	
  had	
  pericardiac	
   effusion	
  and	
   the	
  umbilical	
   vessels	
  

appeared	
  congested,	
  while	
  the	
  yolk	
  sac	
  lacked	
  well-­‐defined	
  red	
  	
  

cell-­‐filled	
   vascular	
   branches	
   (Fig.	
   1C).	
  Whole	
  mount	
   staining	
   of	
   E9.5	
   embryo	
   and	
  

yolk	
  sac	
  with	
  anti-­‐PECAM1	
  showed	
  enlarged	
  vessels	
  and	
  persistent	
  plexuses,	
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consistent	
   with	
   immature	
   vascular	
   remodeling	
   (Fig.	
   1D).	
   In	
   the	
   placenta,	
   the	
  

intricate	
  intertwining	
  of	
  fetal	
  blood	
  vessels	
  with	
  maternal	
  blood	
  spaces	
  was	
  absent	
  

in	
   the	
  heterozygous	
  mutants,	
  giving	
  the	
  appearance	
  of	
   trophoblast	
  crowding.	
  Such	
  

appearance	
   could	
   be	
   contributed	
   in	
   part	
   by	
   the	
   severe	
   reduction	
   in	
   fetal	
   blood	
  

vessels	
   as	
   shown	
   by	
   immunohistochemistry	
   with	
   anti-­‐PECAM1	
   	
   (Fig.	
   1E).	
   Taken	
  

together,	
   the	
   findings	
  of	
   the	
  Vasa-­Cre;VEGFfl/wt	
  mutants	
  mirrored	
  characteristics	
  of	
  

previously	
  published	
  models	
  of	
  VEGF-­‐A	
  haploinsufficiency.	
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VEGF-­A	
  haploinsufficiency	
  does	
  not	
  disrupt	
  primitive	
  erythropoiesis	
  	
  

	
  

	
   Prior	
   studies	
   had	
   reported	
   that	
   hematopoiesis	
   in	
   VEGF	
  heterozygous	
   yolk	
  

sacs	
   was	
   markedly	
   impaired	
   (Carmeliet	
   et	
   al.,	
   1996;	
   Ferrara	
   et	
   al.,	
   1996).	
   Vasa-­

Cre;VEGFfl/wt	
  yolk	
  sacs	
  at	
  E10.5	
  appeared	
  pale	
  	
  on	
  gross	
  morphology	
  and	
  contained	
  

only	
   rare	
   hematopoietic	
   cells	
   on	
   histologic	
   screening	
   (Fig.	
   1C,	
   2A).	
   However,	
   we	
  

observed	
   nucleated	
   cells	
   with	
   hematopoietic	
   morphology	
   in	
   the	
   corresponding	
  

placenta.	
   To	
   identify	
   these	
   cells,	
  we	
   performed	
   immunofluorescence	
   (IF)	
   staining,	
  

which	
   confirmed	
   the	
   presence	
   of	
   Ter119+	
   and	
   βH1	
   globin	
   expressing	
   primitive	
  

erythroid	
  cells	
   in	
   the	
  VEGF-­‐A	
  haploinsufficient	
  placenta	
  (Fig.	
  2A).	
   	
  Flow	
  cytometry	
  

analysis	
   indicated	
   that	
   both	
   the	
  mutant	
   yolk	
   sac	
   and	
   placenta	
   at	
   E9.25	
   contained	
  

Ter119+	
  primitive	
  erythroid	
  cells,	
  albeit	
  at	
  reduced	
  levels.	
  (Fig	
  2B)	
  	
  

	
  

	
   To	
  determine	
  whether	
  the	
  production	
  of	
  primitive	
  erythroid	
  precursors	
  was	
  

compromised	
  in	
  the	
  yolk	
  sac,	
  we	
  assayed	
  the	
  clonogenic	
  potential	
  of	
  the	
  yolk	
  sac	
  at	
  

E7.5	
   and	
   E8.5,	
   which	
   comprise	
   the	
   developmental	
   period	
   when	
   the	
   primitive	
  

erythroid	
   precursors	
   can	
   be	
   found	
   in	
   the	
   conceptus	
   (Haar	
   and	
   Ackerman,	
   1971;	
  

Palis	
  et	
  al.,	
  1999).	
  VEGF-­‐A	
  haploinsufficiency	
  did	
  not	
  affect	
  the	
  potential	
  of	
  the	
  yolk	
  

sac	
   to	
   form	
   primitive	
   erythroid	
   colonies	
   (EryP-­‐CFC)	
   (Fig.	
   2C).	
   Next,	
   given	
   the	
  

accumulation	
   of	
   primitive	
   erythroblasts	
   in	
   the	
   mutant	
   placenta,	
   we	
   evaluated	
  

whether	
   the	
   placenta	
   was	
   capable	
   of	
   ectopic	
   generation	
   of	
   primitive	
   erythroid	
  

progenitors.	
   We	
   submitted	
   the	
   allantois	
   -­‐-­‐which	
   eventually	
   gives	
   rise	
   to	
   the	
  

vasculature	
  of	
  the	
  placenta-­‐-­‐	
  to	
  the	
  colony-­‐forming	
  assay	
  prior	
  to	
  the	
  chorioallantoic	
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fusion.	
   EryP-­‐CFC	
   colonies	
   could	
   not	
   be	
   obtained	
   from	
   either	
  wild-­‐type	
   or	
  mutant	
  

allantois,	
  providing	
  evidence	
   that	
   the	
  primitive	
  erythroid	
  progenitors	
   found	
   in	
   the	
  

placenta	
  are	
  not	
  ectopically	
  generated.	
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VEGF-­A	
   haploinsufficiency	
   does	
   not	
   perturb	
   the	
   generation	
   of	
   transient	
  

myeloerythroid	
  progenitors	
  in	
  the	
  yolk	
  sac	
  

	
  

