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Cardiac	
  Development	
  









Heart	
  field,	
  linear	
  tube,	
  ballooning	
  





Primary	
  and	
  secondary	
  heart	
  fields	
  



Forma1on	
  of	
  endocardial	
  cushion	
  (prospec1ve	
  cardiac	
  valves)	
  



Par1cipa1on	
  of	
  outside	
  sources	
  (neural	
  crest)	
  to	
  OT	
  endocardial	
  cushion	
  



Par1cipa1on	
  of	
  outside	
  sources	
  (neural	
  crest)	
  to	
  OT	
  endocardial	
  cushion	
  



Trabecula1on	
  and	
  expansion	
  of	
  the	
  compact	
  myocardium	
  



Contribu1on	
  of	
  the	
  PEO	
  (proepicardial	
  organ)	
  and	
  epicardium	
  to	
  the	
  coronary	
  vasculature	
  



Dogma	
  
Cardiac	
  myocytes	
  are	
  post-­‐mito1c	
  
CMs	
  do	
  not	
  proliferate,	
  or	
  have	
  limited	
  prolifera1ve	
  capacity	
  
	
  
Several	
  experiments	
  to	
  aOempt	
  to	
  address	
  this	
  important	
  issue	
  
The	
  most	
  conclusive	
  and	
  recent	
  experiment	
  consists	
  of	
  turnover	
  measurements	
  	
  
from	
  individuals	
  affected	
  by	
  radioac1vity	
  aPer	
  the	
  Chernobyl	
  disaster	
  
	
  
Conclusion:	
  	
  
the	
  heart	
  has	
  limited	
  prolifera1ve	
  capacity,	
  as	
  it	
  replenishes	
  
half	
  of	
  the	
  total	
  number	
  of	
  CMs	
  in	
  a	
  lifespan.	
  This	
  limita1on	
  opens	
  venues	
  	
  
for	
  further	
  inves1ga1on	
  of	
  enhancement	
  of	
  internal	
  sources	
  of	
  CM	
  produc1on	
  
or	
  injec1on	
  of	
  external	
  sources	
  of	
  CMs.	
  



Internal	
  sources:	
  
	
  
Cardiac	
  stem	
  cells	
  (CSCs)	
  	
  
Small	
  rounded	
  rare	
  cells,	
  c-­‐kit+	
  cells,	
  respond	
  to	
  growth	
  factors	
  
Clonogenic	
  (give	
  rise	
  to	
  endothelial,	
  smooth	
  muscle	
  and	
  cardiac	
  muscle)	
  
Replenish	
  infarcted	
  area	
  with	
  new	
  CMs	
  	
  
	
  
Cardiac	
  progenitor	
  cells	
  (CPCs)	
  	
  
Islet1+	
  (Isl1+)	
  cells	
  seen	
  in	
  neonatal	
  1ssue,	
  give	
  rise	
  mature	
  CMs	
  
	
  
CSCs/CPCs	
  may	
  not	
  appear	
  to	
  be	
  effec1ve	
  under	
  a	
  severe	
  acute	
  MI	
  episode	
  
or	
  under	
  chronic	
  heart	
  failure.	
  





Markers	
  specific	
  for	
  first	
  and	
  second	
  heart	
  field	
  



Exogenous	
  administra1on	
  
	
  
Adult	
  stem	
  cells	
  
Autologous	
  and	
  off-­‐the-­‐shelf	
  (allogeneic)	
  
	
  
Hematopoie1c	
  cells	
  autologous	
  CD34+	
  (vascular	
  progenitors,	
  the	
  concept	
  of	
  myocardial	
  	
  
differen1a1on	
  appears	
  to	
  be	
  obsolete)	
  increased	
  perfusion	
  and	
  func1on	
  	
  
	
  
Mesenchymal	
  stem	
  cells	
  (bone	
  marrow-­‐derived),	
  off-­‐the-­‐shelf	
  or	
  allogeneic,	
  	
  
Autologous	
  interven1ons	
  in	
  pa1ents	
  with	
  ventricular	
  dysfunc1on	
  
	
  
Cardiosphere-­‐derived	
  cells,	
  autologous,	
  endomyocardial	
  biopsy	
  
	
  
Pre-­‐clinical	
  studies	
  in	
  pigs	
  
Phase	
  I/II	
  clinical	
  trials	
  around	
  the	
  Globe	
  
Reduc1on	
  of	
  infarct	
  size,	
  safe,	
  improvement	
  LV	
  func1on	
  
Intracoronary/intramyocardial	
  delivery	
  
Cannot	
  trace	
  the	
  cells	
  
Short-­‐term	
  effect	
  (reten1on	
  of	
  cells	
  and	
  cytokines)	
  
Difficult	
  to	
  recruit	
  pa1ents	
  with	
  AMI,	
  but	
  easier	
  to	
  recruit	
  pa1ents	
  with	
  chronic	
  heart	
  failure	
  
Future	
  treatment:	
  combina1on	
  of	
  paracrine	
  recombinant	
  protein	
  (rFGF)	
  and	
  adult	
  stem	
  	
  
cells	
  







Embryonic	
  stem	
  cells:	
  	
  
	
  
Ethical	
  concerns,	
  technical	
  concerns,	
  failure	
  of	
  SCNT	
  in	
  human	
  eggs	
  
(Hwan	
  South	
  Korea,	
  who	
  has	
  cloned	
  dogs	
  and	
  now	
  is	
  now	
  cloning	
  coyotes	
  and	
  mammoths)	
  
	
  
A	
  proper	
  reprogramming	
  occurs	
  only	
  in	
  the	
  presence	
  of	
  a	
  non-­‐enucleated	
  cell.	
  In	
  this	
  context,	
  
the	
  soma1c	
  nucleus	
  is	
  reprogrammed.	
  	
