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Abstract	
  

The	
  kidney	
  vasculature	
  plays	
  essential	
  roles	
  in	
  the	
  development	
  and	
  function	
  of	
  the	
  

kidney.	
  There	
  is	
  currently	
  very	
  limited	
  information	
  regarding	
  the	
  crucial	
  events	
  that	
  

govern	
   the	
   morphogenesis	
   of	
   the	
   renal	
   vasculature,	
   including	
   the	
   origin,	
   lineage	
  

relationship	
  and	
  mechanisms	
   involved	
   in	
   its	
   formation.	
  Using	
   inducible	
   transgenic	
  

mice	
   that	
  specifically	
   label	
  cells	
  expressing	
   transcription	
   factor	
  stem	
  cell	
   leukemia	
  

(SCL),	
   we	
   performed	
   fate-­‐tracing	
   studies	
   combined	
   with	
   colony	
   forming	
   assays	
  

(CFCs)	
  and	
  embryonic	
  kidney	
  cross-­‐transplantation	
  studies.	
  We	
  found	
  that	
  the	
  SCL+	
  

precursors	
   in	
   the	
   kidney	
   contribute	
   to	
   the	
   endothelial	
   cells	
   (ECs)	
   and	
   a	
  

subpopulation	
  of	
  early	
  hematopoietic	
  precursor	
  cells	
  that	
  form	
  colony	
  forming	
  unit	
  

Granulocyte-­‐Erythrocyte-­‐Monocyte-­‐Megakaryocyte	
   (CFU-­‐GEMM)	
   and	
   colony	
  

forming	
  unit	
  Granulocyte-­‐Macrophage	
  (CFU-­‐GM)	
  colonies.	
  We	
  also	
  showed	
  that	
  the	
  

transplanted	
  embryonic	
  kidneys	
  generate	
  their	
  own	
  vessels	
  and	
  blood	
  cells	
  in	
  situ,	
  

which	
  we	
  termed	
  hemo-­‐vasculogenesis.	
  Genetic	
  ablation	
  of	
  these	
  precursors	
  in	
  vivo	
  

and	
  cross-­‐transplantation	
   led	
  to	
  the	
   lack	
  of	
  endothelium,	
  demonstrating	
  their	
  vital	
  

role	
  during	
  vascular	
  development	
  and	
  organogenesis.	
  	
  

Sphingosine	
   1-­‐phosphate	
   receptor	
   1	
   (S1P1)	
   is	
   one	
   of	
   the	
   five	
   G-­‐protein	
   coupled	
  

receptors	
  activated	
  by	
  Sphingosine	
  1-­‐phosphate,	
  which	
   is	
  crucially	
   involved	
   in	
   the	
  

vascular	
  development.	
  However,	
  due	
  to	
  the	
  early	
  lethality	
  of	
  the	
  S1P1	
  null	
  mice,	
  the	
  

role	
  of	
  S1P1	
  in	
  kidney	
  vascular	
  development	
  has	
  not	
  been	
  determined.	
  To	
  identify	
  

the	
  mechanisms	
  governing	
   the	
  development	
  of	
   kidney	
  vasculature,	
  we	
  designed	
  a	
  

series	
   of	
   experiments	
   to	
   study	
   the	
   role	
   of	
   S1P1	
   expressed	
   in	
   the	
  SCL+	
   precursors	
  

and	
   their	
   derivatives	
   during	
   kidney	
   development.	
   In	
   this	
   dissertation	
   work,	
   we	
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found	
   that	
   the	
   endothelial	
   S1P1	
   is	
   required	
   for	
  multiple	
   processes	
   during	
   kidney	
  

vascular	
   development,	
   including	
   EC	
   proliferation,	
   vSMCs	
   coating,	
   and	
   the	
  

development	
  of	
  glomerular	
  capillaries	
  and	
  renal	
  lymphatic	
  vessels.	
  Deletion	
  of	
  S1P1	
  

from	
  the	
  SCL+	
  precursors	
  resulted	
  in	
  endothelial	
  hyperplasia,	
  dilated	
  renal	
  arteries	
  

and	
  veins,	
  disrupted	
  vSMC	
  coating	
  of	
  renal	
  arteries	
  and	
  arterioles	
  and	
  the	
  absence	
  of	
  

lymphatic	
  endothelium.	
  Remarkably,	
  the	
  knockout	
  mice	
  developed	
  capillary	
  shunts	
  

within	
  the	
  glomeruli.	
  These	
  results	
  demonstrated	
  the	
  essential	
  role	
  of	
  S1P1	
  for	
  the	
  

kidney	
   vascular	
   development.	
   Notably,	
   we	
   observed	
   thinner	
   inter-­‐ventricular	
  

septum,	
   thinner	
   ventricular	
   myocardial	
   compact	
   layer	
   and	
   dilated	
   myocardial	
  

capillaries	
   in	
   hearts	
   of	
   knockout	
   embryos.	
   By	
   cross-­‐transplantation	
   studies	
   of	
   the	
  

kidneys	
  from	
  the	
  E12.5	
  knockout	
  and	
  control	
  mice	
  under	
  the	
  kidney	
  capsule	
  of	
  WT	
  

adult	
  mice,	
  we	
  showed	
  that	
  the	
  kidney	
  vascular	
  abnormalities	
  are	
   intrinsic,	
  due	
  to	
  

the	
   lack	
   of	
   S1P1	
   in	
   renal	
   EC	
   precursors,	
   and	
   not	
   secondary	
   to	
   the	
   extra-­‐renal	
  

anomalies.	
  	
  

Finally,	
   we	
   found	
   that	
   the	
   SCL+	
   cells	
   contribute	
   to	
   another	
   population	
   of	
   hemo-­‐

vascular	
   precursors	
   in	
   the	
   heart	
   that	
   exclusively	
   differentiate	
   to	
   the	
   endocardium	
  

and	
   coronary	
   vascular	
   endothelial	
   cells,	
   including	
   a	
   subset	
   with	
   hemogenic	
  

potential.	
   To	
   characterize	
   the	
   contribution	
   of	
   SCL+	
   precursors	
   to	
   the	
   heart,	
   I	
  

developed	
   a	
  novel	
   approach	
   to	
   transplant	
   the	
  E9.5	
  mouse	
   embryonic	
  heart	
   under	
  

the	
  kidney	
  capsule	
  of	
  adult	
  host	
  mice,	
  which	
  allows	
  the	
  ex	
  vivo	
  hemo-­‐vasculogenesis	
  

and	
   the	
   visualization	
   of	
   beating	
   hearts	
   at	
   the	
   time	
   of	
   harvest.	
   Strikingly,	
   partial	
  

ablation	
  of	
  the	
  SCL+	
  precursor	
  from	
  the	
  heart	
  in	
  vivo	
  and	
  cross-­‐transplant	
  model	
  led	
  

to	
  the	
  absence	
  of	
  cardiac	
  ECs	
  accompanied	
  with	
  impaired	
  myocardial	
  development,	
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which	
  revealed	
  the	
  vital	
  role	
  of	
  SCL+	
  precursors	
  in	
  the	
  development	
  of	
  both	
  cardiac	
  

cell	
   types.	
   Furthermore,	
   by	
   timed	
   deletion	
   of	
   S1P1	
   from	
   the	
  SCL+	
   precursors	
   and	
  

their	
  derivatives	
  during	
  early	
  heart	
  development,	
  we	
  uncovered	
  the	
  unique	
  role	
  of	
  

endothelial	
   S1P1	
   in	
   the	
  myocardial	
   and	
   coronary	
  vascular	
  development.	
  The	
  mice	
  

with	
   S1P1	
   deletion	
   showed	
   deficiencies	
   in	
   the	
   myocardial	
   proliferation,	
   reduced	
  

ventricular	
  coronary	
  vasculature,	
  and	
  hypertrabeculation.	
  

In	
   summary,	
   these	
   studies	
   have	
   identified	
   an	
   SCL+	
   precursor	
   contributes	
  

intrinsically	
  to	
  the	
  hemo-­‐vasculogenesis	
  in	
  both	
  embryonic	
  kidney	
  and	
  heart,	
  which	
  

express	
  S1P1	
   to	
  regulate	
  vascular	
  development	
  and	
  organogenesis.	
  These	
   findings	
  

may	
  help	
  advance	
  our	
  understanding	
  of	
  normal	
  vascular	
  development	
  and	
  genetic	
  

defects	
   that	
   trigger	
  congenital	
  kidney	
  and	
  heart	
  diseases	
  and	
  development	
  of	
  new	
  

treatment	
  for	
  the	
  patients.	
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Chapter	
  1.	
  Introduction	
  

1.	
  Development	
  of	
  the	
  mammalian	
  kidney	
  

The	
  kidneys	
  play	
  essential	
  roles	
  in	
  excretion	
  of	
  metabolic	
  waste	
  products,	
  acid-­‐base	
  

control,	
  maintenance	
   of	
   the	
   homeostasis	
   of	
   ions	
   and	
   regulation	
   of	
   blood	
   pressure	
  

and	
  extracellular	
   fluid	
  volume	
  and	
  composition.	
  Morphogenesis	
  of	
   the	
  mammalian	
  

kidney	
   has	
   been	
   more	
   extensively	
   studied	
   since	
   the1960s.	
   1-­‐5	
   The	
   dissection	
   and	
  

detailed	
   characterization	
   of	
   the	
   embryos	
   of	
   human	
   and	
   other	
  mammalian	
   species	
  

formed	
   the	
   foundation	
   for	
  our	
  current	
  knowledge	
  of	
  kidney	
  development.	
   In	
   turn,	
  

such	
   knowledge	
   is	
   important	
   to	
   understand	
   abnormalities	
   of	
   kidney	
  development	
  

and	
  other	
  renal	
  diseases.	
  	
  

1.1	
  Pronephros,	
  mesonephros	
  and	
  metanephros	
  

Before	
   the	
   development	
   of	
   the	
   metanephros,	
   the	
   definitive	
   kidney	
   in	
   mammals,	
  

there	
  are	
  two	
  spatially	
  and	
  temporally	
  successive	
  structures	
  that	
  form	
  and	
  regress:	
  

the	
   pronephros	
   and	
   the	
   mesonephros.	
   6,	
   7	
   (Figure	
   1.1)	
   During	
   the	
   third	
   to	
   fourth	
  

week	
  of	
  human	
  embryogenesis,	
   the	
  pronephros	
  develops	
  6-­‐10	
  pairs	
  of	
  pronephric	
  

tubules	
   connecting	
   to	
   the	
   pronephric	
   duct	
   in	
   the	
   neck	
   region	
   (4th-­‐14th	
   somites),	
  

which	
   disappears	
   completely	
   by	
   the	
   fourth	
   week	
   of	
   gestation,	
   followed	
   by	
   the	
  

development	
  of	
  the	
  mesonephros.	
  	
  6,	
  7	
  Although,	
  pronephros	
  and	
  mesonephros	
  have	
  

no	
  major	
  excretory	
   function,	
   their	
  developmental	
   failure	
   results	
   in	
  agenesis	
  of	
   the	
  

metanephros	
   and	
   other	
   organs.	
   6	
   The	
   mesonephros,	
   a	
   transient	
   excretory	
   organ,	
  

contains	
  approximately	
  40-­‐42	
  excretory	
  units	
  from	
  the	
  intermediate	
  mesoderm	
  and	
  

drains	
  into	
  the	
  mesonephric	
  duct,	
  also	
  called	
  the	
  wolffian	
  duct.	
  6	
  During	
  4-­‐8	
  weeks	
  of	
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gestation	
   in	
  human,	
   this	
   structure	
  progressively	
  degenerates,	
   although	
  part	
  of	
   the	
  

wolffian	
  duct	
  contributes	
  to	
  the	
  male	
  reproductive	
  system.	
  	
  6	
  Beginning	
  with	
  the	
  fifth	
  

week	
  of	
  gestation,	
  the	
  caudal	
  part	
  of	
  the	
  wolffian	
  duct	
  gives	
  rise	
  to	
  the	
  ureteric	
  bud	
  

of	
   the	
   metanephros,	
   which	
   interacts	
   with	
   and	
   branches	
   into	
   the	
   metanephric	
  

mesenchyme,	
   which	
   also	
   derived	
   from	
   the	
   intermediate	
   mesoderm,	
   to	
   form	
   the	
  

definitive	
  and	
  functional	
  metanephric	
  kidneys.	
  	
  

	
  
Figure 1.1. Anatomical development of human kidneys. Schematic diagram 
illustrating the sequential development and degeneration of pronephros, 
mesonephros and metanephros during human embryogenesis.  
1.2	
  Nephrogenesis	
  

The	
  nephron,	
  the	
  basic	
  structural	
  and	
  functional	
  unit	
  of	
  the	
  metanephric	
  kidney,	
  is	
  

composed	
  of	
  a	
  glomerulus,	
  the	
  Bowman’s	
  capsule	
  and	
  renal	
  tubules.	
  The	
  process	
  of	
  

its	
  development	
  is	
  called	
  nephrogenesis.	
  (Figure	
  1.2)	
  During	
  this	
  process,	
  cells	
  of	
  the	
  

metanephric	
  mesenchyme	
  aggregate	
  and	
  condense	
  around	
  each	
  tip	
  of	
  the	
  branching	
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ureteric	
   buds	
   to	
   form	
   a	
   cap	
   mesenchyme,	
   which	
   contributes	
   to	
   the	
   epithelial	
  

compartment	
  of	
   the	
   future	
  nephrons	
   through	
  a	
  mesenchymal-­‐epithelial	
   transition.	
  A	
  

loose	
   mesenchyme	
   surrounding	
   the	
   cap	
   mesenchyme	
   gives	
   rise	
   to	
   the	
   endothelial	
  

precursor	
  cells	
  and	
  the	
  stromal	
  precursor	
  cells,	
  which	
  will	
  differentiate	
   into	
  ECs	
  and	
  

mural	
  cells,	
  respectively.	
  5	
  After	
  epithelialization,	
  the	
  cap	
  mesenchyme	
  develops	
  into	
  a	
  

renal	
  vesicle,	
  which	
  then	
  elongates	
  to	
  form	
  a	
  comma-­‐shaped	
  body	
  and	
  subsequently	
  an	
  

S-­‐shaped	
  body.	
  6	
  The	
  proximal	
  segment	
  of	
  the	
  S-­‐shape	
  body	
  will	
  form	
  the	
  distal	
  tubule	
  

and	
  fuse	
  to	
  the	
  neighboring	
  ureteric	
  bud,	
  which	
  will	
  differentiate	
  into	
  collecting	
  ducts.	
  

Its	
  medial	
  segment	
  will	
  elongate	
  and	
  develop	
  into	
  the	
  loop	
  of	
  Henle	
  and	
  the	
  proximal	
  

tubules.	
  Moreover,	
   its	
   distal	
   segment	
  will	
   give	
   rise	
   to	
   the	
   podocytes	
   and	
   Bowman’s	
  

capsule	
  of	
  the	
  mature	
  glomerulus.	
  7	
  During	
  this	
  process,	
  the	
  lower	
  cleft	
  of	
  the	
  S	
  shape	
  

body	
  is	
  invaded	
  by	
  endothelial	
  and	
  mesangial	
  precursors	
  from	
  the	
  loose	
  mesenchyme,	
  

which	
   eventually	
   form	
   glomerular	
   capillaries	
   and	
   the	
   mesangium.	
   In	
   humans,	
  

nephrogenesis	
   is	
   completed	
   about	
   34-­‐35	
   weeks	
   of	
   gestation.	
   	
   In	
   mice	
   and	
   rats,	
   it	
  

continues	
  after	
  birth	
  for	
  about	
  3-­‐7	
  days,	
  respectively.6	
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Figure 1.2. Nephrogenesis. Modified from reference8 and 9. 
2.	
  Vascular	
  development	
  of	
  the	
  kidney	
  

2.1	
  Anatomy	
  of	
  the	
  kidney	
  vasculature	
  

The	
   kidneys	
   are	
   highly	
   vascularized	
   organs	
   that	
   filter	
   approximately	
   25%	
   of	
   the	
  

volume	
  of	
   the	
   blood	
   that	
   is	
   pumped	
  by	
   the	
   heart	
   daily.	
   The	
   kidney	
   vasculature	
   is	
  

composed	
   of	
   arteries,	
   veins,	
   arterioles,	
   capillaries	
   and	
   lymphatic	
   vessels.	
   Blood	
  

enters	
  the	
  kidney	
  through	
  renal	
  arteries	
  and	
  passes	
  through	
  the	
  segmental	
  arteries,	
  

interlobar	
  arteries,	
  arcuate	
  arteries	
  and	
  interlobular	
  arteries,	
  which	
  further	
  branch	
  

to	
   afferent	
   arterioles	
   that	
   connect	
   to	
   the	
   glomerular	
   capillaries.	
   After	
   entering	
  

glomeruli,	
  where	
  blood	
   is	
   filtered	
  and	
  cleared	
  of	
  waste	
  products,	
   the	
  blood	
  drains	
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into	
   the	
   efferent	
   arterioles	
   and	
   enters	
   the	
   peritubular	
   capillaries	
   and	
   vasa	
   recta,	
  

which	
   surround	
   the	
   renal	
   tubules	
   allowing	
   reabsorption	
   of	
   electrolytes	
   and	
  

nutrients	
  back	
   to	
   the	
  blood.	
  Then	
  the	
  blood	
  drains	
   into	
   interlobular	
  veins,	
  arcuate	
  

veins,	
  and	
  interlobar	
  veins,	
  respectively,	
  and	
  leaves	
  the	
  kidney	
  through	
  renal	
  veins.	
  5	
  

(Figure	
  1.3)	
  

	
  
Figure	
  1.3.	
  The	
   structure	
  of	
   the	
  mammalian	
  kidney	
  vasculature.	
  The	
  diagram	
  
on	
  the	
  left	
  shows	
  an	
  overview	
  of	
  the	
  major	
  kidney	
  vessels.	
  The	
  small	
  vessels	
  of	
  the	
  
nephron	
  are	
  shown	
  on	
  the	
  right	
  dashed	
  square.	
  Modified	
  from	
  10.	
  

Lymphatics	
   are	
   structurally	
   and	
   functionally	
   specialized	
   vessels	
   responsible	
   for	
  

maintaining	
  interstitial	
  fluid	
  homeostasis,	
  immune	
  cell	
  trafficking,	
  and	
  absorption	
  of	
  

dietary	
  lipids.	
  11	
  The	
  structure	
  of	
  the	
  renal	
  lymphatic	
  vasculature	
  has	
  been	
  described	
  

in	
  humans	
  and	
  various	
  animal	
  models	
   .	
  12,	
  13	
   In	
   the	
  adult	
  kidney,	
   lymphatic	
  vessels	
  

are	
  mainly	
  distributed	
  around	
  the	
  arcuate	
  arteries	
  and	
   interlobular	
  arteries	
   in	
   the	
  

cortex.	
  A	
  subset	
  of	
   lymphatic	
  vessels	
  was	
   found	
  within	
   the	
  renal	
  capsule	
  and	
  sub-­‐

capsular	
   cortex	
   area.	
   (Figure	
   1.4)	
  5	
   The	
   blind-­‐ended	
   lymphatic	
   capillaries	
   take	
   up	
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excess	
  interstitial	
  fluid	
  ,	
  proteins	
  and	
  white	
  blood	
  cells	
  and	
  transport	
  them	
  through	
  

the	
   larger	
   collecting	
   lymphatic	
   vessels	
   to	
   the	
   veins.	
   In	
   a	
   healthy	
   adult	
   human,	
   the	
  

lymphatics	
  drain	
  daily	
  about	
  8L	
  of	
   interstitial	
   fluid	
  containing	
  20-­‐30g/L	
  of	
  protein	
  

back	
   to	
   the	
   blood	
   circulation.	
   RW.ERROR	
   -­‐	
   Unable	
   to	
   find	
   reference:142	
   Defects	
   in	
   lymphatic	
  

development	
   result	
   in	
   accumulated	
   interstitial	
   fluid	
   that	
   causes	
   edema	
   and	
  

abnormal	
  immune	
  responses.	
  5	
  	
  

	
  
Figure 1.4. Diagram of kidney lymphatic vasculature. From reference 5 
2.2	
  Development	
  and	
  embryonic	
  origin	
  of	
  renal	
  blood	
  vessels	
  

Renal	
  blood	
  vessels	
  are	
  composed	
  of	
  two	
  major	
  layers:	
  endothelial	
  cells	
  (ECs),	
  forming	
  

the	
  inner	
  layer	
  of	
  the	
  vessels,	
  and	
  mural	
  cells,	
   including	
  smooth	
  muscle	
  cells	
  (SMCs),	
  

renin	
  cells	
  (specialized	
  SMCs	
  that	
  locate	
  in	
  the	
  juxta-­‐glomerular	
  region	
  of	
  the	
  afferent	
  

arterioles	
  and	
  express	
  renin)	
  and	
  pericytes.	
  The	
  renal	
  arteries,	
  arterioles	
  and	
  veins	
  are	
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wrapped	
  by	
  SMCs	
  whereas	
  the	
  renal	
  capillaries	
  are	
  wrapped	
  by	
  the	
  pericytes.	
  (Figure	
  

1.5)	
   Two	
   distinct	
   processes	
   are	
   involved	
   during	
   renal	
   vascular	
   formation:	
  

vasculogenesis	
   and	
   angiogenesis.	
   	
   9,	
   14	
   Vasculogenesis	
   is	
   defined	
   as	
   de	
   novo	
  

differentiation	
  and	
  assembly	
  of	
  endothelial	
  tubes	
  followed	
  by	
  recruitment	
  of	
  SMCs	
  that	
  

differentiate	
   from	
   local	
   mesenchymal	
   precursors.	
   Angiogenesis	
   is	
   the	
   generation	
   of	
  

new	
   vessels	
   from	
   pre-­‐existing	
   ones	
   by	
   proliferation,	
   migration	
   and	
   sprouting	
   of	
  

endothelium	
  and	
  recruitment	
  of	
  SMCs.	
  Studies	
  using	
  chimeric	
  mice	
  and	
  inter-­‐species	
  

surgical	
  grafts	
  of	
  embryonic	
  kidneys	
  showed	
  that	
  the	
  renal	
  vasculature	
  was	
  generated	
  

by	
  a	
  combination	
  of	
  vasculogenesis	
  and	
  angiogenesis.	
  9	
  In	
  the	
  mouse	
  kidney,	
  the	
  first	
  

arterioles	
  are	
  formed	
  about	
  15	
  days	
  of	
  gestation	
  (E15).	
  For	
  about	
  10	
  days	
  after	
  birth,	
  

the	
  branching	
  and	
  elongation	
  of	
  arterioles	
  reach	
   to	
  a	
  peak	
  and	
  significantly	
   increase	
  

the	
  complexity	
  and	
  surface	
  area	
  of	
   the	
  renal	
  arterial	
   tree.	
  9	
  Note	
   that	
  each	
   tip	
  of	
   the	
  

branch	
   needs	
   to	
   connect	
   to	
   a	
   glomerulus	
   to	
   form	
   a	
   functional	
   nephron.	
   Therefore,	
  

spatial	
   and	
   temporal	
   control	
   of	
   the	
   differentiation,	
   migration	
   and	
   assembly	
   of	
   the	
  

vascular	
   cells	
   are	
   required	
   for	
   the	
   synchronized	
   development	
   of	
   arterioles	
   with	
  

nephrons.	
  However,	
  there	
  is	
  currently	
  very	
  limited	
  information	
  regarding	
  the	
  crucial	
  

events	
  that	
  govern	
  the	
  morphogenesis	
  of	
  the	
  renal	
  arterial	
  tree.	
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Figure 1.5. Cellular composition of kidney vasculature.  

Studies	
  performed	
  by	
  cross-­‐transplantation	
  of	
  mouse	
  pre-­‐vascular	
  embryonic	
  kidneys	
  

under	
   the	
   kidney	
   capsule	
   of	
   a	
   host	
  mouse	
   suggested	
   that	
   the	
   progenitors	
   of	
   all	
   the	
  

vascular	
   cells	
  were	
   present	
   in	
   the	
  metanephric	
  mesenchyme	
  before	
   the	
   vasculature	
  

forms.	
  15	
  Recently,	
  our	
   laboratory	
   identified	
   the	
  earliest	
  metanephric	
  progenitor	
  cell.	
  

This	
  progenitor	
  expresses	
  the	
  winged-­‐forkhead	
  transcription	
  factor1	
  (Foxd1)	
  that	
  give	
  

rise	
  to	
  all	
  the	
  mural	
  cells	
  of	
  the	
  renal	
  blood	
  vessels	
  and	
  the	
  glomerular	
  mesangium.	
  	
  16	
  

Deletion	
  of	
  Foxd1	
   and	
  ablation	
  of	
  Foxd1+	
   precursors	
  using	
  diphtheria	
   toxin	
  A	
   led	
   to	
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abnormal	
  renal	
  vascular	
  development,	
  as	
  exemplified	
  by	
  the	
  abnormal	
  orientation	
  of	
  

the	
  renal	
  arterial	
  tree,	
  multiple	
  branches	
  of	
  the	
  renal	
  arteries,	
  delayed	
  nephrogenesis	
  

and	
  glomerular	
  aneurysms.	
  16,	
  17	
  

Despite	
   the	
  discovery	
  of	
   the	
  mural	
   cell	
  precursors,	
   little	
   is	
  known	
  about	
   the	
  cellular	
  

origin	
  of	
  the	
  renal	
  ECs.	
  Interestingly,	
  kidney	
  vascular	
  development	
   initiates	
  around	
  

E12.5,	
  before	
   it	
   connects	
   to	
   the	
  systemic	
  circulation.	
  Blood	
  cells	
  budding	
   from	
  the	
  

endothelium	
  of	
   developing	
   renal	
   vessels	
  were	
   found	
   in	
   cultured	
  E12.5	
   embryonic	
  

kidneys	
  18,	
  suggesting	
  that	
  the	
  developing	
  kidney	
  may	
  generate	
  its	
  own	
  vessels	
  and	
  

blood	
   cells	
   during	
   early	
   development.	
   In	
   this	
   dissertation,	
   I	
   identified	
   a	
   group	
   of	
  

precursors	
  that	
  intrinsically	
  give	
  rise	
  to	
  both	
  vascular	
  endothelium	
  and	
  blood	
  cells	
  in	
  

the	
  early	
  embryonic	
  kidney.	
  Deletion	
  of	
  a	
  regulatory	
  molecule	
  in	
  these	
  precursors	
  and	
  

ablation	
   of	
   them	
   in	
   mice	
   lead	
   to	
   abnormal	
   renal	
   vascular	
   development.	
   Detailed	
  

studies	
  will	
  be	
  discussed	
  in	
  Chapter	
  2.	
  

2.3	
  Development	
  and	
  embryonic	
  origin	
  of	
  kidney	
  lymphatic	
  vessels	
  

Unlike	
   the	
   blood	
   vessels,	
   lymphatic	
   capillaries	
   are	
   composed	
   of	
   a	
   thin	
   and	
   highly	
  

permeable	
   layer	
   of	
   lymphatic	
   endothelium	
   (LEC)	
   that	
   shows	
   distinct	
  morphology	
  

and	
   gene	
   expression.	
   5,	
   11	
   Until	
   the	
   last	
   decade,	
   little	
   was	
   known	
   about	
   the	
  

development	
  of	
   this	
   system	
  due	
   to	
   lack	
  of	
   specific	
  LEC	
  markers.	
  Using	
  cell	
   culture	
  

and	
  microarray	
  analysis,	
   a	
   set	
  of	
   functional	
  marker	
  genes	
  were	
   identified,	
   such	
  as	
  

lymphatic	
   vessel	
   endothelial	
   hyaluronan	
   receptor	
   1	
   (LYVE-­‐1),	
   vascular	
   growth	
  

factor	
   receptor	
   3	
   (VEGF-­‐3),	
   podoplanin	
   and	
   prospero-­‐related	
   homeobox	
   gene	
   1	
  

(Prox-­‐1).	
  5,	
  11,	
  19	
   The	
   histochemical	
  methods	
   using	
   these	
  markers	
   have	
   remarkably	
  



	
   18	
  

advanced	
  the	
  knowledge	
  of	
  lymphatic	
  development	
  during	
  normal	
  and	
  pathological	
  

states.	
  Notably,	
  none	
  of	
  these	
  markers	
  is	
  exclusively	
  expressed	
  in	
  LECs.	
  For	
  example,	
  

LYVE-­‐1	
  is	
  also	
  expressed	
  in	
  blood	
  vascular	
  ECs	
  during	
  early	
  development.	
  20	
  	
  

To	
   date,	
   the	
   cellular	
   origin	
   of	
   LECs	
   is	
   still	
   controversial.	
   A	
   hundred	
   years	
   ago,	
  

Florence	
  Sabin	
  proposed	
  that	
  the	
  lymphatic	
  system	
  originate	
  from	
  the	
  veins,	
  which	
  

has	
  been	
  further	
  validated	
  later	
  by	
  lineage	
  tracing	
  studies	
  using	
  LECs	
  markers.	
  	
  21,	
  22	
  

The	
   formation	
   of	
   lymphatic	
   vessels	
   from	
   veins	
   is	
   termed	
   lymphangiogenesis.	
   In	
  

contrast,	
  identification	
  of	
  lymphatic	
  precursors	
  in	
  both	
  embryonic	
  and	
  postnatal	
  life	
  

during	
   the	
   last	
   ten	
   years	
   raised	
   a	
   contradicting	
   theory	
   stating	
   that	
   LECs	
   originate	
  

independently	
  from	
  lymphangioblasts	
  derived	
  from	
  mesenchyme,	
  and	
  then	
  connect	
  

to	
   the	
   veins.	
  23	
   Immunostaining	
   for	
   LYVE-­‐1	
   and	
   Prox1	
   in	
  mouse	
   embryos	
   showed	
  

that	
   the	
   first	
   lymphatic	
   vessels	
   started	
   to	
   develop	
   in	
   the	
   renal	
   hilum	
   of	
   the	
   E13	
  

kidney	
  and	
  that	
  the	
  renal	
  lymphatic	
  vessels	
  may	
  form	
  by	
  branching	
  from	
  extra-­‐renal	
  

lymphatics.	
  13	
  

2.4	
  Regulation	
  of	
  kidney	
  vascular	
  development	
  

The	
  major	
  signaling	
  pathways	
  controlling	
  vascular	
  development	
  and	
  stability	
  have	
  

been	
  extensively	
  reviewed.	
  5,	
  9	
  In	
  this	
  section,	
  the	
  details	
  of	
  several	
  factors	
  that	
  may	
  

connect	
   to	
   this	
   dissertation	
   study,	
   including	
   vascular	
   endothelial	
   growth	
   factor	
  

(VEGF),	
  angiopoietins,	
  platelet-­‐derived	
  growth	
  factor	
  (PDGF),	
  transforming	
  growth	
  

factor	
  beta	
  (TGF-­‐β),	
  hypoxia	
  and	
  hemodynamic	
   forces	
  are	
  summarized	
  below.	
  The	
  

S1P	
  signaling	
  pathway	
  will	
  be	
  discussed	
  in	
  more	
  detail	
  in	
  section	
  4.	
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The	
   VEGFs	
   are	
   a	
   family	
   of	
   heparin-­‐binding	
   growth	
   factors	
   consisting	
   of	
   five	
  

members:	
   VEGF-­‐A	
   to	
   -­‐D	
   and	
   placental	
   growth	
   factor.	
   They	
   bind	
   to	
   three	
   main	
  

receptor	
   tyrosine	
   kinases,	
   VEGFR-­‐1/Flt-­‐1,	
   VEGFR-­‐2/Flk-­‐1	
   and	
   VEGFR-­‐3/Flt4	
   and	
  

co-­‐receptors,	
   such	
   as	
   neuropilins.	
   VEGF-­‐A	
   is	
   the	
   core	
   regulator	
   of	
   differentiation,	
  

proliferation,	
  survival	
  and	
  permeability	
  of	
  the	
  vascular	
  ECs	
  during	
  development	
  and	
  

adult	
   life.	
   Even	
   knockout	
   of	
   one	
   allele	
   of	
   VEGF-­‐A	
   in	
   mice	
   is	
   lethal.	
   Alternative	
  

splicing	
  produces	
  several	
  soluble	
  and	
  matrix-­‐bound	
  VEGF-­‐A	
  isoforms	
  that	
  function	
  

distinctively	
  during	
  angiogenesis.	
   	
  24-­‐26	
  In	
  the	
  kidney,	
  VEGF-­‐A	
  is	
  highly	
  expressed	
  in	
  

podocytes,	
   starting	
   in	
   the	
   S-­‐shaped	
   body,	
  whereas	
  weak	
   expression	
  was	
   found	
   in	
  

distal	
  tubules.	
  26,	
  27	
  VEGFR-­‐2/Flk-­‐1,	
  expressed	
  in	
  progenitors	
  of	
  ECs	
  responds	
  to	
  the	
  

dose	
  gradient	
  of	
  VEGF-­‐A	
  produced	
  by	
  podocytes	
  and	
  guides	
  formation	
  of	
  glomerular	
  

capillary	
   loops.	
   Over	
   expression	
   or	
   deletion	
   of	
   VEGF-­‐A	
   in	
   podocytes	
   leads	
   to	
  

glomerular	
   developmental	
   defects.	
   26	
   VEGF-­‐C,	
   binding	
   to	
   VEGFR-­‐2	
   and	
   VEGFR-­‐3,	
  

regulates	
   blood	
   vascular	
   formation	
   during	
   early	
   embryogenesis	
   and	
   later	
  

lymphangiogenesis.	
  5,	
  24	
  	
  

Angiopoietin	
   and	
   Tie	
   signaling	
   system	
   consists	
   of	
   four	
   secreted	
   glycoproteins,	
  

angiopoietin1-­‐4	
  (Ang-­‐1-­‐4),	
  and	
  two	
  endothelial	
  tyrosine	
  receptor	
  kinases,	
  Tie-­‐1	
  and	
  

Tie-­‐2.	
  	
  25,	
  28	
  Ang-­‐1	
  expression	
  is	
  widely	
  distributed	
  in	
  the	
  metanephric	
  mesenchyme,	
  

tubules	
  and	
  podocytes,	
  whereas	
  Ang-­‐2	
  expression	
  is	
  transient	
  in	
  SMCs,	
  mesangium	
  

and	
  tubules	
  close	
  to	
  adult	
  vasa	
  recta.	
  Gene	
  knockout	
  studies	
  in	
  mice	
  showed	
  that	
  the	
  

Ang-­‐1	
  induced	
  Tie-­‐2	
  signaling,	
  which	
  is	
  suppressed	
  by	
  Ang-­‐2	
  and	
  Tie-­‐1	
  is	
  crucial	
  for	
  

recruitment	
   of	
   mural	
   cells	
   and	
   renal	
   endothelial	
   differentiation	
   and	
   survival.	
  

Furthermore,	
  the	
  Angiopoietin	
  signaling	
  is	
  regulated	
  by	
  VEGF-­‐A	
  and	
  integrin.	
  28	
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The	
  PDGF	
  system	
  consists	
  of	
  four	
  isoforms	
  (PDGF-­‐A	
  to	
  -­‐D)	
  and	
  two	
  receptor	
  chains,	
  

PDGFR-­‐α	
   and	
   PDGFR-­‐β.	
   PDGF-­‐A	
   and	
   PDGF-­‐B	
   are	
   released	
   as	
   homodimers	
   or	
  

heterodimers	
   (AA,	
   AB	
   and	
   BB),	
   whereas	
   PDGF-­‐C	
   and	
   PDGF–D	
   only	
   form	
  

homodimers.	
  5,	
  29	
  During	
  kidney	
  development,	
  PDGF-­‐B	
  expressed	
  by	
  ECs	
  reacts	
  with	
  

PDGFR-­‐β	
  in	
  mural	
  cells	
  and	
  mesangium,	
  regulating	
  vascular	
  coating	
  and	
  glomerular	
  

development,	
   respectively.	
   Loss	
   of	
   PDGF-­‐B	
   or	
   PDGFR-­‐β	
   leads	
   to	
   vascular	
   leakage	
  

and	
  glomerular	
  aneurysms.	
  29	
  

The	
  TGF-­‐β	
  superfamily	
  is	
  another	
  essential	
  regulator	
  during	
  vascular	
  development.	
  

The	
  TGF-­‐βs	
  and	
  their	
  receptors	
  are	
  expressed	
  in	
  ECs	
  and	
  mural	
  cells,	
  controlling	
  the	
  

interplay	
  between	
  both	
  cells	
  types.	
  The	
  canonical	
  signaling	
  cascade	
  is	
  composed	
  of	
  

ligand	
  TGF-­‐β	
   (TGFB-­‐1	
   to	
   -­‐3),	
   type	
   I	
   and	
   type	
   II	
   serine/threonine	
  kinase	
   receptors	
  

and	
   intracellular	
   Smad	
   transcription	
   factors.	
   During	
   vascular	
   development,	
  mural	
  

cells	
  proliferate	
  and	
  differentiate	
  in	
  response	
  to	
  TGF-­‐β	
  signaling	
  and	
  are	
  recruited	
  to	
  

the	
  nascent	
  endothelial	
  vessels	
  by	
  PDGF-­‐B.5,	
  30	
  

During	
  embryogenesis,	
  when	
  passive	
  diffusion	
  no	
  longer	
  provides	
  sufficient	
  O2	
  and	
  

nutrients	
  to	
  cells,	
  hypoxia	
  induces	
  expression	
  of	
  heterodimeric	
  transcription	
  factor	
  

hypoxia	
   inducible	
   factors	
   (HIFs).	
   The	
   HIFs	
   (HIF-­‐1α,	
   HIF-­‐2α	
   and	
   HIF-­‐1β)	
   activate	
  

many	
  genes	
  involved	
  in	
  vascular	
  development,	
  cellular	
  survival,	
  erythropoiesis	
  and	
  

metabolism,	
  including	
  VEGF	
  and	
  PDGF-­‐B.	
  Mice	
  lacking	
  HIFs	
  die	
  in	
  utero	
  as	
  a	
  result	
  of	
  

vascular	
   defects,	
  which	
   can	
   be	
   rescued	
   by	
   adding	
   VEGF	
   in	
   vitro.	
   	