	
   We	
   next	
   evaluated	
   the	
   requirement	
   of	
   VEGF-­‐A	
   in	
   transient-­‐definitive	
  

hematopoiesis.	
   	
   In	
   the	
  yolk	
   sac,	
   the	
   fractions	
  of	
  CD41	
  and	
  cKit	
   expressing	
  nascent	
  

HS/PCs	
  were	
  not	
  significantly	
  decreased	
  either	
  before	
  or	
  after	
  gross	
  abnormalities	
  

became	
  evident,	
  that	
  is,	
  at	
  E9.25	
  and	
  E10.0,	
  respectively	
  (Fig	
  2D).	
  There	
  was	
  a	
  slight	
  

reduction	
  in	
  the	
  number	
  of	
  myeloerythroid	
  colonies	
  formed	
  per	
  embryo-­‐equivalent	
  

by	
  E9.5	
  heterozygous	
  yolk	
  sac	
  (116	
  ±	
  16.7	
  total	
  wild-­‐type	
  CFUs	
  to	
  95.3	
  ±	
  10.5	
  total	
  

mutant	
   CFUs)	
   (Fig.	
   2E).	
   However,	
   comparable	
   numbers	
   and	
   types	
   of	
   progenitor	
  

colonies	
  were	
  counted	
  when	
  the	
  same	
  number	
  of	
  dissociated	
  cells	
  was	
  seeded	
  (Fig	
  

2F).	
   These	
   data	
   provided	
   evidence	
   that	
   VEGF-­A	
   heterozygocity	
   is	
   sufficient	
   to	
  

support	
  the	
  formation	
  of	
  transient	
  myeloerythroid	
  progenitors	
  in	
  the	
  yolk	
  sac.	
  

	
  

Dosage	
   of	
   VEGF-­A	
   is	
   critical	
   for	
   establishing	
   HS/PCs	
   with	
   lymphoid	
   lineage	
  

differentiation	
  capacity	
  

	
  

	
   We	
  evaluated	
  the	
  requirement	
  of	
  VEGF-­‐A	
   for	
  hematopoiesis	
   in	
   the	
  placenta	
  

and	
  the	
  embryonic	
  caudal	
  half,	
  which	
  are	
  sites	
  of	
  de	
  novo	
  generation	
  of	
  multipotent	
  

HS/PCs	
  (Barcena	
  et	
  al.,	
  2009;	
  Rhodes	
  et	
  al.,	
  2008;	
  Zeigler	
  et	
  al.,	
  2006).	
  	
  FACS	
  analysis	
  

of	
   CD41+cKit+	
   HS/PC	
   fractions	
   did	
   not	
   reveal	
   a	
   significant	
   decrease	
   of	
   this	
  

subpopulation	
  in	
  these	
  organs	
  at	
  E9.25	
  and	
  E10.0.	
  However,	
  unlike	
  the	
  yolk	
  sac,	
  the	
  

placenta	
  did	
  show	
  a	
  significant	
  reduction	
  in	
  the	
  number	
  of	
  colonies	
  (from	
  33	
  ±	
  13	
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total	
   wild-­‐type	
   CFUs	
   to	
   2	
   ±	
   1.4	
   total	
   heterozygous	
   CFUs)	
   even	
   when	
   equivalent	
  

number	
   of	
   cells	
   had	
   been	
   plated	
   (Fig.	
   2G).	
   This	
   defective	
   placental	
   hematopoiesis	
  

was	
   not	
   due	
   to	
   a	
   delay	
   in	
   development	
   as	
   the	
   heterozygotes	
   and	
   controls	
   were	
  

indistinguishable	
   in	
   somite-­‐pair	
   count	
   and	
   gross	
   morphology.	
   Only	
   few	
   colonies	
  

were	
  able	
  to	
  grow	
  from	
  the	
  caudal	
  halves	
  of	
  both	
  mutant	
  and	
  wild-­‐type	
  littermates	
  

at	
  E9.25.	
  

