
 
 
The Weissmann barrier – the germ plasm –germline  
Spemann and Mangold - first nuclear transfer, in amphibians 
Briggs and King – Gurdon – nuclear transfer in Dario then Xenopus 
Mouse clones – discovery of imprinting 
Plants – first clones! (here or earlier?) 
Animal clones and their problems 
Cat clones and non randomXCI 
Plant clone problems 
 
Heterokaryons and Synkaryons 
 
 
 
 
 
 

the Nobel Prize awarded to John Gurdon and Shinya Yamanaka in 2012 symbolizes the extraordinary 
contribution that reprogramming experiments have made (and will make) to our understanding of cellular 

identity and the apparently unlimited practical applications of iPSCs and other reprogrammed cells. 

 
Cours I 

Reprogrammation de l’identité cellulaire –  
introduction historique 

 
 Année 2013-2014 :  

“Reprogrammations développementales,  
induites et pathologiques ” 

 
 CHAIRE ÉPIGÉNÉTIQUE ET MÉMOIRE CELLULAIRE 

10 mars 2014 

E. Heard, March 10th 2014 

Seminaire: 
Sir John Gurdon,  

le vendredi 14 mars à 17h30  



 “And thus the wonderful truth became manifest that a single cell may contain within its 
microscopic compass the sum total of the heritage of the species”.  

EB Wilson, 1900 

E. Heard, March 10th 2014 

h"p://www.collec,ve-‐evolu,on.com	  

Omnis cellula e cellula	  
(Virchow, 1855)	  

Eye	

Heart and nerves	
 Macrophage	


            Lennart Nilsson ©	


Et	  le	  noyau	  con,ent	  le	  
matériel	  de	  l’heredité	  –	  les	  
chromosomes…	  

1.  l’unité	  de	  base	  de	  tous	  les	  êtres	  vivants	  est	  
la	  cellule	  	  

2.  Toute	  cellule	  provient	  d’une	  autre	  cellule	  
3.  Le	  noyau	  de	  la	  cellule	  con,en	  le	  matériel	  

de	  l’heredité	  –	  l’ADN	  –	  le	  Genome	  
4.  Dans	  le	  cycle	  de	  vie	  –	  on	  peut	  considerer	  la	  

premiere	  cellule	  comme	  l’oeuf	  fecondé	  	  
5.  A	  par,r	  de	  ce"e	  unique	  cellule,	  tous	  les	  

,ssues,	  organes	  sont	  elaboré	  –	  avec	  parfois	  
une	  sophs,ca,on	  qui	  nous	  fascine	  
toujours…	  



Epigenesis: establishing organized diversity 
from a single cell 

	

Decades of research on cell fate changes during development led to the view that, in vivo, 

differentiated cells are irreversibly committed to their fate.	


Decades	  of	  research	  were	  dedicated	  to	  studies	  of	  cell	  
fate	  changes	  during	  development	  and	  led	  to	  the	  view	  
that,	  in	  vivo,	  differen,ated	  cells	  are	  irreversibly	  
commi"ed	  to	  their	  fate.	  
However,	  reprogramming	  of	  soma,c	  cells	  by	  transfer	  
into	  enucleated	  oocytes	  pioneered	  by	  John	  Gurdon	  and	  
colleagues	  in	  the	  1950s	  (Gurdon	  et	  al.,	  1958),	  fusion	  
with	  other	  cell	  partners	  (Blau	  et	  al.,	  1983),	  and	  ectopic	  
transcrip,on	  factor	  expression	  (Davis	  et	  al.,	  1987;	  
Takahashi	  and	  Yamanaka,	  2006)	  revealed	  a	  remarkable	  
plas,city	  of	  the	  differen,ated	  state.	  
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"totipotent" and "pluripotent" cell	

 referring respectively to a cell that can generate every cell in 
an organism and one that can generate nearly every cell.	


Totipotency 
A cell that can generate 
every cell in an organism 

Pluripotency 
A cell that can 
generate nearly 
every cell in an 

organism 

Multipotency 
A cell that can 
generate many 

cells in an 
organism 

 

	

Can a cell’s fate be reversed? Can it forget its state? Lose its identity?	


Does a differentiated cell have the capacity to form all cells of an organism 	

or is this solely the business of the germ line? 	