  31	
   Histochemical	
  

studies	
  and	
  in	
  vitro	
  kidney	
  culture	
  under	
  hypoxic	
  conditions	
  suggested	
  that	
  HIF-­‐1α,	
  

HIF-­‐2α	
   and	
   HIF-­‐1β	
   induced	
   by	
   hypoxia	
   were	
   highly	
   expressed	
   in	
   podocytes	
   and	
  

microvascular	
  ECs,	
  co-­‐localized	
  with	
  VEGF	
  expression.32	
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Hemodynamic	
  forces	
  generated	
  by	
  blood	
  flow	
  were	
  first	
  identified	
  as	
  a	
  regulator	
  of	
  

vascular	
  development	
  in	
  the	
  yolk	
  sac.	
  33	
  In	
  vitro	
  analysis	
  of	
  cultured	
  ECs	
  showed	
  that	
  

shear	
  stress	
  generated	
  by	
  steady	
  laminar	
  flow	
  activated	
  a	
  mechanosensory	
  complex,	
  

comprised	
   of	
   Flk-­‐1,	
   vascular	
   endothelial	
   cell	
   cadherin	
   (VE-­‐cadherin)	
   and	
   platelet	
  

endothelial	
   cell	
   adhesion	
   molecule	
   1	
   (PECAM-­‐1),	
   which	
   changed	
   the	
   morphology	
  

and	
  polarity	
  of	
   the	
  ECs	
   to	
  align	
  parallel	
   to	
   the	
  direction	
  of	
   flow.	
  34	
  However,	
   these	
  

molecules	
   were	
   thought	
   to	
   regulate	
   adult	
   vessels.	
   35	
   In	
   vivo	
   studies	
   using	
   gene	
  

deficient	
  mice	
  suggested	
  that	
  different	
  mechanosensitive	
  components	
  are	
   involved	
  

during	
   embryonic	
   vascular	
   development,	
   including	
   several	
   G-­‐protein	
   coupled	
  

receptors,	
  nitric	
  oxide	
  release	
  molecules	
  and	
  calcium	
  channels	
  that	
  are	
  controlled	
  by	
  

primary	
  cilia	
  of	
  ECs.	
  	
  34,	
  35	
  	
  

3.	
  Hematopoietic	
  progenitors	
  and	
  vascular	
  development	
  

3.1	
  Hemo-­‐vascular	
  precursors	
  and	
  hemo-­‐vasculogenesis	
  

About	
   a	
   century	
   ago,	
   based	
   on	
   Florence	
   Sabin’s	
   observations	
   in	
   cultured	
   chick	
  

blastoderms,	
   Murray	
   proposed	
   the	
   concept	
   of	
   the	
   hemangioblast.	
   22,	
   36	
  

Hemangioblasts	
   were	
   defined	
   as	
   mesodermal	
   progenitor	
   cells	
   giving	
   rise	
   to	
   both	
  

ECs	
  and	
  blood	
  cells,	
  which	
  were	
  initially	
  called	
  angioblasts	
  (progenitors	
  of	
  ECs)	
  by	
  

Sabin.	
   22	
   This	
   hypothesis	
   is	
   now	
   commonly	
   accepted	
   and	
   supported	
   by	
   in	
   vitro	
  

studies	
   in	
  human	
  and	
  mouse	
  ES	
  cell	
  cultures	
  and	
   in	
  vivo	
  studies	
   in	
  multiple	
  model	
  

organisms.	
  Genetic	
  analysis	
  on	
  ES	
  cells	
  and	
  zebra	
  fish	
  embryos	
  suggest	
  that	
  several	
  

genes	
   are	
   essential	
   for	
   the	
   fate	
   specification	
   of	
   hemangioblasts	
   from	
   Brachyury+	
  



	
   22	
  

mesoderm,	
   including	
  Flk1,	
   stem	
  cell	
   leukemia	
   (SCL),	
   and	
  Runt-­‐related	
   transcription	
  

factor	
  1	
  (Runx1),	
  which	
  have	
  been	
  nicely	
  reviewed.37	
  

During	
  mouse	
  embryogenesis,	
   hematopoiesis	
   (generation	
  of	
  blood	
   cells)	
  occurs	
   in	
  

multiple	
   sites.	
   Two	
   major	
   distinct	
   waves	
   have	
   been	
   described.	
   The	
   first	
  

hematopoietic	
   wave	
   (primitive	
   hematopoiesis)	
   takes	
   place	
   in	
   the	
   yolk	
   sac	
   at	
  

embryonic	
  day	
  7.5	
   (E7.5),	
  where	
  nucleated	
  erythroblasts	
   and	
  megakaryocytes	
   are	
  

generated.	
   These	
   progenitors	
   enter	
   the	
   circulation	
   at	
   E8.5	
   and	
   home	
   to	
   the	
   fetal	
  

liver	
   as	
   it	
   starts	
   to	
   form.	
   	
   38	
   Definitive	
   hematopoiesis	
   is	
   established	
   within	
   the	
  

embryo	
   proper	
   in	
   the	
   para-­‐aortic	
   splanchnopleura	
   (P-­‐Sp)/aorta-­‐gonad-­‐

mesonephros	
  (AGM)	
  region	
  at	
  E9.5	
  and	
  generates	
  hematopoietic	
  stem	
  cells	
  (HSCs)	
  

with	
  a	
  long-­‐term	
  repopulating	
  activity,	
  which	
  give	
  rise	
  to	
  all	
  hematopoietic	
  lineages.	
  	
  

39	
  Recently,	
  hematopoiesis	
  has	
  been	
  discovered	
   in	
   the	
  mouse	
  embryonic	
  head	
  and	
  

heart,	
   expanding	
   the	
   areas	
  with	
   hemogenic	
   potential	
   in	
   the	
   embryo.	
   	
  40-­‐42	
   Studies	
  

using	
   chick-­‐quail	
   chimera	
   assays	
   demonstrated	
   that	
   the	
   splanchnopleuric	
  

mesoderm-­‐derived	
  ECs	
  in	
  the	
  ventral	
  aorta	
  give	
  rise	
  to	
  HSCs,	
  and	
  they	
  were	
  named	
  

hemogenic	
  endothelium	
  (hemogenic	
  EC).	
  These	
  progenitors	
  were	
  later	
  identified	
  in	
  

the	
   yolk	
   sac,	
   dorsal	
   aorta,	
   fetal	
   liver	
   and	
   fetal	
   bone	
   marrow	
   of	
   mice	
   and	
   human	
  

embryos.	
  37	
  The	
  lineage	
  relationship	
  between	
  hemangioblast	
  and	
  hemogenic	
  ECs	
  is	
  

unknown	
  due	
  to	
  lack	
  of	
  specific	
  markers.	
  	
  

3.2	
  SCL	
  and	
  hemo-­‐vascular	
  precursors	
  

The	
  helix-­‐loop-­‐helix	
  (bHLH)	
  transcription	
  factor	
  stem	
  cell	
  leukemia	
  (SCL/Tal1),	
  one	
  

of	
   the	
   first	
   markers	
   identified	
   in	
   hemangioblasts,	
   is	
   essential	
   for	
   specification	
   of	
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hemangioblasts	
   and	
   their	
   differentiation	
   to	
   hemogenic	
   ECs	
   and	
   all	
   hematopoietic	
  

lineages.	
  43-­‐46	
  Two	
  distinct	
  elements	
  within	
  the	
  SCL	
  locus	
  guide	
  its	
  expression	
  to	
  the	
  

endothelial	
   and	
   hematopoietic	
   compartments,	
   respectively.	
   An	
   SCL	
   5’	
   endothelial	
  

enhancer	
  directs	
  SCL	
  expression	
  in	
  the	
  endothelium,	
  whereas	
  an	
  SCL	
  3’	
  enhancer	
  is	
  

responsible	
  for	
  SCL	
  expression	
  in	
  early	
  hematopoietic	
  progenitors.	
   	
  44	
  SCL	
  null	
  mice	
  

develop	
  anemia	
  and	
  die	
  by	
  E9.5	
  to	
  E10.5.	
  47,	
  48	
  In	
  embryonic	
  kidneys	
  of	
  human	
  and	
  

mouse,	
   SCL+	
   cells	
   were	
   identified	
   in	
   the	
   developing	
   mesenchyme	
   and	
   vascular	
  

endothelium.	
   	
   49	
   Similarly,	
   using	
   an	
   SCL-­‐LacZ	
   mice	
   with	
   a	
   LacZ	
   reporter	
   gene	
  

knocked	
  into	
  the	
  SCL	
  locus,	
  another	
  group	
  showed	
  that	
  SCL	
  expression	
  is	
  detected	
  in	
  

the	
  endocardium	
  as	
  early	
  as	
  E8.5.	
  50	
  The	
  fate	
  of	
  SCL+	
  cells	
  in	
  the	
  embryonic	
  kidney	
  

and	
  heart	
  has	
  not	
  been	
  explored	
  previously.	
  	
  

4.	
  S1P	
  signaling	
  pathway	
  and	
  vascular	
  development	
  

Sphingosine	
  1-­‐phosphate	
  (S1P)	
  is	
  a	
  bioactive	
  sphingolipid	
  crucial	
  in	
  many	
  biological	
  

processes,	
   including	
  angiogenesis.	
   	
  51	
   It	
  activates	
  a	
   family	
  of	
   five	
  G-­‐protein	
  coupled	
  

receptors	
   (S1P1-­‐S1P5).	
   The	
   variety	
   of	
   responses	
   mediated	
   by	
   S1P	
   receptors	
  

depends	
  on	
  the	
  type	
  of	
  receptor	
  and	
  its	
  coupled	
  downstream	
  effectors	
  expressed	
  in	
  

a	
   given	
   cell.	
   	
  52	
  The	
  S1P1	
   receptor	
   is	
  highly	
   expressed	
   in	
  precursors	
  of	
   the	
  kidney	
  

arterioles.	
  Generation	
  of	
  mice	
  with	
  LacZ	
  knockin	
   into	
   the	
  S1P1	
   locus	
   showed	
   that	
  

the	
  receptor	
   is	
  not	
  only	
  expressed	
  in	
  ECs	
  but	
  also	
   in	
  vascular	
  SMCs.	
   	
  52	
   It	
  has	
  been	
  

reported	
  that	
  S1P1	
  functions	
  autonomously	
  in	
  ECs	
  since	
  the	
  phenotype	
  observed	
  in	
  

S1P1fl/fl;Tie2	
  Cre	
  mice	
  mimics	
  the	
  one	
  of	
  the	
  S1P1	
  null	
  mice.	
  	
  53	
  S1P1	
  null	
  mice	
  seem	
  

to	
   develop	
   normally	
   until	
   E11.5,	
   but	
   at	
   E12.5-­‐E13.5,	
   the	
   embryos	
   develop	
   severe	
  

edema	
   and	
   hemorrhages	
   and	
   die	
   in	
   utero	
   by	
   E14.5,	
   possibly	
   due	
   to	
   the	
   failure	
   of	
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migration	
  and/or	
  differentiation	
  of	
  vascular	
  SMCs	
  and	
  pericytes,	
  demonstrating	
  the	
  

critical	
  role	
  of	
  S1P1	
  in	
  vascular	
  maturation.	
  54	
  Recent	
  studies	
  show	
  that	
  S1P1	
  inhibits	
  

sprouting	
  angiogenesis	
  of	
  retinal	
  vessels	
  in	
  mice	
  by	
  regulating	
  interactions	
  between	
  

VE-­‐Cadherin	
  and	
  VEGFR2	
  during	
  vascular	
  development.	
   	
  55,	
  56	
  Other	
  studies	
  showed	
  

that	
   hemodynamic	
   forces	
   and	
   circulating	
   S1P	
   generated	
   by	
   erythrocytes	
   activate	
  

S1P1,	
   respectively,	
   to	
  stabilize	
  blood	
  vessels	
  during	
  development.	
  57,	
  58	
  Because	
   the	
  

aforementioned	
  knockout	
  mice	
  die	
  before	
  the	
  kidney	
  develops	
  its	
  own	
  vasculature,	
  

the	
  role	
  of	
  S1P1	
  in	
  renal	
  vascular	
  development	
  is	
  unknown.	
  	
  

In	
  the	
  heart,	
  S1P1,	
  S1P2	
  and	
  S1P3	
  are	
  widely	
  expressed	
  in	
  all	
  cardiac	
  cell	
  types	
  and	
  

are	
   involved	
   in	
   contractility,	
   hypertrophy	
   and	
   cardioprotection.	
   	
   59	
   S1P1	
   is	
  

predominantly	
   expressed	
   in	
   both	
   cardiomyocytes	
   and	
   ECs.	
   During	
   mouse	
  

embryogenesis,	
  S1P1	
  expression	
  was	
  first	
  identified	
  in	
  the	
  E8.5-­‐E9.5	
  heart	
  and	
  later	
  

in	
   the	
   developing	
   vascular	
   system.	
   	
   60	
   Previous	
   studies	
   using	
   the	
   S1P1	
   specific	
  

agonist	
   SEW2871	
   showed	
   that	
   the	
   S1P1	
   receptor	
   couples	
   exclusively	
   to	
   the	
   Gi	
  

protein	
   to	
   inhibit	
   cAMP	
  and	
   antagonize	
   cardiomyocytes	
   contractility.	
   	
  61	
  However,	
  

the	
  role	
  of	
  S1P1	
  in	
  cardiac	
  ECs	
  during	
  heart	
  development	
  is	
  unknown.	
  

5.	
  Vascular	
  development	
  and	
  kidney	
  diseases	
  

Kidney	
  diseases	
  can	
  be	
  divided	
  into	
  two	
  major	
  categories:	
  acute	
  kidney	
  injury	
  (AKI)	
  

and	
  chronic	
  kidney	
  disease	
  (CKD).	
  AKI	
  is	
  a	
  rapid	
  loss	
  of	
  kidney	
  function	
  within	
  days,	
  

which	
  could	
  be	
  caused	
  by	
  renal	
  ischemia	
  and	
  reperfusion	
  injury	
  (IRI),	
  inflammation,	
  

urinary	
   tract	
   obstruction	
   and	
  exposure	
   to	
  harmful	
   substances.	
  On	
   the	
  other	
  hand,	
  

CKD	
   is	
   a	
   gradual	
   loss	
   of	
   kidney	
   function	
   over	
   time.	
   The	
  main	
   causes	
   of	
   CKD	
   are	
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diabetes,	
   hypertension,	
   glomerulonephritis	
   (inflammation	
   and	
   damage	
   of	
  

glomeruli),	
  malformation	
   and	
   inheritable	
   polycystic	
   kidney	
   disease.	
   Both	
   AKI	
   and	
  

CKD,	
  especially	
  at	
  the	
  end-­‐stages,	
  have	
  shown	
  an	
  alarming	
  increase	
  for	
  the	
  past	
  30	
  

years	
   in	
   the	
   US	
   and	
   worldwide.	
   	
   62,	
   63	
   Many	
   kidney	
   diseases	
   have	
   primary	
   or	
  

secondary	
   vascular	
   lesions,	
   which	
   can	
   be	
   accelerated	
   by	
   risk	
   factors,	
   such	
   as	
  

hypertension,	
  diabetes	
  and	
  obesity.	
  	
  63	
  	
  

Generation	
  of	
  new	
  vessels	
  in	
  the	
  kidney	
  is	
  not	
  confined	
  to	
  embryonic	
  development	
  

but	
   is	
  also	
  a	
  mechanism	
  activated	
  in	
  response	
  to	
  disease.	
  63	
  To	
  compensate	
  for	
  the	
  

renal	
  vascular	
   rarefaction	
   that	
   results	
   from	
  diseases	
  and	
  consequent	
   loss	
  of	
  blood	
  

flow	
   and	
   oxygen,	
   neovascularization	
   is	
   triggered,	
   resulting	
   in	
   a	
   formation	
   of	
   new	
  

capillaries	
   from	
  preexisting	
  vessels	
  or	
   recruitment	
  of	
  endothelial	
  progenitors	
  cells	
  

(EPCs).	
  Transplantation	
  studies	
  have	
  shown	
  that	
  EPCs	
  from	
  bone	
  marrow	
  improved	
  

the	
   vascular	
   regeneration	
   in	
   injured	
   and	
   ischemic	
   kidneys	
   and	
   other	
   tissues.	
   In	
  

addition,	
  the	
  presence	
  of	
  stromal	
  progenitor	
  cells	
  within	
  the	
  kidney	
  capsule,	
  cortex	
  

and	
  papilla,	
  which	
  migrate	
  to	
  the	
  sites	
  of	
  renal	
  injury,	
  has	
  been	
  demonstrated.	
  64	
  The	
  

functions	
  of	
  the	
  intrarenal	
  and	
  extrarenal	
  progenitor	
  cells	
  during	
  tissue	
  repair	
  and	
  

regeneration	
  remain	
  to	
  be	
  studied.	
  	
  	
  

However,	
   studies	
   in	
   CKD	
  models	
   suggested	
   that	
   the	
   newly	
   formed	
   vessels	
   might	
  

display	
   abnormal	
   architecture	
   and/or	
   impaired	
   function,	
   which	
   may	
   exacerbate	
  

disease	
   progression.	
   63,	
   65,	
   66	
   Therefore,	
   factors	
   controlling	
   remodeling	
   and	
  

stabilization	
   of	
   a	
   new	
  vascular	
   network	
  during	
  disease	
   is	
   critical	
   for	
   the	
   repair	
   of	
  

kidney	
  damage.	
  A	
  recent	
  study	
  showed	
  that	
  S1P1	
  expressed	
   in	
  ECs	
  had	
  protective	
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roles	
   against	
   IRI	
   by	
   regulating	
   EC	
   barrier	
   integrity	
   and	
   endothelial	
   HSP27	
  

expression.	
  	
  67	
  	
  

Thus,	
   defining	
   the	
   mechanisms	
   that	
   regulate	
   differentiation	
   and	
   assembly	
   of	
  

vascular	
   progenitor	
   cells	
   could	
   lead	
   to	
   the	
   discovery	
   of	
   new	
   treatments	
   for	
  

congenital	
  and	
  acquired	
  vascular	
  diseases	
  including	
  those	
  related	
  to	
  the	
  kidney	
  and	
  

the	
  systemic	
  circulation.	
  

6.	
  Beyond	
  the	
  kidney:	
  hemo-­‐vascular	
  development	
  of	
  the	
  heart	
  

CKD	
  is	
  closely	
  associated	
  with	
  cardiovascular	
  diseases	
  (CVD).	
  According	
  to	
  a	
  report	
  

from	
  the	
  American	
  Heart	
  Association,	
  CVD	
  is	
  the	
  leading	
  cause	
  of	
  death	
  in	
  patients	
  

with	
   end-­‐stage	
   CKD	
   and	
   those	
   treated	
   with	
   hemodialysis	
   and	
   transplantation.	
   In	
  

turn,	
   patients	
   with	
   heart	
   diseases	
   have	
   an	
   elevated	
   risk	
   of	
   developing	
   CKD.	
   The	
  

frequent	
  co-­‐existence	
  of	
  CKD	
  and	
  CVD	
  may	
  be	
  caused	
  by	
  common	
  risk	
  factors,	
  such	
  

as	
  hypertension,	
  diabetes,	
  obesity	
  and	
  aging.	
  	
  68	
  The	
  regulatory	
  networks	
  controlling	
  

co-­‐development	
   of	
   both	
   diseases	
   are	
   not	
   fully	
   understood.	
   Similar	
   to	
   kidney	
  

diseases,	
   many	
   genes	
   involved	
   in	
   cardiovascular	
   development	
   are	
   re-­‐expressed	
  

during	
   CVD,	
   which	
   contributes	
   to	
   the	
   progression	
   of	
   heart	
   failure.	
   69	
   Hence,	
  

elucidating	
   the	
   common	
   mechanism	
   underlining	
   vascular	
   development	
   in	
   both	
  

organs	
  may	
  open	
  the	
  window	
  for	
  new	
  treatment	
  of	
  kidney	
  and	
  heart	
  diseases.	
  

6.1	
  Morphogenesis	
  of	
  the	
  heart	
  	
  

The	
   heart	
   is	
   one	
   of	
   the	
   first	
   organs	
   to	
   develop	
   and	
   function	
   during	
   mammalian	
  

development.	
  The	
  human	
  heart	
  develops	
  on	
  day	
  18-­‐19	
  post-­‐fertilization,	
  which	
   in	
  

mice	
   is	
   equivalent	
   to	
   embryonic	
   day	
   7.5	
   (E7.5).	
   Taking	
   the	
  mouse	
   as	
   an	
   example,	
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morphogenesis	
  of	
  the	
  heart	
  begins	
  with	
  a	
  flat	
  sheet	
  of	
  mesodermal	
  heart	
  progenitor	
  

cells,	
  called	
  cardiac	
  crescent,	
  lining	
  across	
  the	
  midline	
  and	
  lateral	
  to	
  the	
  neural	
  plate.	
  

By	
  E8.5,	
   the	
  cardiac	
  crescent	
   fuses	
  at	
   the	
  midline	
  to	
   form	
  the	
  primary	
   linear	
  heart	
  

tube	
  and	
  starts	
  to	
  beat.	
   In	
  the	
  mean	
  time,	
  a	
  population	
  of	
  second	
  heart	
   field	
  (SHF)	
  

progenitor	
  cells	
  appear	
  close	
  to	
  the	
  anterior	
  and	
  dorsal	
  area	
  of	
  the	
  heart	
  tube,	
  which	
  

later	
  migrate	
  to	
  the	
  heart	
  tube	
  and	
  contribute	
  to	
  its	
  elongation	
  and	
  right	
  looping	
  at	
  

E9.5.	
   The	
   looping	
   process	
   forms	
   primitive	
   ventricles,	
   atria	
   and	
   the	
   outflow	
   tract.	
  

From	
   E10.5	
   to	
   E15,	
   the	
   heart	
   forms	
   four	
   well-­‐defined	
   chambers,	
   followed	
   by	
  

formation	
  of	
  the	
  valves	
  and	
  septum.	
  70(Figure	
  1.6)	
  

	
  
Figure	
  1.6.	
  Development	
  of	
  the	
  mouse	
  heart.	
  71	
  FHF:	
  first	
  heart	
  field	
  (in	
  red);	
  SHF:	
  
second	
  heart	
  field	
  (in	
  blue);	
  HT:	
  heart	
  tube;	
  OFT:	
  out-­‐flow	
  tract;	
  RV:	
  right	
  ventricle;	
  
LV:	
   left	
  ventricle;	
  RA:	
  right	
  atria;	
  LA:	
   left	
  atria;	
  S:	
  septum;	
  TV:	
   tricuspid	
  valve;	
  MV:	
  
mitral	
  valve.	
  

6.2	
  Embryonic	
  origin	
  and	
  regulation	
  of	
  heart	
  cells	
  

The	
   cellular	
   constituents	
   of	
   the	
   adult	
   heart	
   include	
   ECs,	
   cardiomyocytes,	
   smooth	
  

muscle	
  cells	
  (SMC)	
  and	
  cardiac	
  fibroblasts.	
  The	
  endothelium	
  forms	
  the	
  endocardium	
  

(the	
  inner	
  lining	
  of	
  the	
  heart	
  chambers),	
  the	
  inner	
  layer	
  of	
  the	
  coronary	
  vessels	
  and	
  

the	
   inner	
   lining	
   of	
   cardiac	
   valves.	
   Cardiomyocytes	
   are	
   the	
   contractile	
  muscle	
   cells	
  

forming	
  the	
  myocardial	
  wall	
  of	
  the	
  heart	
  chambers.	
  SMCs	
  contribute	
  to	
  the	
  coronary	
  

vessels	
   and	
   inflow	
   aorta	
   and	
   outflow	
   aorta.	
   At	
   last,	
   cardiac	
   fibroblasts	
   are	
  widely	
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distributed	
   connective	
   tissue	
   cells	
   that	
   are	
   intimately	
   associated	
   with	
   ECs	
   and	
  

cardiomyocytes.	
  	
  72	
  Lineage	
  tracing	
  studies	
  in	
  chick	
  and	
  mice	
  demonstrated	
  that	
  two	
  

genetically	
   distinct	
   populations	
   of	
   multipotent	
   progenitors	
   give	
   rise	
   to	
   the	
   heart	
  

cells.	
  69	
  The	
   first	
  heart	
   field	
   (FHF)	
  progenitors	
   located	
   in	
   the	
   cardiac	
   crescent	
  give	
  

rise	
   to	
   endocardium	
  and	
   contractile	
  myocardium	
  of	
   the	
  primary	
   linear	
  heart	
   tube	
  

and	
  later	
  contribute	
  to	
  the	
  left	
  ventricle	
  and	
  part	
  of	
  both	
  atria.	
  During	
  looping	
  of	
  the	
  

heart	
  tube,	
  the	
  multi-­‐potent	
  SHF	
  progenitors	
  marked	
  by	
  the	
  Isl1	
  expression,	
  migrate	
  

to	
   the	
   heart	
   tube	
   and	
   later	
   differentiate	
   to	
   ECs,	
   SMCs	
   and	
   cardiomyocytes	
   of	
   the	
  

right	
   ventricle,	
   part	
   of	
   both	
   atria	
   and	
   the	
   outflow	
   tract.	
   	
  73	
   Based	
   on	
  mutant	
  mice	
  

studies,	
  many	
  transcription	
  factors	
  were	
  identified	
  during	
  morphogenesis	
  of	
  heart.	
  

The	
   major	
   regulatory	
   genes	
   expressed	
   in	
   FHF	
   and	
   SHF	
   progenitors	
   are	
   listed	
   in	
  

Table	
  1.	
   	
  74,	
  75	
  Due	
  to	
  the	
  heterogeneous	
  origin	
  of	
  the	
  heart	
  cells	
  and	
  lack	
  of	
  specific	
  

cell	
   type	
  markers,	
  our	
  understanding	
  of	
   the	
  precise	
  regulation	
  of	
  cell	
   fate	
  decision	
  

during	
  heart	
  development	
  has	
  been	
  hampered.	
  A	
  recent	
  work	
  identified	
  the	
  lineage-­‐

committed	
   cardiomyoblasts	
  marked	
   and	
   regulated	
   by	
   the	
   HOP	
   homeobox	
   (Hopx)	
  

gene.	
  Specification	
  of	
  the	
  cardiac	
  endothelium	
  remains	
  largely	
  unknown.	
  76,	
  77	
  	
  

6.3	
  Evidences	
  of	
  hematopoiesis	
  in	
  the	
  embryonic	
  heart	
  

Since	
   the	
   1980s,	
   several	
   groups	
   have	
   reported	
   hematopoiesis	
   in	
   the	
   mammalian	
  

fetal	
   heart.	
   First,	
   “blood	
   islands”	
   (primitive	
   erythroblasts	
   surrounded	
   by	
   ECs),	
  

presumably	
  developing	
  coronary	
  vessels,	
  were	
   identified	
   in	
   the	
  apical	
   incisures	
  of	
  

human	
   embryonic	
   hearts.	
   78	
   Further,	
   immunohistochemistry	
   in	
   mouse	
   embryonic	
  

hearts	
  showed	
  similar	
  structures	
  in	
  the	
  sub-­‐epicardium	
  and	
  endothelium	
  of	
  outflow	
  

tract	
   cushions	
   in	
   the	
   E11-­‐14	
   mouse	
   heart.	
   	
   42	
   Interestingly,	
   another	
   group	
   has	
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demonstrated	
   the	
   existence	
   of	
   hemogenic	
   endocardium	
   in	
   early	
   E8-­‐E9.5	
   mouse	
  

hearts,	
   which	
   expresses	
   and	
   requires	
   Nkx2.5	
   and	
   Isl1	
   for	
   their	
   differentiation.	
  

Together,	
  these	
  data	
  suggest	
  a	
  transient	
  hemogenic	
  function	
  of	
  the	
  early	
  embryonic	
  

heart.	
   However,	
   the	
   embryonic	
   origin	
   and	
   function	
   of	
   these	
   cardiac	
   hemogenic	
  

progenitors	
   and	
   their	
   lineage	
   relationship	
  with	
  known	
  cardiac	
   cells	
   remains	
   to	
  be	
  

investigated.	
  

In	
   summary,	
   identifying	
   the	
   early	
   vascular	
   progenitors	
   in	
   the	
   kidney	
   and	
  

cardiovascular	
   system	
   and	
   understanding	
   the	
   molecular	
   mechanisms	
   underlying	
  

their	
  differentiation	
   and	
  assembly	
  may	
  provide	
   fundamental	
  new	
  knowledge	
  with	
  

potential	
   benefit	
   for	
   children	
   and	
   adults	
   affected	
   by	
   congenital	
   and	
   acquired	
  

diseases	
  of	
  the	
  kidneys,	
  heart	
  and	
  blood	
  vessels.	
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Table 1.1 The major regulatory genes expressed in FHF and SHF 
progenitors. 74, 75 

Gene	
  
FHF	
  

expressio
n	
  

SHF	
  
expressio

n	
  
Functions	
  in	
  heart	
  development	
   Referenc

e	
  

Nkx2.
5	
   Yes	
   Yes	
  

Regulating	
  myocardial	
  
differentiation;	
  Restricting	
  
progenitor	
  proliferation	
  

79,	
  80	
  

GATA
4	
   Yes	
   Yes	
   Regulating	
  the	
  onset	
  of	
  cardiac	
  

differentiation	
  
81	
  

Hand1	
   Yes	
   No	
   Regulating	
  formation	
  of	
  the	
  left	
  
ventricle	
  

82	
  

Hand2	
   Yes	
   Yes	
   Regulating	
  formation	
  of	
  the	
  right	
  
ventricle	
  

83	
  

Tbx5	
   Yes	
   No	
  

Regulating	
  growth	
  and	
  
differentiation	
  of	
  progenitors	
  of	
  left	
  
ventricle	
  and	
  atria	
  by	
  controlling	
  
other	
  transcript	
  factors	
  like	
  GATA4.	
  

84	
  

Tbx1	
   Yes	
   Yes	
  
Regulating	
  proliferation	
  in	
  the	
  
second	
  heart	
  field	
  by	
  activating	
  
Fgf10	
  

85,	
  86	
  

Fgf8	
  	
   No	
   Yes	
   Regulating	
  proliferation	
  of	
  SHF	
  cells	
  
and	
  neural	
  crest	
  cells	
  

87,	
  88	
  

Mef2c	
   Yes	
   Yes	
   Required	
  for	
  SHF	
  development	
  to	
  the	
  
venous	
  and	
  arterial	
  pole	
  

89	
  

Tbx20	
   Yes	
   Yes	
  
Dose-­‐dependently	
  regulating	
  
development	
  of	
  both	
  FHF	
  and	
  SHF	
  
progenitors	
  

90	
  

Isl1	
   No	
   Yes	
  
Regulating	
  migration,	
  proliferation,	
  
survival	
  and	
  fate	
  specification	
  of	
  SHF	
  
progenitors	
  

73,	
  90	
  

Foxh1	
   No	
   Yes	
  
Essential	
  for	
  right	
  ventricle	
  
development	
  and	
  partially	
  required	
  
for	
  outflow	
  tract	
  development	
  

91	
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Chapter	
   2.	
   Hemo-­‐vascular	
   Progenitors	
   in	
   the	
   Kidney	
   Require	
   S1P1	
   for	
  

Vascular	
  Development	
  

Formatted	
  as	
  a	
  first-­‐authored	
  manuscript	
  and	
  published	
  as:	
  

Hemo-­‐vascular	
   progenitors	
   in	
   the	
   kidney	
   require	
   S1P1	
   for	
   vascular	
   development.	
  

Hu	
  Y,	
   Li	
  MH,	
  Göthert	
   JR,	
  Gomez	
  RA,	
   Sequeira-­‐Lopez	
  ML.	
   J.	
   Am.	
   Soc.	
  Nephrol	
   2015	
  

Nov	
  doi:	
  10.1681/ASN.2015060610	
  

1.	
  Abstract	
  

The	
   close	
   relationship	
   between	
   endothelial	
   and	
   hematopoietic	
   precursors	
   during	
  

early	
  development	
  of	
  the	
  vascular	
  system	
  suggested	
  the	
  possibility	
  of	
  a	
  common,	
  yet	
  

elusive	
   precursor,	
   for	
   both	
   cell	
   types.	
  Whether	
   similar	
   or	
   related	
   progenitors	
   for	
  

endothelial	
   and	
   hematopoietic	
   cells	
   are	
   present	
   during	
   organogenesis	
   is	
   unclear.	
  

Using	
  inducible	
  transgenic	
  mice	
  that	
  specifically	
  label	
  endothelial	
  and	
  hematopoietic	
  

precursors	
  we	
  performed	
  fate-­‐tracing	
  studies	
  combined	
  with	
  colony	
  forming	
  assays	
  

and	
   cross-­‐transplantation	
   studies.	
   We	
   identified	
   a	
   progenitor,	
   marked	
   by	
   the	
  

expression	
   of	
   the	
   helix-­‐loop-­‐helix	
   transcription	
   factor	
   stem	
   cell	
   leukemia	
  

(SCL/Tal1).	
   During	
   organogenesis	
   of	
   the	
   kidney,	
   SCL+	
   progenitors	
   give	
   rise	
   to	
  

endothelium	
   and	
   blood	
   precursors	
   with	
   multipotential	
   colony	
   forming	
   capacity,	
  

indicating	
   that	
   the	
  SCL+	
   cells	
   constitute	
   the	
   long	
  sought-­‐after	
  precursor	
   for	
  hemo-­‐

vasculogenesis,	
   the	
   concomitant	
   formation	
   of	
   blood	
   and	
   vessels.	
   Further,	
   these	
  

progenitors	
   require	
   Sphingosine	
   1-­‐phosphate	
   via	
   its	
   S1P1	
   G-­‐protein	
   coupled	
  

receptor	
   for	
   the	
   appropriate	
   morphogenesis	
   of	
   the	
   kidney	
   vasculature	
   including	
  

glomerular	
  capillary	
  development,	
  arterial	
  mural	
  cell	
  coating	
  and	
   lymphatic	
  vessel	
  

development.	
   Overall,	
   these	
   studies	
   show	
   that	
   SCL+	
   progenitors	
   with	
   hemogenic	
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capacity	
   originate	
   and	
   differentiate	
   within	
   the	
   early	
   embryonic	
   kidney	
   by	
   hemo-­‐

vasculogenesis,	
   and	
   underscore	
   the	
   importance	
   of	
   the	
   S1P	
   pathway	
   in	
   vascular	
  

development.	
  

2.	
  Introduction	
  

A	
  common	
  progenitor	
  for	
  blood	
  and	
  vessels,	
  the	
  hemangioblast,	
  was	
  proposed	
  about	
  

100	
   years	
   ago.	
   92	
   Recent	
   studies	
   provided	
   evidence	
   supporting	
   the	
   existence	
   of	
  

hemangioblasts	
  and	
  identified	
  transcription	
  factors	
  involved	
  in	
  their	
  differentiation.	
  

93-­‐97	
  However,	
  their	
  presence	
  and	
  contribution	
  in	
  vivo	
  to	
  the	
  development	
  of	
  blood	
  

and	
  vessels	
   is	
   still	
   controversial.	
  98	
  Further,	
   the	
   contribution	
  of	
   such	
  progenitor	
   to	
  

blood/blood	
  vessel	
  formation	
  during	
  early	
  organogenesis	
  remains	
  to	
  be	
  tested.	
  The	
  

helix-­‐loop-­‐helix	
   transcription	
   factor	
   stem	
   cell	
   leukemia	
   (SCL/Tal1)	
   not	
   only	
  

identifies	
  putative	
  hemangioblasts	
  but	
  also	
  is	
  essential	
  for	
  their	
  differentiation.	
  43,	
  44	
  

Within	
  the	
  SCL	
  locus,	
  a	
  5’	
  enhancer	
  directs	
  its	
  expression	
  to	
  the	
  endothelium	
  and	
  a	
  

3’	
  enhancer	
  guides	
  expression	
  to	
  early	
  hematopoietic	
  precursors.	
  44	
  Using	
  mice	
  with	
  

tamoxifen	
   inducible	
   cre	
   expression	
   driven	
   by	
   either	
   enhancer,	
   99,	
   100	
   we	
   designed	
  

experiments	
   to	
   trace	
   the	
   fate	
   of	
   SCL+	
   progenitors	
   and	
   define	
   their	
   role	
   in	
   hemo-­‐

vasculogenesis	
  in	
  the	
  embryonic	
  kidney.	
  