	
  

	
   Because	
   progenitors	
   with	
   restricted	
   myeloerythroid	
   potential	
   and	
  

multipotent	
   HSCs	
   cannot	
   be	
   separated	
   at	
   this	
   stage	
   based	
   on	
   known	
   cell	
   surface	
  

markers	
  or	
  colony-­‐forming	
  ability,	
  we	
  used	
  the	
  OP9	
  and	
  OP9-­‐DL1	
  in	
  vitro	
  lymphoid	
  

assays	
  to	
  help	
  distinguish	
  the	
  two	
  waves	
  of	
  definitive	
  hematopoiesis	
  (Schmitt	
  et	
  al.,	
  

2004).	
   In	
  contrast	
   to	
   the	
   tissues	
  with	
   intact	
  VEGF-­‐A	
   levels,	
  haploinsufficient	
  E10.5	
  

yolk	
   sac,	
  placenta	
  and	
  caudal	
  half	
   could	
  not	
  produce	
  any	
  CD19+B220+	
  B	
   lymphoid	
  

cells	
  on	
  OP9	
  stroma	
  co-­‐culture.	
  Likewise,	
  generation	
  of	
  CD4+CD8+	
  T	
  lymphoid	
  cells	
  

in	
   OP9-­‐DL1	
   stroma	
   was	
   completely	
   abolished	
   in	
   VEGF-­‐A	
   haploinsufficient	
   E9.5	
  

hemogenic	
  tissues	
  (Fig.	
  2H).	
  	
  These	
  results	
  imply	
  that	
  VEGF-­A	
  heterozygous	
  tissues	
  

cannot	
   specify	
   HS/PCs	
   with	
   full	
   myelo-­‐lymphoid	
   differentiation	
   ability,	
   a	
   key	
  

property	
  of	
  definitive	
  HSCs.	
  

	
  

Hemogenic	
  tissues	
  have	
  multiple	
  cellular	
  sources	
  of	
  VEGF	
  during	
  development	
  

	
  

	
   As	
   VEGF-­‐A/Flk1	
   signaling	
   is	
   crucial	
   for	
   vascular	
   development	
   during	
  

embryogenesis,	
  others	
  have	
  previously	
  described	
  the	
  patterns	
  of	
  VEGF-­‐A	
  expression	
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in	
   the	
  AGM	
   region	
   and	
   the	
   yolk	
   sac	
   .	
  However,	
   the	
   precise	
   cellular	
   source	
   for	
   the	
  

VEGF-­‐A	
   ligand	
  required	
   for	
  hemato-­‐vascular	
  development	
  has	
  not	
  been	
  verified	
  at	
  

the	
  molecular	
  level.	
  Moreover,	
  despite	
  the	
  fact	
  that	
  the	
  placenta	
  is	
  now	
  recognized	
  

as	
   being	
   capable	
   of	
   generating	
   and	
   expanding	
   multipotent	
   HS/PCs,	
   which	
   cells	
  

supply	
   the	
   VEGF-­‐A	
   ligand	
   to	
   the	
   Flk1+	
   hemogenic	
   endothelium	
   in	
   the	
   placenta	
  

remain	
   poorly	
   characterized.	
   To	
   delineate	
   the	
   cellular	
   sources	
   of	
   VEGF-­‐A	
   in	
   the	
  

placenta,	
  we	
  first	
  screened	
  E9.5	
  wild-­‐type	
  placentas	
  for	
  VEGF-­‐A	
  protein	
  expression	
  

using	
   immunofluorescence.	
   	
  As	
  previously	
  reported,	
  VEGF-­‐A	
  activity	
  was	
  observed	
  

in	
   the	
   yolk	
   sac	
   visceral	
   endoderm	
   as	
   well	
   as	
   the	
   parietal	
   trophoblast	
   giant	
   cells	
  

(TGC)	
   that	
  wrap	
   the	
   yolk	
   sac	
  during	
  midgestation.	
  The	
  TGC	
   cells	
   located	
  between	
  

the	
   spongiotrophoblast	
   layer	
   and	
   the	
   maternal	
   decidua	
   also	
   robustly	
   expressed	
  

VEGF	
  (Fig.	
  3A).	
  

	
  

	
   To	
  verify	
   that	
  VEGF-­A	
   gene	
   regulatory	
   regions	
  are	
  active	
   in	
   the	
  cells	
  where	
  

the	
   VEGF-­‐A	
   protein	
   is	
   found,	
   we	
   performed	
   beta-­‐galactosidase	
   (β-­‐gal)	
   staining	
   in	
  

hemogenic	
  organs	
  of	
  VEGF-­LacZ	
  knockin	
  mice	
  (Miquerol	
  et	
  al.,	
  1999).	
  Within	
  E9.25	
  

hemogenic	
   tissues,	
   β-­‐gal	
   activity	
   could	
   be	
   appreciated	
   in	
   three	
   distinct	
  

extraembryonic	
   hemogenic	
   niches:	
   the	
   chorionic	
   plate	
   and	
   the	
   labyrinth	
   in	
   the	
  

placenta,	
  as	
  well	
  as	
  the	
  yolk	
  sac	
  (Fig	
  3B).	
  Credited	
  to	
  host	
  the	
  potential	
  to	
  generate	
  

HSCs	
  de	
  novo	
   from	
  its	
   large	
   fetal	
  blood	
  vessels	
  (Rhodes	
  et	
  al.,	
  2008),	
   the	
  chorionic	
  

plate	
   contained	
   chorioallantoic	
   mesenchymal	
   cells	
   that	
   stained	
   for	
   β-­‐gal.	
   On	
   the	
  

other	
  hand,	
  β-­‐gal	
  activity	
  could	
  be	
  appreciated	
  in	
  the	
  trophoblasts	
  surrounding	
  the	
  

small	
  fetal	
  vessels	
  within	
  the	
  labyrinth,	
  which	
  harbor	
  highly	
  proliferative	
  HS/PCs.	
  As	
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previously	
  reported,	
  β-­‐gal	
  staining	
  was	
  detected	
  in	
  the	
  yolk	
  sac’s	
  visceral	
  endoderm	
  

and	
  mesoderm.	
  These	
  cells	
  are	
  adjacent	
  to	
  the	
  yolk	
  sac’s	
  hemogenic	
  endothelium.	
  	