During	  embryonic	  development,	  a	  fer,lized	  egg	  
gives	  rise	  to	  many	  different	  cell	  types	  
Cell	  types	  are	  organized	  successively	  into	  ,ssues,	  
organs,	  organ	  systems,	  and	  the	  whole	  organism	  
Gene	  expression	  orchestrates	  the	  developmental	  
programs	  of	  animals	  
We	  now	  know	  that	  a	  program	  of	  differen,al	  gene	  
expression	  leads	  to	  the	  different	  cell	  types	  in	  a	  
mul,cellular	  organism…	  BUT	  decades	  of	  research…	  

Cell division 
 Cell differentiation 
      Morphogenesis 

 

EPIGENETIC	  
BARRIERS!!!	  

Pluripotency 
A cell that can 
generate nearly 
every cell in an 

organism 
derivatives of all 
three embryonic 

germ layers: 
ectoderm 

(including nerves 
and skin), 

mesoderm (such as 
blood, bone, 
heart, and 

muscle), and 
endoderm (gut, 
lung, and liver 

for example).  

Sir John Gurdon	


Yamanaka Sensei	


2012 
Nobel Prize 

for Physiology and 
Medicine  



In Diptera, the first division of the egg cell separates the nuclear material of the 
subsequent germ cells of the embryo from the somatic cells so that in this case a direct 

continuity can be traced between germ plasm in germ cells of parent and offspring. 
However this is not prevalent but a “special” feature peculiar to some insects….	  
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The “Weismann barrier”: 
Genetic information cannot pass from soma to germ plasm and on to the next generation. 

=> Acquired characteristics cannot be inherited (contrary to Jean Baptiste Lamarck) 
 

“Germ Plasm Theory”:  
Inheritance only takes place via germ cells (gametes) 

Development is a unidirectional process  
The differentiated state of specialised cells,  like skin or liver,  is fixed irreversibly… 

  
 

The unidirectionality of development  

August Weismann  
(1834–1914) 

Evolutionary biologist 

 Roux’s experiment. Denaturation of frog blastomere by hot needle. 
Left blastomere was killed by hot needle but right one prolong to cleave 
and form half set of structures	


Hans	  Driesch	  experiment	  Isolated	  blastomere	  forms	  at	  4th	  cleavage	  
division	  half-‐set	  of	  cells	  –	  4	  meso-‐,	  2	  macro-‐	  and	  2	  micromere.	  Later	  
they	  form	  half-‐size	  blastula	  with	  the	  blastocoel	  opened	  to	  outer	  
medium.	  Then	  half-‐embryos	  undergoes	  “regula,on”	  and	  form	  quasi-‐
normal	  half-‐size	  plutei	  

“Mosaic hypothesis”:  
Supported by Wilhelm Roux’s cell ablation experiments killing one cell of a 2-cell frog 

embryo leads to half an embryo 
 
 
 
 
 
 
 
 
 

Each cell plays its own unique part in the entire design  
and cannot play any other part  

 
Conclusions of Weismann and Roux experiments led to the prevailing view that cellular 

differentiation proceeds with progressive selective “loss” of genetic material  
not relevant to specific function,  resulting in genetic mosaicism.  

Only the germ cells are set aside and preserved from this….  

From: The Developmental Mechanics of Cell Specification 
Developmental Biology, Gilbert SF. 

Wilhelm Roux 
(1850–1924) 

Zoologist 
Experimental embryologist 

Weismann	  proposed	  that	  as	  the	  early	  embryo	  
cleaved,	  the	  genes	  were	  divided	  among	  
daughter	  cells,	  with	  the	  possible	  excep,on	  of	  
the	  germline	  that	  would	  by	  necessity	  contain	  
an	  en,re	  complement	  (termed	  the	  idioplasm),	  
and	  that	  this	  series	  of	  “qualita,ve	  divisions”	  
was	  the	  basis	  of	  cellular	  lineage	  specifica,on.	  

The	  mechanisms	  by	  which	  this	  segrega,on	  
would	  take	  place	  were	  difficult	  to	  envision,	  and	  
noted	  biologists,	  including	  Theodor	  Boveri,	  
were	  quick	  to	  point	  this	  out	  along	  with	  
addi,onal	  cri,cisms.	  However,	  such	  a	  theory	  
had	  also	  been	  proposed	  by	  the	  experimentalist	  
Wilhelm	  Roux,	  who	  set	  out	  to	  test	  the	  
hypothesis.	  
1.  Paternal chromosome elimination in Sciara 

(Metz, 1938; Crouse et al., 1960) 
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August Weismann  
(1834–1914) 

Evolutionary biologist 

 Roux’s experiment. Denaturation of frog blastomere by hot needle. 
Left blastomere was killed by hot needle but right one prolong to cleave 
and form half set of structures	