Interestingly,	
  kidney	
  vascular	
  development	
  initiates,	
  in	
  mice,	
  around	
  embryonic	
  day	
  

(E)12.5,	
  before	
   it	
  connects	
  to	
  the	
  systemic	
  circulation.	
  Based	
  on	
  embryonic	
  kidney	
  

cross-­‐transplantation	
  studies	
  and	
  single	
  cell	
  micro-­‐aspiration	
   followed	
  by	
  RT-­‐PCR,	
  

we	
  suggested	
  that	
  the	
  embryonic	
  kidney	
  possesses	
  all	
  the	
  necessary	
  precursors	
  for	
  

the	
   development	
   of	
   the	
   kidney	
   vasculature.	
   101	
   In	
   addition,	
   we	
   observed	
  

hematopoietic	
   cells	
   budding	
   from	
   the	
   endothelium	
   in	
   embryonic	
   mouse	
   kidneys	
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grown	
  in	
  culture,	
  18	
  suggesting	
  that	
  the	
  developing	
  kidney	
  generates	
  its	
  own	
  vessels	
  

and	
   blood	
   during	
   early	
   development.	
   Although	
  we	
   recently	
   identified	
   the	
   earliest	
  

precursor	
   for	
   the	
   mural	
   cell	
   of	
   the	
   kidney	
   arterioles	
   (i.e.	
   smooth	
   muscle	
   cells	
  

[SMCs]),	
  16,	
  17	
  the	
  origin	
  of	
  the	
  renal	
  endothelial	
  cells	
  (ECs)	
  is	
  still	
  not	
  clear.	
  

S1P	
   is	
   a	
   bioactive	
   sphingolipid	
   crucial	
   in	
   many	
   biological	
   processes,	
   including	
  

angiogenesis.51It	
  activates	
  a	
  family	
  of	
  five	
  G-­‐protein	
  coupled	
  receptors.	
  The	
  variety	
  

of	
   responses	
   mediated	
   by	
   S1P	
   receptors	
   depend	
   on	
   the	
   receptor	
   type	
   and	
   their	
  

coupled	
  downstream	
  effectors	
  expressed	
  in	
  a	
  given	
  cell.	
  The	
  S1P1	
  receptor	
  is	
  highly	
  

expressed	
  in	
  precursors	
  of	
  the	
  kidney	
  arterioles	
  and	
  later	
  in	
  ECs	
  and	
  vascular	
  SMCs.	
  

52	
   It	
   has	
   been	
   reported	
   that	
   S1P1	
   functions	
   autonomously	
   in	
   ECs	
   because	
   the	
  

phenotype	
  observed	
  in	
  S1P1fl/fl;Tie2Cre	
  mice	
  mimics	
  the	
  one	
  found	
  in	
  S1P1	
  knockout	
  

(S1P1KO)	
  mice.	
  53	
  S1P1KO	
  mice	
  seem	
  to	
  develop	
  normally	
  until	
  E11.5,	
  but	
  at	
  E12.5-­‐

E13.5	
   they	
   develop	
   severe	
   edema	
   and	
   hemorrhages	
   and	
   die	
   in	
   utero	
   by	
   E14.5,	
  

presumably	
   due	
   to	
   a	
   role	
   of	
   S1P1	
   in	
   vascular	
   maturation.	
   54	
   Because	
   the	
  

aforementioned	
  knockout	
  mice	
  die	
  before	
   the	
  kidney	
  develops	
   its	
  vasculature,	
   the	
  

role	
  of	
  S1P1	
  in	
  renal	
  vascular	
  development	
  is	
  unknown.	
  

We	
  therefore	
  designed	
  a	
  series	
  of	
  experiments	
  to	
  define	
  whether	
  1)	
  the	
  prevascular	
  

embryonic	
  kidney	
  possesses	
  hemo-­‐vascular	
  precursors,	
  2)	
  SCL+	
  precursors	
  give	
  rise	
  

to	
   vascular	
   endothelium	
   and	
   hematopoietic	
   progenitor	
   cells,	
   3)	
   hemo-­‐

vasculogenesis	
  occurs	
   in	
   the	
  embryonic	
  kidney	
  and	
  4)	
  S1P-­‐S1P1	
   signaling	
  controls	
  

the	
  development	
  of	
  the	
  kidney	
  vasculature.	
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3.	
  Results	
  

3.1	
  SCL+	
  Precursors	
  Give	
  Rise	
  to	
  Renal	
  Vascular	
  Endothelial	
  Cells	
  

To	
   label	
   the	
   EC-­‐SCL	
   and	
   HSC-­‐SCL	
   precursors	
   generated	
   during	
   definitive	
  

hematopoiesis	
  which	
  begins	
  around	
  E10.5	
  in	
  mice,	
  102	
  we	
  performed	
  daily	
  maternal	
  

tamoxifen	
   injections	
   from	
   E9.5	
   to	
   the	
   day	
   before	
   harvesting	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐

;R26LacZ/+	
  and	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  embryos.	
  As	
   shown	
   in	
  Figure	
  1,	
  EC-­‐SCL-­‐

Cre-­‐ERT+/-­‐;R26LacZ/+	
   embryos	
   β-­‐gal+	
   cells	
   from	
   the	
   EC-­‐SCL	
   lineage	
   were	
   widely	
  

spread	
  within	
   the	
  metanephric	
  mesenchyme	
   around	
   the	
   dividing	
   ureteric	
   bud	
   (at	
  

E12.5)	
   and	
   formed	
   nascent	
   vascular	
   endothelial	
   tubes	
   with	
   hemoglobin+	
   (Hb+)	
  

erythroblasts	
   in	
   their	
   lumen	
   (at	
   E13.5).	
   By	
   E15.5,	
   the	
   kidney	
   has	
   developed	
  

glomerular	
  and	
  peritubular	
  capillaries,	
  arterioles	
  with	
  SMC	
  coating	
  and	
  veins.	
  ECs	
  of	
  

all	
  types	
  of	
  blood	
  vessels	
  were	
  β-­‐gal+	
  in	
  kidneys	
  of	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
  

at	
   E15.5	
   and	
   E17.5,	
   suggesting	
   their	
   EC-­‐SCL	
   origin	
   (Figure	
   2.1A).	
   Interestingly,	
  

kidneys	
  from	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
  (at	
  E12.5	
  to	
  E17.5),	
  showed	
  a	
  small	
  

population	
  of	
  vascular	
  ECs	
  in	
  addition	
  to	
  the	
  expected	
  putative	
  blood	
  cells	
  derived	
  

from	
   the	
   HSC-­‐SCL	
   precursors	
   (Figure	
   2.2A).	
   Further,	
   co-­‐staining	
   by	
  

immunofluorescence	
  showed	
  that	
  EC-­‐SCL	
  and	
  HSC-­‐SCL	
   lineage	
  cells	
  expressed	
   the	
  

EC	
  marker	
   PECAM-­‐1	
   (CD31)	
   but	
   did	
   not	
   express	
   α-­‐smooth	
  muscle	
   actin	
   (α-­‐SMA),	
  

myosin	
   heavy	
   chain	
   (MHC)	
   or	
   the	
   lymphatic	
   endothelial	
   marker	
   LYVE-­‐1	
   (Figure	
  

2.1B,	
  Figure	
  2.2B),	
  suggesting	
  that	
  kidney	
  ECs	
  have	
  a	
  distinct	
  origin	
  from	
  the	
  mural	
  

cells	
  of	
   arteries	
  and	
  veins	
  and	
   from	
   the	
   lymphatic	
  endothelium.	
   In	
  addition	
   to	
   the	
  

early	
   metanephric	
   mesenchyme	
   and	
   typical	
   embryonic	
   hematopoietic	
   sites	
   (yolk	
  

sac,	
  aorta-­‐gonad-­‐mesonephros	
  and	
  fetal	
  liver),	
  HSC-­‐SCL	
  lineage	
  cells	
  were	
  observed	
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in	
   multiple	
   developing	
   organs	
   and	
   structures,	
   such	
   as	
   heart,	
   brain,	
   lung,	
   gut	
   and	
  

limbs	
  (not	
  shown).	
  

To	
   trace	
   the	
   fate	
   of	
   EC-­‐SCL	
   and	
   HSC-­‐SCL	
   precursors	
   generated	
   before	
   E9.5,	
   we	
  

injected	
  tamoxifen	
  at	
  E6.5	
  to	
  allow	
  the	
  Cre-­‐LacZ	
  expression	
  span	
  from	
  E6.5	
  to	
  E8.5,	
  

encompassing	
  the	
  period	
  of	
  yolk	
  sac	
  hematopoiesis	
  (E7.5).	
  In	
  E13.5	
  embryos,	
  β-­‐gal+	
  

cells	
   derived	
   from	
   both	
   precursors	
   were	
   present	
   in	
   the	
   kidney	
   (Figure	
   2.1,	
   C-­‐D).	
  

Similar	
   to	
   the	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
   injected	
  at	
  E9.5,	
   the	
   labeled	
  EC-­‐SCL	
  

derived	
   cells	
  were	
   positive	
   for	
   PECAM-­‐1	
   (Figure	
   2.1C).	
  However,	
   in	
   the	
   kidney	
   of	
  

HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice,	
   cells	
   co-­‐expressing	
   β-­‐gal	
   and	
   SCL	
   were	
   mainly	
  

distributed	
   in	
   the	
   undeveloped	
   mesenchyme	
   and	
   did	
   not	
   overlap	
   with	
   Flk1+	
  

endothelium	
  (Figure	
  2.1D).	
  It	
  is	
  possible	
  that	
  these	
  cells	
  are	
  from	
  early	
  progenitors	
  

before	
  the	
  commitment	
  to	
  the	
  EC	
  lineage.	
  	
  

3.2	
   SCL+	
   Hematopoietic	
   and	
   Hemogenic	
   Endothelial	
   Progenitors	
   In	
   the	
   Early	
  

Embryonic	
  Kidney	
  

To	
  investigate	
  in	
  vivo	
  the	
  presence	
  of	
  erythroid	
  progenitors	
  in	
  the	
  early	
  embryonic	
  

kidney,	
   we	
   crossed	
   ER-­‐GFP-­‐Cre	
   mice	
   (harboring	
   a	
   GFPcre	
   knockin	
   into	
   the	
  

erythropoietin	
  receptor	
  locus)	
  to	
  R26R-­‐LacZ	
  mice.	
  Figure	
  2	
  shows	
  that	
  in	
  the	
  E13.5	
  

kidney,	
   β-­‐gal+	
   erythroid	
   cells	
   are	
   also	
   positive	
   for	
   hemoglobin	
   (Hb),	
   Nanog	
   and	
  

hematopoietic	
  precursor	
  markers,	
  such	
  as	
  Runx1	
  and	
  SCL/Tal1	
  (Figure	
  2.3A).	
  At	
  this	
  

age,	
   the	
   kidney	
   is	
   undergoing	
   formation	
   of	
   nascent	
   endothelial	
   tubes.	
   Note	
   that	
  

Nanog	
   is	
   a	
   stem	
   cell	
   marker,	
   and	
   Hb	
   is	
   widely	
   expressed	
   in	
   the	
   hematopoietic	
  

lineage,	
  including	
  long	
  term	
  repopulating	
  HSCs,	
  suggesting	
  that	
  some	
  of	
  these	
  cells	
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within	
   the	
   embryonic	
   kidney	
  may	
   not	
   be	
   erythroblasts	
   but	
   earlier	
   hematopoietic	
  

precursors.	
  	
  

To	
   identify	
   multipotential	
   and	
   lineage-­‐committed	
   hematopoietic	
   precursors,	
   we	
  

performed	
  an	
  in	
  vitro	
  methylcellulose	
  based	
  colony	
  forming	
  cell	
  (CFC)	
  assay	
  using	
  

cells	
   from	
   E12.5	
   kidneys	
   and	
   livers	
   (as	
   controls)	
   of	
   ER-­‐GFP-­‐Cre+/-­‐;R26YFP/+	
  mice.	
  

During	
   culture,	
   the	
   progenitors	
   differentiated	
   into	
   different	
   types	
   of	
   colonies	
  

characterized	
   by	
   their	
   size,	
   morphology	
   and	
   cellular	
   composition.	
   The	
   results	
  

showed	
   that	
   cells	
   within	
   these	
   organs	
   formed	
   two	
   types	
   of	
   early	
   stage	
  

hematopoietic	
   colonies	
   (CFU-­‐GEMM:	
   containing	
   granulocytes,	
   erythrocytes,	
  

monocytes/macrophages	
   and	
   megakaryocytes	
   and	
   CFU-­‐GM:	
   containing	
  

granulocytes	
   and	
   macrophages).	
   The	
   YFP	
   reporter	
   was	
   found	
   homogeneously	
  

expressed	
  in	
  25%	
  of	
  the	
  CFU-­‐GEMM	
  derived	
  from	
  kidney	
  cells	
  (Figure	
  2.3B),	
  but	
  not	
  

in	
   the	
   CFU-­‐GM	
   colonies.	
   In	
   addition,	
   Nanog+,	
   Runx1+	
   and	
   SCL+	
   hematopoietic	
  

precursors	
   without	
   β-­‐gal	
   expression	
   were	
   also	
   found	
   either	
   in	
   the	
   metanephric	
  

mesenchyme	
  or	
   in	
  forming	
  renal	
  vessels	
  (Figure	
  2.3A).	
  These	
  results	
   indicated	
  the	
  

existence	
   of	
   at	
   least	
   two	
   different	
   early	
   hematopoietic	
   precursors	
   within	
   the	
  

embryonic	
  kidney.	
  

To	
   further	
   investigate	
   the	
   contribution	
   of	
   the	
  HSC-­‐SCL	
  precursors	
   to	
  multi-­‐potent	
  

hematopoietic	
   precursors	
   in	
   early	
   embryonic	
   kidney,	
   we	
   performed	
   CFC	
   assays	
  

using	
   kidney	
   and	
   liver	
   cells	
   from	
   E12.5	
   HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
   embryos	
  

treated	
  with	
  tamoxifen	
  from	
  E9.5	
  to	
  E11.5.	
  (Figure	
  2.3C)	
   	
  After	
  12	
  days	
   in	
  culture,	
  

CFU-­‐GEMM	
  and	
  CFU-­‐GM	
  formed	
  at	
  a	
  rate	
  of	
  30	
  colonies	
  per	
  105	
  kidney	
  cells	
  (Figure	
  

2.3D),	
  suggesting	
   that	
   the	
  developmental	
  stage	
  of	
  hematopoietic	
  precursor	
  cells	
   in	
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the	
   early	
   prevascular	
   kidney	
   spans	
   from	
   early	
   multipotent	
   to	
   later	
   myeloid	
  

precursors.	
  In	
  this	
  model,	
  GFP	
  reporter	
  expression	
  was	
  observed	
  in	
  approximately	
  

20%	
  of	
  the	
  colonies	
  from	
  the	
  kidney	
  and	
  liver	
  (Figure	
  2.3D).	
  Overall	
  this	
  experiment	
  

demonstrates	
   that	
   the	
   embryonic	
   kidney	
   possesses	
   multi-­‐potent	
   hematopoietic	
  

precursors	
  derived	
  from	
  HSC-­‐SCL+	
  cells.	
  

By	
  E13.5,	
  the	
  EC-­‐SCL	
  precursors	
  (labeled	
  at	
  E6.5	
  or	
  from	
  E9.5	
  to	
  E12.5)	
  gave	
  rise	
  to	
  

a	
   subset	
   of	
   blood-­‐like	
   cells	
   in	
   the	
   kidney	
   (Figure	
   2.4A).	
   Thus,	
   we	
   investigated	
  

whether	
  these	
  cells	
  were	
  hematopoietic	
  precursors.	
  Within	
  the	
  kidney,	
  cells	
  derived	
  

from	
  the	
  EC-­‐SCL	
  progenitors	
   labeled	
   from	
  E9.5	
  to	
  E12.5	
  showed	
  expression	
  of	
  Hb,	
  

SCL	
  and	
  Runx1	
  (Figure	
  2.3F).	
  When	
  the	
  progenitors	
  were	
  labeled	
  at	
  E6.5,	
  the	
  E13.5	
  

kidneys	
  showed	
  β-­‐gal+	
  cells	
  co-­‐expressing	
  SCL	
  and	
  ACE	
  (Figure	
  2.4B).	
  These	
  results	
  

suggest	
   that	
   the	
   EC-­‐SCL	
   progenitors	
   in	
   the	
   early	
   embryonic	
   kidney	
   generate	
  

hematopoietic	
  cells.	
  	
  

Next,	
   to	
   study	
   the	
   potency	
   of	
   the	
   hematopoietic	
   cells	
   derived	
   from	
   renal	
   EC-­‐SCL	
  

precursors,	
  we	
  performed	
  CFC	
  assays	
   from	
  kidneys	
  and	
   liver	
  of	
  E12.5	
  EC-­‐SCL-­‐Cre-­‐

ERT+/-­‐;R26mTmG/+	
  mice	
   treated	
  with	
   tamoxifen	
   (E9.5	
   to	
  E11.5).	
  We	
   found	
   that	
  CFU-­‐

GM	
  and	
  CFU-­‐GEMM	
  formed	
  at	
  a	
  rate	
  of	
  25.3	
  (±4)	
  colonies	
  per	
  105	
  kidney	
  cells	
  and	
  

15.4%	
  of	
  the	
  colonies	
  expressed	
  GFP	
  (Figure	
  2.4E).	
  

3.3	
  Hemo-­‐Vasculogenesis	
  In	
  the	
  Embryonic	
  Kidney	
  

While	
  the	
  aforementioned	
  data	
  indicates	
  the	
  existence	
  of	
  hematopoietic	
  precursors	
  

in	
  the	
  early	
  embryonic	
  kidney,	
  to	
  further	
  assess	
  whether	
  those	
  precursors	
  originate	
  

and	
   differentiate	
   in	
   situ,	
   we	
   used	
   an	
   in	
   vivo	
   cross-­‐transplantation	
   model,	
   which	
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allows	
   the	
   development	
   of	
   the	
   vasculature	
   in	
   the	
   embryonic	
   kidney.	
   Prevascular	
  

kidneys	
   from	
   E12.5	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
   and	
   their	
   Cre-­‐	
   siblings	
   were	
  

transplanted	
  under	
  the	
  kidney	
  capsule	
  of	
  adult	
  wild	
  type	
  hosts.	
  Then	
  the	
  hosts	
  were	
  

treated	
  with	
  tamoxifen	
  for	
  7	
  days	
  to	
  induce	
  Cre	
  expression	
  in	
  the	
  EC-­‐SCL	
  precursors	
  

present	
  at	
  E12.5	
  in	
  the	
  transplanted	
  embryonic	
  kidneys.	
  As	
  shown	
  in	
  Figure	
  2.5,	
  the	
  

transplanted	
  kidneys	
  developed	
  vessels	
  with	
  β-­‐gal+	
  ECs	
  and	
  vascular	
  SMCs	
  coating	
  

(Figure	
   2.5A).	
   Hematopoietic	
   cells	
   derived	
   from	
   EC-­‐SCL	
   precursors	
   were	
   also	
  

identified	
   in	
   the	
   vessels	
   of	
   the	
   transplanted	
   kidney	
   (Figure	
   2.5A),	
   confirming	
   that	
  

those	
   hematopoietic	
   precursors	
   originated	
   in	
   situ.	
   In	
   transplanted	
   kidneys	
   from	
  

E12.5	
   HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice,	
   HSC-­‐SCL	
   precursors	
   gave	
   rise	
   to	
   a	
   small	
  

population	
  of	
  renal	
  vascular	
  ECs	
  (Figure	
  2.5B).	
  The	
  transplanted	
  kidneys	
  from	
  Cre-­‐	
  

control	
  mice	
   of	
   both	
   strains	
   developed	
  mature	
   arterioles	
   and	
  nephrons	
   similar	
   to	
  

the	
  Cre+	
  ones	
  but,	
  as	
  expected,	
  lacked	
  β-­‐gal+	
  cells.	
  These	
  results	
  further	
  supported	
  

the	
   notion	
   that	
   the	
   embryonic	
   kidney	
   has	
   the	
   capability	
   to	
   establish	
   its	
   own	
  

vasculature	
  and	
  blood	
  cells	
  at	
  an	
  early	
  stage.	
  	
  

To	
   investigate	
   whether	
   intrinsic	
   renal	
   EC-­‐SCL	
   precursors	
   are	
   required	
   for	
   the	
  

development	
  of	
  the	
  kidney	
  vasculature,	
  we	
  designed	
  experiments	
  to	
  ablate	
  renal	
  EC-­‐

SCL	
   in	
   the	
   early	
   developing	
   kidney.	
   We	
   crossed	
   EC-­‐SCL-­‐Cre-­‐ERT	
   mice	
   with	
  

R26DTA/DTA	
  mice,	
  which	
  express	
  diphtheria	
  toxin	
  subunit	
  A	
  (DTA)	
  in	
  the	
  presence	
  of	
  

Cre	
   recombinase	
   resulting	
   in	
   specific	
   cell	
   ablation.	
   To	
   overcome	
   the	
   embryonic	
  

lethality	
   resulting	
   from	
   ablation	
   of	
   EC	
   we	
   took	
   advantage	
   of	
   the	
   cross-­‐

transplantation	
   technique	
   described	
   above.	
  We	
   transplanted	
  E12.5	
   kidneys	
   of	
  EC-­‐

SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+;	
   R26DTA/+	
   mice	
   (and	
   DTA	
   negative	
   controls)	
   under	
   the	
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kidney	
  capsule	
  of	
  adult	
  R26mTmG/mTmG	
  host	
  mice	
  (which	
  expresses	
  ubiquitously	
  cell	
  

membrane-­‐localized	
   red	
   fluorescence)	
   and	
   induced	
   DTA	
   expression	
   in	
   EC-­‐SCL	
  

precursors	
   after	
   transplantation.	
   In	
   the	
   DTA+	
   transplanted	
   kidneys,	
   there	
   were	
  

significantly	
   reduced	
   numbers	
   of	
   β-­‐gal+	
   ECs	
   (Figure	
   2.5C).	
   Measurement	
   of	
   area	
  

fraction	
  (%)	
  of	
  PECAM-­‐1+	
  cells	
   in	
   frozen	
  sections	
  of	
   transplanted	
  kidneys	
  showed	
  

that	
   the	
  EC	
  area	
   fraction	
  of	
  DTA+	
  kidneys	
  (1.8%)	
  was	
  reduced	
  when	
  compared	
   to	
  

controls	
  (3.98%)	
  (Figure	
  2.5D).	
  Importantly,	
  cells	
  from	
  the	
  host	
  (expressing	
  RFP)	
  do	
  

not	
  contribute	
  to	
  the	
  EC	
  endowment	
  in	
  either	
  control	
  or	
  DTA+	
  transplanted	
  kidneys	
  

(Figure	
   2.5D).	
   These	
   experiments	
   underscore	
   the	
   requirement	
   of	
   intrinsic	
   EC-­‐SCL	
  

precursors	
  within	
  the	
  early	
  embryonic	
  kidney	
  for	
  normal	
  organogenesis.	
  

3.4	
  Timed	
  Deletion	
  of	
  S1P1	
  In	
  Renal	
  EC	
  Precursors	
  Results	
  In	
  Abnormal	
  Renal	
  Vascular	
  

Development	
  

To	
  study	
  the	
  role	
  of	
  S1P1	
  in	
  the	
  development	
  of	
  the	
  kidney	
  vasculature,	
  we	
  induced	
  

the	
  deletion	
  of	
  S1P1	
   in	
   the	
  SCL+	
   ECs	
  at	
  E10.5	
   (just	
  before	
  nephrogenesis	
   starts	
   at	
  

E11.5)	
   and	
   at	
   E12.5.	
   The	
   iEC-­‐SCL-­‐S1P1KO	
   embryos	
   showed	
   severe	
   dorsal	
  

subcutaneous	
   edema,	
   hemorrhages	
   (Figure	
   2.6A),	
   bradycardia	
   and	
   died	
   around	
  

E14.5	
   to	
  E16.5.	
  To	
  confirm	
   the	
  deletion	
  of	
  S1P1	
   in	
  endothelial	
   cells	
  we	
  performed	
  

RT-­‐PCR	
  for	
  S1P1	
  in	
  sorted	
  SCL+	
  ECs	
  (GFP+)	
  from	
  E15.5	
  kidneys	
  of	
  iEC-­‐SCL-­‐S1P1KO-­‐

mTmG	
  and	
  heterozygous	
  Cre+	
  control	
  mice.	
  (Figure	
  2.7)	
  

Since	
  at	
  E15.5	
   the	
  kidney	
   starts	
   to	
   form	
  mature	
   renal	
   arteries	
   and	
  arterioles	
  with	
  

SMCs	
  and	
  pericytes	
  coating	
  the	
  EC	
  tubes,	
  we	
  first	
  characterized	
  the	
  kidneys	
  of	
  iEC-­‐

SCL-­‐S1P1KO	
  mice	
  and	
  their	
  Cre+	
  control	
  siblings	
  at	
  this	
  age.	
  X-­‐gal	
  staining	
  showed	
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striking	
   dilatation	
   of	
   intra-­‐renal	
   arteries	
   and	
   veins	
   in	
   kidneys	
   of	
   iEC-­‐SCL-­‐S1P1KO	
  

mice	
   (Figure	
   2.6B),	
   accompanied	
   by	
   a	
   marked	
   increase	
   in	
   the	
   number	
   of	
   cells	
  

derived	
  from	
  EC-­‐SCL	
  precursors	
  (Figure	
  2.6C).	
  Co-­‐immunofluorescence	
  staining	
  for	
  

PECAM-­‐1	
  and	
  phosphorylated	
  histone	
  H3	
  (pHH3)	
  showed	
  a	
  significant	
   increase	
  of	
  

EC	
  proliferation	
  in	
  intra-­‐renal	
  arteries,	
  veins	
  and	
  peritubular	
  capillaries	
  in	
  kidneys	
  

of	
   iEC-­‐SCL-­‐S1P1KO	
   mice	
   (Figure	
   2.6C).	
   No	
   difference	
   was	
   found	
   within	
   the	
  

glomerular	
  capillaries	
  (Figure	
  2.6C).	
  

At	
  E15.5,	
  mature	
  glomeruli	
  appear	
  in	
  the	
  deep	
  renal	
  cortex	
  of	
  both	
  iEC-­‐SCL-­‐S1P1KO	
  

mice	
  and	
  control	
  mice.	
  Capillary	
  shunts	
  (single	
  dilated	
  glomerular	
  capillary	
  lumens)	
  

were	
   present	
   within	
   the	
   glomeruli	
   of	
   iEC-­‐SCL-­‐S1P1KO	
   mice	
   (Figure	
   2.6D).	
   This	
  

phenotype	
  may	
  be	
  due	
  to	
  abnormal	
  development	
  of	
  mesangial	
  cells,	
  which	
  normally	
  

support	
   and	
   maintain	
   the	
   structure	
   of	
   the	
   glomerular	
   capillaries	
   as	
   clumps	
   of	
  

mesangial	
  cells	
  were	
  present	
  within	
  the	
  abnormal	
  glomeruli	
  (Figure	
  2.6D).	
  	
  

Unlike	
  previous	
  findings	
   in	
  the	
  aorta	
  of	
  S1P1fl/fl;Tie2-­‐Cre+/-­‐	
  mice	
   	
  and	
  S1P1KO	
  mice,	
  

immunostaining	
  for	
  α-­‐SMA	
  showed	
  that	
  SMCs	
  covered	
  the	
  whole	
  circumference	
  of	
  

arteries	
  and	
  arterioles	
  (Figure	
  2.6D).	
  However	
  their	
  orientation	
  was	
  disturbed	
  with	
  

α-­‐SMA+	
  cells	
  aligning	
  irregularly	
  outside	
  of	
  the	
  endothelial	
  tubes	
  (Figure	
  2.6D).	
  	
  

In	
  addition,	
  lymphatic	
  ECs	
  (LYVE-­‐1+)	
  were	
  absent	
  in	
  the	
  kidneys	
  of	
  iEC-­‐SCL-­‐S1P1KO	
  

mice	
  (Figure	
  2.6D).	
  Most	
  of	
  the	
  LYVE-­‐1+	
  cells	
  were	
  not	
  labeled	
  by	
  X-­‐gal	
  staining	
  in	
  

control	
  mice,	
  confirming	
  that	
  the	
  lymphatic	
  endothelium	
  originates	
  from	
  a	
  distinct	
  

progenitor	
  (Figure	
  2.6D).	
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3.5	
  The	
  Kidney	
  Vascular	
  Abnormalities	
  of	
  iEC-­‐SCL-­‐S1P1KO	
  Mice	
  Are	
  Intrinsic	
  And	
  Not	
  

Secondary	
  To	
  Extra-­‐Renal	
  Defects	
  

In	
  addition	
  to	
  the	
  kidney,	
  we	
  studied	
  abnormalities	
  in	
  other	
  major	
  organs	
  of	
  the	
  iEC-­‐

SCL-­‐S1P1KO	
  mice.	
  The	
  most	
  significant	
  abnormalities	
  were	
  found	
  in	
  the	
  heart.	
  The	
  

interventricular	
   septum	
   and	
   ventricular	
   myocardium	
   compact	
   layer,	
   especially	
   of	
  

the	
   left	
  ventricle,	
  of	
   iEC-­‐SCL-­‐S1P1KO	
  mice	
  were	
   thinner	
   than	
  those	
   in	
  control	
  mice	
  

(Figure	
  8,	
  A-­‐B).	
   Intra-­‐myocardial	
  vessels	
  of	
   the	
   iEC-­‐SCL-­‐S1P1KO	
  mice	
  were	
  dilated	
  

(Figure	
  8C).	
  	
  

To	
   elucidate	
   whether	
   the	
   phenotype	
   observed	
   in	
   the	
   iEC-­‐SCL-­‐S1P1KO	
   mice	
   was	
  

intrinsic	
   to	
   the	
   kidney	
   and	
   not	
   secondary	
   to	
   heart	
   failure	
   or	
   other	
   extra-­‐renal	
  

anomalies,	
  we	
   transplanted	
  E12.5	
   kidneys	
   of	
   iEC-­‐SCL-­‐S1P1KO	
   and	
   control	
   siblings	
  

under	
   the	
   kidney	
   capsule	
   of	
  wild	
   type	
   host	
  mice.	
  We	
   induced	
  Cre	
   expression	
   and	
  

subsequent	
   S1P1	
   deletion	
   with	
   simultaneous	
   reporter	
   expression	
   after	
  

transplantation.	
  iEC-­‐SCL-­‐S1P1KO	
  transplanted	
  kidneys	
  also	
  showed	
  EC	
  hyperplasia,	
  

dilated	
   intrarenal	
   arteries	
   and	
   veins	
   and	
   glomerular	
   capillary	
   shunts	
   (Figure	
   2.9),	
  

suggesting	
   that	
   the	
   abnormal	
   renal	
   vascular	
   development	
   was	
   not	
   secondary	
   to	
  

heart	
  failure	
  underscoring	
  the	
  intrinsic	
  role	
  of	
  endothelial	
  S1P1	
  in	
  kidney	
  vascular	
  

development.	
  	
  

3.6	
  Kidney	
  Vascular	
  Development	
  Ex	
  Vivo	
  Requires	
  S1P-­‐S1P1	
  Signaling	
  

Embryonic	
  kidneys	
  under	
  ex	
  vivo	
  culture	
   conditions	
  are	
  able	
   to	
  develop	
  a	
  normal	
  

tubular	
  epithelial	
  compartment	
  (i.e.	
  ureteric	
  bud	
  branches	
  and	
  glomerular	
  epithelial	
  

differentiation)	
   but	
   not	
   a	
   normal	
   vasculature.	
   To	
   test	
   whether	
   renal	
   vascular	
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development	
   is	
   regulated	
   by	
   the	
   S1P-­‐S1P1	
   signaling,	
   we	
   performed	
   embryonic	
  

kidney	
   cultures	
   exposed	
   to	
   synthetic	
   S1P	
   and	
   S1P1	
   inhibitor	
   VPC	
   (23019)	
  

treatment.	
   Four	
   groups	
   of	
   E12.5	
   kidneys	
  were	
   cultured	
   and	
   treated	
  with	
   vehicle,	
  

S1P,	
  S1P	
  and	
  VPC	
  and	
  VPC	
  alone,	
  respectively,	
  for	
  72	
  hours.	
  

Immunostaining	
   for	
   PECAM-­‐1,	
   as	
   expected,	
   showed	
   that	
   untreated	
   (vehicle)	
  

embryonic	
  kidneys	
  did	
  not	
  develop	
  an	
  organized	
  vasculature.	
   Similarly,	
   treatment	
  

with	
   VPC	
   alone	
   resulted	
   in	
   abnormal	
   disorganized	
   endothelium	
   of	
   intra-­‐renal	
  

vessels.	
  However,	
  the	
  kidneys	
  with	
  S1P	
  treatment	
  developed	
  a	
  normal	
  thin	
  layer	
  of	
  

ECs,	
   which	
  was	
   attenuated	
   by	
   adding	
   VPC	
   (Figure	
   2.10A	
   and	
   B).	
   All	
   the	
   cultured	
  

kidneys	
   lacked	
   small	
   vessels,	
   including	
   arterioles,	
   peritubular	
   capillaries	
   and	
  

glomerular	
  capillaries	
  (Figure	
  2.10A	
  and	
  B)	
  and	
  mesangial	
  cells	
  (Figure	
  2.10C).	
  

Moreover,	
  abundant	
  PDGFRβ+	
  cells,	
  presumably	
  SMC	
  precursors,	
  were	
  identified	
  in	
  

close	
  association	
  with	
  ECs	
   in	
  kidneys	
  of	
   the	
  4	
  groups	
  (Figure	
  2.10C).	
   	
  The	
  most	
  α-­‐

SMA+	
  cells	
  were	
   found	
  widely	
  distributed	
   in	
   the	
  kidneys	
  with	
  S1P	
   treatment	
   (not	
  

shown),	
   compared	
   to	
   the	
   few	
   ones	
   found	
   in	
   the	
   other	
   groups,	
   in	
  which	
   PDGFRβ+	
  

cells	
   do	
   not	
   acquire	
   the	
   α-­‐SMA	
  marker,	
   indicating	
   lack	
   of	
   maturation	
   of	
   the	
   SMC	
  

coating	
  of	
  the	
  vessels	
  in	
  culture.	
  

4.	
  Discussion	
  

In	
   this	
   study	
   we	
   show	
   that	
   the	
   early	
   embryonic	
   kidney	
   possesses	
   SCL+	
   hemo-­‐

vascular	
   precursors	
   that	
   contribute	
   to	
   the	
   intrinsic	
   generation	
   of	
   endothelium	
  

concomitant	
  with	
  blood	
  generation,	
  a	
  process	
  that	
  was	
  previously	
  defined	
  as	
  hemo-­‐

vasculogenesis.	
  18,	
  103,	
  104	
  We	
  found	
  that	
  within	
  the	
  kidneys,	
  SCL+	
  precursors	
  give	
  rise	
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to	
   hemogenic	
   ECs	
   of	
   renal	
   arteries,	
   veins,	
   arterioles,	
   peritubular	
   capillaries	
   and	
  

glomerular	
  capillaries.	
  Furthermore	
  we	
  show	
  that	
  S1P1	
  expressed	
   in	
  SCL+	
  derived	
  

ECs	
  controls	
  the	
  development	
  and	
  assembly	
  of	
  the	
  renal	
  vasculature	
  (Figure	
  2.11).	
  

Using	
  graft	
  studies	
  and	
  multiple	
  markers,	
  including	
  Flk1,	
  Flt1	
  and	
  Tie1,	
  other	
  groups	
  

have	
   identified	
   early	
  EC	
  precursors	
   for	
   the	
   glomerular	
  microvessels	
   in	
   the	
   rodent	
  

kidney.	
  15,	
  105,	
  106	
  Whereas	
  our	
  studies	
  suggest	
  that	
  SCL+	
  precursors	
  originate	
  locally	
  

in	
  the	
  kidney,	
  the	
  fact	
  that	
  we	
  found	
  cells	
  derived	
  from	
  the	
  SCL+	
  precursors	
  labeled	
  

at	
  either	
  E6.5	
  or	
  E9.5,	
  before	
  the	
  kidney	
  starts	
  to	
  form,	
  indicates	
  the	
  possibility	
  that	
  

precursors	
  from	
  the	
  yolk	
  sac	
  and	
  AGM	
  may	
  have	
  seeded	
  the	
  intermediate	
  mesoderm	
  

before	
   the	
   condensation	
   and	
   development	
   of	
   the	
   “avascular”	
   metanephric	
  

mesenchyme.	
  