  
	
  
Currently,	
  nuclear	
  reprogramming	
  is	
  possible,	
  with	
  “premium	
  quality”	
  eggs.	
  DNA	
  methyla1on	
  
and	
  transcriptome	
  profiles	
  of	
  NT	
  ESCs	
  corresponds	
  closely	
  to	
  those	
  of	
  IVF	
  ESCs.	
  
	
  
Important	
  problem:	
  accessibility	
  to	
  eggs.	
  Although	
  hESC	
  research	
  can	
  be	
  done	
  with	
  	
  
the	
  use	
  of	
  federal	
  money,	
  	
  The	
  Na1onal	
  Academy	
  of	
  Sciences	
  (NAS)	
  recommends	
  that	
  no	
  	
  
compensa1on	
  should	
  be	
  involved	
  in	
  the	
  dona1on	
  of	
  eggs	
  for	
  stem	
  cell	
  research.	
  
	
  
Tumorigenic	
  poten1al	
  
	
  
	
  

Pluripotent	
  stem	
  cells	
  



Induced	
  pluripotent	
  stem	
  cells	
  (iPSCs):	
  circumvents	
  ethical	
  and	
  technical	
  concerns,	
  
but	
  	
  
s1ll	
  have	
  problems:	
  
-­‐Low	
  efficiency	
  
-­‐Tumorigenic	
  poten1al	
  
-­‐Despite	
  of	
  being	
  autologous	
  (pa1ent-­‐specific)	
  there	
  s1ll	
  may	
  be	
  immunoreac1on	
  
-­‐Differen1a1on	
  protocols	
  vary	
  from	
  lab	
  to	
  lab,	
  or	
  from	
  colony	
  to	
  colony	
  (epigene1c	
  	
  
memory)	
  
-­‐Incomplete	
  reprogramming	
  
	
  
Several	
  methods:	
  
Yamanaka	
  factors,	
  retrovirus	
  (Yamanaka),	
  len1virus	
  (Thomson),	
  adenovirus,	
  	
  
single	
  polycystronic	
  vectors,	
  small	
  molecules	
  (Ding),	
  modified-­‐mRNA	
  (Morrisey),	
  	
  
miRNA	
  
	
  
Problems	
  associated	
  with	
  differen1a1on	
  into	
  CMs:	
  
-­‐Matura1on	
  (electrical	
  coupling)	
  
-­‐Automa1city	
  (arrhythmias)	
  
-­‐Teratoma	
  poten1al	
  
	
  
Poten1al	
  solu1ons:	
  	
  
-­‐Scaffolds/matrix/1ssue	
  engineering	
  -­‐Mathema1cal/computerized	
  modeling	
  
programs	
  to	
  mimic	
  topology	
  
-­‐Electrical	
  connec1ons	
  between	
  CMs	
  but	
  not	
  on	
  the	
  side	
  
-­‐Co-­‐culture	
  with	
  endothelial	
  cells	
  and	
  cardiac	
  fibroblasts	
  
	
  
	
  



Safety	
  studies:	
  
	
  
Arrhythmias,	
  tumorigenic	
  poten1al	
  
	
  
conducted	
  in	
  large	
  animals	
  
	
  
Swine	
  (pigs)	
  and	
  dogs	
  



Main	
  applica1on	
  of	
  iPSCs	
  
	
  
Modeling	
  system	
  in	
  Petri	
  dish:	
  
-­‐CMs	
  Long	
  QT-­‐syndrome	
  -­‐ALS	
  (Eggan)	
  
-­‐Motor	
  neurons	
  (Eggan)	
  
-­‐Pancrea1c	
  beta-­‐cells	
  
-­‐Astrocytes	
  
-­‐Oligodendrocytes	
  
-­‐Hematopoie1c	
  precursors	
  
Thomson:	
  large	
  scale	
  and	
  98%	
  purity	
  (selec1on	
  with	
  blas1cidin)	
  
	
  
	
  
	
  



NOVEL	
  CONCEPT:	
  
	
  
TRANSDIFFERENTIATION	
  



Transdifferen1a1on:	
  from	
  cardiac	
  fibroblasts	
  to	
  cardiac	
  myocytes	
  

Example	
  of	
  a	
  rigorous	
  study	
  to	
  demonstrate	
  transdifferen1a1on	
  



Screening	
  for	
  Cardiomyocyte-­‐Inducing	
  Factors	
  



Combina1on	
  of	
  Three	
  Transcrip1on	
  Factors	
  Induces	
  Cardiac	
  Gene	
  Expression	
  in	
  Fibroblasts	
  



Gene	
  expression	
  of	
  induced	
  cardiac	
  myocytes	
  is	
  globally	
  reprogrammed	
  



Fibroblasts	
  are	
  stably	
  reprogrammed	
  into	
  iCMs	
  by	
  Gata4,	
  Mef2c	
  and	
  Tbx5	
  



Induced	
  CMs	
  exhibit	
  spontaneous	
  Ca2+	
  Flux,	
  Electrical	
  Ac1vity	
  and	
  bea1ng	
  



Transplanted	
  Cardiac	
  Fibroblasts	
  Transduced	
  with	
  Gata4/Mef2c/Tbx5	
  Can	
  be	
  reprogrammed	
  
To	
  Cardiomyocytes	
  in	
  Vivo	
  	
  