  

	
  

Autocrine	
   VEGF-­A	
   signaling	
   in	
   hemato-­vascular	
   cells	
   is	
   not	
   critical	
   for	
   HSC	
  

development	
  

	
  

	
   Postnatal	
  endothelial	
  cells	
  express	
  VEGF	
  and	
  their	
  autocrine	
  VEGF	
  signaling	
  

in	
  VE-­‐Cadherin	
  expressing	
  endothelial	
  cells	
  is	
  required	
  for	
  vascular	
  homeostasis	
  in	
  

adult	
   life	
   (Lee	
   et	
   al.,	
   2007).	
   To	
   examine	
  whether	
   an	
   autocrine	
  mechanism	
   is	
   also	
  

required	
   for	
   specification	
   or	
   function	
   of	
   the	
   hemogenic	
   endothelium	
   during	
  

development,	
  we	
  ablated	
  VEGF	
  exclusively	
   from	
  the	
  vascular	
  endothelial	
   cells	
   and	
  

their	
  progeny	
  (including	
  hematopoietic	
  cells)	
  by	
  crossing	
  Tie2-­Cre	
  transgenic	
  males	
  

with	
  VEGFfl/fl	
  females.	
  As	
  the	
  Tie2-­Cre;VEGFfl/wt	
  heterozygous	
  offsprings	
  survived	
  to	
  

adulthood,	
   we	
   further	
   interbred	
   Tie2-­Cre;VEGFfl/wt	
   with	
   VEGFfl/fl	
   and	
   generated	
  

conditional	
   null	
   concepti	
   (Fig	
   4A).	
   These	
   hemato-­‐vascular	
   cell	
   specific	
   VEGF-­‐A	
  

mutants	
   also	
   survived	
   to	
   6	
   months	
   of	
   age	
   without	
   obvious	
   differences	
   in	
   their	
  

peripheral	
  red	
  blood	
  cell,	
  white	
  blood	
  cell	
  and	
  platelet	
  count	
  profiles	
  (Fig.	
  4B).	
  	
  

	
  

	
   To	
   assess	
   for	
   the	
   presence	
   of	
   a	
   transient	
   hemato-­‐vascular	
   deficiency	
   that	
  

could	
  have	
  resolved	
  prior	
  to	
  birth,	
  we	
  evaluated	
  the	
  midgestation	
  concepti.	
  No	
  gross	
  

abnormalities	
   in	
   the	
   yolk	
   sac	
   or	
   embryo	
  were	
   evident	
   (Fig.	
   4C).	
   IF	
   co-­‐staining	
   for	
  

endothelial	
  cell	
  marker	
  CD34	
  and	
  trophoblast	
  cell	
  marker	
  cytokeratin	
  did	
  not	
  show	
  

perturbations	
  in	
  the	
  overall	
  architecture	
  of	
  the	
  Tie2-­Cre;VEGFfl/fl	
  null	
  placenta	
  at	
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E11.0	
   (Fig.	
   4D).	
   Fetal	
   liver	
   cellularity	
   at	
   E13.5	
   was	
   comparable	
   between	
   the	
  

genotypes	
   (4x106	
  ±	
  2.6x106	
   cells	
   in	
  null,	
   3.4	
   x106	
  ±	
  0.3x106	
   cells	
   in	
  heterozygous,	
  

and	
  1.7	
   x106	
  ±	
  1.9x106	
   cells	
   in	
  wild-­‐type	
   controls)	
   (Fig.	
   4E).	
   The	
   Sca1+cKit+CD34+	
  

HSC	
  compartment	
  in	
  the	
  fetal	
  liver	
  was	
  also	
  unaffected	
  at	
  this	
  stage	
  (Fig.	
  4F).	
  	
  These	
  

findings	
   indicated	
   that	
   autocrine	
   VEGF	
   signaling	
   in	
   Tie2-­‐Cre	
   expressing	
   cells	
   and	
  

their	
  progeny	
  is	
  not	
  required	
  during	
  development.	
  	