Our	
   fate	
   tracing	
  studies	
   identified	
  SCL+	
  derived	
  hemogenic	
  ECs	
  and	
  hematopoietic	
  

precursors	
   in	
   E12.5	
   and	
   E13.5	
   kidneys	
   by	
   immunostaining,	
   CFC	
   assay	
   and	
   cross-­‐

transplantation	
   studies.	
   During	
   early	
   embryogenesis,	
   hematopoiesis	
  was	
   found	
   to	
  

occur	
  in	
  organs	
  other	
  than	
  the	
  yolk	
  sac	
  or	
  the	
  AGM	
  region.	
  A	
  recent	
  study	
  showed	
  

that	
   the	
  mouse	
   embryonic	
   head	
   also	
   functions	
   as	
   a	
   hemogenic	
   organ	
   to	
   a	
   similar	
  

extent	
  as	
  the	
  AGM	
  region,	
  which	
  suggests	
  broader	
  potential	
  hemogenic	
  areas	
  in	
  the	
  

mouse	
   embryo;	
   in	
   agreement	
   with	
   previous	
   studies	
   showing	
   that	
   hemo-­‐

vasculogenesis	
   also	
   occurs	
   in	
   the	
   head	
   mesenchyme	
   of	
   early	
   embryos.	
   18,	
   40	
   The	
  

kidney	
   is	
   a	
   major	
   hemogenic	
   organ	
   in	
   teleosts,	
   such	
   as	
   zebra	
   fish.	
   Our	
   results	
  

suggest	
   that	
   the	
  mouse	
  kidney	
  also	
   functions	
  as	
  a	
   temporary	
  hemogenic	
  organ	
  via	
  

hemo-­‐vasculogenesis	
   during	
   early	
   embryogenesis.	
   Although	
   we	
   did	
   not	
   identify	
  

SCL+	
  lineage	
  derived	
  blood	
  cells	
  in	
  the	
  embryonic	
  kidneys	
  at	
  later	
  stages	
  (E15.5	
  and	
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E17.5,	
  data	
  not	
  shown),	
  it	
  is	
  possible	
  that	
  they	
  directly	
  joined	
  the	
  blood	
  circulation	
  

at	
   earlier	
   stages	
   and	
   homed	
   to	
   the	
   classic	
   hematopoietic	
   sites	
   such	
   as	
   fetal	
   liver,	
  

spleen	
  and	
  bone	
  marrow.	
  In	
  fact	
  the	
  connection	
  between	
  the	
  embryonic	
  kidney	
  and	
  

peripheral	
  circulation	
  is	
  already	
  established	
  at	
  E15.5.	
  In	
  our	
  colony	
  forming	
  assays,	
  

not	
   all	
   colonies	
  were	
   labeled	
   by	
   reporter	
   expression.	
   The	
   unlabeled	
   colonies	
  may	
  

originate	
  from	
  earlier	
  hematopoietic	
  precursors	
  or	
  may	
  have	
  escaped	
  the	
  induction	
  

by	
  tamoxifen.	
  These	
  results	
  are	
  in	
  agreement	
  with	
  our	
  fate	
  tracing	
  studies	
  of	
  EC-­‐SCL	
  

and	
  HSC-­‐SCL	
  precursors	
  using	
  X-­‐gal	
  staining	
  and	
  immunostaining.	
  Interestingly,	
  we	
  

found	
   that	
   the	
   HSC-­‐SCL	
   precursors	
   give	
   rise	
   not	
   only	
   to	
   blood	
   cells	
   but	
   also	
   to	
   a	
  

small	
   population	
   of	
   ECs	
   within	
   the	
   embryonic	
   kidney	
   suggesting	
   the	
   early	
  

embryonic	
  presence	
  of	
  endothelial	
  heterogeneity	
  within	
  the	
  same	
  organ.	
  

The	
  temporary	
  hemogenic	
  function	
  of	
  the	
  embryonic	
  kidney	
  may	
  serve	
  as	
  a	
  smooth	
  

transition	
  before	
  the	
  establishment	
  of	
   the	
  connection	
  to	
  the	
  general	
  circulation,	
  as	
  

the	
  formation	
  of	
  a	
  local	
  vascular	
  system	
  also	
  requires	
  blood	
  to	
  generate	
  regulatory	
  

factors,	
  such	
  as	
  S1P.	
  A	
  recent	
  study	
  has	
  shown	
  that	
  deletion	
  of	
  red	
  blood	
  cell	
  specific	
  

sphingosine	
  kinases	
  1	
  and	
  2	
  (Sphk1	
  and	
  Sphk2)	
  in	
  mice	
  results	
  in	
  abnormal	
  vascular	
  

development,	
  which	
  can	
  be	
  rescued	
  by	
  treatment	
  with	
  an	
  S1P1	
  receptor	
  agonist.	
  58	
  

Thus	
   the	
  SCL+	
  hemogenic	
  precursors	
   in	
   the	
  embryonic	
  kidney	
  give	
   rise	
   to	
  a	
   small	
  

population	
  of	
  blood	
  cells,	
  which	
   in	
   turn	
  may	
   function	
  as	
   crucial	
   regulators	
   for	
   the	
  

concomitant	
  development	
  of	
  the	
  kidney	
  vasculature.	
  Interestingly,	
  the	
  development	
  

of	
  the	
  renal	
  vascular	
  tree	
  is	
  hindered	
  in	
  the	
  culture	
  system.	
  The	
  smaller	
  vessels	
  and	
  

glomerular	
  capillaries	
  in	
  the	
  nephrogenic	
  zone	
  are	
  missing	
  in	
  the	
  cultured	
  kidneys	
  

even	
  with	
  S1P	
  treatment,	
  suggesting	
  that	
  the	
  development	
  of	
  these	
  vessels	
  requires	
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other	
   factors,	
  such	
  as	
  blood	
   flow,	
  angiogenic	
   factor,	
  such	
  as	
  VEGF-­‐A	
  and	
  a	
  hypoxic	
  

micro-­‐environment.	
  	
  

Recent	
  studies	
  show	
  that	
  S1P1	
  inhibits	
  sprouting	
  angiogenesis	
  of	
  retinal	
  vessels	
  in	
  

mice	
  by	
   regulating	
   interactions	
  between	
  VE-­‐Cadherin	
   and	
  VEGFR2	
   during	
  vascular	
  

development.	
   55,	
   56	
   Our	
   study	
   indicates	
   that	
   S1P1	
   functions	
   as	
   an	
   inhibitor	
   of	
  

angiogenesis	
  in	
  a	
  cell	
  autonomous	
  manner	
  within	
  the	
  kidney.	
  E14.5-­‐E15.5	
  iEC-­‐SCL-­‐

S1P1KO	
  embryonic	
  kidneys	
  and	
  cross-­‐transplanted	
  kidneys	
  displayed	
  increased	
  EC	
  

proliferation	
   and	
   EC	
   hyperplasia.	
   In	
   culture,	
   the	
   embryonic	
   kidneys	
   treated	
   with	
  

VPC	
   and	
   S1P+VPC	
   developed	
   hyperplastic	
   ECs	
   of	
   intra-­‐renal	
   vessels,	
   whereas	
   in	
  

those	
   treated	
   with	
   S1P	
   the	
   EC	
   layer	
   was	
   thin.	
   Since	
   S1P	
   is	
   mainly	
   generated	
   by	
  

erythrocytes	
  and	
  ECs,	
  and	
  the	
  plasma	
  level	
  of	
  S1P	
  is	
  higher	
  than	
  that	
  in	
  the	
  tissue,	
  

lack	
   of	
   S1P	
   normally	
   supplied	
   by	
   the	
   circulating	
   blood	
   may	
   lead	
   to	
   the	
   EC	
  

hyperplasia	
  in	
  cultured	
  kidneys.	
  	
  

Whereas	
   there	
   was	
   not	
   a	
   significant	
   increase	
   of	
   proliferation	
   in	
   the	
   developing	
  

glomerular	
   capillaries	
  of	
   iEC-­‐SCL-­‐S1P1KO	
   kidneys,	
   they	
  developed	
   capillary	
   shunts	
  

with	
  abnormal	
  mesangial	
  cells,	
  suggesting	
  a	
  distinct	
  role	
  of	
  S1P1	
  in	
  the	
  development	
  

of	
   glomerular	
   capillaries	
   in	
   comparison	
  with	
   other	
   renal	
   blood	
   vessels.	
  Mesangial	
  

cells	
   play	
   an	
   important	
   role	
   in	
   development	
   and	
   stabilization	
   of	
   the	
   glomerular	
  

capillary	
   loops.	
   107-­‐109	
   It	
   has	
   been	
   hypothesized	
   that	
   the	
   mesangial	
   cell	
   splits	
   the	
  

single	
   vessel	
   into	
   multiple	
   parallel	
   branches,	
   which	
   forms	
   the	
   capillary	
   tufts.	
   109	
  

However,	
  exactly	
  how	
  the	
  capillary	
  loops	
  form	
  and	
  the	
  molecular	
  cues	
  guiding	
  this	
  

process	
   are	
   unknown.	
   Previous	
   studies	
   showed	
   that	
   knockout	
   of	
   several	
  

transcription	
  factors	
  expressed	
  in	
  podocytes	
  (Pod1,	
  Foxc2,	
  Limx1b	
  and	
  Krm1/MafB)	
  



	
   46	
  

resulted	
  in	
  decreased	
  number	
  of	
  capillary	
  loops	
  and	
  abnormal	
  mesangium	
  similar	
  to	
  

what	
   we	
   observed	
   in	
   our	
   study.	
   110-­‐113	
   Therefore	
   S1P1	
   may	
   be	
   involved	
   in	
   the	
  

interactions	
  among	
  podoctyes,	
  ECs	
  and	
  mesangium	
  to	
  regulate	
  the	
  development	
  of	
  

the	
   glomerular	
   capillary	
   loops.	
  Whether	
   S1P1	
   operates	
   through	
   the	
   transcription	
  

factors	
  mentioned	
  above	
  requires	
  further	
  investigation.	
  

Deletion	
   of	
   S1P1	
   in	
   EC	
   precursors	
   did	
   not	
   result	
   in	
   absence	
   of	
  mural	
   cells	
   of	
   the	
  

renal	
  vessels,	
  however,	
  the	
  SMC	
  layer	
  was	
  disorganized,	
  and	
  the	
  vessels	
  of	
  cultured	
  

kidneys	
   lacked	
   SMC	
   coating.	
   Although	
   S1P	
   treatment	
   to	
   the	
   kidneys	
   in	
   culture	
  

increased	
   the	
   number	
   of	
   α-­‐SMA+	
   cells,	
   the	
   kidneys	
   still	
   showed	
   vascular	
   SMC	
  

recruitment	
   defects.	
   Although	
   this	
   result	
   could	
   be	
   due	
   to	
   the	
   culture	
   system,	
   the	
  

overall	
  agreement	
  between	
  the	
  in	
  vivo	
  and	
  in	
  vitro	
  studies	
  suggests	
  that	
  in	
  fact	
  S1P-­‐

S1P1	
  signaling	
  controls	
  the	
  recruitment	
  of	
  mural	
  cells	
  during	
  vascular	
  development.	
  

Interestingly,	
  the	
  iEC-­‐SCL-­‐S1P1KO	
  mice	
  showed	
  abnormal	
  heart	
  development.	
  S1P1	
  

is	
  ubiquitously	
   expressed	
   in	
  multiple	
   cardiac	
   cell	
   types,	
   including	
   cardiomyocytes,	
  

fibroblasts,	
  SMCs	
  and	
  ECs.	
  114	
  Furthermore,	
  S1P1,	
  S1P2	
  and	
  S1P3	
  are	
  expressed	
   in	
  

cardiomyocytes	
   and	
  mediate	
   cardioprotection	
   from	
   hypoxia.	
  114-­‐116	
   Until	
   now,	
   the	
  

role	
   of	
   endothelial	
   S1P1	
   in	
   the	
   heart	
   was	
   unclear.	
   Our	
   study	
   suggests	
   that	
   S1P1	
  

expressed	
  in	
  cardiac	
  ECs	
  may	
  not	
  only	
  regulate	
  vascular	
  development	
  but	
  also	
  play	
  

an	
  important	
  overall	
  role	
  in	
  heart	
  development.	
  

An	
  additional	
  finding	
  from	
  our	
  study	
  is	
  the	
  lack	
  of	
  lymphatic	
  vessels	
  in	
  the	
  kidneys	
  

of	
   iEC-­‐SCL-­‐S1P1KO	
  mice.	
   Previous	
   studies	
   have	
   shown	
   that	
   lymphatic	
   ECs	
   start	
   to	
  

appear	
  in	
  the	
  mouse	
  kidney	
  at	
  E13.513	
  and	
  that	
  multiple	
  cell	
  types	
  contribute	
  to	
  the	
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their	
   development,	
   including	
   venous	
   derived	
   ECs,	
   mesenchymal	
   cells	
   and	
  

hematopoietic	
  cells.	
  117-­‐119	
  Lack	
  of	
  reporter	
  expression	
  in	
  LYVE-­‐1+	
  lymphatic	
  ECs	
  of	
  

EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  and	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
  suggests	
  a	
  distinct	
  

origin	
   of	
   lymphatic	
   ECs	
   from	
   non	
   SCL+	
   precursors.	
   However,	
   S1P1	
   expressed	
   in	
  

vascular	
   ECs	
   still	
   seems	
   to	
   play	
   a	
   key	
   role	
   in	
   development	
   of	
   the	
   renal	
   lymphatic	
  

vessels.	
  The	
  mechanism	
  involved	
  remains	
  to	
  be	
  investigated.	
  

We	
   showed	
   that	
   iEC-­‐SCL-­‐S1P1KO	
  mice	
   developed	
   severe	
   edema.	
   The	
   accumulated	
  

interstitial	
  fluid	
  caused	
  by	
  absence	
  of	
  lymphatic	
  vessels,	
  the	
  abnormal	
  SMC	
  coating	
  

of	
   blood	
   vessels	
   and	
   abnormal	
   heart	
   function	
   may	
   have	
   increased	
   hydrostatic	
  

pressure	
  and	
  therefore	
  contributed	
  to	
  prominent	
  vessel	
  dilation,	
  hemorrhages	
  and	
  

dorsal	
  edema.	
  

In	
  summary,	
  as	
  depicted	
  in	
  Figure	
  2.11,	
  our	
  data	
  showed	
  that	
  vascular	
  endothelium	
  

and	
   blood	
   cells	
   originate	
   in	
   situ	
   from	
   SCL+	
   precursors	
   in	
   the	
   mouse	
   prevascular	
  

embryonic	
  kidney.	
  The	
  S1P-­‐S1P1	
   signaling	
  pathway	
  controls	
   the	
  development	
  and	
  

assembly	
  of	
  the	
  kidney	
  vasculature	
  during	
  mouse	
  early	
  embryogenesis.	
  

5.	
  Methods	
  

5.1	
  Mice	
  

ER-­‐GFP-­‐Cre,	
  120	
  EC-­‐SCL-­‐Cre-­‐ERT,	
  99	
  HSC-­‐SCL-­‐Cre-­‐ERT,	
  100	
  and	
  Hoxb7-­‐Cre121	
  mice	
  have	
  

been	
   previously	
   described.	
   B6.129S4-­‐Gt(ROSA)26Sortm1Sor/J	
   (R26LacZ/LacZ)	
   122,	
  

B6.129(Cg)-­‐Gt(ROSA)26Sortm4(ACTB-­‐tdTomato,-­‐EGFP)Luo/J	
   (R26mTmG/mTmG)	
   123	
   and	
   B6.Cg-­‐

Gt(ROSA)26Sortm3(CAG-­‐EYFP)Hze/J	
   (R26YFP/YFP)	
  124	
   reporter	
  mice	
  were	
  used	
   to	
   trace	
   the	
  

fate	
  of	
  erythroblasts,	
  EC-­‐SCL	
  and	
  HSC-­‐SCL	
  precursors.	
  	
  



	
   48	
  

ER-­‐GFP-­‐Cre+/-­‐;R26LacZ/+	
  embryos	
   at	
   13.5	
  days	
   of	
   gestation	
   (E13.5)	
   (n=4)	
  were	
  used	
  

for	
  tracing	
  the	
  fate	
  of	
  erythroblasts.	
  	
  

EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
   and	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  embryos	
   at	
   E12.5	
   (EC	
  

n=22,	
  HSC	
  n=9),	
  E13.5	
  (EC	
  n=11,	
  HSC	
  n=11),	
  E15.5	
  (EC	
  n=3,	
  HSC	
  n=2)	
  and	
  E17.5	
  (EC	
  

n=5,	
  HSC	
  n=2)	
  were	
  used	
  for	
  fate	
  tracing	
  studies.	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
  (n=6)	
  

and	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
   (n=4)	
   embryos	
   at	
   E12.5	
   were	
   used	
   for	
   Colony-­‐

forming	
   cell	
   assays.	
   Pregnant	
  mice	
   were	
   injected	
  with	
   tamoxifen	
   (2mg/30g	
   body	
  

weight)	
  intraperitoneally	
  (i.p.).	
  

EC-­‐SCL-­‐Cre-­‐ERT	
   mice	
   were	
   crossed	
   to	
   B6.129-­‐GT(ROSA)26SSortm1(DTA)Lky/J	
   mice	
  

(R26DTA/DTA)	
   125	
   and	
   R26LacZ/LacZ	
   mice	
   to	
   investigate	
   whether	
   ablation	
   of	
   EC	
  

precursors	
   affects	
   kidney	
   development.	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  (n=9),	
   EC-­‐SCL-­‐

Cre-­‐ERT+/-­‐;R26LacZ/+	
   (n=4),	
   HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
   (n=12),	
   HSC-­‐SCL-­‐Cre-­‐ERT-­‐/-­‐

;R26LacZ/+	
   (n=4),	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+;R26DTA/+	
   (n=4),	
   EC-­‐SCL-­‐Cre-­‐ERT-­‐/-­‐

;R26LacZ/+;R26DTA/+	
  (n=5),	
  iEC-­‐SCL-­‐S1P1KO	
  (EC-­‐SCLCre-­‐ERT+/-­‐;	
  S1P1Δ/fl;	
  R26LacZ/+)	
  (n=5)	
  

and	
   Cre+	
   control	
   siblings	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;	
   S1P1fl/+;	
  R26LacZ/+)	
   (n=4)	
   embryos	
   at	
  

E12.5	
  	
  were	
  used	
  for	
  cross-­‐transplantation	
  experiments.	
  	
  

E12.5	
   embryos	
   (n=14)	
   from	
   the	
   cross	
  between	
  Hoxb7-­‐Cre	
  mice121	
   and	
  R26LacZ	
  /LacZ	
  

mice	
  were	
  used	
  for	
  embryonic	
  kidney	
  culture	
  studies.	
  

To	
   generate	
   iEC-­‐SCL-­‐S1P1KO	
  mice,	
   first	
   we	
   crossed	
   S1P1fl/fl53	
  mice	
   to	
   EIIA-­‐Cre+/-­‐	
  

mice126to	
  obtain	
  EIIACre+/-­‐;	
  S1P1Δ/+	
  mice.	
  Then	
  this	
  mouse	
  line	
  was	
  crossed	
  to	
  wt	
  Bl6	
  

mice	
  to	
  remove	
  the	
  EIIA-­‐Cre.	
  The	
  S1P1Δ/+	
  mice	
  were	
  born	
  at	
  the	
  expected	
  Mendelian	
  

ratio	
   and	
   were	
   fertile.	
   These	
   mice	
   were	
   crossed	
   with	
   EC-­‐SCL-­‐Cre-­‐ERT	
   mice	
   to	
  



	
   49	
  

generate	
   EC-­‐SCLCre-­‐ERT+/-­‐;	
   S1P1Δ/+	
   mice	
   which	
   next	
   were	
   crossed	
   to	
   the	
   S1P1fl/fl;	
  

R26LacZ/LacZ	
   mice	
   to	
   generate	
   the	
   EC-­‐SCLCre-­‐ERT+/-­‐;	
   S1P1Δ/fl;	
   R26LacZ/+	
   (iEC-­‐SCL-­‐

S1P1KO)	
  mice	
  and	
  their	
  control	
  siblings	
  (EC-­‐SCLCre-­‐ERT+/-­‐;	
  S1P1fl/+;	
  R26LacZ/+).	
  	
  

To	
   assess	
   the	
   deletion	
   of	
   S1P1	
   we	
   crossed	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;	
   S1P1Δ/+	
   to	
   S1P1fl/fl;	
  

R26mTmG/mTmG	
   to	
  generate	
   iEC-­‐S1P1KO-­‐mTmG	
  (EC-­‐SCLCre-­‐ERT+/-­‐;	
  S1P1Δ/fl;	
  R26mTmG/+)	
  

mice,	
   with	
   GFP	
   reporter	
   expression	
   in	
   ECs	
   with	
   S1P1	
   deletion	
   and	
   heterozygous	
  

controls	
  with	
  GFP	
  reporter	
  expression	
   in	
  ECs	
  with	
  one	
   intact	
  S1P1	
  allele	
   (EC-­‐SCL-­‐

Cre-­‐ERT+/-­‐;	
  S1P1Δ/+;	
  R26mTmG/+).	
  Genomic	
  DNA	
  from	
  embryonic	
  tissue	
  was	
  genotyped	
  

for	
   Cre，	
   wild	
   type	
   S1P1	
   (S1P1	
   wt)	
   and	
   S1P1	
   deletion	
   (S1P1Δ)	
   as	
   previousely	
  

described.54,	
   99Four	
   genotypes,	
   including	
   conditional	
   S1P1	
  knockout,	
   Cre+	
   control,	
  

S1P1	
   with	
   one	
   functional	
   allele	
   and	
   wild	
   type	
   (wt)	
   mice	
   were	
   obtained.	
   Each	
  

genotype	
  had	
  equal	
  opportunity	
  based	
  on	
  Mendelian	
  Ratio	
  (25%).	
  Conditional	
  S1P1	
  

knockout	
   (cKO)	
  mice	
  were	
  Cre	
  positive,	
  S1P1Δ	
   positive	
  and	
  S1P1wt	
  negative;	
  Cre+	
  

control	
  mice	
  were	
  Cre	
  positive,	
  S1P1Δ	
  negative	
  and	
  S1P1wt	
  positive;	
  the	
  Cre-­‐	
  control	
  

mice	
  were	
  Cre	
  negative,	
  S1P1Δ	
  positive	
  and	
  S1P1wt	
  positive;	
  the	
  wt	
  mice	
  were	
  Cre	
  

negative,	
  S1P1Δ	
  negative	
  and	
  S1P1wt	
  positive.	
  The	
  genotyping	
  results	
  are	
  shown	
  in	
  

Table	
  2.1.	
  

To	
  minimize	
  the	
  toxicity	
  and	
  maximize	
  the	
  efficiency	
  of	
  Cre	
  induction,	
  137	
  embryos	
  

from	
  21	
  litters	
  were	
  studied	
  with	
  different	
  dose	
  and	
  number	
  of	
  injections.	
  We	
  found	
  

that	
   mice	
   with	
   two	
   injections	
   (one	
   at	
   E10.5	
   and	
   one	
   at	
   E12.5)	
   (1mg/30g	
   per	
  

injection)	
  showed	
  less	
  toxicity	
  and	
  sufficient	
  Cre	
  recombination.	
  110	
  embryos	
  of	
  15	
  

litters	
   at	
   ages	
   ranging	
   from	
  E14.5	
   to	
  E16.5	
   (E14.5	
  n=28,	
  E15.5	
  n=65,	
  E16.5	
  n=17)	
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were	
   treated	
   following	
   this	
   protocol.	
   	
   Based	
   on	
   genotyping	
   results,	
   27.3%	
   of	
   the	
  

embryos	
   (30	
   of	
   110)	
   were	
   conditional	
   S1P1	
   knockout,	
   which	
   matched	
   the	
  

Mendelian	
  ratio	
  (25%).	
  53.3%	
  of	
  the	
  conditional	
  S1P1	
  knockout	
  mice	
  were	
  dead	
  at	
  

the	
  time	
  of	
  harvesting	
  (Table	
  2.1).	
  

Table 1. Genotyping results of S1P1 conditional knockout embryos 
	
   cKO	
   Cre+	
  

control	
  
Cre-­‐	
  
control	
  

WT	
   Total	
  

Number	
  of	
  
embryos	
  

30	
   27	
   23	
   30	
   110	
  

%	
  of	
  embryos	
   27.3%	
   25.6%	
   20.9%	
   27.3%	
   100%	
  
Number	
  of	
  dead	
  
embryos	
  

16	
   1	
   0	
   1	
   18	
  

%	
  of	
  dead	
  
embryos	
  

53.3%	
   3.7%	
   0	
   3.3%	
   16.4%	
  

	
  

All	
   procedures	
   were	
   performed	
   in	
   accordance	
   with	
   the	
   Guiding	
   Principles	
   for	
  

Research	
   Involving	
   Animals	
   and	
   Human	
   Beings	
   by	
   the	
   American	
   Physiological	
  

Society	
  and	
  were	
  approved	
  by	
  the	
  University	
  of	
  Virginia	
  Animal	
  Care	
  Committee.	
  	
  

5.2	
  Cell	
  sorting	
  and	
  RT-­‐PCR	
  

Whole	
  kidneys	
  from	
  E15.5	
  iEC-­‐S1P1KO-­‐mTmG	
  (EC-­‐SCLCre-­‐ERT+/-­‐;	
  S1P1Δ/fl;	
  R26mTmG/+)	
  

mice	
  and	
  their	
  Cre+	
  control	
  siblings	
  (EC-­‐SCLCre-­‐ERT+/-­‐;	
  S1P1Δ/+;	
  R26mTmG/+)	
  (treated	
  

with	
   tamoxifen	
   at	
   E10.5	
   and	
   E12.5	
   by	
   maternal	
   injections)	
   were	
   micro-­‐dissected	
  

and	
   enzymatically	
   dissociated	
   to	
   isolate	
   single	
   cells.	
   GFP+	
   cells	
   from	
   iEC-­‐S1P1KO-­‐

mTmG	
   and	
   control	
   kidneys	
   were	
   sorted	
   and	
   collected	
   using	
   a	
   Becton	
   Dickinson	
  

Influx	
  cell	
  sorter.	
  



	
   51	
  

Total	
  RNA	
  extraction	
  and	
  cDNA	
  preparation	
  from	
  sorted	
  cells	
  were	
  performed	
  using	
  

a	
  FastLane	
  Cell	
  cDNA	
  kit	
  from	
  QIAGEN,	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
  

Quantitative	
   PCR	
   was	
   performed	
   in	
   a	
   CFXConnect	
   system	
   (Biorad,	
   Hercules,	
   CA)	
  

using	
  a	
  QuantiTect	
  SYBR	
  Green	
  PCR	
  kit	
  from	
  QIAGEN,	
  following	
  the	
  manufacturer’s	
  

instructions.	
  The	
  primers	
  used	
  for	
  RT-­‐PCRs	
  were:	
  

S1P1	
   forward	
   5’-­‐AACTTTGCGAGTGAGCTGGT-­‐3’,	
   S1P1	
   reverse	
   5’-­‐

CTAGAGGGCGAGGTTGAGTG-­‐3’	
   (product	
   size:	
   227bp),	
   GAPDH	
   forward	
   5’-­‐

TTGATGGCAACAATCTCCAC-­‐3’	
  and	
  GAPDH	
  reverse	
  5’-­‐CGTCCCGTAGACAAAATGGT-­‐3’	
  

(product	
  size:	
  125bp).	
  PCR	
  conditions	
  were:	
  95°C,	
  58°C,	
  72°C,	
  45	
  cycles.	
  

5.3	
  Immunohistochemistry	
  and	
  X-­‐gal	
  Reaction	
  

7μm	
  sections	
  of	
  4%	
  PFA	
  fixed	
  and	
  cryo-­‐embedded	
  tissues	
  were	
  subjected	
  to	
  X-­‐gal	
  

staining	
   and/or	
   immunostained	
   following	
   standard	
   protocols.	
   127	
   The	
   antibodies	
  

used	
   were	
   anti-­‐β-­‐gal	
   (1:1000	
   dilution,	
   Abcam,	
   ab134435),	
   anti-­‐α-­‐SMA	
   (1:10000	
  

dilution,	
  Sigma,	
  a2547),	
  anti-­‐Hb	
  (1:500	
  dilution,	
  DAKO,	
  A0118),	
  anti-­‐Nanog	
  (1:100	
  

dilution,	
  Abcam,	
  ab84447),	
  anti-­‐SCL	
  (1:100	
  dilution,	
  Abcam,	
  ab75739),	
  anti-­‐Runx1	
  

(1:500	
  dilution,	
  Abcam,	
  ab23980),	
  anti-­‐ACE	
  (1:200	
  dilution,	
  Abcam,	
  ab2092),	
  anti-­‐

LYVE-­‐1	
  (1:1000	
  dilution,	
  Abcam,	
  ab14917),	
  anti-­‐ppH3	
  (1:100	
  dilution,	
  Cell	
  Signaling	
  

#9701S),	
   goat	
   anti-­‐PECAM-­‐1	
   (1:200	
  dilution,	
   Santa	
  Cruz,	
   sc1505,	
   for	
  Figure	
  4	
  and	
  

supplemental	
   Figure	
   3)	
   and	
   rabbit	
   anti-­‐PECAM-­‐1	
   (1:500	
   dilution,	
   Santa	
   Cruz,	
  

sc1506-­‐R).	
  Immunofluorescence	
  was	
  performed	
  using	
  Alexa	
  Fluor	
  568	
  donkey	
  anti-­‐

rabbit	
  IgG	
  (H+L)	
  (SCL,	
  pHH3),	
  Alexa	
  Fluor	
  488	
  goat	
  anti-­‐chicken	
  IgG	
  (H+L)	
  (β-­‐gal),	
  

Alexa	
  Fluor	
  488	
  donkey	
  anti-­‐mouse	
  IgG	
  (H+L)	
  (ACE),	
  Alexa	
  Fluor	
  488	
  donkey	
  anti-­‐
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rabbit	
   IgG	
   (H+L)	
   (PECAM-­‐1)	
   and	
   Alexa	
   Fluor	
   488	
   donkey	
   anti-­‐goat	
   IgG	
  

(H+L)(PECAM-­‐1)	
  secondary	
  antibodies	
  (1:500	
  dilution;	
  Life	
  Technologies,	
  Carlsbad,	
  

CA).	
   Images	
  were	
  obtained	
  using	
  a	
  Leica	
  DFC310	
  FX	
  digital	
  camera	
  connected	
  to	
  a	
  

Leica	
  DFC	
  480	
  microscope.	
  	
  

5.4	
  Colony	
  forming	
  cell	
  assays	
  

Kidney	
   and	
   liver	
   cells	
   were	
   harvested	
   from	
   E12.5	
   mouse	
   embryos	
   and	
  

disaggregated	
  with	
  collagenase	
   (M7902,	
  StemCell	
  Technlogies)	
  at	
  37°C.	
  The	
  single	
  

cells	
  were	
  diluted	
  in	
  Iscove’s	
  MDM	
  with	
  5%	
  FBS	
  and	
  grown	
  in	
  Methocult	
  GF	
  (M3434,	
  

StemCell	
  Technlogies)	
  for	
  assessment	
  of	
  mouse	
  hematopoietic	
  progenitors.	
  Cells	
  in	
  

Methocult	
  were	
   plated	
   in	
   duplicate	
   samples	
   at	
   1	
   x	
   105	
   cell	
   per	
   30mm	
   dish.	
   After	
  

incubation	
   for	
   12	
   days	
   at	
   37°C	
   in	
   5%	
  humidified	
   CO2,	
   the	
   dishes	
  were	
   scored	
   for	
  

colony-­‐forming	
  units	
  (CFUs)	
  according	
  to	
  standard	
  criteria.	
  CFU-­‐GEMM	
  colonies	
  are	
  

large	
  colonies	
  containing	
  >500	
  cells,	
  with	
  a	
  highly	
  dense	
  core	
  (red	
  or	
  brown	
  color)	
  

and	
   indistinct	
   border	
   between	
   the	
   core	
   and	
   peripheral	
   cells.	
   CFU-­‐GM	
   colonies	
  

contain	
  >30	
  cells	
  with	
  dense	
  cores	
  (without	
  red	
  or	
  brown).	
   Individual	
  cells	
  can	
  be	
  

distinguished	
  at	
  the	
  edge	
  of	
  the	
  colonies.	
  (Described	
  in	
  the	
  Manual:	
  Mouse	
  Colony-­‐

Forming	
  Unit	
  (CFU)	
  Assays	
  Using	
  MethoCultTM,	
  StemCell	
  Technologies).	
  

5.5	
  Embryonic	
  Kidney	
  Cross-­‐transplantation	
  

The	
  cross-­‐transplantations	
  of	
  embryonic	
  kidneys	
  under	
  the	
  kidney	
  capsule	
  of	
  adult	
  

hosts	
  were	
  performed	
  as	
  described	
  previously.	
  101	
  The	
  host	
  mice	
  were	
  anesthetized	
  

with	
   tribromoethanol	
   (0.25	
   mg/g	
   body	
   weight).	
   The	
   host	
   kidney	
   capsule	
   was	
  

incised	
  with	
  Vannas	
  scissors,	
  and	
  the	
  incision	
  was	
  extended	
  with	
  a	
  27-­‐gauge	
  needle.	
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Embryonic	
  kidneys	
  were	
  freshly	
  micro-­‐dissected	
  and	
  placed	
  under	
  the	
  renal	
  capsule	
  

of	
   adult	
   wild	
   type	
   or	
   fluorescent	
   reporter	
   hosts	
   via	
   the	
   capsular	
   incision.	
   After	
  

surgery,	
   host	
   mice	
   were	
   injected	
   with	
   analgesic	
   drug	
   buprenorphine	
   (0.2mg/kg	
  

body	
  weight)	
  i.p.	
  daily	
  for	
  2	
  days	
  and	
  tamoxifen	
  (1mg/30g	
  body	
  weight)	
  i.p.	
  daily	
  for	
  

7	
  days.	
  The	
  transplanted	
  embryonic	
  kidneys	
  within	
  the	
  host	
  kidneys	
  were	
  harvested	
  

and	
  fixed	
  in	
  4%	
  PFA	
  followed	
  by	
  X-­‐gal	
  staining	
  and/or	
  immunohistochemistry.	
  

5.6	
  Measurement	
  of	
  endothelial	
  area	
  fraction	
  in	
  the	
  transplanted	
  kidneys	
  

To	
   measure	
   the	
   endothelial	
   cell	
   (EC)	
   area	
   fraction,	
   we	
   performed	
  

immunofluorescence	
   for	
  PECAM-­‐1	
  (green)	
  on	
   frozen	
  sections	
   (6	
  sections/	
  animal)	
  

of	
  transplanted	
  kidneys	
  from	
  control	
  (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+)	
  (n=3)	
  and	
  DTA+	
  

(EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+;	
  R26DTA/+)	
  (n=3)	
  mice.	
  Nuclei	
  were	
  co-­‐stained	
  with	
  DAPI	
  

(blue).	
   Images	
   were	
   processed	
   with	
   Image	
   J	
   to	
   select	
   stained	
   endothelial	
   areas	
  

occupied	
   by	
   stained	
   pixels	
   and	
   whole	
   transplanted	
   kidney	
   area.	
   	
   Background	
  

staining	
  was	
  manually	
  excluded.	
  	
  The	
  EC	
  area	
  fraction	
  was	
  expressed	
  as	
  percentage:	
  

𝐸𝐶  𝑎𝑟𝑒𝑎  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  (%) =
𝑃𝐸𝐶𝐴𝑀 − 1  𝑆𝑡𝑎𝑖𝑛𝑒𝑑  𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙  𝑡𝑟𝑎𝑛𝑠𝑝𝑙𝑎𝑡𝑒𝑑  𝑘𝑖𝑑𝑛𝑒𝑦  𝑎𝑟𝑒𝑎	
  

5.7	
  Measurement	
  of	
  endothelial	
  proliferation	
  

Quantification	
  for	
  endothelial	
  proliferation	
  was	
  performed	
  on	
  kidney	
  sections	
  from	
  

E14.5	
   iEC-­‐SCL-­‐S1P1KO	
  mice	
   and	
   control	
   siblings,	
   by	
   scoring	
   number	
   of	
   cells	
  with	
  

ppH3	
  (RFP+)	
  expression	
  in	
  the	
  nucleus	
  and	
  PECAM1	
  (GFP+)	
  expression	
  on	
  the	
  cell	
  

membrane.	
  	
  The	
  total	
  area	
  of	
  kidney	
  sections	
  was	
  measured	
  using	
  Image	
  J	
  software.	
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5.8	
  Measurement	
   of	
   Thickness	
   of	
   Septum	
   and	
   Left	
   Ventricle	
  Wall	
   of	
   E15.5	
   iEC-­‐SCL-­‐

S1P1KO	
  and	
  control	
  Mice	
  

Longitudinal	
   5μm	
  heart	
   sections	
   near	
   the	
   central	
   conduction	
   system	
   from	
   control	
  

(Ctrl)	
  (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;	
  S1P1fl/+;	
  R26LacZ/+)	
  (n=4)	
  and	
  iEC-­‐SCL-­‐S1P1KO	
  (EC-­‐SCL-­‐Cre-­‐

ERT+/-­‐;	
  S1P1Δ/fl;	
  R26LacZ/+)	
  (n=4)	
  mice	
  were	
  used	
  to	
  measure	
  the	
  thickness	
  of	
  septum	
  

and	
  left	
  ventricle	
  wall	
  using	
  Image	
  J	
  software.	
  The	
  thickest	
  parts	
  in	
  the	
  septum	
  and	
  

left	
  ventricle	
  compact	
  myocardium	
  were	
  selected	
  for	
  measuring	
  wall	
  thickness.	
  	