Hans	  Driesch	  experiment	  Isolated	  blastomere	  forms	  at	  4th	  cleavage	  
division	  half-‐set	  of	  cells	  –	  4	  meso-‐,	  2	  macro-‐	  and	  2	  micromere.	  Later	  
they	  form	  half-‐size	  blastula	  with	  the	  blastocoel	  opened	  to	  outer	  
medium.	  Then	  half-‐embryos	  undergoes	  “regula,on”	  and	  form	  quasi-‐
normal	  half-‐size	  plutei	  

Totipotency of early blastomeres :  
Any cell of an early sea urchin embryos has the ability to 

become an embryo. 
Each cell still possesses all determinants.   

The unidirectionality of development  

Hans Driesch  
(1867-1941)  
Experimental  
embryologist Artificial twinning  

(not “cloning”) 

The “Weismann barrier”: 
Genetic information cannot pass from soma to germ plasm and on to the next generation. 

=> Acquired characteristics cannot be inherited (contrary to Jean Baptiste Lamarck) 
 

“Germ Plasm Theory”:  
Inheritance only takes place via germ cells (gametes) 

Development is a unidirectional process  
The differentiated state of specialised cells,  like skin or liver,  is fixed irreversibly… 

  
  



Ten	  years	  later,	  in	  his	  classical	  work	  Embryonic	  Development	  
and	  Induc5on	  (Spemann,	  1938),	  Spemann	  would	  
issue	  marching	  orders	  to	  the	  next	  wave	  of	  researchers	  seeking	  
to	  further	  test	  the	  validity	  of	  nuclear	  equivalence	  when	  he	  
wrote	  (on	  page	  211):Decisive	  informa,on	  about	  this	  ques,on	  
may	  perhaps	  be	  afforded	  by	  an	  experiment	  which	  appears,	  at	  
first	  sight,	  to	  be	  somewhat	  fantas,cal	  …	  Probably	  the	  same	  
effect	  could	  be	  a"ained	  if	  one	  could	  isolate	  the	  nuclei	  of	  the	  
morula	  and	  introduce	  one	  of	  them	  into	  an	  egg	  or	  an	  egg	  
fragment	  without	  an	  egg	  nucleus	  …	  This	  experiment	  might	  
possibly	  show	  that	  even	  nuclei	  of	  differen,ated	  cells	  can	  
ini,ate	  normal	  development	  in	  the	  egg	  protoplasm. 

Spemann and Mangold demonstration of totipotency  
at 8-cell stage 

Hans Spemann*  
(1869–1941) 
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"totipotent" and "pluripotent" cell	

 referring respectively to a cell that can generate every cell in 
an organism and one that can generate nearly every cell.	


*Spemann won the Nobel Prize for Medicine in 1935 for the discovery of the process of induction whereby one cell or tissue directs the 
development of another, neighboring, cell or tissue, via biochemical signals that lead to cellular differentiation in the nervous system and other 
embryonic organs. 
 

•  Experiments on Salamander embryos to determine a cells developmental potential 
(range of structures to which it can give rise) 

•  Embryonic fates are affected by distribution of determinants and the pattern of 
cleavage 

•  The first two blastomeres of the frog embryo are totipotent (can develop into all 
the possible cell types) 

•  Single cells of an 8-cell embryo are also totipotent 

© 2011 Pearson Education, Inc. 

Spemann, H. (1928). Die Entwicklung 
seitlicher und dorso-ventraler Keimhälften 
bei verzögerter Kernversorgung. Ztschr. f. 
Wiss. Zool. 132, 105–134 

using	  a	  strand	  of	  baby	  hair	  ,ed	  into	  a	  noose,	  Spemann	  
temporarily	  squeezed	  a	  fer,lized	  salamander	  egg	  to	  push	  
the	  nucleus	  to	  one	  side	  of	  the	  cytoplasm.	  The	  egg	  divided	  
into	  cells—but	  only	  on	  the	  side	  with	  the	  nucleus.	  Aner	  four	  
cell	  divisions,	  which	  made	  16	  cells,	  Spemann	  loosened	  the	  
noose,	  leong	  the	  nucleus	  from	  one	  of	  the	  cells	  slide	  back	  
into	  the	  non-‐dividing	  side	  of	  the	  egg.	  He	  used	  the	  noose	  to	  
separate	  this	  “new”	  cell	  from	  the	  rest	  of	  the	  embryo.	  The	  
single	  cell	  grew	  into	  a	  new	  salamander	  embryo,	  as	  did	  the	  
remaining	  cells	  that	  were	  separated.	  
	  