  

	
  

Mesodermal	
   VEGF-­A	
   has	
   minimal	
   function	
   in	
   hemato-­vascular	
   development	
  

during	
  embryogenesis	
  

	
  

	
   Since	
  β-­‐gal	
  staining	
  analysis	
  demonstrated	
  VEGF-­lacZ	
  activity	
  in	
  the	
  allantois	
  

as	
  well	
  as	
  the	
  chorioallantoic	
  mesenchyme,	
  we	
  asked	
  whether	
  VEGF-­‐A	
  generated	
  in	
  

early	
   mesodermal	
   cells	
   and	
   their	
   derivatives	
   regulated	
   specification	
   of	
   the	
  

hemogenic	
   endothelium	
   and	
   thus	
   HS/PC	
   development.	
   Hence,	
   we	
   intercrossed	
  

VEGFfl/wt	
  with	
  Mesp1-­Cre	
  mice	
  and	
  deleted	
  one	
  VEGF	
  allele	
   from	
  Mesp1-­‐expressing	
  

mesoderm.	
  Mesp1-­Cre	
  becomes	
  active	
  during	
  early	
  gastrulation	
  and	
  can	
  excise	
   the	
  

floxed	
   sequence	
   earlier	
   and	
   in	
   a	
   broader	
   spectrum	
   of	
   mesoderm-­‐derived	
   tissues	
  

than	
   Tie2-­Cre	
   (Saga	
   et	
   al.,	
   1999).	
   By	
   E10.5,	
   the	
   Mesp1-­Cre;VEGFfl/wt	
   mutants	
  

demonstrated	
   no	
   obvious	
   abnormalities	
   in	
   embryonic	
   growth	
   and	
   development,	
  

gross	
  morphology	
  or	
  vascular	
  remodeling	
  in	
  the	
  yolk	
  sac	
  (Fig.	
  5A).	
  FACS	
  analysis	
  did	
  

not	
  reveal	
  any	
  defect	
  in	
  the	
  Ter119+	
  erythroid	
  cell	
  or	
  CD41+cKit+	
  HS/PC	
  fractions	
  in	
  

any	
  of	
  the	
  hematopoietic	
  tissues	
  (Fig.	
  5B).	
  Myeloerythroid	
  clonogenic	
  potential	
  was	
  

also	
   unaffected	
   in	
   all	
   organs	
   at	
   E9.5	
   (Fig.	
   5C).	
   Finally,	
  Mesp1-­Cre;VEGFfl/wt	
   	
   tissues	
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could	
  produce	
  CD4+CD8+	
  T	
  cells	
  after	
  21	
  days	
  of	
  OP9-­‐DL1	
  co-­‐culture,	
  albeit	
  at	
  lower	
  

percentages	
  than	
  the	
  control	
  littermates	
  for	
  the	
  placenta	
  (Fig.	
  5D).	
  Taken	
  together,	
  

this	
  data	
   indicated	
  that	
  reduction	
  of	
  mesoderm-­‐derived	
  VEGF-­‐A	
  to	
  half	
  doses	
  does	
  

not	
  compromise	
  embryonic	
  hematopoiesis	
  or	
  vasculogenesis.	
  	
  However,	
  whether	
  it	
  

reduces	
   the	
   efficiency	
   to	
   generate	
   multipotent	
   HS/PCs	
   in	
   the	
   placenta	
   requires	
  

further	
  investigation.	
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Trophoblasts	
  constitute	
  a	
  critical	
   source	
  of	
  VEGF-­A	
   for	
  not	
  only	
   the	
  placenta	
  

but	
  also	
  distant	
  organs	
  

	
  

	
   During	
   the	
   critical	
   period	
   of	
   specification	
   of	
   hemogenic	
   endothelium	
   and	
  

HS/PCs,	
  β-­‐gal	
  and	
  VEGF-­‐A	
  immunostaining	
  predominantly	
  colored	
  the	
  trophoblasts.	
  

To	
  dissect	
  the	
  exclusive	
  contribution	
  of	
  trophoblasts	
  in	
  VEGF-­‐A	
  signaling,	
  we	
  used	
  a	
  

novel	
  lentiviral	
  Cre-­‐based	
  technique	
  of	
  gene	
  manipulation	
  that	
  inactivates	
  a	
  gene	
  of	
  

interest	
   specifically	
   from	
   the	
   trophoblast	
   compartment	
   without	
   disturbing	
   other	
  

extra-­‐embryonic	
  tissues	
  or	
  any	
  of	
  the	
  embryonic-­‐derived	
  tissues	
  (Georgiades	
  et	
  al.,	
  

2007).	
  We	
  obtained	
  trophoblast-­‐specific	
  VEGF	
  heterozygous	
  and	
  null	
  mutants	
  by	
  	
  

infecting	
  the	
  trophectoderm	
  of	
  E3.5	
  blastocysts	
  from	
  VEGF	
  fl/wt	
  intercrosses	
  with	
  the	
  	
  

lentiviral	
   vector	
   encoding	
   for	
  GFP-­Cre	
  (referred	
   as	
   LV-­‐Cre	
   hereafter).	
   Because	
   the	
  

trophectoderm	
   gives	
   rise	
   to	
   trophoblasts	
   only,	
   lentiviral	
   transduction	
   resulted	
   in	
  

green	
  fluorescence	
  protein	
   	
  (GFP)	
  expression	
  confined	
  to	
  trophoblast	
  cell	
   lineages.	
  