  

5.9	
  Embryonic	
  Kidney	
  Culture	
  

E12.5	
  kidneys	
  from	
  Hoxb7-­‐Cre+/-­‐;R26LacZ/+	
  mice	
  were	
  dissected	
  in	
  DMEM-­‐Ham’	
  F-­‐12	
  

medium	
  with	
  1%	
  FBS	
  and	
  cultured	
  on	
  filters	
  in	
  24	
  well	
  plates	
  with	
  	
  800μl	
  of	
  culture	
  

medium	
   (DMEM/Ham’	
   F-­‐12	
   medium	
   with	
   1%FBS,	
   1%	
   Hepes,	
   1%	
   antibiotic	
  

antimycotic	
   and	
   0.5%	
   ITS)	
   plus:	
   (1)	
   vehicle	
   (3%	
   fatty	
   acid	
   free	
   BSA+5mmol/L	
  

HCl+4.75%	
  DMSO)	
  (n=7);	
  (2)	
  1μmol/L	
  S1P	
  (1370,	
  Tocris)	
  (n=7);	
  (3)	
  1μmol/L	
  S1P	
  +	
  

1μmol/L	
   VPC	
   23019	
   (857360P,	
   Avanti	
   Polar	
   Lipids	
   Inc.)	
   (n=7);	
   (4)	
   1μmol/L	
  

VPC23019	
   (n=6).	
   Medium	
   was	
   changed	
   daily.	
   Kidneys	
   were	
   harvested	
   after	
   72	
  

hours	
   and	
   processed	
   for	
   whole-­‐mount	
   X-­‐gal	
   staining	
   followed	
   by	
   post	
   fixation,	
  

embedding,	
  sectioning	
  and	
  immunostaining	
  as	
  previously	
  described.127	
  

5.10	
  Statistical	
  Analysis	
  

Data	
  are	
  shown	
  as	
  mean	
  ±	
  SEM.	
  Statistical	
  analysis	
  was	
  carried	
  out	
  by	
  Student’s	
   t	
  

test.	
  A	
  p<0.05	
  was	
  considered	
  significant.	
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6.	
  Figures	
  and	
  figure	
  legends	
  

	
  
Figure 2.1. SCL+ endothelial precursors give rise to renal endothelium but 

not mural cells in the embryonic kidney.	
   (A)	
   Kidneys	
   of	
   EC-­‐SCl-­‐Cre-­‐ERT+/-­‐

;R26LacZ/+	
  mice	
  treated	
  with	
  tamoxifen	
  at	
  E9.5	
  show	
  EC-­‐SCL	
  progenitor	
  derived	
  cells	
  

labeled	
   by	
   X-­‐gal	
   staining	
   in	
   blue	
   (β-­‐gal+)	
   distributed	
   within	
   the	
   metanephric	
  

mesenchyme	
   surrounding	
   the	
   branching	
   ureteric	
   bud	
   (UB)	
   at	
   E12.5,	
   in	
   a	
   nascent	
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vessel	
   (dashed	
   rectangle)	
   at	
   E13.5	
   and	
   in	
   ECs	
   of	
   renal	
   arteries	
   and	
   arterioles	
  

(arrows),	
   peritubular	
   capillaries	
   (arrowheads)	
   and	
   glomerular	
   capillaries	
   (dashed	
  

arrows)	
   at	
   E15.5	
   and	
   E17.5.	
   (B)	
   β-­‐gal+	
   (green)	
   cells	
   co-­‐express	
   the	
   EC	
   marker	
  

PECAM-­‐1	
  (red)(arrows,	
  upper	
  panels),	
  but	
  not	
  the	
  mural	
  markers	
  α-­‐SMA	
  (red)	
  and	
  

MHC	
   (red),	
   or	
   the	
   lymphatic	
  EC	
  marker	
  LYVE-­‐1	
   (red)	
   (lower	
  panels).	
  Nuclei	
  were	
  

stained	
  with	
  hoechst	
  in	
  blue.	
  (C)	
  E13.5	
  EC-­‐SCl-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
  treated	
  with	
  

tamoxifen	
  at	
  E6.5	
   show	
   that	
   several	
  β-­‐gal+	
  cells	
   (green)	
  co-­‐stained	
  with	
  PECAM-­‐1	
  

(red)	
   in	
   the	
   developing	
   vessels	
   (arrows)	
   of	
   the	
   kidney.	
   Nuclei	
   were	
   stained	
   with	
  

hoechst	
  in	
  blue.	
  (D)	
  Immunostaining	
  of	
  E13.5	
  kidney	
  consecutive	
  sections	
  from	
  HSC-­‐

SCl-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
  treated	
  with	
  tamoxifen	
  at	
  E6.5	
  showed	
  that	
  only	
  few	
  β-­‐

gal+	
  cells	
  co-­‐expressed	
  the	
  early	
  EC	
  marker	
  Flk1(inset,	
  arrow	
  head).	
   Instead,	
  most	
  

of	
   them	
  were	
   distributed	
   in	
   the	
   undeveloped	
  mesenchyme	
   (M)	
   and	
   co-­‐expressed	
  

SCL/Tal1	
  (inset,	
  arrow).	
  UB,	
  ureteric	
  bud.	
  Scale	
  bars:	
  50μm	
  (A,	
  C	
  and	
  D),	
  100μm	
  (B)	
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Figure 2.2. SCL+ hematopoietic precursors give rise to renal endothelium 

but not mural cells in the embryonic kidney.	
  (A)	
  Kidneys	
  of	
  HSC-­‐SCl-­‐Cre-­‐ERT+/-­‐

;R26LacZ/+	
  mice	
  showing	
  scattered	
  HSC-­‐SCL	
  progenitor	
  derived	
  cells	
  labeled	
  by	
  X-­‐gal	
  

in	
  blue	
  (β-­‐gal+)	
  close	
  to	
  the	
  ureteric	
  bud	
  (UB)	
  at	
  E12.5	
  are	
  shown	
  in	
  the	
  inset.	
  β-­‐gal+	
  

cells	
   adopted	
   round	
   (arrow)	
   and	
   spindle-­‐shape	
   (dashed	
   arrows)	
   configuration	
   in	
  

E13.5	
  kidneys.	
  A	
  subset	
  of	
  β-­‐gal+	
  ECs	
  of	
  renal	
  arteries	
  (arrows),	
  veins	
  (arrow	
  heads)	
  

and	
   peritubular	
   capillaries	
   (E15.5,	
   dashed	
   arrows)	
   and	
   glomerular	
   capillaries	
  

(E17.5,	
  dashed	
  arrow)	
  were	
  found	
  at	
  E15.5	
  and	
  E17.5.	
  (B)	
  β-­‐gal+	
  (green)	
  HSC-­‐SCL	
  

lineage	
  cells	
  co-­‐expressed	
  the	
  EC	
  marker	
  PECAM-­‐1	
  (red),	
  but	
  not	
  the	
  mural	
  marker	
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myosin	
  heavy	
  chain	
  (MHC,	
  red)	
  or	
  the	
  lymphatic	
  EC	
  marker	
  LYVE-­‐1	
  (red).	
  The	
  lower	
  

panels	
  show	
  β-­‐gal	
  and	
  MHC	
  staining	
  at	
  high	
  magnification.	
  Asterisks	
  indicate	
  nuclei	
  

of	
  β-­‐gal+	
  ECs.	
  Nuclei	
  were	
  stained	
  with	
  hoechst	
  in	
  blue.	
  Scale	
  bars:	
  50μm	
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Figure 2.3. The early embryonic kidney possesses hematopoietic 

precursors. 

(A)	
   Double	
   immunofluorescence	
   staining	
   of	
   E13.5	
   kidney	
   sections	
   from	
   ER-­‐GFP-­‐

Cre+/-­‐;R26LacZ/+	
   mice	
   showed	
   that	
   β-­‐gal	
   expressing	
   erythroblasts,	
   in	
   green,	
   also	
  

expressed	
  	
  Hb,	
  Nanog,	
  Runx1	
  and	
  SCL/Tal1	
  (white	
  arrows).	
  However,	
  some	
  Nanog+,	
  

Runx1+	
  and	
  SCL/Tal1+	
  cells	
  did	
  not	
  coincidence	
  with	
  labeled	
  erythroblasts	
  (yellow	
  

arrows).	
  Nuclei	
  were	
   stained	
  with	
  hoechst	
   in	
  blue.	
   (B)	
  Colony	
  Forming	
  Cell	
   (CFC)	
  

assay	
   of	
   cells	
   from	
   E12.5	
   kidneys	
   and	
   livers	
   of	
   ER-­‐GFP-­‐Cre+/-­‐;R26LacZ/+	
   mice.	
   A	
  

representative	
  photograph	
  of	
  a	
  YFP+	
  CFU-­‐GEMM	
  grown	
  from	
  kidney	
  cells	
  is	
  shown	
  

(Left).	
  The	
  chart	
  shows	
  the	
  percentage	
  of	
  YFP+	
  CFU-­‐GEMM	
  from	
  kidneys	
  (25%,	
  n=3)	
  

and	
   livers	
   (53.4%,	
  n=3).	
   (C)	
  Timeline	
  of	
   tamoxifen	
  administration	
   in	
  HSC-­‐SCL-­‐Cre-­‐

ERT+/-­‐;R26mTmG/+	
  and	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
  mice.	
  For	
  CFC	
  assays	
  shown	
  in	
  D	
  

and	
  E,	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
  and	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
  embryos	
  were	
  

treated	
   with	
   tamoxifen	
   from	
   E9.5	
   to	
   E11,5	
   by	
   intraperitoneal	
   maternal	
   injection	
  

(green	
  triangles).	
  To	
  label	
  EC-­‐SCL	
  precursors	
  generated	
  after	
  E9.5	
  (shown	
  in	
  F),	
  EC-­‐

SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  embryos	
   were	
   treated	
   with	
   tamoxifen	
   daily	
   from	
   E9.5	
   to	
  

E12.5	
  and	
  harvested	
  at	
  E13.5	
   (blue	
   triangles).	
  To	
   label	
  EC-­‐SCL	
  precursors	
  present	
  

before	
   E9.5	
   (Supplemental	
   Figure	
   2B),	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  embryos	
   were	
  

treated	
  with	
  a	
  single	
  injection	
  of	
  tamoxifen	
  at	
  E6.5.	
  The	
  embryos	
  were	
  harvested	
  at	
  

E13.5	
   (red	
   triangles).	
   (D)	
   CFC	
   assay	
   of	
   cells	
   from	
   E12.5	
   kidneys	
   (n=4)	
   and	
   livers	
  

(n=4)	
   of	
  HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+mice.	
   CFU-­‐GEMM	
   (left)	
   and	
   CFU-­‐GM	
   (right)	
  

colonies	
   grew	
   from	
   all	
   the	
   samples.	
   Bar	
   graph	
   shows	
   the	
   percentage	
   of	
   GFP+	
  

colonies	
  out	
   of	
   total	
   CFU-­‐Mixs	
   grown	
   from	
  kidneys	
   (21%)	
  and	
   livers	
   (22.2%).	
   (E)	
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CFC	
  assay	
  of	
   cells	
   from	
  E12.5	
  kidneys	
   (n=6)	
  and	
   livers	
   (n=6)	
  of	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐

;R26mTmG/+	
   mice.	
   CFU-­‐GEMM	
   (left)	
   and	
   CFU-­‐GM	
   (right)	
   colonies	
   grew	
   from	
   all	
   the	
  

samples.	
  Bar	
  graph	
  shows	
  that	
  15.4%	
  of	
  the	
  colonies	
  grown	
  from	
  kidney	
  cells	
  and	
  

30%	
  of	
  those	
  from	
  liver	
  cells	
  express	
  GFP.	
  Data	
  was	
  collected	
  from	
  two	
  independent	
  

experiments.	
   (F)	
   E13.5	
   kidney	
   of	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
   treated	
   with	
  

tamoxifen	
  from	
  E9.5	
  to	
  E12.5.	
  Blood	
  cells	
  derived	
  from	
  SCL+	
  endothelial	
  precursors,	
  

in	
   green,	
   coincided	
   by	
   immunofluorescence	
   with	
   Hb,	
   SCL/Tal1	
   and	
   Runx1	
   (red,	
  

white	
  arrows).	
  Nuclei	
  were	
  stained	
  with	
  hoechst	
  in	
  blue.	
  Scale	
  bars:	
  10μm	
  (A	
  and	
  F);	
  

50μm	
  (B,	
  D	
  and	
  E).	
  	
  

	
  
Figure 2.4. The early embryonic kidney possesses hematopoietic 

precursors.	
   (A)	
   E13.5	
   kidneys	
   showing	
   blood	
   like	
   labeled	
   cells,	
   in	
   blue,	
   derived	
  

from	
   endothelial	
   precursors	
   from	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
  mice	
   labeled	
   at	
   E6.5	
  

and	
  from	
  E9.5	
  to	
  E13.5	
  (black	
  arrows).	
  (B)	
  E13.5	
  embryonic	
  kidneys	
  from	
  EC-­‐SCL-­‐
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Cre-­‐ERT+/-­‐;R26LacZ/+	
   mice	
   treated	
   with	
   tamoxifen	
   at	
   E6.5	
   showed	
   (by	
   double	
  

immunofluorescence)	
  coincidence	
  of	
  β-­‐gal+	
  cells	
  derived	
  from	
  SCL+	
  precursors	
  with	
  

SCL	
  (red)	
  and	
  ACE	
  (green).	
  Scale	
  bars:	
  50μm	
  (A);	
  10μm	
  (B).	
  

	
  
Figure 2.5. SCL+ precursors are required for hemo-vasculogenesis in the 

transplanted embryonic kidneys. 

(A)	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+	
   (Cre+)	
   prevascular	
   embryonic	
   kidney	
   transplanted	
  

under	
   the	
   kidney	
   capsule	
   of	
   an	
   adult	
   host	
   for	
   7	
   days	
   with	
   tamoxifen	
   treatment,	
  

developed	
  β-­‐gal+	
  vascular	
  endothelium	
  (in	
  blue),	
  with	
  SMC	
  coating,	
   in	
  brown	
  (x10	
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inset,	
  anti-­‐myosin	
  heavy	
  chain).	
  Inset	
  in	
  x40	
  (right)	
  shows	
  a	
  blood	
  cell	
  budding	
  from	
  

an	
  EC	
   (arrow)	
   in	
   the	
   transplanted	
   embryonic	
   kidney	
   at	
   higher	
  magnification.	
   The	
  

transplanted	
   kidneys	
   from	
   Cre-­‐	
   control	
   siblings	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+)	
  

developed	
  similar	
  to	
  the	
  Cre+	
  ones	
  after	
  tamoxifen	
  treatment,	
  but	
  were	
  negative	
  for	
  

X-­‐gal	
   staining.	
   (B)	
   Scattered	
  β-­‐gal+	
   cells	
   in	
   the	
   developing	
   vessels	
   of	
   transplanted	
  

Cre+	
   (HSC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+)	
   embryonic	
  kidneys	
   (inset).	
   Lower	
  panel	
   shows	
  

the	
   Cre-­‐	
   (HSC-­‐SCL-­‐Cre-­‐ERT-­‐/-­‐;R26LacZ/+)	
   transplanted	
   kidneys	
   immunostained	
   for	
  

PECAM-­‐1.	
   (C)	
   Transplanted	
   E12.5	
  DTA+	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+;R26DTA/+)	
   and	
  

control	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26LacZ/+;R26+/+)	
   kidneys.	
   DTA+	
   transplanted	
   kidneys	
  

developed	
   less	
   β-­‐gal+	
   ECs	
   compared	
   to	
   their	
   respective	
   controls.	
   (D)	
  

Immunofluorescence	
   for	
   PECAM-­‐1	
   (green)	
   in	
   frozen	
   sections	
   from	
   transplanted	
  

control	
   (top	
   panel)	
   and	
   DTA+	
   (bottom	
   panel)	
   kidneys.	
   Nuclei	
   were	
   stained	
   with	
  

hoechst	
  (blue).	
  Cells	
  from	
  host	
  kidney	
  express	
  RFP	
  (red).	
  Inset	
  of	
  top	
  panel	
  shows	
  at	
  

higher	
   magnification	
   the	
   presence	
   of	
   well	
   developed	
   ECs	
   of	
   renal	
   arterioles	
   (A,	
  

arrow)	
   and	
   a	
   normal	
   glomerular	
   capillary	
   network	
   (G,	
   arrow)	
   in	
   a	
   control	
  

transplanted	
  kidney.	
  Inset	
  of	
  bottom	
  panel	
  shows	
  lack	
  of	
  ECs	
  inside	
  a	
  glomerulus	
  (G,	
  

arrow)	
  in	
  DTA+	
  transplanted	
  kidneys.	
  Note	
  that	
  ECs	
  (green)	
  in	
  transplanted	
  kidneys	
  

do	
  not	
  express	
  RFP.	
  Bar	
  graph	
  shows	
  measurement	
  of	
  EC	
  area	
   fractions	
   in	
   frozen	
  

sections	
   from	
   transplanted	
   control	
   (n=3)	
   and	
   DTA+	
   (n=3)	
   kidneys.	
   Values	
   are	
  

expressed	
  as	
  mean±	
  SEM.	
  *	
  p<0.05.	
  Scale	
  bars:	
  50μm	
  (A,	
  x40);	
  200μm	
  (A	
  x10,	
  B-­‐C);	
  

100μm	
  (D).	
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Figure 2.6. Timed deletion of S1P1 in endothelial precursors leads to 

abnormal renal vascular development. 
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(A)	
  Tamoxifen	
   treated	
  E15.5	
   iEC-­‐SCL-­‐S1P1KO	
   (EC-­‐SCLCre-­‐ERT+/-­‐;	
  S1P1Δ/fl;	
  R26LacZ/+)	
  

embryos	
   showed	
   severe	
   hemorrhages	
   (white	
   arrows)	
   and	
   dorsal	
   subcutaneous	
  

edema	
   (yellow	
   arrows).	
   However,	
   the	
   control	
   siblings	
   (EC-­‐SCLCre-­‐ERT+/-­‐;	
   S1P1fl/+;	
  

R26LacZ/+)	
   were	
   normal.	
   (B)	
   E15.5	
   cKO	
   kidneys	
   showed	
   striking	
   dilation	
   of	
   intra-­‐

renal	
  arteries	
  (A)	
  and	
  veins	
  (V)	
  evident	
  in	
  the	
  whole	
  kidney	
  (Left,	
  white	
  arrows)	
  and	
  

in	
  histological	
  sections	
  subjected	
  to	
  X-­‐gal	
  staining	
  and	
  immunostaining	
  for	
  PECAM-­‐1	
  

(right).	
   Black	
   arrows	
   indicate	
   glomeruli.	
   (C)	
   X-­‐gal	
   staining	
   of	
   kidney	
   sections	
  

showed	
   hyperplastic	
   endothelium	
   labeled	
   in	
   blue	
   in	
   the	
   cKO	
   (left).	
   Co-­‐

immunofluorescence	
   staining	
   for	
  PECAM-­‐1	
   (in	
  green)	
  and	
  phosphorylated	
  histone	
  

H3	
   (pHh3)	
   (in	
   red)	
   shows	
  proliferating	
  ECs	
  with	
   coincidence	
  of	
   nuclear	
  RFP	
  with	
  

cell	
  membrane	
  GFP	
  (arrows).	
  Bar	
  graph	
  shows	
   the	
  number	
  of	
  proliferating	
  ECs	
   in	
  

different	
  vessel	
  types	
  in	
  E14.5	
  kidneys.	
  The	
  cKO	
  kidneys	
  show	
  significant	
  increase	
  of	
  

EC	
  proliferation	
  in	
  renal	
  arteries,	
  veins	
  and	
  peritubular	
  capillaries	
  (cap)	
  but	
  not	
   in	
  

the	
  glomerular	
  capillaries	
   (cap).	
  Data	
  are	
  expressed	
  as	
  mean±	
  SEM.	
   	
   **p<0.01.	
   (D)	
  

Immunostaining	
  for	
  PECAM-­‐1	
  showed	
  that	
  cKO	
  kidneys	
  lacked	
  the	
  normal	
  capillary	
  

loops	
  (upper	
  panel,	
  arrows),	
  they	
  developed	
  capillary	
  shunts	
  (lower	
  panel,	
  arrows)	
  

accompanied	
   by	
   clumps	
   of	
   abnormal	
   mensangial	
   cells	
   (arrowhead).	
  

Immunostaining	
  for	
  α-­‐SMA	
  on	
  kidney	
  sections	
  of	
  control	
  and	
  cKO	
  embryos	
  showed	
  

abnormal	
  arteriolar	
  development	
  with	
  irregular	
  smooth	
  muscle	
  coating	
  in	
  the	
  cKO	
  

embryo	
  (arrow).	
  LYVE-­‐1+	
  lymphatic	
  vessels	
  (upper	
  panel,	
  arrows)	
  did	
  not	
  overlap	
  

with	
   the	
   EC-­‐SCL+	
  derived	
   cells	
   (in	
   blue)	
   and	
   were	
   almost	
   absent	
   in	
   cKO	
   kidneys	
  

(lower	
  panel,	
  arrow	
  points	
  to	
  a	
  single	
  LYVE-­‐1+	
  cell).	
  Scale	
  bars:	
  100μm	
  (B-­‐C);	
  50μm	
  

(D).	
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Figure 2.7. Deletion of S1P1 in SCL+ ECs from iEC-S1P1KO-mTmG mice.	
  

RT-­‐PCR	
   for	
   S1P1	
   and	
  GAPDH	
   from	
  GFP+	
   cells	
   sorted	
   from	
   kidneys	
   of	
   E15.5	
   	
   iEC-­‐

S1P1KO-­‐mTmG	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;	
   S1P1Δ/fl;	
   R26mTmG/+)	
   mice	
   (1	
   and	
   2)	
   	
   and	
   GFP+	
  

cells	
   sorted	
   from	
   kidneys	
   of	
   Cre+	
   control	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;	
   S1P1Δ/+;	
   R26mTmG/+)	
  

siblings	
  (3	
  and	
  4).	
  The	
  GFP+	
  cells	
  from	
  iEC-­‐S1P1KO-­‐mTmG	
  mice	
  show	
  no	
  expression	
  

of	
   S1P1	
  whereas	
   	
  GFP+	
   cells	
   from	
  Cre+	
   control	
   kidneys	
   express	
   S1P1.	
   cDNA	
   from	
  

E15.5	
  limb	
  was	
  used	
  as	
  a	
  	
  positive	
  control.	
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Figure 2.8. S1P1 functions intrinsically to regulate renal vascular 

development.  

(A-­‐B)	
   X-­‐gal	
   staining	
   and	
   immunostaing	
   for	
   myosin	
   heavy	
   chain	
   on	
   sections	
   from	
  

transplanted	
   embryonic	
   kidneys	
   of	
   control	
   (A)	
   and	
   iEC-­‐SCL-­‐S1P1KO	
   (B)	
   mice	
  

showed	
  increased	
  number	
  of	
  β-­‐gal+	
  ECs	
  and	
  dilated	
  vessels	
  (thin	
  arrow)	
  in	
  the	
  iEC-­‐

SCL-­‐S1P1KO	
   kidneys.	
   (C-­‐D)	
  Control	
   kidneys	
  under	
   transplantation	
   showed	
  normal	
  

development	
   of	
   glomerular	
   capillaries	
   (C,	
   dotted	
   circle)	
   whereas	
   iEC-­‐SCL-­‐S1P1KO	
  

kidneys	
   developed	
   capillary	
   shunts	
   (CS)	
   (D,	
   arrow).	
   (E-­‐F)	
   Control	
   kidneys	
   under	
  

transplantation	
  developed	
  normal	
  arterioles	
   (E),	
  whereas	
   iEC-­‐SCL-­‐S1P1KO	
  kidneys	
  

showed	
  dilated	
  arteriolar	
  lumen	
  (F,	
  arrow).	
  Scale	
  bars:	
  200μm	
  (A	
  and	
  B);	
  50μm	
  (C-­‐

F).	
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Figure 2.9. iEC-SCL-S1P1KO mice develop an abnormal heart.	
   (A)	
   X-­‐gal	
  

staining	
   and	
   immunostaining	
   for	
   α-­‐SMA	
   in	
   longitudinal	
   heart	
   sections	
   of	
   control	
  

(Ctrl)	
   and	
   iEC-­‐SCL-­‐S1P1KO	
   mice	
   at	
   E15.5.	
   	
   The	
   iEC-­‐SCL-­‐S1P1KO	
   mice	
   developed	
  

thinner	
   inter-­‐ventricular	
   septum	
   (S)	
   and	
   inter-­‐ventricular	
   myocardium	
   compact	
  

layer,	
   especially	
   in	
   the	
   left	
   ventricle	
   (LV).	
   RV,	
   right	
   ventricle.	
   (B)	
   Thickness	
   of	
  

septum	
   and	
   left	
   ventricle	
   wall	
   of	
   E15.5	
   control	
   (n=4)	
   and	
   iEC-­‐SCL-­‐S1P1KO	
   (n=4)	
  

mice.	
  Values	
  are	
  expressed	
  as	
  mean±	
  SEM.	
  *	
  p<0.05,	
  **	
  p<	
  0.01.	
  (C)	
  Immunostaining	
  

for	
  PECAM-­‐1	
  in	
  heart	
  sections	
  of	
  control	
  and	
  iEC-­‐SCL-­‐S1P1KO	
  mice	
  at	
  E15.5	
  showing	
  

that	
  the	
  intra-­‐myocardial	
  vessels	
  in	
  the	
  iEC-­‐SCL-­‐S1P1KO	
  heart	
  have	
  larger	
  diameter	
  

(double	
  head	
  arrows)	
  than	
  those	
  in	
  the	
  control	
  heart.	
  Scale	
  bars:	
  500μm	
  (A);	
  100μm	
  

(A,	
  inset);	
  50μm	
  (C).	
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Figure 2.10. Ex vivo assessment of S1P-S1P1 signaling in the regulation of 

kidney vascular development.  

E12.5	
  Hoxb7Cre+/-­‐;R26LacZ/+	
  kidneys	
  treated	
  with	
  vehicle,	
  S1P,	
  S1P+VPC	
  and	
  VPC	
   in	
  

culture	
  for	
  72	
  hours	
  and	
  subjected	
  to	
  immunostaining	
  for	
  PECAM1	
  and	
  PDGFr-­‐β.	
  (A)	
  

Immunofluorescence	
  for	
  PECAM-­‐1	
  (in	
  green)	
  showed	
  that	
  control	
  kidneys	
  (vehicle)	
  

and	
   kidneys	
   treated	
   with	
   VPC	
   developed	
   thickened	
   EC	
   layer	
   (white	
   lined	
   area),	
  

whereas	
   those	
   treated	
  with	
   S1P	
   showed	
  a	
   thin	
   layer	
   of	
   ECs.	
  Kidneys	
   treated	
  with	
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S1P	
  +	
  VPC	
  developed	
  even	
  thicker	
  EC	
  layers	
  in	
  the	
  renal	
  vessels.	
  Note	
  that	
  tubular	
  	
  

(T,	
   in	
   red)	
   staining	
   in	
   green	
  was	
   due	
   to	
   background	
   signal	
   (also	
   found	
   in	
   control	
  

sections	
   without	
   the	
   PECAM-­‐1	
   antibody).	
   (B)	
   Similar	
   results	
   (without	
   tubular	
  

background	
   staining)	
   were	
   observed	
   by	
   immunohistochemistry	
   using	
   DAB	
   as	
   a	
  

substrate	
  (black	
  lined	
  area).	
  Glomerular	
  capillaries	
  did	
  not	
  develop	
  in	
  vitro	
  (A	
  and	
  B,	
  

arrows).	
   (C)	
   Immunofluorescence	
   for	
   PDGFr-­‐β	
   showed	
   that	
   a	
   large	
   number	
   of	
  

PDGFr-­‐β+	
   mural	
   cells	
   (white	
   lined	
   area)	
   were	
   closely	
   associated	
   with	
   vessels	
   in	
  

kidneys	
   exposed	
   to	
   all	
   treatments.	
   Kidneys	
   from	
   all	
   the	
   groups	
   lacked	
  mesangial	
  

cells	
  (arrows).	
  Scale	
  bar:	
  50μm.	
  

	
  
Figure 2.11. SCL+ precursors contribute to hemo-vasculogenesis in the 

kidney.	
   Summary	
   of	
   findings	
   on	
   the	
   lineage	
   relationship	
   between	
   the	
   SCL+	
  

precursors	
  and	
  the	
  cardiac	
  endothelium,	
  renal	
  vascular	
  endothelium	
  and	
  blood	
  cells	
  

in	
  the	
  early	
  embryo.	
  Blue	
  arrows	
  indicate	
  the	
  lineage	
  relationship	
  from	
  our	
  results,	
  

while	
  black	
  arrows	
  show	
  published	
  data	
  from	
  other	
  groups.	
  (A)	
  The	
  SCL+	
  precursor	
  

gives	
   rise	
   to	
   definitive	
   (light	
   blue	
   cells)	
   and	
   hemogenic	
   (dark	
   blue	
   cells)	
   vascular	
  

endothelium	
  of	
  renal	
  vessels,	
  including	
  renal	
  arteries,	
  veins	
  (not	
  shown),	
  glomerular	
  

capillaries	
   and	
  peritubular	
   capillaries.	
   (B)	
   S1P-­‐S1P1	
   signaling	
  between	
  blood	
   cells	
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and	
   ECs	
   derived	
   from	
   SCL+	
   precursors	
   regulates	
   kidney	
   vascular	
   development.	
  

Endothelial	
   S1P1	
   is	
   involved	
   in	
  mural	
   cell	
   coating	
  of	
   renal	
   arteries	
   and	
   arterioles,	
  

development	
   of	
   glomerular	
   capillaries	
   and	
   lymphatic	
   ECs,	
   and	
   inhibits	
   renal	
   EC	
  

proliferation.	
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Chapter	
   3.	
   Endocardium,	
   coronary	
   vascular	
   endothelium	
   and	
   hematopoietic	
  

cells	
   originate	
   from	
   hemo-­‐vascular	
   precursors	
   and	
   regulate	
   heart	
  

development	
  through	
  sphingosin-­‐1-­‐phophate	
  receptor	
  1	
  

Formatted	
  as	
  a	
  first-­‐authored	
  manuscript	
  to	
  be	
  submitted.	
  

1.	
  Abstract	
  

The	
   endocardium	
   and	
   coronary	
   vascular	
   endothelium	
   have	
   been	
   suggested	
   to	
  

originate	
   from	
  multiple	
   sources,	
  which	
   also	
   contribute	
   to	
   other	
   cardiac	
   cell	
   types.	
  

Therefore,	
  their	
  embryonic	
  origins	
  and	
  developmental	
  mechanisms	
  remain	
  elusive.	
  

Specifically,	
   the	
   function	
   of	
   sphingosine-­‐1-­‐phosphate	
   receptor	
   1	
   (S1P1)	
   in	
   early	
  

heart	
  development	
  is	
  unclear,	
  since	
  it	
  is	
  ubiquitously	
  expressed	
  in	
  the	
  endothelium,	
  

myocardium	
   and	
   smooth	
   muscle	
   cells.	
   Using	
   fate	
   tracing	
   studies,	
  

immunohistochemistry,	
   colony	
   forming	
   cells	
   assays	
   and	
   embryonic	
   heart	
  

transplantation,	
   we	
   identified	
   an	
   intermediate	
   precursor	
   population	
   expressing	
  

stem	
   cell	
   leukemia	
   (SCL)	
   gene	
   driven	
   by	
   its	
   5’	
   end	
   enhancer,	
   which	
   we	
   termed	
  

hemo-­‐vascular	
   precursors.	
   They	
   exclusively	
   give	
   rise	
   to	
   the	
   endocardium	
   and	
  

coronary	
   vascular	
   endothelium,	
   a	
   subset	
   of	
   which	
   possess	
   hemogenic	
   function	
  

during	
  early	
  cardiac	
  development.	
  Additionally,	
  we	
  demonstrated	
  the	
  essential	
  role	
  

of	
   endothelial	
   S1P1	
   in	
   the	
   development	
   of	
   the	
   myocardium	
   and	
   coronary	
  

vasculature.	
   We	
   showed	
   that	
   the	
   deletion	
   of	
   S1P1	
   from	
   the	
   hemo-­‐vascular	
  

precursors	
   and	
   their	
   decedents	
   in	
   the	
   heart	
   led	
   to	
   ventricular	
   non-­‐compaction	
  

myopathy	
  and	
  coronary	
  vascular	
  abnormalities	
   in	
   the	
  mouse	
  embryos.	
   In	
  addition	
  

to	
  helping	
  understand	
  the	
  proper	
  development	
  of	
  the	
  cardiac	
  endothelium	
  and	
  their	
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alterations	
  in	
  the	
  congenital	
  heart	
  diseases,	
  our	
  findings	
  may	
  provide	
  information	
  to	
  

heart	
  regeneration	
  therapies.	
  

2.	
  Introduction	
  

During	
  mouse	
  embryogenesis,	
  the	
  earliest	
  functional	
  heart	
  structure	
  shows	
  a	
  linear	
  

tubular	
   configuration	
   consisting	
   of	
   an	
   inner	
   endocardial	
   layer	
   and	
   an	
   outer	
  

myocardial	
   layer,	
   which	
   were	
   suggested	
   to	
   derive	
   from	
   multiple	
  

progenitors.74Lineage	
   tracing	
   studies	
   revealed	
   that	
   a	
   group	
   of	
   cardiac	
   progenitor	
  

cells	
   arise	
   from	
   the	
   primitive	
   streak	
   mesoderm	
   at	
   embryonic	
   day	
   7.5	
   (E7.5)	
   and	
  

develop	
  the	
  first	
  heart	
  field	
  (FHF),	
  also	
  known	
  as	
  the	
  cardiac	
  crescent,	
  which	
  at	
  E8.5	
  

forms	
  the	
  primitive	
  heart	
  tube,	
  and	
  subsequently	
  the	
  left	
  ventricle	
  and	
  part	
  of	
  both	
  

atria.	
  During	
  elongation	
  and	
  looping	
  of	
  the	
  heart	
  tube,	
  another	
  group	
  of	
  tri-­‐potential	
  

progenitor	
   cells	
   from	
   the	
   second	
   heart	
   field	
   (SHF),	
   are	
   added	
   to	
   the	
   arterial	
   and	
  

venous	
   poles,	
   which	
   differentiate	
   into	
   the	
   endocardium,	
   smooth	
  muscle	
   cells	
   and	
  

myocardium	
  of	
   the	
   right	
   ventricle,	
   outflow	
   tract	
   and	
  part	
   of	
   both	
   atria.	
  	
  73,	
  74,	
  128	
   A	
  

recent	
   study	
   has	
   identified	
   the	
   transcription	
   cofactor	
   homeodomain-­‐only	
   protein	
  

Homeobox	
   (Hopx)	
   as	
   a	
   marker	
   of	
   the	
   FHF	
   and	
   SHF	
   intermediate	
   precursors	
  

committed	
   to	
   cardiomyocytes.	
   77	
   However,	
   the	
   origin	
   of	
   cardiac	
   endothelium	
  

remains	
   intricate,	
  precluding	
   the	
  precise	
   functional	
   analysis	
  of	
   genes	
  expressed	
   in	
  

the	
  early	
  endocardium	
  and	
  vascular	
  endothelial	
  cells	
  (ECs).	
  	
  

In	
  fact,	
  the	
  heart	
  possesses	
  two	
  different	
  types	
  of	
  endothelium:	
  the	
  endocardium,	
  a	
  

structurally	
   and	
   functionally	
   specialized	
   endothelium,	
   which	
   may	
   originate	
   from	
  

both	
   vascular	
   endothelium	
   and	
   multipotent	
   cardiac	
   progenitors,	
   129	
   and	
   the	
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coronary	
  vascular	
  endothelial	
  cells	
  (CVECs)	
  that	
  seem	
  to	
  develop	
  from	
  endocardium,	
  

sinus	
   venous	
   ECs	
   and	
   pro-­‐epicardial	
   precursors.	
   130,	
   131	
   Furthermore,	
   previous	
  

studies	
  have	
  shown	
  that	
  blood	
  islands	
  were	
  present	
  in	
  the	
  sub-­‐epicardium	
  and	
  out	
  

flow	
  tract	
  endothelium	
  of	
  the	
  embryonic	
  heart,	
  132	
  and	
  they	
  were	
  thought	
  to	
  derive	
  

in	
   situ	
   from	
   hemogenic	
   endothelium.	
   	
   133	
   Another	
   study	
   has	
   shown	
   that	
  Nkx2.5+	
  

endocardium	
   contributes	
   to	
   transient	
   definitive	
   hematopoiesis	
   in	
   the	
   early	
  

embryonic	
   heart.	
   41	
   Collectively,	
   these	
   data	
   supports	
   the	
   notion	
   that	
   both	
  

endocardium	
  and	
  CVECs	
  retain	
  hemogenic	
   function	
  during	
  early	
  development	
  and	
  

that	
  the	
  early	
  embryonic	
  heart	
  may	
  undergo	
  hemo-­‐vasculogenesis,	
  the	
  concomitant	
  

generation	
  of	
  blood	
  and	
  vessels.	
  However,	
  the	
  origin	
  of	
  the	
  hemogenic	
  	
  endocardium	
  

and	
  CVECs	
  is	
  unknown.	
  	