Essen,ally	  the	  first	  instance	  of	  nuclear	  transfer,	  this	  
experiment	  showed	  that	  the	  nucleus	  from	  an	  early	  
embryonic	  cell	  directs	  the	  complete	  growth	  of	  a	  salamander,	  
effec,vely	  subs,tu,ng	  for	  the	  nucleus	  in	  a	  fer,lized	  egg.	  

First example of nuclear 
transfer: Nucleus from an 

early embryonic cell directs 
the complete growth of a 
salamander, effectively 

substituting for the nucleus in 
a fertilized egg! 

 

Summary 
• Complement of genes in cells of a developing organism are the same: “nuclear equivalence.”  
• Spemann’s experiment fails to explain how cellular lineage specification occurs, but shows 
that qualitative division does not occur  
• Spemann’s work showed that developmental changes arise by epigenesis: selective restriction 
of gene expression from among the entire genomic complement present within the many cell 
and tissue types in the body.  
• Waddington would later theorized about the effect of epigenetic restriction on cellular identity 
(Waddington, 1957) - the molecular details of lineage specification remains a topical question! 

Could this work with later stage embryos (differentiated cells)? 
 

Spemann proposed a “fantastical” experiment: to isolate 
nucleus of a morula and introduce it into an Egg without a 

nucleus…ie to CLONE the morula cell… 



The term clone is derived from the Ancient Greek word κλών (klōn, “twig”): 
the process whereby a new plant can be created from a twig.  
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There are many clones in nature: 
vegetative (asexual) reproduction (“apomixis” in plants) - results 

in clonal populations of genetically identical individuals 
 
Some aphids and many trees, shrubs, vines - parts of a plant may become detached by 
fragmentation and grow on to become separate clonal individuals….  

 
Some European cultivars of grapes represent clones  
that have been propagated for over two millennia 
 

An 80,000 year old clone - Pando “The Trembling Giant” 
is a single clonal colony of Quaking Aspen trees in Utah.  

Natural clones                 Artificially generated clones 
 
 
 
 
 
 
 
 
Cloning oil palm trees in Malaysia 
(Courtesy R. Martienssen) 

Aphids	  Different	  Pinot	  noir	  clones	  

h"p://www.princeofpinot.com	  



Testing the Weissman Roux hypothesis: 
The developmental potential of a differentiated cell nucleus 
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Weissman Roux hypothesis:  
Nuclei of differentiated cells lose their ability to generate a new organism. 

 
Spemann:  

If all genes are retained and the process of differentiation is reversible, a somatic nucleus 
would maintain the potential to form a new organism when transplanted into the egg. 

Robert Briggs  
(1911-1983) 

Thomas J. King 
(1921-2000) 
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 “Freddy” derived using the technique of King, 1966, by M. 
DiBerardino and N. Hoffner Orr.  
(photograph courtesy of M. DiBerardino.) 

Briggs and King:  
Nuclear Transfer experiments in the frog, Rania pipiens 

Transplantation of  blastula nuclei 
into activated enucleated Rana 

pipiens eggs.  

Percentage of successful nuclear transplants as a function of the 
developmental age of the donor nucleus. (After McKinnell 1978.) 

Conclusions of Briggs and King papers (1952, 1956) 
1.  Nuclear transfer (NT) into enucleated eggs was a 

viable cloning technique!  
2.  The nucleus directs cell growth and, ultimately, an 

organism’s development.  
3.  Embryonic cells early in development are better for 

cloning than cells at later stages. 
4.  Loss of developmental potential was heritable 

(following serial transfer NTs)  
 

Loss of developmental potential of differentiated 
nuclei  could still be due to genetic loss? 

(consistent with Weismann-Roux?) 
 
⇒   The question as to whether the genome itself changes 

during development, or whether it is the way genes 
are expressed that is responsible for differentiation 
remained unanswered…. 

 

Later  showed that this was 
actually due to genetic loss 

for technical reasons (slower 
cycling of more differentiated 
cells meant that chromosome 
replication was incomplete 
when the egg divided…) 

 
Di Berardino M. A.,  King T. J. 
(1967). Development and cellular 

differentiation of neural nuclear-
transplants of known karyotype.  

Dev. Biol. 15, 102-128.  
 



Is the genome irreversibly altered as cells become more specialized during development? 
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John B. Gurdon 

Gurdon:  
Nuclear Transfer experiments in the frog, Xenopus laevis  

African clawed toad, Xenopus laevis, 
(now a classic amphibian model). 