On	
  the	
  other	
  hand,	
  GFP	
  was	
  absent	
  in	
  all	
  derivatives	
  of	
  the	
  inner	
  cell	
  mass,	
  namely,	
  

the	
  yolk	
  sac,	
   the	
  allantoic	
  vasculature	
  of	
   the	
  placenta,	
   the	
  HS/PCs	
  and	
   the	
  embryo	
  

(Fig.	
  6A).	
   	
  Trophoblast-­‐specific	
  VEGF-­‐A	
  mutant	
  embryos	
  at	
  E9.5	
  appeared	
  growth-­‐

restricted	
  and	
  developmentally	
  delayed	
  compared	
  to	
  controls	
  (Fig.	
  6B).	
  No	
  embryos	
  

with	
  loss	
  of	
  either	
  one	
  or	
  both	
  VEGF	
  alleles	
  from	
  trophoblasts	
  survived	
  beyond	
  the	
  

26	
  somite-­‐pair	
  stage.	
  Whole	
  mount	
  of	
  trophoblast-­‐specific	
  VEGF-­‐A	
  haploinsufficient	
  

yolk	
  sacs	
  using	
  PECAM1	
  antibody	
  demonstrated	
  enlarged	
  capillary	
  plexus	
  without	
  

remodeling	
  (Fig.	
  6C).	
   In	
  brief,	
  LV-­Cre;VEGFfl/wt	
  and	
  LV-­Cre;VEGFfl/fl	
  recapitulated	
  the	
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phenotypes	
  of	
  the	
  Vasa-­‐Cre	
  mediated	
  global	
  VEGF-­‐A	
  inactivation.	
  Altogether,	
  these	
  

data	
  identify	
  the	
  placental	
  trophoblasts	
  as	
  a	
  critical	
  source	
  for	
  VEGF-­‐A	
  ligand	
  that	
  is	
  

essential	
   for	
   embryonic	
   survival,	
   and	
   required	
   for	
   proper	
   hemato-­‐vascular	
  

development	
  also	
  in	
  distant	
  organs.	
  	
  

	
  

Figure'6.'Trophoblast3derived'VEGF3A!
(A)!IF!staining!of!placenta!and!yolk!sac!against!GFP!(arrows).!F,!fetal!circula=on.!!(B)!Gross!
morphology!of!embryo!and!yolk!sac!at!E9.5.!!(C)!Whole!mount!of!yolk!sac!against!PECAM1!
vascular!marker.!
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DISCUSSION	
  

	
  

	
   Despite	
  the	
  essential	
  requirement	
  of	
  VEGF-­‐A	
  for	
  embryonic	
  survival,	
  its	
  role	
  

in	
  development	
  has	
  been	
   inferred	
  mostly	
   from	
   in	
  vitro	
  or	
  non-­‐mammalian	
  studies.	
  

Here,	
   using	
   the	
  Cre/loxP	
   recombination	
  with	
   a	
   germline	
  deleter	
  mouse	
   strain,	
  we	
  

expand	
  the	
  scope	
  of	
  current	
  understanding	
  with	
  in	
  vivo	
  observations.	
  	
  

First,	
   we	
   present	
   evidence	
   for	
   VEGF-­‐A	
   dose	
   dependent	
   effects	
   in	
   regulating	
   the	
  

different	
   hematopoietic	
   waves.	
   To	
   our	
   surprise	
   and	
   contrasting	
   previous	
   reports,	
  

VEGF-­‐A	
  deficiency	
   from	
  the	
   loss	
  of	
  one	
  VEGF-­A	
  allele	
  was	
  sufficient	
   to	
  support	
   the	
  

lineage-­‐restricted	
   primitive	
   and	
   transient-­‐definitive	
   waves.	
   But	
   deletion	
   of	
   both	
  

alleles	
   resulted	
   in	
   the	
   loss	
   of	
   all	
  myeloerythroid	
   colony-­‐forming	
   progenitors	
   (Lee,	
  

Mikkola,	
   unpublished	
   data	
   2013),	
   indicating	
   that	
   VEGF-­‐A	
   is	
   indispensable	
   for	
  

definitive	
   hematopoiesis.	
   On	
   the	
   other	
   hand,	
   the	
   HS/PCs	
   with	
   lymphoid	
   lineage	
  

potential	
  were	
   completely	
   eliminated	
   in	
   the	
   heterozygous	
   tissues,	
   suggesting	
   that	
  

the	
   tightly	
   regulated	
   VEGF-­‐A	
   dosage	
   determines	
   hematopoietic	
   fate.	
   Our	
   findings	
  

thus	
   far	
   cannot	
   ascertain	
   whether	
   the	
   unequivocal	
   eradication	
   of	
   the	
   lymphoid	
  

potential	
   has	
   resulted	
   because	
   VEGF-­‐A	
   plays	
   a	
   pivotal	
   role	
   in	
   lymphoid	
  

differentiation,	
   HS/PC	
   specification	
   and/or	
   survival,	
   or	
   hemogenic	
   endothelial	
  

specification	
   and/or	
   survival.	
   However,	
   as	
   evidence	
   from	
   zebrafish	
   studies	
   have	
  

indicated	
   that	
   VEGF-­‐A	
   up-­‐regulates	
   Notch	
   signaling,	
   which	
   is	
   important	
   in	
  

determining	
   arterial	
   cell	
   fate	
   (Lawson	
   and	
   Weinstein,	
   2002),	
   further	
   studies	
   to	
  

confirm	
   that	
   this	
  molecular	
   network	
   is	
   conserved	
   in	
  mice	
   and	
   directs	
   the	
   fate	
   of	
  

arterial	
  hemogenic	
  endothelium	
  are	
  needed.	
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   Fetal	
  survival	
  and	
  hematopoies	
  do	
  not	
  depend	
  on	
  or	
  at	
  least	
  end	
  an	
  autocrine	
  