  

As	
   described	
   in	
   Chapter	
   2,	
   the	
   stem	
   cell	
   leukemia	
   (SCL/Tal1)	
   is	
   a	
   helix-­‐loop-­‐helix	
  

transcription	
   factor	
   required	
   for	
   the	
  development	
  of	
  hemangioblasts,	
   the	
  common	
  

precursor	
   of	
   blood	
   cells	
   and	
   endothelium.	
  10,	
  11	
   Its	
   tissue	
   specific	
   enhancers	
   direct	
  

gene	
  expression	
  in	
  either	
  endothelium	
  or	
  hematopoietic	
  precursors.	
  11	
  Fate	
  tracing	
  

studies	
   in	
  zebra	
   fish	
  and	
  expression	
  analysis	
   in	
  mice	
  demonstrated	
  that	
   the	
  SCL	
   is	
  

expressed	
   in	
   early	
   endocardial	
   precursors	
   and	
   regulate	
   endocardial/myocardial	
  

specification	
   and	
  migration	
  of	
   endocardial	
   cells.	
  RW.ERROR	
  -­‐	
  Unable	
  to	
  find	
  reference:131	
  Using	
  

mice	
  with	
   tamoxifen	
   inducible	
  Cre	
  expression	
  driven	
  by	
  either	
   enhancer,	
  99,	
  100	
  we	
  

recently	
   identified	
   an	
   SCL+	
  hemo-­‐vascular	
   precursor	
   giving	
   rise	
   to	
   both	
   vascular	
  

endothelium	
   and	
   blood	
   cells	
   in	
   the	
   early	
   embryonic	
   kidneys,	
   which	
   requires	
  

sphingosine-­‐1-­‐phophate	
   receptor	
   1(S1P1)	
   for	
   the	
   development	
   of	
   a	
   normal	
  

vasculature.	
  136	
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As	
  described	
   in	
  Chapter	
   2,	
   the	
   sphingosine-­‐1-­‐phophate	
   is	
   a	
   bioactive	
   sphingolipid	
  

that	
  regulates	
  cell	
  proliferation,	
  migration	
  and	
  stabilization	
  through	
  activating	
  five	
  G	
  

protein	
   coupled	
   receptors	
   (S1P1-­‐	
   S1P5).	
   During	
   heart	
   development,	
   S1P1	
   is	
  

predominantly	
   expressed	
   in	
   the	
   endocardium,	
   cardiomyocytes	
   and	
   vascular	
   ECs	
  

from	
   E8.5,	
   before	
   it	
   is	
   expressed	
   in	
   the	
   vasculature	
   of	
   the	
   head	
   and	
   body	
   which	
  

starts	
   at	
   E10.5.	
   	
   114,	
   137,	
   138	
   Global	
   knockout	
   of	
   S1P1	
   in	
   the	
   mouse	
   leads	
   to	
   early	
  

embryonic	
   lethality	
   with	
   abnormal	
   vasculature	
   and	
   impaired	
   heart	
   development,	
  

which	
   showed	
   reduced	
  proliferation	
  of	
  myocardial	
   cells	
   and	
  abnormal	
   fibronectin	
  

expression	
   in	
   the	
   subepicardium	
   and	
   the	
   atrioventricular	
   (AV)	
   cushion.	
   137	
   Since	
  

numerous	
  cardiac	
  cell	
  types	
  respond	
  to	
  the	
  S1P-­‐S1P1	
  singling	
  pathway,	
  the	
  role	
  of	
  

S1P1	
  in	
  each	
  cell	
  type	
  needs	
  to	
  be	
  assessed.	
  Interestingly,	
  while	
  we	
  study	
  the	
  role	
  of	
  

S1P1	
  in	
  the	
  kidney	
  vascular	
  development,	
  we	
  found	
  that	
  deletion	
  of	
  S1P1	
   from	
  the	
  

SCL+	
   precursors	
   led	
   to	
   bradycardia,	
   non-­‐compaction	
   of	
   the	
   left	
   ventricle,	
   thin	
  

ventricular	
   septum	
   and	
   dilated	
   coronary	
   vessels,	
   136	
   suggesting	
   an	
   indispensable	
  

role	
   of	
   S1P1	
   during	
   heart	
   development.	
   However,	
   the	
   contribution	
   of	
   SCL+	
  

precursors	
  to	
  the	
  heart	
  and	
  the	
  role	
  of	
  endothelial	
  S1P1	
  in	
  heart	
  development	
  have	
  

not	
  been	
  previously	
  investigated.	
  

Here,	
  we	
  showed	
  that	
  the	
  SCL	
  expression	
  driven	
  by	
  its	
  5’	
  end	
  endothelial	
  enhancer	
  

(SCLEC)	
  labels	
  cardiac	
  hemo-­‐vascular	
  precursors	
  that	
  give	
  rise	
  to	
  both	
  endocardium	
  

and	
  CVECs,	
  a	
  subset	
  of	
  which	
  possessed	
  hemogenic	
  potential.	
  Partial	
  and	
  complete	
  

ablation	
  of	
  these	
  precursors	
  led	
  to	
  growth	
  retardation,	
  cardiac	
  hypotrophy	
  and	
  loss	
  

of	
   endocardium.	
   Further,	
   we	
   induced	
   early	
   deletion	
   (E7.5)	
   of	
   S1P1	
   from	
   SCLEC+	
  

precursors	
   and	
   their	
   progeny	
   in	
   mice,	
   which	
   developed	
   non-­‐compaction	
   of	
   both	
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ventricles	
   and	
   abnormal	
   coronary	
   vessels,	
   suggesting	
   an	
   indispensable	
   role	
   of	
  

endothelial	
  S1P1	
  for	
  heart	
  development.	
  

3.	
  Results	
  

3.1	
  SCLEC+	
  enhancer	
  driven	
  reporter	
  expression	
  marks	
  cardiac	
  precursors	
  committed	
  

to	
  endothelial	
  fate.	
  	
  

To	
  label	
  the	
  SCLEC+	
  precursors	
  in	
  the	
  developing	
  heart,	
  we	
  first	
  crossed	
  EC-­‐SCL-­‐Cre-­‐

ERT+/-­‐	
  mice	
   to	
   R26mTmG/mTmG	
  mice	
   to	
   obtain	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/-­‐	
   embryos,	
  

and	
   performed	
   a	
   single	
   maternal	
   injection	
   of	
   tamoxifen	
   to	
   pregnant	
   mice	
   at	
  

embryonic	
  day	
  7.5	
  (E7.5),	
  when	
  the	
  cardiac	
  crescent	
  starts	
  to	
  form.	
  We	
  performed	
  

histological	
  analysis	
  of	
  embryos	
  from	
  E9.5	
  to	
  E13.5	
  as	
  shown	
  in	
  Figure	
  3.1A.	
  At	
  E9.5,	
  

GFP	
   reporter	
   expression	
   labeled	
   the	
   endocardium	
   of	
   the	
   outflow	
   tract,	
   ventricles	
  

and	
   atria	
   but	
   not	
   the	
   myocardium	
   (Figure	
   3.1B	
   and	
   C).	
   In	
   addition	
   to	
   the	
  

endocardium,	
   at	
  E10.5	
  GFP	
  also	
   labeled	
   the	
  atrioventricular	
   cushion	
   (AVC),	
  which	
  

may	
   undergo	
   endothelial-­‐mesenchymal	
   transformation	
   to	
   form	
   future	
   valves	
   and	
  

septae	
   (Figure	
  3.1D	
  and	
  E).	
  From	
  E12.5	
   to	
  E13.5,	
  GFP	
  expression	
  expanded	
   in	
   the	
  

developing	
  endocardium,	
  AVC	
  and	
  coronary	
  vascular	
  endothelial	
  cells	
  (CVECs),	
  and	
  

appeared	
  within	
  the	
  myocardium,	
  ventricular	
  septum	
  and	
  sub-­‐epicardium.	
  (Figure	
  

3.1F	
  and	
  G)	
  	
  

Further,	
   double	
   immunofluorescence	
   staining	
   for	
  GFP	
   and	
   the	
   endothelial	
  marker	
  

PECAM-­‐1	
   demonstrated	
   that	
   the	
   endocardium	
   (Figure	
   3.1G)	
   and	
   the	
   majority	
   of	
  

CVEC	
   (Figure	
   3.1J	
   and	
   K)	
   co-­‐expressed	
   GFP	
   and	
   PECAM-­‐1.	
   Notably,	
   a	
   small	
  

population	
  of	
  CVECs	
  and	
  most	
  of	
  the	
  aortic	
  ECs	
  were	
  not	
  labeled	
  by	
  GFP	
  expression	
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(Figure	
  3.1H	
  and	
  K),	
  which	
  may	
  be	
  due	
  to	
  either	
  missing	
  tamoxifen	
   induction	
  or	
  a	
  

distinct	
   origin	
   from	
   non-­‐SCLEC+	
   precursors.	
   Additionally,	
   we	
   identified	
   GFP+	
  

PECAM-­‐	
   CVECs,	
  which	
   form	
   vascular	
   plexus	
   in	
   the	
  myocardium	
   (Figure	
   3.1J)	
   and	
  

blood-­‐islands	
   co-­‐expressing	
   GFP	
   and	
   hemoglobin	
   (Hb)	
   in	
   the	
   atrioventricular	
  

groove	
  (Figure	
  3.1K	
  and	
  L),	
  suggesting	
  immaturity	
  and	
  potentially	
  high	
  mobility	
  of	
  

these	
   cells.	
   In	
   summary,	
   the	
  SCLEC+	
  precursors	
   give	
   rise	
   to	
   the	
   endocardium,	
  AVC	
  

and	
  the	
  majority	
  of	
  CVECs.	
  	
  

3.2.	
   Fate	
   tracing	
   of	
   SCLEC+	
   precursors	
   identifies	
   hemo-­‐vasculogenesis	
   in	
   early	
  

embryonic	
  hearts.	
  	
  

To	
  evaluate	
  whether	
  in	
  the	
  developing	
  heart	
  SCLEC+	
  precursors	
  possess	
  hemogenic	
  

properties	
  we	
  performed	
  the	
  following	
  series	
  of	
  experiments.	
  Immunofluorescence	
  

for	
  GFP,	
  Runx1	
  (a	
  master	
  regulator	
  of	
  blood	
  formation)	
  and	
  Hb	
  in	
  heart	
  sections	
  of	
  

EC-­‐SCL-­‐Cre-­‐ERTCre/-­‐;R26mTmG/-­‐	
  mice	
  (following	
  the	
  scheme	
  in	
  Figure	
  3.1A)	
  showed	
  at	
  

E9.5	
  and	
  E10.5	
  cells	
  co-­‐expressing	
  GFP	
  and	
  Runx1	
  or	
  Hb	
  in	
  the	
  endocardium	
  of	
  the	
  

outflow	
   tract	
   (OFT),	
   ventricles	
   and	
   atria	
   (Figure	
   3.2A-­‐D).	
   At	
   E12.5	
   we	
   observed	
  

GFP+/Runx1+	
  blood	
  islands	
  in	
  the	
  ventricular	
  septum	
  (Figure	
  3.2E)	
  and	
  GFP+/Hb+	
  

cells	
   in	
  ventricular	
  endocardium	
  (Figure	
  3.2F).	
  These	
  data	
   suggest	
   that	
   the	
  SCLEC+	
  

precursors	
   give	
   rise	
   to	
   hemogenic	
   endocardium	
   and	
   blood	
   islands	
   within	
   the	
  

developing	
  embryonic	
  heart.	
  

To	
   further	
   assess	
   the	
   hemogenic	
   capacity	
   of	
   the	
   early	
   SCLEC	
   precursors	
   in	
   the	
  

embryonic	
   heart,	
   we	
   performed	
   methylcellulose-­‐based	
   colony	
   forming	
   cell	
   (CFC)	
  

assays.	
  We	
  harvested	
  cells	
  from	
  the	
  hearts	
  and	
  different	
  embryonic	
  areas	
  including	
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major	
  hematopoietic	
  organs	
  (yolk	
  sac	
  and	
  the	
  caudal	
  half	
  at	
  E9.5,	
  the	
  caudal	
  half	
  at	
  

E10.5	
  and	
  fetal	
  liver	
  at	
  E12.5)	
  at	
  different	
  embryonic	
  stages	
  from	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐

;R26mTmG/-­‐	
  mice	
  with	
  tamoxifen	
  treatment	
  at	
  E7.5	
  (Figure	
  3.2G).	
  Two	
  types	
  of	
  early	
  

stage	
   hematopoietic	
   colonies:	
   CFU-­‐GEMM	
   (granulocytes,	
   erythrocytes,	
  

monocytes/macrophages	
   and	
   megakaryocytes)	
   and	
   CFU-­‐GM	
   (granulocytes	
   and	
  

macrophages)	
  formed	
  not	
  only	
  from	
  hematopoietic	
  organs	
  but	
  also	
  from	
  the	
  cells	
  of	
  

the	
  hearts.	
  The	
  CFU-­‐Mix	
  (GEMM	
  and	
  GM)	
  colonies	
  formed	
  at	
  a	
  rate	
  of	
  2.3	
  (±1)	
  per	
  

1000	
  heart	
  cells	
  with	
  43%	
  of	
  the	
  colonies	
  expressing	
  GFP	
  when	
  cultured	
  from	
  E9.5	
  

hearts	
   (Figure	
  3.2H).	
  The	
  number	
  of	
   colonies	
   reached	
  a	
  peak	
  when	
   cultured	
   from	
  

E10.5	
   	
  hearts	
  (8.4±0.6	
  colonies	
  per	
  1000	
  cells,	
  50%	
  GFP+)	
  (Figure	
  3.2I).	
  By	
  E12.5,	
  

the	
  number	
  of	
  CFU-­‐Mix	
  colonies	
  derived	
  from	
  heart	
  cells	
  decreased	
  to	
  1.3	
  (±0.3)	
  per	
  

1000	
  cells	
  with	
  8.4%	
  GFP+	
  colonies	
   (Figure	
  3.2J).	
  Overall,	
   these	
   results	
   confirmed	
  

that	
   the	
   SCLEC+	
  precursors	
   give	
   rise	
   to	
   early	
   hematopoietic	
   precursors	
  within	
   the	
  

early	
  embryonic	
  heart.	
  	
  

3.3.	
  Ablation	
  of	
  SCLEC+	
  precursors	
  impair	
  hemo-­‐vasculogenesis	
  and	
  heart	
  development.	
  	
  

To	
   investigate	
   whether	
   SCLEC	
   precursors	
   were	
   indispensable	
   for	
   the	
   normal	
  

development	
   of	
   the	
   heart	
   we	
   designed	
   the	
   following	
   ablation	
   experiment.	
   We	
  

crossed	
  R26DTA/DTA	
  	
  mice	
  with	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26R-­‐mTmG+/-­‐	
  mice	
  to	
  generate	
  EC-­‐

SCL-­‐Cre-­‐ERT+/-­‐;R26DTA/+;R26mTmG/+	
   (DTA+)	
   mice,	
   which	
   express	
   diphtheria	
   toxin	
  

subunit	
   A	
   (DTA)	
   and	
   GFP	
   in	
   the	
   SCLEC+	
   precursors.	
   All	
   the	
   DTA+	
   embryos	
   died	
  

within	
  24hrs	
  with	
  a	
  full	
  dose	
  of	
  tamoxifen	
  injection	
  (1mg/30g	
  bodyweight)	
  at	
  E7.5,	
  

whereas	
   their	
  Cre+	
   (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+)	
   control	
   littermates	
  were	
   normal	
  

(data	
  not	
  shown).	
  When	
  we	
  injected	
  pregnant	
  mice	
  with	
  half	
  the	
  dose	
  of	
  tamoxifen	
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(0.5mg/30g	
   bodyweight)	
   to	
   partially	
   ablate	
   the	
   SCLEC+	
   precursors,	
   the	
   DTA+	
  

embryos	
  survived	
  to	
  E9.5,	
  however	
  showed	
  growth	
  retardation	
  (Figure	
  3.3A	
  and	
  B).	
  

Immunofluorescence	
  for	
  GFP	
  and	
  the	
  myocardial	
  marker	
  cardiac	
  muscle	
  troponin	
  T	
  

(cTnT)	
   in	
   heart	
   sections	
   of	
   control	
   embryos	
   further	
   confirmed	
   that	
   part	
   of	
   the	
  

SCLEC+	
   lineage	
   endocardium	
   was	
   still	
   labeled	
   by	
   GFP+	
   expression,	
   whereas	
   the	
  

DTA+	
   embryos	
   almost	
   completely	
   lost	
   SCLEC+	
   lineage	
   endocardium	
   labeled	
   with	
  

GFP.	
   Additionally,	
   the	
  myocardium	
   of	
  DTA+	
   embryos	
   had	
   impaired	
   trabeculation.	
  

(Figure	
  3.3C	
  and	
  D)	
  	
  

Because	
  the	
  SCLEC	
  precursors	
  contribute	
  to	
  the	
  vascular	
  system	
  all	
  over	
  the	
  embryo,	
  

the	
  heart	
  developmental	
  abnormities	
  in	
  the	
  DTA+	
  embryos	
  may	
  be	
  influenced	
  by	
  the	
  

systemic	
   vascular	
   abnormalities.	
   To	
   investigate	
   whether	
   ablation	
   of	
   SCLEC+	
  

precursors	
  affects	
  cardiac	
  development	
  intrinsically,	
  we	
  developed	
  an	
  in	
  vivo	
  cross-­‐

transplantation	
   model136,	
   which	
   allows	
   the	
   development	
   of	
   the	
   embryonic	
   heart	
  

under	
  the	
  kidney	
  capsule	
  of	
  the	
  host	
  mice	
  and	
  the	
  visualization	
  of	
  a	
  beating	
  heart	
  at	
  

the	
   time	
   of	
   harvest.	
  We	
   transplanted	
   hearts	
   of	
   E9.5	
   DTA+	
   mice	
   and	
   their	
   control	
  

siblings	
  under	
  the	
  kidney	
  capsule	
  of	
  wild	
  type	
  adult	
  host	
  mice	
  and	
  induced	
  DTA	
  and	
  

GFP	
   expression	
   in	
   SCLEC+	
   precursors	
   after	
   transplantation.	
   Immunofluorescence	
  

staining	
  for	
  GFP	
  and	
  cTnT	
  showed	
  that	
  the	
  GFP+	
  endocardium	
  developed	
  within	
  the	
  

heart	
  of	
  the	
  control	
  transplants,	
  with	
  GFP+/Hb+	
  blood	
  islands	
  (Figure	
  3.3F	
  and	
  H-­‐J),	
  

which	
   further	
   confirmed	
   the	
   contribution	
   of	
   SCLEC+	
  precursors	
   to	
   intrinsic	
   hemo-­‐

vasculogenesis	
   in	
   the	
   heart.	
   However,	
   the	
   transplanted	
   hearts	
   from	
   DTA+	
  mice	
  

completely	
  lost	
  the	
  GFP+	
  endocardium	
  and	
  the	
  heart	
  lumen	
  structure	
  (Figure	
  3.3G).	
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These	
   experiments	
   underscored	
   the	
   requirement	
   of	
   SCLEC+	
   precursors	
  within	
   the	
  

early	
  embryonic	
  heart	
  for	
  hemo-­‐vasculogenesis	
  and	
  organogenesis.	
  

3.4.	
  S1P1	
  expressed	
  in	
  SCLEC	
  lineage	
  endothelium	
  regulates	
  heart	
  development	
  	
  

To	
   investigate	
   the	
   role	
   of	
   endothelial	
   S1P1	
   during	
   early	
   cardiac	
   development,	
  we	
  

designed	
   a	
   series	
   of	
   experiments	
   to	
   deletion	
   S1P1	
   from	
   the	
   SCLEC+	
   precursors	
  

during	
   heart	
   development.	
  We	
   treated	
   cEC-­‐SCL-­‐S1P1KO	
   mice	
   and	
   their	
   control	
  

siblings	
   with	
   tamoxifen	
   at	
   E7.5	
   to	
   induce	
   GFP	
   reporter	
   expression	
   and/or	
   S1P1	
  

deletion	
  in	
  the	
  SCLEC+	
  lineage	
  cells.	
  The	
  cEC-­‐SCL-­‐S1P1KO	
  and	
  control	
  embryos	
  died	
  

in	
  utero	
   at	
  E13.5	
   to	
  E14.5,	
  which	
  may	
  have	
  been	
  due	
   to	
   tamoxifen	
   toxicity.	
  Before	
  

E13.5,	
  the	
  littermate	
  controls	
  of	
  the	
  cEC-­‐SCL-­‐S1P1KO	
  embryos	
  were	
  morphologically	
  

normal,	
   indistinguishable	
   from	
   the	
  non-­‐injected	
  ones.	
  Therefore,	
  we	
  characterized	
  

the	
  hearts	
  of	
  cEC-­‐SCL-­‐S1P1KO	
  mice	
  from	
  E12.5	
  to	
  E13.5.	
  

The	
   cEC-­‐SCL-­‐S1P1KO	
   mice	
   developed	
   thin	
   ventricular	
   walls	
   and	
   thick	
   trabeculae.	
  

(Figure	
  3.4A-­‐D)	
  To	
  study	
  whether	
  proliferation	
  of	
  the	
  myocardium	
  was	
  affected,	
  we	
  

performed	
  co-­‐immunofluorescence	
  staining	
   for	
  phosphorylated	
  histone	
  H3	
  (phh3)	
  

and	
  cTnT	
  in	
  heart	
  sections	
  of	
  E12.5	
  cEC-­‐SCL-­‐S1P1KO	
  and	
  control	
  mice.	
  The	
  results	
  

demonstrated	
  a	
  remarkable	
  decrease	
  in	
  the	
  proliferation	
  of	
  the	
  myocardium	
  in	
  both	
  

ventricles	
  and	
  atria	
  of	
  the	
  cEC-­‐SCL-­‐S1P1KO	
  mice.	
  (Figure	
  3.4E)	
  However,	
  there	
  was	
  

no	
  significant	
  difference	
  in	
  the	
  trabeculae	
  (Figure	
  3.4E)	
  	
  

Interestingly,	
  we	
   found	
   that	
   cEC-­‐SCL-­‐S1P1KO	
   embryos	
   developed	
   less	
   peri-­‐truncal	
  

CVECs	
  within	
  the	
  ventricular	
  wall	
  than	
  the	
  controls	
  (Figure	
  3.34C,	
  D	
  and	
  F),	
  whereas	
  

their	
  CVECs	
  in	
  the	
  septum	
  were	
  increased	
  (Figure	
  3.4G).	
  We	
  did	
  not	
  find	
  a	
  difference	
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in	
  the	
  number	
  of	
  ECs	
  within	
  the	
  endocardium	
  or	
  AVC	
  between	
  the	
  cEC-­‐SCL-­‐S1P1KO	
  

and	
  control	
  embryos.	
  (Figure	
  3.4G)	
  	
  	
  

4.	
  Discussion	
  

In	
  this	
  study	
  we	
  show	
  that	
  the	
  expression	
  of	
  the	
  SCL	
  gene	
  driven	
  by	
  its	
  5’	
  endothelial	
  

enhancer	
   marks	
   cardiac	
   precursors	
   committed	
   to	
   an	
   endothelial	
   fate,	
   which	
   give	
  

rise	
  to	
  endocardium	
  and	
  CVECs,	
  a	
  subset	
  of	
  which	
  undergo	
  hemo-­‐vasculogenesis	
  to	
  

generate	
  ECs	
  and	
  blood	
  cells.	
  Genetic	
  ablation	
  of	
   these	
  precursors	
   in	
  vivo	
  or	
  after	
  

transplantations	
   resulted	
   in	
   absence	
   of	
   endocardium	
   and	
   subsequent	
   abnormal	
  

myocardial	
   development.	
   Further,	
   using	
   this	
   marker	
   gene,	
   we	
   were	
   able	
   to	
  

specifically	
  delete	
  S1P1	
   from	
  cardiac	
  endothelium	
  during	
  early	
  heart	
  development,	
  

which	
   demonstrated	
   essential	
   roles	
   of	
   endothelial	
   S1P1	
   for	
   the	
   development	
   of	
  

ventricular	
  and	
  atrial	
  cardiomyocytes	
  and	
  coronary	
  vascular	
  formation.	
  

Collective	
   data	
   from	
   lineage	
   analysis	
   suggested	
   that	
   the	
   endocardium,	
   CVECs	
   and	
  

vascular	
   endothelium	
  elsewhere	
  are	
  highly	
   related	
   in	
   cellular	
  origin.	
   For	
   instance,	
  

fate-­‐tracing	
  studies	
  of	
  Nfatc1+	
  endocardium	
  demonstrated	
  that	
  the	
  endocardium	
  is	
  

a	
  major	
  source	
  of	
  the	
  arterial	
  CVECs	
  through	
  angiogenesis.	
  131	
  Albeit	
  the	
  majority	
  of	
  

venous	
   CVECs	
   and	
   a	
   small	
   number	
   of	
   arterial	
   CVECs	
   were	
   derived	
   from	
   the	
  

dedifferentiated	
   sinus	
   venous	
   endothelium.	
   139	
   Additionally,	
   another	
   study	
   has	
  

identified	
  a	
  subset	
  of	
  pro-­‐epicardial	
  precursors	
  giving	
  rise	
  to	
  a	
  small	
  population	
  of	
  

CVECs	
  and	
  smooth	
  muscle	
  cells.	
  130	
  However,	
  none	
  of	
  the	
  genes	
  used	
  in	
  these	
  studies	
  

exclusively	
  labeled	
  the	
  whole	
  population	
  of	
  cardiac	
  ECs,	
  including	
  endocardium	
  and	
  

CVECs.	
  The	
  lack	
  of	
  specific	
  marker	
  genes	
  for	
  intermediate	
  precursors	
  committed	
  to	
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the	
  cardiac	
  endothelial	
  fate	
  has	
  hampered	
  our	
  understanding	
  of	
  the	
  molecular	
  basis	
  

of	
  cell	
  fate	
  decision	
  and	
  cell	
  differentiation	
  in	
  the	
  heart.	
  Here,	
  we	
  report	
  that	
  timely	
  

labeled	
  early	
  SCLEC+	
  precursors	
  gave	
  rise	
  to	
  all	
  the	
  endocardium	
  and	
  the	
  majority	
  of	
  

CVECs	
  during	
  heart	
  development.	
  	
  

Our	
   studies	
   identified	
   intrinsic	
   SCLEC+	
   derived	
   hemogenic	
   ECs	
   and	
   early	
  

hematopoietic	
   precursors	
   in	
   E9.5-­‐E12.5	
   hearts	
   and	
   hematopoietic	
   organs	
   by	
  

immunostaining,	
  CFC	
  assay	
  and	
  cross-­‐transplantation	
  studies.	
  Although,	
  cell	
  surface	
  

marker	
   expression	
   studies	
   in	
   embryonic	
   stem	
   cells	
   suggested	
   that	
   cardiac	
  

progenitors	
   and	
   hemangioblasts	
   were	
   two	
   distinct	
   populations,	
  76,	
   140-­‐142	
   our	
   data	
  

suggest	
   a	
   contribution	
   of	
   cardiac	
   hemo-­‐vascular	
   precursors	
   to	
   the	
   hemogenic	
  

endocardium	
  and	
  CVECs.	
  Moreover,	
  we	
  detected	
  Runx1	
  protein	
  by	
  immunostaining,	
  

the	
  marker	
  of	
  early	
  hematopoietic	
  stem	
  cells,	
  143	
   in	
  the	
  endocardium	
  and	
  CVECs	
  of	
  

early	
  embryonic	
  heart,	
  which	
  is	
  in	
  agreement	
  with	
  the	
  RT-­‐PCR	
  data	
  from	
  others.	
  144	
  

These	
   results	
   further	
   confirmed	
   a	
   hemogenic	
   function	
   of	
   the	
   early	
   cardiac	
  

endothelium.	
   In	
   our	
  CFC	
   studies,	
   fewer	
   colonies	
  were	
   found	
   from	
   the	
  E12.5	
  heart	
  

than	
   from	
   earlier	
   stages.	
   This	
   may	
   due	
   to	
   low	
   percentage	
   of	
   endothelium	
   in	
   the	
  

whole	
   heart,	
   since	
   the	
   cardiomyocytes	
   and	
  other	
   types	
   of	
   cells	
   proliferate	
   quickly	
  

and	
  account	
   for	
   a	
   large	
  proportion	
  of	
   the	
   total	
  heart	
   cells	
   at	
   this	
   age.	
  Further,	
   the	
  

lower	
   percentage	
   of	
   GFP	
   expressing	
   colonies	
   from	
   the	
   E12.5	
   heart	
   suggested	
   a	
  

decreased	
  contribution	
  of	
  SCLEC	
  precursors	
  to	
  the	
  cardiac	
  hematopoiesis,	
  which	
  is	
  in	
  

agreement	
  with	
  the	
  transient	
  hemogenic	
  function	
  of	
  the	
  embryonic	
  heart	
  previously	
  

described.	
   41	
   The	
   unlabeled	
   colonies	
   may	
   differentiate	
   from	
   hematopoietic	
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precursors	
   that	
  were	
  generated	
  earlier	
   than	
   the	
   tamoxifen	
   treatment	
  or	
  may	
  have	
  

escaped	
  the	
  induction	
  with	
  tamoxifen.	
  

Furthermore,	
   our	
   cEC-­‐SCL-­‐S1P1KO	
  mice	
   developed	
   thin	
   ventricular	
   myocardium	
  

accompanied	
   with	
   abnormal	
   trabeculation	
   and	
   coronary	
   vascular	
   development,	
  

which	
  mimics	
   the	
  ventricular	
  noncompaction	
   cardiomyopathy	
  observed	
   in	
  human	
  

patients.	
   These	
   patients	
   develop	
   hypertrabeculation	
   with	
   deep	
   recesses	
   in	
   thin	
  

ventricular	
  walls,	
  which	
  are	
  usually	
   accompanied	
  with	
   coronary	
  vascular	
  diseases	
  

and	
  arrhythmias.	
  145	
  Similar	
  to	
  the	
  S1P1	
  global	
  knockout	
  mice,	
  our	
  cEC-­‐SCL-­‐S1P1KO	
  

mice	
   showed	
   reduced	
   myocardial	
   proliferation	
   in	
   the	
   ventricles	
   and	
   atria,	
  

suggesting	
  that	
  myocardial	
  development	
  is	
  regulated	
  by	
  endothelial	
  S1P1	
  in	
  a	
  non-­‐

autonomous	
   manner.	
   Whether	
   S1P1	
   plays	
   an	
   intrinsic	
   role	
   in	
   the	
   myocardium,	
  

remains	
   to	
   be	
   investigated.	
   Although	
  we	
   found	
   thickened	
   trabecular	
   tissue	
   in	
   the	
  

heart	
  of	
  cEC-­‐SCL-­‐S1P1KO	
  mice,	
  their	
  proliferation	
  was	
  not	
  significantly	
  increased.	
  It	
  

has	
  been	
  reported	
  that	
  the	
  trabeculation	
  is	
  regulated	
  by	
  growth	
  factors	
  secreted	
  by	
  

the	
   endocardium,	
   such	
   as	
   neuregulin	
   growth	
   factors.	
  146,	
  147	
   Therefore,	
   deletion	
   of	
  

S1P1	
   from	
  endocardium	
  may	
  affect	
   expressions	
  of	
   these	
   factors	
  and	
  consequently	
  

result	
   in	
   abnormal	
   trabeculae.	
   Notably,	
   the	
   coronary	
   vessels	
   in	
   the	
   ventricle	
  wall	
  

were	
   reduced	
   in	
   response	
   to	
   deletion	
   of	
   endothelial	
   S1P1,	
   whereas	
   those	
   in	
   the	
  

septum	
  were	
   increased.	
   It	
   suggests	
  a	
  potentially	
  distinct	
   role	
  of	
  S1P1	
  during	
   their	
  

development.	
  It	
  has	
  been	
  reported	
  that	
  the	
  cross-­‐talk	
  between	
  the	
  fibroblast	
  growth	
  

factor	
   (FGF)	
   signaling	
   from	
   the	
   epicardium	
   and	
   the	
   endothelial	
   growth	
   factor	
   A	
  

(VEGF-­‐A)	
  signaling	
  from	
  the	
  myocardium	
  regulates	
  the	
  development	
  of	
  ventricular	
  

CVECs.	
  148	
  However,	
   the	
   septal	
   CVECs	
   are	
   only	
   affected	
   by	
   the	
   deletion	
   of	
   VEGF-­‐A	
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from	
   the	
  myocardium	
  but	
   not	
   the	
   deletion	
   of	
   VEGF-­‐C	
   from	
   the	
   epicardium.	
  131,	
  149	
  

How	
   the	
   endothelial	
   S1P1	
   interacts	
   with	
   these	
   signaling	
   pathways	
   to	
   regulate	
  

coronary	
   vascular	
   development	
   in	
   the	
   ventricles	
   and	
   septum	
   remains	
   to	
   be	
  

investigated.	
  

In	
   summary,	
   our	
   study	
   has	
   identified	
   a	
   specialized	
   SCLEC	
   precursor	
   exclusively	
  

committed	
   to	
   a	
   cardiac	
   endothelial	
   fate,	
  which	
   gives	
   rise	
   to	
   the	
   endocardium	
   and	
  

CVECs,	
   including	
  a	
  subset	
  with	
  hemogenic	
  potential.	
  Our	
  mouse	
  model	
  will	
  enable	
  

the	
   isolation	
   of	
   early	
   cardiac	
   EC	
   precursors	
   for	
   the	
   analysis	
   of	
   genetic	
   networks	
  

underlying	
   the	
   cardiac	
   development,	
   and	
   will	
   ultimately	
   be	
   of	
   help	
   in	
   the	
   heart	
  

regeneration	
   field.	
  Furthermore,	
  by	
  deleting	
  S1P1	
   from	
  the	
  SCLEC+	
  precursors	
  and	
  

their	
   derivatives,	
   we	
   uncovered	
   the	
   unique	
   role	
   of	
   endothelial	
   S1P1	
   in	
   the	
  

myocardial	
   and	
   coronary	
  vascular	
  development.	
  These	
   findings	
  may	
  help	
  advance	
  

our	
   understanding	
   of	
   genetic	
   defects	
   that	
   trigger	
   congenital	
   heart	
   disease	
   and	
  

development	
  of	
  new	
  treatment	
  for	
  the	
  patients.	
  

5.	
  Methods	
  

5.1	
  Animals	
  

For	
   fate	
   tracing	
   studies,	
   colony-­‐forming	
   cell	
   assays	
   and	
   embryonic	
   heart	
  

transplantations,	
   EC-­‐SCL-­‐Cre-­‐ERT	
   mice	
   99	
   were	
   crossed	
   to	
   B6.129(Cg)-­‐

Gt(ROSA)26Sortm4(ACTB-­‐tdTomato,-­‐EGFP)Luo/J	
   (R26mTmG/mTmG)	
   	
   123	
   reporter	
   mice.	
   Pregnant	
  

mice	
   were	
   injected	
   with	
   (1mg/30g	
   body	
   weight)	
   tamoxifen	
   intraperitoneally.	
   To	
  

genetically	
  ablate	
  SCLEC+	
  precursors,	
  EC-­‐SCL-­‐Cre-­‐ERT	
  mice	
  were	
  crossed	
  to	
  B6.129-­‐

GT(ROSA)26SSortm1(DTA)Lky/J	
   mice	
   (R26DTA/DTA)	
   125	
   and	
   R26mTmG/mTmG	
   mice.	
   Partial	
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ablation	
   of	
   SCLEC+	
  precursors	
   was	
   achieved	
   by	
   injecting	
   pregnant	
   mice	
   with	
   half	
  

dose	
  of	
  tamoxifen	
  (0.5mg/30g	
  body	
  weight).	
  To	
  study	
  the	
  role	
  of	
  S1P1	
  expressed	
  by	
  

cells	
  from	
  the	
  SCLEC+	
  lineage	
  during	
  heart	
  development,	
  cEC-­‐SCL-­‐S1P1KO	
  mice	
  were	
  

generated	
  as	
  previously	
  described.	
  136	
  All	
  procedures	
  were	
  performed	
  in	
  accordance	
  

with	
   the	
  Guiding	
  Principles	
   for	
  Research	
   Involving	
  Animals	
   and	
  Human	
  Beings	
  by	
  

the	
  American	
  Physiological	
  Society	
  and	
  were	
  approved	
  by	
  the	
  University	
  of	
  Virginia	
  

Animal	
  Care	
  Committee.	
  

5.2	
  Whole-­‐mount	
  organ	
  imaging	
  and	
  immunofluorescence	
  

For	
  whole-­‐mount	
  heart	
   imaging,	
   the	
  hearts	
   from	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/-­‐	
  mice	
  

at	
  E9.5	
   (n=3),	
  E10.5	
   (n=4)	
  and	
  E12.5	
   (n=4)	
  were	
  micro-­‐dissected	
  and	
   fixed	
   in	
  4%	
  

paraformaldehyde	
  for	
  5min	
  and	
  placed	
  in	
  cold	
  PBS.	
  Images	
  were	
  captured	
  using	
  a	
  Q	
  

Imaging	
  RETIGA	
  EXi	
  camera	
  connected	
  to	
  a	
  Leica	
  DMIRE2	
  microscope.	
  

Immunofluorescence	
  was	
  performed	
  on	
  5μm	
  sections	
  of	
  Bouins	
   fixed	
  and	
  paraffin	
  

embedded	
   tissues	
   following	
   standard	
   protocols.	
  127	
   Primary	
   antibodies	
   used	
  were	
  

anti-­‐GFP	
   (1:500	
   dilution,	
   Abcam,	
   ab13970),	
   anti-­‐PECAM-­‐1	
   (1:500	
   dilution,	
   Santa	
  

Cruz,	
   sc1506-­‐R),	
   anti-­‐phh3	
   (1:200	
   dilution,	
   Cell	
   Signaling,	
   #9701S),	
   anti-­‐cTnT	
  

(1:200	
  dilution,	
  Abcam,	
  ab8295),	
   anti-­‐Hb	
   (1:500	
  dilution,	
  DAKO,	
  A0118)	
  and	
  anti-­‐

Runx1	
  (1:500	
  dilution,	
  Abcam,	
  ab23980).	
  The	
  secondary	
  antibodies	
  used	
  were	
  Alexa	
  

Fluor	
  488	
  goat	
  anti-­‐chicken	
  IgG	
  (H+L)	
  (GFP),	
  Alexa	
  Fluor	
  568	
  donkey	
  anti-­‐rabbit	
  IgG	
  

(H+L)	
  (PECAM-­‐1,	
  phh3,	
  Hb	
  and	
  Runx1)	
  and	
  Alexa	
  Fluor	
  568	
  donkey	
  anti-­‐mouse	
  IgG	
  

(H+L)	
   (1:500	
   dilution;	
   Life	
   Technologies,	
   Carlsbad,	
   CA).	
   Nuclei	
   were	
   stained	
  with	
  

Hoechst	
  33342	
  (1:1000dilution,	
   Invitrogen,	
  H3570)	
   Images	
  were	
  obtained	
  using	
  a	
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Leica	
  DFC360	
  FX	
  digital	
  camera	
  connected	
  to	
  a	
  Leica	
  DFC	
  480	
  microscope.	
  