VEGF-­‐A	
   requirement	
   in	
   HSC	
   or	
   hemogenic	
   endothelium	
   by	
   the	
   time	
   Tie2-­‐Cre	
   is	
  

activated.	
   Then,	
   if	
   cell	
   intrinsic	
   VEGF-­‐A	
   is	
   dispensable	
   for	
   hematopoiesis	
   during	
  

development,	
  the	
  exogenous	
  sources	
  of	
  VEGF-­‐A	
  from	
  the	
  hematopoietic	
  niches	
  must	
  

account	
   for	
   the	
   lethal	
   defects.	
   In	
   the	
   yolk	
   sac,	
   VEGF-­‐A	
   is	
   expressed	
   in	
   the	
   extra-­‐

embryonic	
   visceral	
   endoderm	
   and	
   mesoderm	
   in	
   proximity	
   with	
   the	
   hemogenic	
  

endothelium	
  (Miquerol	
  et	
  al.,	
  1999).	
  When	
  VEGF-­‐A	
  expression	
  is	
  depleted	
  from	
  all	
  

tissues	
   except	
   in	
   the	
   yolk	
   sac	
   visceral	
   endoderm,	
   the	
   hematopoietic	
   and	
   vascular	
  

compartments	
  near	
   intact	
  VEGF-­‐A	
  secretion	
  can	
  be	
  adequately	
  established	
  but	
   the	
  

embryo	
  proper	
  cannot	
  be	
  rescued	
  (Damert	
  et	
  al.,	
  2002).	
  Consistent	
  with	
  the	
  limited	
  

role	
  of	
   yolk	
   sac	
  derived	
   ligand,	
   the	
  VEGF-­‐A	
  deficient	
   embryo	
  died	
  at	
  midgestation	
  

despite	
   aggregation	
   with	
   wild-­‐type	
   embryos,	
   which	
   results	
   in	
   normal	
   VEGF-­‐A	
  

expression	
  in	
  not	
  only	
  yolk	
  sac	
  endoderm	
  but	
  also	
  all	
  trophoblast	
  lineages	
  (Ferrara	
  

et	
   al.,	
   1996).	
   Hence,	
   although	
   the	
   placenta	
  was	
   previously	
   thought	
   to	
   be	
   a	
  minor	
  

source	
  of	
  VEGF-­‐A,	
  our	
  findings	
  from	
  trophoblast-­‐specific	
  VEGF-­A	
  deletion	
  reveal	
  that	
  

the	
  trophoblast	
  compartment	
  is	
  a	
  vital	
  player	
  and	
  that	
  the	
  yolk	
  sac	
  and	
  embryonic	
  

sources	
  of	
  VEGF-­‐A	
  are	
   insufficient	
   to	
  support	
   their	
   local	
  hemogenic	
  niches	
  and/or	
  

vascularization.	
  	
  

	
   The	
   precise	
   trophoblast	
   cell	
   types	
   that	
   supply	
   VEGF-­‐A	
   have	
   not	
   been	
  well	
  

characterized.	
  Previous	
  published	
  reports	
  indicated	
  that	
  after	
  gastrulation,	
  VEGF-­‐A	
  

is	
   expressed	
   in	
   the	
   parietal	
   trophoblast	
   giant	
   cells	
   that	
   encircle	
   the	
   conceptus.	
  

During	
  midgestation,	
   the	
  VEGF-­‐A	
   ligand	
  was	
   located	
   in	
   the	
   trophoblast	
   giant	
   cells	
  



	
  62	
  

that	
   wraps	
   around	
   the	
   yolk	
   sac	
   as	
   well	
   as	
   those	
   that	
   reside	
   in	
   the	
  

spongiotrophoblast	
   layer.	
   The	
   expression	
   of	
   VEGF-­‐A	
   as	
   assessed	
   by	
   the	
  

transcription	
   of	
   lacZ	
   under	
   the	
   control	
   of	
  VEGF-­A	
   promoter	
   resides	
   though	
   in	
   the	
  

trophoblasts	
   of	
   the	
   labyrinthine	
   region,	
   which	
   contains	
   the	
   niche	
   for	
   HS/PC	
  

proliferation.	
   Since	
   the	
  placenta	
  harbors	
  15-­‐fold	
  more	
  HSCs	
   than	
   any	
  other	
   organ	
  

generating	
   them	
   (Gekas	
   et	
   al.,	
   2005)	
   and	
   VEGF-­‐A	
   acts	
   primarily	
   in	
   a	
   paracrine	
  

fashion,	
  we	
  suspect	
  that	
  these	
  trophoblasts	
  comprise	
  the	
  immediate	
  source	
  of	
  VEGF-­‐

A	
   for	
   HS/PC	
   development	
   in	
   the	
   placenta.	
   	