5.3	
  Colony-­‐forming-­‐cell	
  assays	
  

Hearts	
   [at	
  E9.5	
   (n=3),	
   E10.5	
   (n=4)	
   and	
  E12.5	
   (n=5)],	
   caudal	
   halves	
   [at	
  E9.5	
   (n=3)	
  

and	
  E10.5	
  (n=4)],	
  yolk	
  sacs	
  (at	
  E9.5,	
  n=3)	
  and	
  fetal	
   livers	
  (at	
  E12.5,	
  n=5)	
  from	
  EC-­‐

SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/-­‐	
  embryos	
  were	
  micro-­‐dissected	
   in	
   Iscove’s	
  MDM	
  with	
   2%	
  

FBS	
   and	
   disaggregated	
   with	
   collagenase	
   (Stemcell	
   technologies,	
   M7902)	
   at	
   37°C.	
  

The	
   dissociated	
   single	
   cells	
   were	
   plated	
   in	
   1ml	
   of	
   the	
   Methocult	
   GF	
   (M3434,	
  

StemCell	
   Technlogies)	
   and	
   cultured	
   in	
   24	
   well	
   cell	
   culture	
   plates	
   at	
   37°C	
   in	
   5%	
  

humidified	
  CO2.	
  After	
  12	
  days	
  of	
  incubation,	
  the	
  colonies	
  were	
  scored	
  as	
  described	
  

previously.	
  136	
  	
  

5.4	
  Embryonic	
  heart	
  transplantation	
  

The	
  whole	
  embryonic	
  hearts	
  from	
  E9.5	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26DTA/+;R26mTmG/+	
  (DTA+,	
  

n=3)	
  mice	
  and	
  their	
  control	
  siblings	
  (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+,n=3)	
  were	
  micro-­‐

dissected	
  and	
  transplanted	
  under	
  the	
  kidney	
  capsule	
  of	
  host	
  mice.	
  Briefly,	
  after	
  the	
  

host	
   mice	
   were	
   anesthetized	
   with	
   tribromoethanol	
   (0.25	
   mg/g	
   body	
   weight),	
   an	
  

incision	
  on	
  the	
  kidneys	
  capsule	
  was	
  made	
  using	
  a	
  Vannas	
  scissor.	
  A	
  27-­‐gauge	
  needle	
  

was	
  inserted	
  into	
  the	
  incision	
  to	
  carefully	
  extend	
  the	
  space	
  between	
  the	
  capsule	
  and	
  

the	
   host	
   kidney.	
   Then	
   the	
   freshly	
   micro-­‐dissected	
   embryonic	
   hearts	
   were	
   placed	
  

under	
   the	
   kidney	
   capsule	
   of	
   the	
   host	
   mice.	
   After	
   surgeries,	
   the	
   host	
   mice	
   were	
  

injected	
   with	
   analgesic	
   drug	
   buprenorphine	
   (0.2mg/kg	
   body	
   weight)	
  

intraperitoneally	
   daily	
   for	
   2	
   days	
   and	
   tamoxifen	
   (1mg/30g	
   body	
   weight) 
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intraperitoneally	
   daily	
   for	
   7	
   days	
   as	
   previously	
   described	
   for	
   another	
   embryonic	
  

organ.	
  	
  136	
  	
  

5.5	
  Measurement	
  of	
  myocardium	
  proliferation	
  

To	
   measure	
   the	
   number	
   of	
   proliferating	
   myocardial	
   cells,	
   we	
   performed	
   double-­‐

immunofluorescences	
   for	
   phh3	
   and	
   the	
  myocardial	
  marker	
   cTnT	
   in	
   5	
   comparable	
  

sections	
  from	
  the	
  heart	
  of	
  E12.5	
  cEC-­‐SCL-­‐S1P1KO	
  (n=4)	
  and	
  control	
  (n=4)	
  embryos.	
  

The	
   number	
   of	
   phh+/cTnT+	
   cells	
   was	
   counted	
   from	
   each	
   cardiac	
   structure	
  

(ventricles,	
   atria,	
   septum,	
   AVC	
   and	
   trabeculae).	
   The	
   areas	
   of	
   each	
   cTnT+	
   cardiac	
  

structure	
  were	
  measured	
  by	
  imageJ.	
  

5.6	
   Measurement	
   of	
   areas	
   of	
   endocardium	
   and	
   coronary	
   vascular	
   endothelial	
   cells	
  

(CVECs)	
  

To	
  measure	
  the	
  area	
  of	
  PECAM-­‐1+	
  endocardium	
  in	
  the	
  ventricles	
  and	
  atria	
  and	
  CVEC	
  

in	
   the	
   septum,	
   we	
   performed	
   immunofluorescences	
   for	
   PECAM-­‐1	
   and	
   cTnT	
   in	
   5	
  

comparable	
   sections	
   from	
   the	
   heart	
   of	
   E12.5	
   cEC-­‐SCL-­‐S1P1KO	
   (n=4)	
   and	
   control	
  

(n=4)	
  embryos.	
  The	
  PECAM-­‐1+	
  areas	
  and	
  cTnT+	
  areas	
  were	
  measured	
  using	
  imageJ,	
  

respectively.	
  The	
  values	
  were	
  expressed	
  as	
  percentages:	
  

𝐸𝐶  𝑎𝑟𝑒𝑎  (%) =
𝑃𝐸𝐶𝐴𝑀 − 1+   𝑎𝑟𝑒𝑎

𝑐𝑇𝑛𝑇 +   𝑎𝑟𝑒𝑎  𝑜𝑓  𝑒𝑎𝑐ℎ  𝑐𝑎𝑟𝑑𝑖𝑎𝑐  𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒	
  

To	
   measure	
   the	
   area	
   of	
   GFP+	
   CVECs	
   in	
   the	
   ventricles,	
   we	
   performed	
   double-­‐

immunofluorescences	
  for	
  GFP	
  and	
  cTnT	
  in	
  5	
  comparable	
  sections	
  from	
  the	
  heart	
  of	
  

E12.5	
   cEC-­‐SCL-­‐S1P1KO	
   (n=5)	
   and	
   control	
   (n=5)	
   embryos.	
   The	
   GFP+	
   ventricular	
  

CVEC	
  areas	
  and	
  the	
  total	
  ventricular	
  area	
  were	
  measured	
  using	
  imageJ.	
  The	
  areas	
  of	
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GFP+	
   endocardium	
   and	
   septal	
   CVECs	
   were	
   manually	
   excluded.	
   The	
   values	
   were	
  

expressed	
  as	
  percentages:	
  

𝑣𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟  𝐶𝑉𝐸𝐶  𝑎𝑟𝑒𝑎  (%) =
𝐺𝐹𝑃 + 𝑣𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟  𝐶𝑉𝐸𝐶  𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙  𝑣𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟  𝑎𝑟𝑒𝑎 	
  

5.7	
  Statistical	
  analysis	
  

Data	
  are	
  shown	
  as	
  mean	
  ±	
  SEM.	
  Statistical	
  analysis	
  was	
  carried	
  out	
  by	
  Student’s	
  t-­‐

test.	
  A	
  p<0.05	
  was	
  considered	
  significant.	
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6.	
  Figures	
  and	
  figure	
  legends	
  

	
  
Figure 3.1. SCLEC+ precursors differentiate into endothelium and 

endocardium.  

[A]	
   To	
   trace	
   the	
   fate	
   of	
   SCLEC+	
  precursors,	
  EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/-­‐	
   mice	
  were	
  

treated	
   with	
   tamoxifen	
   at	
   E7.5	
   by	
   maternal	
   injection	
   (red	
   arrow)	
   Embryos	
   were	
  

harvested	
  at	
  E9.5,	
  E10.5	
  ,	
  E12.5	
  and	
  E13.5	
  (green	
  arrows).	
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[B-­‐E]	
  Whole-­‐mount	
  fluorescent	
  images	
  (B	
  and	
  D)	
  and	
  immunofluorescence	
  (IF)	
  for	
  

GFP	
   (green)	
   and	
   cTnT	
   (red)	
   in	
   heart	
   sections	
   (C	
   and	
   E)	
   show	
   that	
   the	
   SCLEC+	
  

precursors	
   give	
   rise	
   to	
   endocardium	
  but	
   not	
  myocardium	
   in	
   both	
   ventricles,	
   atria	
  

and	
  outflow	
  tract	
  (OFT)	
  of	
  the	
  heart	
  tube	
  at	
  E9.5	
  (B	
  and	
  C)	
  and	
  the	
  endocardium	
  in	
  

the	
  four	
  chambers,	
  atrial-­‐ventricular	
  cushion	
  (AVC)	
  and	
  OFT	
  of	
  the	
  heart	
  at	
  E10.5	
  (D	
  

and	
  E).	
  	
  

[F]	
  In	
  addition	
  to	
  endocardium,	
  the	
  SCLEC+	
  precursors	
  give	
  rise	
  to	
  coronary	
  vascular	
  

(CV)	
   endothelial	
   cells	
   in	
   the	
   atrial-­‐ventricular	
   groove	
   and	
   in	
   the	
   septum	
   of	
   E12.5	
  

heart.	
   [G-­‐I]	
   IF	
   for	
  GFP	
  and	
  PECAM-­‐1	
   in	
  E13.5	
  heart	
  sections	
  showed	
  that	
  GFP	
  was	
  

expressed	
   in	
   all	
   the	
   PECAM-­‐1+	
   endocardium	
   in	
   the	
   four	
   heart	
   chambers	
   (G)	
   and	
  

PECAM-­‐1-­‐	
  AVC	
  (I),	
  but	
  not	
  in	
  aortic	
  endothelial	
  cells	
  (ECs)	
  (H).	
  

[J-­‐K]	
  Most	
  of	
  the	
  CV	
  ECs	
  in	
  the	
  E13.5	
  heart	
  sections	
  co-­‐expressed	
  GFP	
  and	
  PECAM-­‐1	
  

(arrows).	
   Arrowheads	
   indicate	
   a	
   sub	
   population	
   of	
   GFP+/PECAM-­‐1+	
   ECs	
   forming	
  

vascular	
  plexus	
  (J)	
  and	
  blood	
  island-­‐like	
  structures	
  (K).	
  Only	
  a	
  few	
  GFP-­‐/PECAM-­‐1+	
  

CV	
  ECs	
  were	
  identified.	
  (yellow	
  arrow).	
  

[L]	
  IF	
  showed	
  that	
  the	
  blood	
  island-­‐like	
  structures	
  were	
  GFP+/Hb+	
  (arrowheads).	
  

A,	
   atria;	
   LV,	
   left	
   ventricle;	
   RV,	
   right	
   ventricle;	
   OFT,	
   outflow	
   tract;	
   AVC,	
   atrial-­‐

ventricular	
  cushion;	
  CV,	
  coronary	
  vessel;	
  Ao,	
  aorta;	
  S,	
  septum.	
  

Scale	
  bars:	
  100μm	
  (B-­‐I);	
  50μm	
  (J-­‐L)	
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Figure 3.2. SCLEC+ precursors contribute to hematopoiesis in the early 

embryonic heart. 

[A-­‐F]	
  IF	
  for	
  GFP	
  and	
  hematopoietic	
  stem	
  cells	
  marker	
  Runx1	
  and	
  blood	
  cell	
  marker	
  

Hb	
  in	
  sections	
  of	
  hearts	
  at	
  E9.5	
  (A	
  and	
  B),	
  E10.5	
  (C	
  and	
  D)	
  and	
  E12.5	
  (E	
  and	
  F).	
  A,C	
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and	
   E	
   show	
   GFP+/Runx1+	
   cells	
   in	
   the	
   OFT	
   at	
   E9.5	
   (A,	
   arrows),	
   ventricular	
  

endocardium	
  at	
  E10.5	
  (C,	
  arrows)	
  and	
  in	
  the	
  septal	
  CVECs	
  at	
  E12.5	
  (E,	
  arrows).	
  B,	
  D	
  

and	
  F	
  show	
  GFP+/Hb+	
  cells	
   in	
  the	
  atrial	
  endocardium	
  at	
  E9.5	
  and	
  E10.5	
  (B	
  and	
  D,	
  

arrows)	
  and	
  in	
  ventricular	
  endocardium	
  at	
  E12.5	
  (F,	
  arrow).	
  

[G]	
   Schematic	
   of	
   colony	
   forming-­‐cells	
   (CFC)	
   assays	
   using	
   cells	
   from	
  whole	
   hearts	
  

(red),	
  caudal	
  half	
  (blue),	
  yolk	
  sac	
  (green)	
  and	
  fetal	
  liver	
  (orange)	
  of	
  E9.5,	
  E10.5	
  and	
  

E12.5	
  embryos.	
  	
  

[H-­‐J]	
  Bar	
  graph	
  shows	
  the	
  number	
  of	
  GFP+	
  (green)	
  and	
  RFP+	
  (red)	
  CFU-­‐Mix	
  colonies	
  

that	
   grew	
   from	
   the	
   cells	
   of	
   hearts	
   and	
   other	
   hematopoietic	
   organs	
   from	
   E9.5	
   (H,	
  

n=3),	
   E10.5	
   (I,	
   n=4)	
   and	
   E12.5	
   (J,	
   n=5)	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/+	
   mice	
   treated	
  

with	
  tamoxifen	
  at	
  E7.5.	
  YS,	
  yolk	
  sac.	
  

Scale	
  bar:	
  50μm	
  (A-­‐F)	
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Figure 3.3. Ablation of SCLEC+ precursors impairs hemo-vasculogenesis 

and heart development.  

[A-­‐B]	
  Low-­‐dose	
  of	
  tamoxifen	
  injected	
  at	
  E7.5	
  led	
  to	
  delayed	
  growth	
  of	
  the	
  DTA+	
  (EC-­‐

SCL-­‐Cre-­‐ERT+/-­‐;	
  R26DTA/-­‐;R26mTmG/-­‐)	
  mice	
   at	
   E9.5(B),	
   whereas	
   control	
   embryos	
   (EC-­‐

SCL-­‐Cre-­‐ERT+/-­‐;R26mTmG/-­‐)	
  	
  did	
  not	
  display	
  any	
  abnormality	
  (A).	
  Dashed	
  lines	
  indicate	
  

the	
  position	
  of	
  the	
  heart	
  sections	
  shown	
  in	
  C	
  and	
  D.	
  

[C-­‐D]	
  IF	
  for	
  GFP	
  (green)	
  and	
  cTnT	
  (red)	
  show	
  that	
  control	
  mice	
  developed	
  a	
  normal	
  

heart	
  with	
  a	
   subset	
  of	
   the	
  endocardium	
   labeled	
  by	
  GFP	
  expression.	
   (C)	
  GFP+	
  cells	
  

were	
  absent	
  in	
  DTA+	
  mice.	
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[E]	
  Schematic	
  of	
  embryonic	
  heart	
  transplantation.	
  The	
  whole	
  heart	
  from	
  E9.5	
  mouse	
  

embryos	
  was	
  dissected	
  and	
  transplanted	
  under	
  the	
  kidney	
  capsule	
  of	
  an	
  adult	
  wild	
  

type	
   host	
   mouse.	
   After	
   surgery,	
   the	
   host	
   mouse	
   was	
   injected	
   with	
   tamoxifen	
   to	
  

induce	
   cre	
   expression	
   with	
   subsequent	
   DTA	
   and	
   reporter	
   expression.	
   The	
  

transplanted	
  hearts	
  and	
  host	
  kidneys	
  were	
  harvested	
  7	
  days	
  after	
  surgery.	
  

[F-­‐G]	
   IF	
   for	
  GFP	
   (green)	
   and	
   cTnT	
   (red)	
   show	
   that	
   the	
   control	
   transplanted	
  heart	
  

developed	
  GFP+	
  endocardium	
  (F,	
  within	
  the	
  white	
  dashed	
  line).	
  The	
  yellow	
  dashed	
  

line	
   indicate	
  a	
   lumen	
  (Lu),	
   filled	
  with	
  Hb+	
  blood	
  cells	
   (in	
  red,	
  shown	
   in	
   the	
   inset).	
  

The	
  DTA+	
  transplanted	
  heart	
  completely	
  lost	
  the	
  lumen	
  structure	
  and	
  GFP+	
  cells.	
  (G,	
  

white	
  dashed	
  line)	
  

[H-­‐J]	
  IF	
  for	
  GFP	
  and	
  Hb	
  show	
  a	
  GFP+/Hb+	
  blood	
  island	
  in	
  the	
  section	
  of	
  the	
  control	
  

transplanted	
  heart.	
  (arrows)	
  

Scale	
  bars:	
  100μm	
  (C-­‐D,	
  F-­‐G):	
  50μm	
  (H-­‐J)	
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Figure 3.4. S1P1 in SCLEC+ precursors is crucial for normal heart 

development. 

[A-­‐D]	
  A	
  and	
  B	
  show	
  fluorescent	
  images	
  of	
  heart	
  sections	
  from	
  control	
  (EC-­‐SCL-­‐Cre-­‐

ERT+/-­‐;S1P1fl/+;R26mTmG/-­‐)	
  and	
  cEC-­‐SCL-­‐S1P1KO	
  (EC-­‐SCL-­‐Cre-­‐ERT+/-­‐;S1P1fl/-­‐;R26mTmG/-­‐)	
  

mice.	
  The	
  SCLEC+	
  cells	
  were	
  labeled	
  by	
  GFP	
  expression.	
  Otherwise,	
  the	
  cells	
  express	
  

RFP.	
  C	
  and	
  D	
  show	
  the	
  white	
  dashed	
  squares	
  at	
  higher	
  magnification.	
  	
  Comparing	
  to	
  

the	
   heart	
   from	
   control	
   mice,	
   the	
   heart	
   of	
   cEC-­‐SCL-­‐S1P1KO	
  mice	
   (B	
   and	
   D)	
   show	
  

thickened	
  trabeculae	
  (A	
  and	
  B,	
  arrows),	
  thin	
  ventricular	
  walls	
  (C	
  and	
  D,	
  double	
  head	
  

arrows)	
  in	
  both	
  ventricles,	
  and	
  fewer	
  ventricular	
  coronary	
  vessels	
  (triangles).	
  	
  

[E]	
  Quantification	
  of	
  the	
  number	
  of	
  proliferating	
  phosphorylated	
  histone	
  H3	
  (phh3)	
  

+cTnT+	
   cells	
   in	
   different	
   cardiac	
   structures	
   of	
   E12.5	
   control	
   (n=6)	
   and	
   cEC-­‐SCL-­‐

S1P1KO	
   	
   (n=5)	
   mice.	
   The	
   cEC-­‐SCL-­‐S1P1KO	
   hearts	
   showed	
   significantly	
   reduced	
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proliferation	
  in	
  the	
  myocardium	
  of	
  ventricles	
  and	
  atria,	
  but	
  not	
  in	
  the	
  septum,	
  AVC	
  

or	
  trabeculae.	
  *p<0.05	
  

[F]	
  Measurement	
  of	
   the	
   area	
  of	
  GFP+	
  ventricular	
  CVECs/	
  ventricle	
   area	
   in	
   	
   hearts	
  

sections	
  of	
  E12.5	
  control	
  (n=5)	
  and	
  cEC-­‐SCL-­‐S1P1KO	
  (n=5)	
  mice	
  showed	
  less	
  CVECs	
  

in	
  the	
  cEC-­‐SCL-­‐S1P1KO	
  heart	
  than	
  the	
  control	
  heart.	
  *	
  p<0.05	
  

[G]	
   Measurement	
   of	
   the	
   area	
   of	
   PECAM-­‐1+	
   cells	
   in	
   different	
   structures	
   of	
   hearts	
  

from	
   E12.5	
   control	
   (n=4)	
   and	
   cEC-­‐SCL-­‐S1P1KO	
   (n=4)	
   mice	
   show	
   increased	
   septal	
  

CVECs	
  in	
  the	
  cEC-­‐SCL-­‐S1P1KO	
  heart.	
  There	
  were	
  no	
  differences	
  in	
  the	
  endocardium	
  

of	
  ventricles	
  and	
  atria.	
  *	
  p<0.05	
  

Scale	
  bars:	
  200μm	
  (A-­‐D)	
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Chapter	
  4.	
  Discussion	
  

1.	
  Embryonic	
  origin	
  of	
  renal	
  ECs	
  

Whether	
  renal	
  endothelium	
  originates	
  intrinsically	
  within	
  the	
  embryonic	
  kidney	
  or	
  

from	
   extrarenal	
   precursors	
   has	
   been	
   controversial	
   for	
   decades.	
   The	
   inter-­‐species	
  

embryonic	
   kidney	
   grafts	
   have	
   been	
   developed	
   to	
   study	
   the	
   origin	
   of	
   the	
   kidney	
  

vasculature.	
  150	
  The	
  variable	
  contribution	
   from	
  host	
  or	
  donor	
   to	
   the	
  vasculature	
  of	
  

grafted	
   kidneys	
   raised	
   the	
   argument	
   that	
   this	
   system	
   created	
   a	
   very	
   artificial	
  

environment.	
  	
  109	
  When	
  embryonic	
  kidneys	
  from	
  rodent	
  or	
  chick	
  were	
  transplanted	
  

into	
  the	
  quail	
  chorioallantoic	
  membrane150or	
  under	
  kidney	
  capsule	
  of	
  newborn	
  mice	
  

15	
   where	
   vascularization	
   is	
   actively	
   occurring,	
   endothelial	
   cells	
   derived	
   from	
   the	
  

host	
   were	
   identified	
   within	
   the	
   vasculature	
   of	
   the	
   grafted	
   embryonic	
   kidneys.	
  

However,	
   when	
   embryonic	
   kidneys	
   were	
   transplanted	
   into	
   the	
   anterior	
   eye	
  

chamber	
  105	
  or	
  under	
  the	
  kidney	
  capsule	
  of	
  adult	
  rodents	
  15	
  the	
  graft	
  developed	
  its	
  

own	
   vasculature	
  without	
   cells	
   from	
   the	
   host.	
   In	
   our	
   lineage	
   tracing	
   studies,	
   SCL+	
  

precursors	
  labeled	
  at	
  E6.5,	
  before	
  the	
  kidney	
  starts	
  to	
  form,	
  contribute	
  to	
  the	
  kidney	
  

vasculature.	
  Although,	
  we	
  cannot	
  exclude	
  the	
  contribution	
  of	
  extra-­‐renal	
  precursors	
  

to	
  the	
  kidney	
  vasculature,	
  it	
  is	
  possible	
  that	
  these	
  early	
  precursors	
  migrated	
  to	
  the	
  

intermediate	
   mesoderm,	
   before	
   the	
   metanephric	
   mesenchyme	
   condenses.	
   In	
   our	
  

transplantation	
  studies,	
  the	
  SCL+	
  precursors	
  within	
  E12.5	
  mouse	
  kidney	
  are	
  able	
  to	
  

develop	
  vascular	
  endothelium	
  de	
  novo.	
  When	
  they	
  were	
  genetically	
  ablated	
  from	
  the	
  

graft,	
  the	
  vascular	
  endothelium	
  was	
  significantly	
  reduced,	
  while	
  cells	
  from	
  the	
  adult	
  

host	
   kidney	
   did	
   not	
   compensate	
   the	
   loss	
   of	
   endothelium.	
   These	
   experiments	
  

demonstrated	
   that	
   the	
   metanephric	
   mesenchyme	
   of	
   the	
   early	
   embryonic	
   kidney	
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possesses	
  sufficient	
  endothelial	
  precursors	
  to	
  develop	
  the	
  vasculature	
  intrinsically.	
  

As	
  mentioned	
  in	
  Chapter	
  2,	
   the	
  embryonic	
  kidneys	
   in	
  the	
  culture	
  condition	
  cannot	
  

develop	
  normal	
  vasculature.	
  By	
  identifying	
  the	
  vascular	
  precursors,	
  we	
  will	
  be	
  able	
  

to	
   study	
   the	
   environmental	
   factors	
   and	
   signaling	
   molecules	
   guiding	
   their	
  

development	
  and	
  assembly.	
  Further,	
  this	
  information	
  could	
  be	
  ultimately	
  applied	
  to	
  

build	
  up	
  a	
  kidney	
  with	
  functional	
  vasculature	
  using	
  cells	
  from	
  the	
  patients	
  who	
  need	
  

kidney	
  transplants.	
  	
  

2.	
  Hemo-­‐vasculogenesis	
  in	
  early	
  embryonic	
  kidneys	
  

In	
  Chapter	
  2,	
  we	
   identified	
  hemo-­‐vasculogenesis	
   in	
  E12.5	
  to	
  E13.5	
  mouse	
  kidneys,	
  

demonstrating	
   that	
   the	
  mammalian	
   embryonic	
   kidneys	
   are	
   able	
   to	
   generate	
   their	
  

own	
   vessels	
   and	
   blood,	
   before	
   the	
   kidney	
   vasculature	
   connects	
   to	
   the	
   general	
  

circulation.	
   In	
   this	
   section,	
   the	
   following	
   questions	
   will	
   be	
   discussed:	
   1)	
   How	
   is	
  

hemo-­‐vasculogenesis	
  initiated,	
  2)	
  what	
  is	
  the	
  function	
  of	
  hemo-­‐vasculogenesis,	
  and	
  

3)	
  why	
  is	
  hemo-­‐vasculogenesis	
  transient.	
  

2.1	
  Initiation	
  of	
  hemo-­‐vasculogenesis	
  in	
  the	
  developing	
  kidney	
  

In	
   vitro	
   ES	
   cell	
   culture	
   data	
   suggested	
   that	
   HIF1	
   induced	
   by	
   hypoxia	
   promoted	
  

differentiation	
  of	
   hemangioblasts	
   and	
   accelerated	
  vascular	
  development.	
  151	
   In	
   the	
  

kidney,	
   the	
  hypoxic	
  condition	
  resulted	
  from	
  lack	
  of	
  blood	
  flow	
  could	
  be	
  one	
  of	
   the	
  

first	
   cues	
   to	
   initiate	
   hemo-­‐vasculogenesis.	
   The	
   mesodermal	
   stem	
   cells	
   within	
   the	
  

metanephric	
   mesenchyme	
   may	
   differentiate	
   to	
   hemo-­‐vascular	
   precursors	
   in	
  

response	
   to	
  O2	
  deprivation	
   and	
   form	
   the	
   first	
   vascular	
   endothelium	
  plexus	
  before	
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blood	
  perfusion.	
   (Figure	
  4.1)	
  This	
   hypothesis	
   needs	
   to	
   be	
   verified	
   in	
   both	
   in	
  vitro	
  

and	
  in	
  vivo	
  systems.	
  

	
  

Figure	
  4.1.	
  Schematic	
  diagram	
  of	
  the	
  initiation	
  of	
  hemo-­‐vasculogenesis	
  in	
  the	
  

E11.5-­‐E12.5	
  embryonic	
  kidney.	
  Before	
  a	
  connection	
  between	
  the	
  kidney	
  and	
  the	
  

blood	
  circulation	
  from	
  aorta	
  is	
  established,	
  the	
  SCL+	
  precursors	
  in	
  the	
  metanephric	
  

mesenchyme	
   differentiate	
   to	
   endothelial	
   cells	
   (EC)	
   and	
   blood	
   cells	
   (BC),	
   likely	
   in	
  

response	
  to	
  HIFs	
  released	
  by	
  ureteric	
  bud	
  (UB).	
  32	
  	
  	
  

2.2	
  Possible	
  function	
  of	
  hemo-­‐vasculogenesis	
  

In	
   addition	
   to	
   oxygen,	
   blood	
   flow	
   also	
   provides	
   growth	
   factors	
   and	
   mechanical	
  

forces	
   to	
   vessels	
   and	
   tissues,	
   which	
   are	
   critical	
   for	
   the	
   architecture	
   of	
   the	
  

vasculature.	
   However,	
   before	
   establishment	
   of	
   an	
   effective	
   blood	
   circulation,	
   the	
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nascent	
   kidney	
   vascular	
   plexus	
   needs	
   to	
   undergo	
   remodeling	
   to	
   form	
   functional	
  

vessels,	
   including	
  EC	
  proliferation,	
   regression	
  and	
  mural	
   cell	
   coating,	
  which	
   raises	
  

the	
   question:	
   how	
   do	
   immature	
   vessels	
   in	
   the	
   early	
   kidney	
   “self-­‐start”	
   to	
   form	
  

functional	
   structures.	
   As	
   the	
   vascular	
   ECs	
   expand,	
   the	
   developing	
   epithelium	
  may	
  

produce	
  growth	
  factors	
  to	
  guide	
  the	
  development	
  of	
  new	
  vessels	
  accommodating	
  to	
  

ureteric	
  bud	
  branching	
  and	
  nephrogenesis,	
  such	
  as	
  VEGF	
  and	
  HIFs.	
  32	
  Furthermore,	
  

it	
   is	
   possible	
   that	
   the	
   blood	
   cells	
   generated	
  by	
   hemo-­‐vasculogenesis	
   function	
   as	
   a	
  

regulator	
   for	
  vascular	
  development.	
  For	
   instance,	
  erythrocytes	
  (or	
  red	
  blood	
  cells)	
  

not	
  solely	
  function	
  in	
  gas	
  exchange.	
  The	
  embryonic	
  erythrocytes	
  release	
  S1P	
  to	
  the	
  

plasma	
  and	
  target	
  endothelial	
  S1P1	
  to	
  regulate	
  vascular	
  development.	
  58	
  Moreover,	
  

the	
  macrophages	
   can	
   release	
   angiogenic	
   factors	
   to	
   guide	
   connection	
  between	
   two	
  

sprouting	
  vessels.	
  152	
  Thus,	
  we	
  propose	
  that	
  hemo-­‐vasculogenesis	
  may	
  function	
  as	
  a	
  

“self-­‐guided”	
   mechanism	
   during	
   the	
   early	
   vascular	
   development	
   of	
   the	
   kidney,	
  

before	
   the	
   establishment	
   of	
   an	
   effective	
   blood	
   circulation.	
   In	
   this	
  model,	
   the	
  SCL+	
  

precursors	
  differentiate	
   to	
  ECs,	
  which	
   form	
   the	
  nascent	
   vascular	
   tubes,	
   and	
  blood	
  

cells	
   within	
   the	
   lumens.	
   While	
   the	
   kidney	
   vascular	
   plexus	
   expand	
   through	
  

angiogenesis,	
   these	
   blood	
   cells	
   may	
   generate	
   signaling	
   molecules	
   to	
   guide	
   the	
  

proper	
   vascular	
   formation	
   and	
   maintain	
   the	
   structures	
   by	
   interacting	
   with	
   the	
  

chemotactic	
  signaling	
  molecules	
  from	
  the	
  growing	
  epithelium.	
  	
  

As	
   shown	
   in	
  Figure	
  2.1	
   (Chapter	
  2),	
   the	
  kidney	
   starts	
   to	
   form	
  nascent	
   endothelial	
  

tubes	
  with	
   blood	
   cells	
   in	
   the	
   lumens	
   at	
   E13.5.	
   At	
   this	
   stage,	
   the	
   primary	
   vascular	
  

plexus	
   with	
   blood	
   cells	
   established	
   by	
   hemo-­‐vasculogenesis	
   may	
   undergo	
   self-­‐

guided	
   angiogenesis	
   to	
   expand	
   the	
   vascular	
   network	
   within	
   the	
   rapidly	
   growing	
  



	
   101	
  

kidney.	
  (Figure	
  4.2)	
  Additionally,	
  we	
  found	
  cells	
  co-­‐expressing	
  SCL,	
  stem	
  cell	
  marker	
  

and	
   hematopoietic	
   markers	
   in	
   the	
   metanephric	
   mesenchyme	
   of	
   E13.5	
   kidneys	
  

(Figure	
  2.2),	
  suggesting	
  an	
  ongoing	
  hemo-­‐vasculogenesis	
  in	
  this	
  region.	
  (Figure	
  4.2)	
  

At	
   this	
   time	
   point,	
   some	
   of	
   the	
   kidney	
   vessels	
   may	
   start	
   to	
   fuse	
   to	
   the	
   systemic	
  

vasculature.	
   However,	
   it	
   is	
   not	
   necessarily	
   equal	
   to	
   the	
   establishment	
   of	
   blood	
  

circulation	
   within	
   the	
   kidney	
   vasculature.	
   Therefore,	
   the	
   kidney	
   vascular	
  

development	
   still	
   needs	
   signaling	
   from	
   the	
   blood	
   cells	
   derived	
   from	
   the	
   SCL+	
  

precursors	
  to	
  guide	
  their	
  development.	
  	
  

Although	
   we	
   did	
   not	
   find	
   hematopoietic	
   precursor	
   cells	
   derived	
   from	
   the	
   SCL+	
  

precursors	
   in	
   vivo	
   from	
  E14.5	
   to	
  E15.5,	
   the	
  hemo-­‐vasculogenesis	
   in	
   the	
  kidney	
   at	
  

this	
  stage	
  cannot	
  be	
  excluded	
  based	
  on	
  data	
  in	
  this	
  these.	
  It	
  is	
  possible	
  that	
  the	
  blood	
  

flow	
   from	
   the	
   general	
   circulation	
   started	
   to	
   enter	
   the	
   kidney	
   vasculature,	
   which	
  

“flushed”	
   the	
   SCL+	
   lineage	
   blood	
   cells	
   (if	
   any)	
   out	
   of	
   the	
   kidney	
   vasculature.	
  

Meanwhile,	
   we	
   identified	
   smooth	
   muscle	
   cells	
   and	
   renin	
   cells	
   coating	
   the	
   renal	
  

arteries	
  by	
   immunohistochemistry	
   at	
   this	
   stage,	
   indicating	
   that	
   the	
  kidney	
  vessels	
  

were	
  undergoing	
  maturation.	
  The	
  growth	
  factors	
  and	
  the	
  hemodynamic	
  forces	
  from	
  

the	
  blood	
  flow	
  may	
  further	
  finely	
  tune	
  the	
  differentiation	
  and	
  assembly	
  of	
  the	
  mural	
  

cells.	
  However,	
  the	
  hemo-­‐vasculogenesis	
  in	
  the	
  kidney	
  may	
  eventually	
  cease	
  due	
  to	
  

the	
   higher	
   concentration	
   of	
   oxygen,	
   regulatory	
   molecules	
   and	
   the	
   hemodynamic	
  

forces	
  coming	
  from	
  the	
  blood	
  flow.	
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Figure	
  4.2.	
  Schematic	
  diagram	
  of	
  kidney	
  vascular	
  development	
  from	
  E12.5	
  to	
  

E13.5.	
   From	
  E12.5	
   to	
   E13.5,	
   the	
   primary	
   kidney	
   vascular	
   plexus	
   (in	
   yellow)	
  with	
  

blood	
   cells	
   (in	
   pink)	
   within	
   the	
   vessels	
   formed	
   by	
   hemo-­‐vasculogenesis	
   undergo	
  

angiogenesis.	
  Some	
  vessels	
  may	
  start	
   to	
   fuse	
  with	
  the	
  systemic	
  vessels	
  (in	
  red).	
   In	
  

addition,	
   hemo-­‐vasculogenesis	
   occurs	
   in	
   the	
   cortex	
   region.	
   SCL+	
   precursors	
   (in	
  

orange)	
  differentiate	
   to	
  endothelial	
   cells	
   (in	
  yellow)	
  and	
  blood	
  cells	
   (in	
  pink).	
  The	
  

cap	
   mesenchyme	
   and	
   developing	
   nephrons	
   are	
   labeled	
   in	
   blue,	
   and	
   the	
   ureteric	
  

brunches	
  are	
  labeled	
  in	
  pale	
  green.	
  

	
  
To	
  summarize	
  our	
  proposed	
  model,	
  the	
  temporal	
  hemo-­‐vasculogenesis	
  in	
  the	
  early	
  

embryonic	
   kidney	
  may	
   serve	
   as	
   a	
   “self-­‐guided”	
  machinery	
   during	
   the	
   initiation	
   of	
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vascular	
   development.	
   It	
   may	
   be	
   triggered	
   by	
   the	
   hypoxic	
   condition	
   in	
   the	
   early	
  

embryonic	
   kidneys	
   to	
   form	
   a	
   vascular	
   plexus	
   with	
   blood	
   cells.	
   Before	
   the	
  

establishment	
   of	
   blood	
   circulation,	
   these	
   blood	
   cells	
   provide	
   signaling	
   molecules	
  

within	
  the	
  vessel	
  lumens	
  to	
  guide	
  the	
  development	
  of	
  kidney	
  vascular	
  plexus.	
  When	
  

the	
  blood	
  flow	
  from	
  the	
  general	
  circulation	
  enters	
  the	
  kidney	
  vasculature,	
  the	
  hemo-­‐

vasculogenesis	
   gradually	
   ceases	
   probably	
   due	
   to	
   the	
   incoming	
   oxygen,	
   growth	
  

factors	
  and	
  the	
  hemodynamic	
  forces	
  from	
  the	
  blood	
  flow.	
  	