   Hence,	
   further	
   understanding	
   of	
   the	
  

unique	
  properties	
  of	
   the	
   trophoblasts	
  and	
  other	
  niche	
  cells	
   in	
   the	
  placenta	
  will	
  be	
  

instrumental	
  to	
  produce	
  transplantable	
  HSCs	
  in	
  culture.	
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MATERIALS AND METHODS 
 
Mouse models. VasaCre (Gallardo et al., 2007) heterozygous females were obtained 

from the Jackson laboratory and intercrossed with VEGFfl/wt males (Gerber et al., 1999). 

Similar breeding strategies were used for Tie2Cre; VEGFfl/wt concepti. Ncx1 heterozygous 

mice for knockout experiments were obtained from (Koushik et al., 2001). Trophoblast-

specific VEGF-A deletion was obtained by microinjecting a lentivirus vector expressing 

Cre-GFP under the zona pellucida of E3.5 blastocysts derived from VEGFfl/wt intercrosses. 

These blastocysts were transferred into wild-type pseudo-pregnant females. Timed 

matings were performed and the noon of the day of vaginal plug was recorded as 

embryonic day 0.5 (E0.5). Mice were maintained according to protocols of Animal 

Research Committee at the University of California, Los Angeles. 

 

Preparation of tissue sections. After isoflurane-induced anesthesia, mice were sacrificed 

by cervical dislocation. Fetal hematopoietic organs were dissected and fixed in 4% 

paraformaldehyde at 4° C for 4-6 hours, followed by 30% sucrose in PBS solution 

overnight, 1:1 30% sucrose:OCT (Tissue-Tek, Electron Microscopy Sciences) for 1 hour 

at 4° C, and finally embedded and frozen in 100% OCT. Frozen sections were cut at 5-7 

μm with a Leica CM3050 S cryostat. For paraffin-embedded blocks, tissues were fixed in 

4% paraformaldehyde at 4° C overnight and processed by standard protocol at the Tissue 

Procurement and Histology Core Laboratory of the Pathology and Laboratory Medicine 

at UCLA. Paraffin sections were cut at 5 μm.  
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Immunostaining. Fixed frozen and paraffin-embedded sections were prepared and 

immunostained as described elsewhere (Rhodes et al., 2008) but using the following 

antibodies: VEGF (1:200; Abcam), Ter119 (1:500, BD Pharmingen), β-globin (1:100; 

gift from Palis lab), CD34 (1:200; eBiosciences), cytokeratin (1:1000; Dako). 

Biotinylated secondary antibodies (1:500; Vector) and Tyramide Signal Amplification kit 

(PerkinElmer) were used as directed by manufacturer’s protocol. Immunofluorescent 

images were obtained on a Zeiss Axio Imager.A1 with a Zeiss Axiocam MRm camera or 

a Zeiss LSM 510 microscope equipped with 405 nm, 488 nm, 543 nm, and 633 nm lasers. 

Whole mount staining was performed using purified CD31 antibody (1:600; BD 

Pharmingen) and imaged using the confocal Zeiss LSM 510. 

 

Flow cytometry. Tissues were dissociated with collagenase (Worthington), DNase 

(Qiagen) and dispase (Invitrogen) at 37° C for 20 minutes. Cells were stained with rat 

anti-mouse monoclonal antibodies against Ter119, CD71, CD41, cKit, Sca1, CD31, and 

flk1 (all from BD Biosciences or eBiosciences). Dead cells were excluded with DAPI. 

Cells were assayed on a Becton Dickinson Biosciences LSRII or Fortessa flow cytometer 

and data was analyzed with FlowJo software (Tree Star Inc.). 

 

Clonogenic progenitor assay. Methylcellulose colony-forming assays were performed 

as described previously (Chhabra et al., 2012). Briefly, single cell suspension was plated 

in MethoCult 3434 (Stem Cell Technologies) supplemented with TPO (PeproTech) and 

colonies were enumerated in 5-7 days. Clustering of 30 or more cells were defined as one 
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colony. Colonies were imaged using a Canon PowerShot G6 camera connected to Zeiss 

Axiovert 40 CFL microscope.  

 

Complete blood cell count. Peripheral blood from the tail was collected into heparinized 

tubes and submitted to the Division of Laboratory Animal Medicine at UCLA for 

analysis using Humavet Interface.  

 

Lymphoid cultures. Fetal organ explants or their dissociated single cell suspensions 

were cocultured on mouse OP9 or OP9-DL1 stromal cells (Schmitt et al., 2004) in 24-

well plates as previously described (Rhodes et al., 2008). 

 

Statistical analysis. Mathematical analysis and statistics were performed using GraphPad 

Prism Software. P values and data reported as mean ± SEM were calculated using the 

Student’s unpaired two-tailed t tests. 
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