  

3.	
  Hemo-­‐vasculogenesis	
  in	
  the	
  embryonic	
  heart	
  

Similar	
  to	
  the	
  kidney,	
  we	
  found	
  in	
  the	
  heart	
  that	
  the	
  SCL+	
  precursors	
  contribute	
  to	
  

hemo-­‐vasculogenesis	
   in	
   the	
   endocardium	
   and	
   the	
   immature	
   coronary	
   vascular	
  

plexus	
   in	
   the	
   early	
   embryonic	
   hearts.	
   However,	
   the	
   mechanism	
   underling	
   this	
  

process	
  remains	
  largely	
  unknown.	
  

From	
  our	
  CFC	
  data	
   (Figure	
  3.2),	
  we	
   found	
   the	
  most	
  abundant	
  early	
  hematopoietic	
  

colonies	
   derived	
   from	
   the	
   heart	
   at	
   E9.5	
   and	
   E10.5.	
   Coincidently,	
   the	
  myocardium	
  

expresses	
  high	
  level	
  of	
  HIF1α	
  from	
  E8.5	
  to	
  E10.5,	
  in	
  response	
  to	
  hypoxic	
  condition.	
  	
  

153	
  Similar	
   to	
  our	
  hypothesis	
   in	
   the	
  early	
  embryonic	
  kidney,	
   the	
  hypoxic	
  condition	
  

could	
  be	
  one	
  of	
   the	
  first	
  cues	
  to	
  trigger	
  the	
  hematopoiesis	
  by	
  the	
  SCL+	
  precursors.	
  

However,	
  the	
  function	
  of	
  the	
  blood	
  cells	
  generated	
  during	
  this	
  process	
  is	
  unknown.	
  

Unlike	
   vascular	
   EC,	
   the	
   endocardium	
   possesses	
   different	
   morphology	
   and	
   gene	
  

expression.	
  Whether	
   its	
  development	
   requires	
  hemo-­‐vasculogenesis	
   is	
  unclear.	
  To	
  

address	
  this	
  question,	
  a	
  genetic	
  approach	
  can	
  be	
  used	
  to	
  specifically	
  delete	
  Runx1,	
  

the	
  master	
  regulator	
  of	
  hematopoiesis,	
  143	
  from	
  the	
  early	
  endocardium.	
  By	
  crossing	
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our	
   inducible	
   EC-­‐SCL-­‐Cre-­‐ERT+/-­‐	
  mouse	
   to	
   a	
   Runx1fl/fl	
   mouse,	
   we	
   can	
   study	
   the	
  

endocardium	
   development	
   with/without	
   hematopoiesis	
   in	
   vivo	
   and	
   in	
   our	
   cross-­‐

transplantation	
   system.	
   If	
   the	
   development	
   of	
   endocardium	
   from	
  was	
   affected	
   by	
  

the	
   deletion	
   of	
   Runx1	
   from	
   E9.5	
   to	
   E10.5,	
   when	
   the	
   hematopoiesis	
   in	
   the	
   heart	
  

reaches	
   a	
   peak,	
   it	
   suggests	
   that	
   the	
   blood	
   cells	
   generated	
   by	
   the	
   SCL+	
   precursors	
  

regulate	
  the	
  endocardial	
  development.	
  If	
  not,	
  the	
  hematopoiesis	
  may	
  not	
  function	
  to	
  

regulate	
   the	
   endocardium.	
   However,	
   it	
   is	
   also	
   possible	
   that	
   the	
   hematopoiesis	
  

regulates	
   the	
   development	
   of	
   myocardium,	
   which	
   can	
   be	
   validated	
   in	
   the	
   same	
  

experiment.	
  

Secondly,	
   the	
   coronary	
   vascular	
   development	
   starts	
   at	
   E10.5,	
   which	
   may	
   also	
   be	
  

stimulated	
  by	
  the	
  hypoxic	
  condition	
  in	
  the	
  heart.	
  Similar	
  to	
  the	
  kidney	
  vasculature,	
  

the	
   coronary	
   vasculature	
   first	
   form	
   vascular	
   plexus,	
   which	
   need	
   to	
   undergo	
  

remodeling	
  to	
  form	
  a	
  functional	
  vascular	
  structure.	
  	
  154,	
  155	
  From	
  E11.5	
  to	
  E13.5,	
  the	
  

coronary	
   plexus	
   forms	
   and	
   expands	
   rapidly	
   to	
   accommodate	
   with	
   the	
   dramatic	
  

cardiac	
   growth	
   resulted	
   from	
   proliferation	
   of	
   cardiomyocytes.	
   During	
   this	
   period,	
  

there	
   is	
   no	
   blood	
   flow	
   in	
   the	
   coronary	
   vasculature.	
   155	
   Although	
   hematopoietic	
  

precursors	
  were	
   identified	
   in	
   the	
   coronary	
  plexus	
   in	
   the	
   subepicardial	
   region	
  and	
  

within	
   the	
   ventricular	
   septum,	
   	
  42,	
  78	
   the	
   origin	
   and	
   the	
   function	
   of	
   these	
   cells	
   are	
  

unknown.	
  In	
  chapter	
  3,	
  our	
  data	
  showed	
  that	
  the	
  SCL+	
  precursor	
  gave	
  rise	
  to	
  both	
  

hematopoietic	
   precursor	
   cells	
   and	
   the	
   coronary	
   vessels	
   in	
   the	
   E12.5	
   and	
   E13.5	
  

hearts.	
  (Figure	
  3.1	
  and	
  3.2)	
  Similar	
  to	
  the	
  kidney	
  vasculature,	
  it	
  is	
  possible	
  that	
  the	
  

hemo-­‐vasculogenesis	
   in	
   the	
   coronary	
   vascular	
   system	
   function	
   as	
   a	
   “self-­‐guided”	
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machinery	
   to	
   regulate	
   its	
   own	
   development	
   before	
   connection	
   to	
   the	
   general	
  

circulation.	
  	
  

4.	
  Role	
  of	
  S1P1	
  signaling	
  in	
  kidney	
  vascular	
  development	
  	
  

In	
  Chapter	
  2,	
  we	
  demonstrated	
   that	
   the	
   S1P1	
   receptor	
   functions	
   autonomously	
   in	
  

ECs	
   to	
   regulate	
   critical	
   steps	
   during	
   kidney	
   vascular	
   development,	
   including	
   EC	
  

proliferation,	
   mural	
   cell	
   coating,	
   glomerular	
   capillary	
   formation	
   and	
   lymphatic	
  

vessel	
   formation.	
   These	
   processes	
   are	
   finely	
   regulated	
   by	
   interactions	
   between	
  

multiple	
  signaling	
  pathways,	
  which	
  remain	
  largely	
  unknown.	
  

4.1	
  Possible	
  role	
  of	
  S1P1	
  in	
  the	
  kidney	
  vascular	
  development	
  

Earlier	
   in	
   vitro	
   and	
   in	
   vivo	
   studies	
   suggested	
   that	
   endothelial	
   S1P1	
   function	
   as	
   a	
  

vascular	
   stabilizer	
   through	
   inhibiting	
   angiogenic	
   sprouting,	
   promoting	
   cell-­‐cell	
  

junctions	
   and	
   activating	
   mural	
   cell	
   coating.	
   	
   52-­‐54,	
   56,	
   57	
   In	
   fact,	
   the	
   functions	
   and	
  

expression	
   level	
  of	
  S1P1	
  differs	
  upon	
  the	
  dose	
  of	
   ligand,	
   flow	
  mediated	
   forces	
  and	
  

localization	
  of	
  EC	
  in	
  different	
  type	
  of	
  vessels	
  and	
  organs.	
  (Blaho,	
  Hla	
  2014)	
  Whether	
  

S1P1	
   is	
   expressed	
   in	
   the	
   SCL+	
   precursors	
   or	
   the	
   earliest	
   ECs	
   during	
   hemo-­‐

vasculogenesis	
  and	
  whether	
   it	
  regulates	
  the	
  nascent	
  vascular	
   formation	
   is	
  unclear.	
  

Therefore,	
  a	
  detailed	
  expression	
  profile	
  of	
  S1P1	
  revealed	
  by	
  in	
  situ	
  hybridization	
  in	
  

each	
   segment	
  of	
   kidney	
  vessels	
   at	
   different	
  developmental	
   stages	
   is	
   necessary	
   for	
  

understanding	
  its	
  role	
  in	
  the	
  kidney	
  vascular	
  development.	
  	
  

Microarray	
  data	
  of	
  E15.5	
  mouse	
  kidneys	
   showed	
   that	
   S1P1	
   is	
  highly	
   expressed	
   in	
  

the	
   ECs	
   when	
   coupled	
   with	
   other	
   cell	
   types	
   of	
   the	
   embryonic	
   kidney.	
   156,	
   157	
   Our	
  

study	
  further	
  demonstrated	
  that	
  the	
  endothelial	
  S1P1	
  inhibited	
  EC	
  proliferation	
   in	
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the	
  embryonic	
  kidneys,	
  which	
  explained	
   the	
  EC	
  hyperplasia	
   in	
   the	
  kidneys	
  of	
   iEC-­‐

SCL-­‐S1P1KO	
  mice.	
  Whether	
  S1P1	
  directly	
  regulates	
  EC	
  proliferation	
  through	
  Gi-­‐Rho	
  

GTPase	
   signaling	
   or	
   synergistically	
   with	
   other	
   signaling	
   pathways,	
   such	
   as	
   VEGF	
  

signaling,	
   need	
   to	
   be	
   studied.	
   Further,	
   mural	
   cell	
   coating,	
   a	
   process	
   that	
   involves	
  

differentiation,	
  proliferation,	
  migration	
  and	
  stabilization	
  of	
  mural	
  cells	
   is	
  regulated	
  

by	
  Angiopoietin-­‐1/Tie2,	
  PDGF/PDGFR,	
  Eph/Ephrin,	
  TGF-­‐β	
  and	
  S1P/S1P1	
  signaling	
  

pathways.	
  Yet,	
  our	
  knowledge	
  on	
  the	
  interactions	
  among	
  these	
  signaling	
  pathways	
  

is	
   incomplete.	
   In	
   the	
  kidneys	
  of	
   iEC-­‐SCL-­‐S1P1KO	
  mice,	
   the	
  SMCs	
  of	
  renal	
  arterioles	
  

showed	
   abnormal	
   arrangement.	
   Whether	
   their	
   differentiation	
   and	
   proliferation	
  

were	
  affected	
  by	
  the	
  knockout	
  of	
  EC	
  S1P1	
  is	
  unknown.	
  Previous	
  studies	
  showed	
  that	
  

the	
  endothelial	
   S1P1/Gi/Rac	
   signaling	
  pathway	
  activated	
   trafficking	
  of	
  N-­‐cadherin	
  

to	
  form	
  cell-­‐cell	
  adhesion	
  between	
  ECs	
  and	
  mural	
  cells.	
  158	
  Thus	
  the	
  disarrangement	
  

of	
   the	
   SMC	
   layer	
   of	
   the	
   kidney	
   arterioles	
   in	
   iEC-­‐S1P1KO	
   mice	
   may	
   be	
   due	
   to	
  

perturbation	
  of	
  N-­‐cadherin	
  junctions.	
  Those	
  studies	
  are	
  needed	
  in	
  the	
  kidney	
  to	
  gain	
  

a	
  better	
  understanding	
  of	
  renal	
  vascular	
  development	
  or	
  its	
  disarrangement	
  during	
  

disease.	
   Understanding	
   the	
   signaling	
   pathways	
   will	
   likely	
   allow	
   the	
   design	
   of	
  

therapeutic	
   agents	
   to	
  prevent	
   and/or	
   treat	
  patients	
   suffering	
   from	
  chronic	
  kidney	
  

disease	
  and/or	
  hypertension.	
  

Glomerular	
   capillaries	
   are	
   unique	
   vascular	
   structures	
   in	
   the	
   kidney,	
  which	
   form	
  a	
  

complex	
   capillary	
   network	
   within	
   each	
   glomerulus.	
   A	
   vasculogenesis	
   model	
   for	
  

initiation	
  of	
  glomerular	
  capillary	
  formation	
  has	
  been	
  suggested.	
  109	
  In	
  this	
  model,	
  the	
  

individual	
  endothelial	
  progenitor	
  cells	
  are	
  believed	
  to	
  stream	
  into	
  the	
  vascular	
  clefts	
  

of	
   the	
   S-­‐shaped	
   glomeruli	
   in	
   response	
   to	
   chemotactic	
   VEGF-­‐A	
   secreted	
   by	
   the	
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developing	
  podocytes.	
  After	
  the	
  influx	
  of	
  EC	
  progenitors,	
  these	
  cells	
  proliferate	
  and	
  

rearrange	
   to	
   form	
   the	
   first	
   capillary	
   lumen.	
   	
   109	
   Different	
   from	
   this	
   model,	
   in	
   S-­‐

shaped	
   glomeruli,	
   we	
   observed	
   filopodia-­‐like	
   structures	
   in	
   leading	
   ECs	
   and	
   red	
  

blood	
  cells	
  in	
  the	
  lumens	
  formed	
  by	
  the	
  invading	
  ECs,	
  suggesting	
  that	
  at	
  least	
  a	
  part	
  

of	
  the	
  invading	
  ECs	
  already	
  formed	
  vessel	
  lumens	
  with	
  blood	
  cells	
  inside.	
  (Figure	
  4.3)	
  

Whether	
  hemo-­‐vasculogenesis	
  or	
  angiogenic	
  sprouting	
  is	
  involved	
  in	
  this	
  process	
  is	
  

unknown.	
   To	
   test	
   this,	
   three-­‐dimensional	
   reconstruction	
   of	
   the	
   developing	
  

glomerular	
  capillaries	
  will	
  be	
  needed.	
  	
  

After	
  the	
   initial	
  capillary	
   lumen	
  formation,	
   intussusceptive	
  angiogenesis	
   is	
  a	
  major	
  

contributor	
   to	
   the	
   glomerular	
   capillary	
   growth,	
   which	
   was	
   observed	
   in	
   both	
  

developing	
  glomeruli	
  and	
  injured	
  glomeruli	
  undergoing	
  capillary	
  repairing.	
  159-­‐161	
  In	
  

this	
   process,	
   two	
   adjacent	
   ECs	
   protrude	
   to	
   form	
   a	
   trans-­‐capillary	
   pillar	
   structure	
  

into	
  the	
  vessel	
   lumen.	
  Then	
  projections	
   from	
  mesengial	
  cells	
  and	
   interstitial	
   fibers	
  

invade	
   into	
   this	
  structure,	
   resulting	
   in	
  splitting	
  of	
   the	
   lumen	
  to	
  new	
  vessels.	
  109,	
  159	
  

Loss	
   of	
   mesangium	
   or	
   defects	
   in	
   basement	
   membranes	
   that	
   adhere	
   to	
   the	
  

mesangium	
   lead	
   to	
   failure	
  of	
  capillary	
   loop	
   formation.	
  The	
  molecular	
  cues	
  guiding	
  

formation	
  of	
  trans-­‐capillary	
  pillarsand	
  mensangium	
  protrusion	
  are	
  unknown.	
  In	
  our	
  

study,	
  we	
  discovered	
  capillary	
  shunts	
  with	
  abnormal	
  mesangium	
  in	
  the	
  kidneys	
  of	
  

iEC-­‐SCL-­‐S1P1KO	
   mice,	
   suggesting	
   a	
   potentially	
   crucial	
   role	
   of	
   endothelial	
   S1P1	
  

during	
   capillary	
   intussusception.	
   Whether	
   deletion	
   of	
   S1P1	
   results	
   in	
   absence	
   of	
  

pillar	
  structure	
  and/or	
  abnormalities	
  (in	
  migration	
  or	
  protrusion)	
  of	
  the	
  developing	
  

mesangium	
   can	
   be	
   examined	
   by	
   scanning	
   electron	
   microscopy.	
   Additionally,	
  

knockout	
   of	
   VEGF-­‐A	
   or	
   transcription	
   factors	
   controlling	
   VEGF-­‐A	
   expression	
   from	
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podocytes	
  lead	
  to	
  capillary	
  defects	
  resembling	
  those	
  found	
  in	
  our	
  studies.	
  162	
  Thus,	
  

the	
   interplay	
   between	
   S1P1	
   and	
   VEGF	
   signaling	
   may	
   guide	
   the	
   formation	
   of	
  

glomerular	
  capillary	
  loops.	
  

	
  

Figure	
  4.3.	
  Development	
  of	
  glomerular	
  capillaries	
  in	
  S-­‐shaped	
  glomerulus.	
  [A-­‐

C]	
   50	
   nm	
   embryonic	
   mouse	
   kidney	
   sections	
   under	
   transmission	
   electron	
  

microscopy	
  showing	
  “tip	
  cell”	
   like	
  endothelial	
  cell	
  (EC)	
  (A,	
  squared)	
  with	
  filopodia	
  

(B)	
  and	
  red	
  blood	
  cells	
  (RBCs)	
  in	
  the	
  vessel	
  lumen	
  formed	
  by	
  the	
  invading	
  ECs	
  (C)	
  in	
  

S-­‐shaped	
  glomeruli.	
   [D]	
   Schematic	
   graph	
  demonstrating	
   that	
  ECs	
   (in	
  yellow)	
   form	
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tip	
   cell	
   and	
   vessel	
   lumens	
   with	
   RBCs	
   (in	
   red)	
   in	
   the	
   vascular	
   cleft	
   of	
   S-­‐shaped	
  

glomerulus	
  (in	
  blue).	
  M,	
  mesengial	
  cell.	
  PD,	
  podocyte.	
  PT,	
  proximal	
  tubule.	
  Scale	
  bar:	
  

A-­‐C,	
  5μm.	
  (Unpublished	
  data,	
  by	
  Yan	
  Hu)	
  	
  

4.2	
  Possible	
  role	
  of	
  S1P1	
  in	
  renal	
  lymphatic	
  development	
  

An	
  interesting	
  finding	
  from	
  our	
  study	
  is	
  the	
  lack	
  of	
  lymphatic	
  vessels	
  in	
  the	
  kidneys	
  

of	
  iEC-­‐SCL-­‐S1P1KO	
  mice.	
  Albeit	
  our	
  lineage	
  tracing	
  study	
  clearly	
  demonstrated	
  that	
  

SCL+	
  precursors	
  did	
  not	
  contribute	
  to	
  the	
  renal	
   lymphatic	
  vessels.	
  Therefore,	
  S1P1	
  

in	
   vascular	
   ECs	
   may	
   function	
   in	
   a	
   non-­‐cell-­‐autonomous	
   manner	
   to	
   regulate	
   the	
  

lymphatic	
  development.	
  Both	
  vascular	
  systems	
  are	
  anatomically	
  closely	
  associated	
  

during	
   development	
   and	
   adulthood.	
   In	
   addition,	
   lymphatic	
   formation	
   follows	
   the	
  

growth	
   pattern	
   of	
   blood	
   vessels.	
   It	
   is	
   known	
   that	
   angiogenesis	
   and	
   lymphatic	
  

development	
   share	
   many	
   common	
   regulatory	
   signaling	
   pathways,	
   including	
   S1P	
  

signaling,	
   VEGFR3/VEGF-­‐C,	
   Notch	
   signaling,	
   angiopoietin(Ang)-­‐2-­‐Tie2	
   and	
   flow-­‐

mediated	
  signaling.	
  57,	
  163-­‐165	
  It	
  is	
  possible	
  that	
  vascular	
  endothelial	
  S1P1	
  is	
  involved	
  

in	
   regulation	
   of	
   ligand	
   secretion	
   by	
   vascular	
   ECs,	
   which	
   guides	
   lymphatic	
  

development.	
   Here	
   we	
   will	
   discuss	
   several	
   ligands	
   that	
   may	
   be	
   altered	
   by	
   the	
  

deletion	
  of	
  endothelial	
  S1P1.	
  

First	
   of	
   all,	
   it	
   is	
   possible	
   that	
   the	
   deletion	
   of	
   S1P1	
   reduced	
   the	
   expression	
   and	
  

exocytosis	
   of	
   Ang-­‐2	
   by	
   endothelial	
   cells,	
   which	
   in	
   turn	
   impaired	
   the	
   lymphatic	
  

development.	
   The	
   Ang-­‐2-­‐Tie2	
   signaling	
   pathway	
   has	
   been	
   shown	
   to	
   promote	
  

lymphangiogenesis.	
   165	
   And	
   evidence	
   from	
   the	
   cultured	
   human	
   ECs	
   and	
   LECs	
  

showed	
   that	
  S1P	
  stimulate	
  secretion	
  of	
  angiopoietin-­‐2	
   through	
  activating	
  S1P1.	
  166	
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Therefore,	
   the	
  paracrine	
  factor	
  Ang2	
  seems	
  to	
  connect	
  the	
  endothelial	
  S1P1	
  to	
  the	
  

development	
  of	
  lymphatics.	
  To	
  validate	
  this	
  model,	
  the	
  expression	
  level	
  of	
  Ang-­‐2	
  in	
  

the	
   kidneys	
   of	
   iEC-­‐S1P1KO	
   and	
   control	
   mice	
   can	
   be	
   tested	
   by	
   RT-­‐PCR,	
   in	
   situ	
  

hybridization	
  and	
  immunostaining.	
  The	
  exocytosis	
  of	
  Ang-­‐2	
  can	
  be	
  tested	
  by	
  ELISA.	
  	
  

Secondly,	
  the	
  endothelial	
  S1P1	
  may	
  regulate	
  lymphangiogenic	
  factors	
  through	
  HIF-­‐

1α.	
  In	
  blood	
  vessels,	
  deletion	
  of	
  S1P1	
  up-­‐regulates	
  the	
  level	
  of	
  HIF-­‐1α,	
  which	
  induces	
  

VEGF-­‐A	
   expression	
   and	
   leads	
   to	
   endothelial	
   hyperplasia.	
   167	
   During	
  

lymphangiogenesis,	
  HIF-­‐1α	
   regulates	
  VEGF-­‐C	
   expression	
   in	
   the	
  LECs.	
   	
  168	
  Whether	
  

the	
   absence	
  of	
   lymphatics	
   in	
   the	
  kidney	
  of	
   iEC-­‐S1P1KO	
  mice	
   is	
   associated	
  with	
   an	
  

elevated	
  HIF-­‐1α	
  needs	
   to	
   be	
   investigated.	
   Further,	
   the	
   expression	
   level	
   of	
   VEGF-­‐C	
  

needs	
  to	
  be	
  tested	
  in	
  the	
  iEC-­‐S1P1KO	
  and	
  control	
  mice	
  to	
  validate	
  this	
  hypothesis.	
  

Finally,	
  the	
  S1P1	
  deletion	
  in	
  vascular	
  ECs	
  may	
  alter	
  the	
  level	
  of	
  Dll4	
  ligand	
  secretion	
  

and	
   lead	
   to	
   the	
   abnormal	
   lymphatic	
   development.	
   The	
   Dll4/Notch1	
   signaling	
  

pathway	
  has	
  been	
  shown	
  to	
  play	
  a	
  central	
  role	
  in	
  the	
  LEC	
  differentiation,	
  migration,	
  

lymphatic	
  patterning	
  and	
  crosstalk	
  between	
  blood	
  vessels	
  and	
  lymphatic	
  vessels.	
  163,	
  

169,	
  170	
  Although	
   there	
   is	
  no	
  experimental	
   evidence	
   supporting	
   that	
   the	
  endothelial	
  

S1P1	
   regulate	
   Dll4	
   secretion	
   in	
   the	
   kidney.	
   Previous	
   studies	
   performed	
   in	
  

endometrial	
   of	
   pregnant	
   sheep	
   showed	
   that	
   S1P	
   controlled	
  Dll4	
   expression	
   in	
   the	
  

vasculature.	
  171	
  Since	
  the	
  expression	
  pattern	
  of	
  Dll4	
  in	
  the	
  endometrial	
  vasculature	
  

overlaps	
  with	
  that	
  of	
  S1P1,	
  Dll4	
  secretion	
  may	
  be	
  controlled	
  by	
  S1P-­‐S1P1	
  signaling.	
  

171	
  The	
  Dll4	
  expression	
  can	
  be	
  tested	
  in	
  the	
  kidneys	
  of	
  our	
  iEC-­‐S1P1KO	
  and	
  control	
  

mice	
  by	
  RT-­‐PCR,	
  in	
  situ	
  hybridization	
  and	
  immunostainings	
  to	
  investigate	
  whether	
  it	
  

is	
  altered	
  by	
  the	
  deletion	
  of	
  S1P1.	
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To	
   summarize	
   the	
   above	
   hypothesis,	
   the	
   endothelial	
   S1P1	
   in	
   the	
   kidney	
   may	
  

function	
  as	
  a	
  regulator	
  of	
  lymphatic	
  vascular	
  development	
  through	
  paracrine	
  factors	
  

secreted	
  by	
  the	
  ECs.	
  	
  

5.	
  Role	
  of	
  S1P1	
  in	
  heart	
  development	
  	
  

Collective	
   data	
   from	
   studies	
   in	
   the	
   avian	
   and	
   mouse	
   models	
   showed	
   that	
   the	
  

myocardium	
   and	
   coronary	
   vascular	
   development	
   are	
   finely	
   regulated	
   by	
  

interactions	
   among	
   the	
   signaling	
   pathways	
   among	
   each	
   structure,	
   including	
  

endocardium,	
  myocardium,	
  coronary	
  vacsulature	
  and	
  epicardium.	
  76,	
  148	
  To	
  study	
  the	
  

role	
  of	
  S1P1,	
  which	
  is	
  widely	
  expressed	
  in	
  multiple	
  cardiac	
  cells	
  types,	
  the	
  functions	
  

of	
  S1P1	
   in	
  each	
  cell	
   type	
  need	
   to	
  be	
  analyzed.	
   In	
  Chapter	
  3,	
  we	
  showed	
   that	
  S1P1	
  

expressed	
   by	
   cardiac	
   endothelium	
   derived	
   from	
   the	
   SCL+	
   precursors	
   in	
   the	
   heart	
  

controls	
  the	
  development	
  of	
  coronary	
  vasculature	
  and	
  myocardium.	
  Timed	
  deletion	
  

of	
   S1P1	
   from	
  early	
  SCL+	
   precursors	
   led	
   to	
   abnormal	
   ventricular	
  myocardium	
  and	
  

impaired	
   ventricular	
   coronary	
   vessels.	
   The	
   detailed	
   mechanisms	
   underling	
   the	
  

regulation	
  of	
  coronary	
  vascular	
  and	
  myocardial	
  development	
  by	
  endothelial	
  S1P1	
  is	
  

currently	
  lacking.	
  Here	
  we	
  will	
  discuss	
  several	
  possible	
  roles	
  of	
  endothelial	
  S1P1	
  in	
  

the	
  development	
  of	
  endocardium,	
  coronary	
  vasculature	
  and	
  myocardium.	
  	
  

5.1	
  Possible	
  role	
  of	
  S1P1	
  in	
  coronary	
  vascular	
  development	
  

In	
   our	
   study,	
   we	
   observed	
   significant	
   reduction	
   of	
   coronary	
   vessels	
   within	
   the	
  

ventricular	
   wall	
   in	
   response	
   to	
   the	
   deletion	
   of	
   endothelial	
   S1P1.	
   It	
   is	
   has	
   been	
  

reported	
   that	
   the	
   endocardium	
   give	
   rise	
   to	
   a	
   sub	
   set	
   of	
   coronary	
   vessels	
   through	
  

angiogenesis,	
   which	
   is	
   regulated	
   by	
   VEGF	
   signaling	
   pathway	
   between	
   the	
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myocardium	
  and	
  endocardium.	
  131	
  And	
  S1P1	
  is	
  known	
  to	
  be	
  an	
  angiogenic	
  inhibitor	
  

through	
  regulating	
  the	
  interaction	
  between	
  VE-­‐Cadherin	
  and	
  VEGFR2.	
  56	
  Therefore,	
  

the	
   reduction	
   of	
   coronary	
   vessels	
   could	
   be	
   resulted	
   from	
   impaired	
   angiogenesis	
  

from	
  the	
  endocardium.	
  To	
  validate	
  this	
  hypothesis,	
  the	
  expression	
  level	
  and	
  function	
  

of	
  VE-­‐Cadherin	
  and	
  VEGFR2	
  can	
  be	
  tested	
   in	
  the	
  endocardium	
  of	
  both	
  control	
  and	
  

the	
  knockout	
  animals	
  in	
  vivo	
  or	
  in	
  vitro.	
  	
  

Additionally,	
  the	
  coronary	
  vessels	
  originating	
  from	
  the	
  reprogrammed	
  sinus	
  venous	
  

(SV)	
  endothelium	
  were	
  affected	
  by	
   the	
  deletion	
  of	
  endogenous	
  S1P1.	
  This	
  process	
  

involves	
   dedifferentiation	
   of	
   the	
   venous	
   ECs,	
   (hemo-­‐)vasculogensis	
   and	
  

angiogenesis,	
   which	
   are	
   finely	
   regulated	
   by	
   paracrine	
   factors	
   secreted	
   by	
   both	
  

myocardium	
   and	
   epicardium.	
   	
   139	
   Since	
   we	
   identified	
   abnormalities	
   in	
   the	
  

ventricular	
  myocardium,	
   it	
   is	
  unclear	
  whether	
   the	
   coronary	
  defects	
   are	
   caused	
  by	
  

intrinsic	
   regulation	
   by	
   S1P1	
  or	
   secondary	
   to	
   the	
  myocardium	
  defects,	
   or	
   both.	
   To	
  

understand	
  the	
  role	
  of	
  S1P1	
  during	
  these	
  processes,	
  a	
  detailed	
  expression	
  profile	
  of	
  

S1P1	
   in	
   the	
   SV	
   ECs	
   and	
   coronary	
   vascular	
   plexus	
   by	
   in	
   situ	
   hybridization	
   and	
  

immunohistochemistry	
   is	
   needed	
   at	
   first.	
   Further,	
   timed	
   deletion	
   of	
   endothelial	
  

S1P1	
  from	
  SV	
  or	
  endocardial	
  lineage	
  using	
  inducible	
  Cre-­‐loxp	
  mouse	
  system	
  would	
  

help	
  us	
  to	
  better	
  understand	
  the	
  role	
  of	
  S1P1.	
  	
  

In	
  our	
  cEC-­‐SCL-­‐S1P1KO	
  mice,	
  the	
  abnormalities	
  in	
  the	
  heart	
  start	
  to	
  show	
  after	
  the	
  

development	
  of	
   the	
  coronary	
  vasculature.	
  From	
  E9.5	
  to	
  E13.5,	
   the	
  endocardium	
  of	
  

the	
   knockout	
  mice	
   showed	
   no	
   alterations.	
   It	
   is	
   possible	
   that	
   the	
   endothelial	
   S1P1	
  

function	
  at	
  later	
  stages	
  to	
  regulate	
  the	
  endocardium.	
  To	
  confirm	
  this,	
  using	
  a	
  mouse	
  

expressing	
  Cre	
  recombinase	
  driven	
  by	
  endocardial	
  specific	
  gene,	
  such	
  as	
  Nfatc1131,	
  



	
   113	
  

to	
  cross	
  with	
  S1P1fl/fl	
  mice	
   to	
  delete	
  S1P1	
   from	
  the	
  endocardium	
  would	
  help	
  us	
   to	
  

study	
  the	
  role	
  of	
  endocardial	
  S1P1	
  during	
  heart	
  development.	
  	
  

5.2	
  Possible	
  role	
  of	
  S1P1	
  in	
  myocardium	
  development	
  

Our	
  cEC-­‐SCL-­‐S1P1KO	
  mice	
  showed	
  a	
  reduced	
  myocardial	
  proliferation,	
  reminiscent	
  

of	
   the	
   cardiac	
   defects	
   in	
   the	
   S1P1	
   null	
   mice,	
   137	
   indicating	
   that	
   the	
   growth	
   of	
  

myocardium	
   is	
   regulated	
   by	
   the	
   endothelial	
   S1P1	
   in	
   a	
   non-­‐autonomous	
   manner.	
  

Whether	
   it	
   is	
   controlled	
  by	
  endocardial	
   S1P1,	
   coronary	
  endothelial	
   S1P	
  or	
  both	
   is	
  

unclear.	
  Hence,	
  a	
  region	
  specific	
  or	
  timed	
  deletion	
  of	
  endothelial	
  S1P1	
  will	
  answer	
  

this	
   question.	
   Moreover,	
   the	
   downstream	
   signaling	
   cascade	
   controlled	
   by	
   S1P1	
  

needs	
  to	
  the	
  further	
  investigated.	
  	
  

In	
   addition,	
   our	
   cEC-­‐SCL-­‐S1P1KO	
   mice	
   developed	
   ventricular	
   non-­‐compaction	
  

associated	
  with	
  hypertrabeculation.	
  Recently,	
  other	
  groups	
  showed	
  that	
  endothelial	
  

Fkbp1a	
   regulate	
   trabeculation	
   and	
   myocardium	
   compaction	
   through	
   activating	
  

Notch1	
   signaling.	
   The	
   mice	
   with	
   conditional	
   knockout	
   of	
   Fkbp1a	
   showed	
   similar	
  

cardiac	
  defects	
  to	
  our	
  mice.	
  Whether	
  the	
  S1P1	
  interact	
  with	
  this	
  signaling	
  pathway	
  

is	
  unclear.	
  By	
  isolating	
  the	
  cardiac	
  endothelium	
  and	
  measuring	
  the	
  level	
  of	
  Notch1	
  

using	
  western	
  blot	
  would	
  answer	
  this	
  question.	
  	
  

Given	
  the	
  essential	
  roles	
  of	
  endothelial	
  S1P1	
  during	
  developmental	
  and	
  pathological	
  

processes,	
   it	
   is	
   crucial	
   to	
   understand	
   its	
   downstream	
   signaling	
   in	
   each	
   organ	
   and	
  

tissue.	
   Since	
   the	
   drug	
   targeting	
   the	
   S1P	
   signaling	
   pathway,	
   fingolimod	
   (FTY720),	
  

was	
   used	
   to	
   treat	
   multiple	
   sclerosis,	
   increasing	
   cases	
   of	
   side	
   effects	
   has	
   been	
  

reported,	
   including	
   bradycardia,	
   edema	
   and	
   hemorrhage.	
   By	
   understanding	
   the	
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precise	
  regulation	
  by	
  S1P1	
  in	
  different	
  organs	
  or	
  tissues,	
  we	
  may	
  be	
  able	
  to	
   find	
  a	
  

better	
  drug	
  or	
  develop	
  a	
  precise	
  drug	
  delivery	
  strategy	
  to	
  target	
  the	
  disease,	
  leaving	
  

the	
  “good”	
  S1P	
  signaling	
  molecules	
  to	
  function	
  properly.	
  	
  

6.	
  Conclusions	
  and	
  Future	
  Perspectives	
  

In	
   conclusion,	
   this	
   thesis	
   work	
   has	
   identified	
   the	
   precise	
   cellular	
   origin	
   and	
  

mechanisms	
  whereby	
  those	
  early	
  and	
  intermediate	
  hemo-­‐vascular	
  precursors	
  lead	
  

to	
   the	
   successful	
   formation	
   of	
   the	
   renal	
   and	
   cardiac	
   vasculature,	
   without	
   which	
  

there	
  is	
  no	
  functioning	
  kidney	
  or	
  heart.	
  And	
  the	
  hemo-­‐vasculogenesis	
  in	
  both	
  organs	
  

may	
  serve	
  as	
  a	
  self-­‐guided	
  machinery	
  to	
  generate	
  regulatory	
  signaling	
  molecules	
  for	
  

vascular	
   development	
   and	
   organogenesis	
   before	
   the	
   vasculature	
   connects	
   to	
   the	
  

general	
   circulation.	
  Moreover,	
   the	
   S1P1	
   expressed	
   in	
   the	
   endothelial	
   cells	
   derived	
  

from	
   the	
   hemo-­‐vascular	
   precursors	
   regulates	
   the	
   development	
   of	
   EC,	
   SMCs,	
  

lymphatic	
   ECs	
   in	
   the	
   kidney	
   and	
   the	
   development	
   of	
   coronary	
   vasculature	
   and	
  

myocardium.	
  	
  

These	
  findings	
  may	
  only	
  depict	
  a	
  piece	
  of	
  puzzles	
  of	
  the	
  development	
  of	
  the	
  vascular	
  

network.	
   As	
   pointed	
   in	
   the	
   sections	
   above,	
   there	
   are	
   still	
   a	
   great	
   number	
   of	
  

questions	
  to	
  be	
  answered,	
  including	
  the	
  developmental	
  mechanisms	
  underlying	
  the	
  

hemo-­‐vasculogenesis	
   and	
   the	
   interactions	
   between	
   S1P1	
   and	
   other	
   signaling	
  

pathways	
   during	
   the	
   vascular	
   development	
   in	
   both	
   organs.	
   By	
   answering	
   these	
  

questions,	
  we	
  may	
  be	
  closer	
   to	
   the	
   final	
  goals	
  of	
  repair	
  or	
  de	
  novo	
   regeneration	
  of	
  

the	
  kidney	
  and	
  heart,	
  which	
  could	
  benefit	
  children	
  and	
  adult	
  patients	
  suffering	
  from	
  

the	
  congenital	
  kidney	
  and	
  heart	
  disease.	
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