Is the genome irreversibly altered as cells become more specialized during development? 

E. Heard, March 10th 2014 

John B. Gurdon 

Gurdon:  
Nuclear Transfer experiments in the frog, Xenopus laevis  

African clawed toad, Xenopus laevis, 
(now a classic amphibian model). 

  Easier model system, Xenopus laevis 
  Improved technique (UV to remove egg nucleus) 

  Markers of donor nuclei  
(Fischberg et al, 1958; Brown and Gurdon, 1964) 



Is the genome irreversibly altered as cells become more specialized during development? 

E. Heard, March 10th 2014 

John B. Gurdon 

Gurdon:  
Nuclear Transfer experiments in the frog, Xenopus laevis  

Resulting frogs: all albino  

African clawed toad, Xenopus laevis, 
(now a classic amphibian model). 

Gurdon, J. B. (1962). The developmental capacity of nuclei taken from intestinal epithelium cells of feeding tadpoles. J. Embryol. Exp. 
Morphol. 10, 622-640. 



Is the genome irreversibly altered as cells become more specialized during development? 

John B. Gurdon 

Gurdon:  
Nuclear Transfer experiments in the frog, Xenopus laevis  

African clawed toad, Xenopus laevis, 
(now a classic amphibian model). 
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Resulting frogs: all female and albino  
Generated live frogs (though with low efficiency): 
- from transplanted neurula stage endoderm nuclei  

- from differentiated intestinal nuclei of tadpoles (1.5%) 
⇒  resulted in fertile adult frogs after nuclear transfer 

 
 
 

Gurdon, J. B. (1960). The developmental capacity of nuclei taken from differentiating endoderm cells of Xenopus laevis. J. Embryol. Exp. 
Morphol. 8, 505-526. 
Gurdon, J. B. (1962). The developmental capacity of nuclei taken from intestinal epithelium cells of feeding tadpoles. J. Embryol. Exp. Morphol. 
10, 622-640. 
Gurdon, J. B. and Uehlinger, V. (1966). ‘Fertile’ intestine nuclei. Nature 210, 1240-1241. 

 
 

The nuclei of differentiated cells retain their totipotency  
(can generate all cell types, including germ line) 



Resulting frogs: all female and albino  
Originally	  used	  nuclei	  carrying	  a	  
ribosomal	  RNA	  gene	  dele,on	  as	  a	  

marker	  

Is the genome irreversibly altered as cells become more specialized during development? 
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John B. Gurdon 

Gurdon:  
Nuclear Transfer experiments in the frog, Xenopus laevis  

Gurdon’s Conclusions: 
 

1. Cell differentiation did not involve permanent changes to the genome 
⇒ Genetic equivalence of somatic and embryonic cell nuclei 

First proof that cell differentiation depends on changes in the expression  
rather than the content of the genome 

2. Remarkable reprogramming capacity of the egg cytoplasm 
 

3. Lack of fertile clones from adult nuclei and the many abnormal embryos - probably due 
to failures in the correct reprogramming of the nuclei by the cytoplasm of the egg 

⇒  Incomplete chromosome replication?  
and Epigenetic resistance? 
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Epigenetic memory in nuclear transplant embryos. Nuclear transplant embryos derived from muscle 
nuclei were grown to the blastula stage, and then depleted of the mesoderm region (muscle lineage). The 
remaining regions (neurectoderm for nerve/skin cells and endoderm for intestine lineages) express the 
muscle gene marker MyoD to an excessive extent in about half of all such embryos (Ng and Gurdon, 
2008). 

Inappropriate expression (memory of the active state) of muscle genes from a muscle 
cell donor nucleus in about half of the NT embryos 

Epigenetic Memory as a cause of inefficient NT? 

What could the nature of this “active” state memory be? 
How efficiently is the silent state of developmental genes erased? 

 
Sir John Gurdon, Seminar on March 14th, 5.30pm 

 

Types of “epigenetic memory” that could interfere with efficient reprogramming:  
 
  Repressed state of developmental genes in differentiated nucleus? 
  Active state of specialised genes characteristic of the differentiated nucleus? 

Muscle	  gene	  –	  must	  be	  silenced	  

Early	  developmental	  gene	  	  
–	  must	  be	  ac<vated	  

Memory	  	  
of	  the	  ac5ve	  state	  

in	  cells	  that	  normally	  
do	  not	  express	  
muscle	  genes	  
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The inefficiency of NT could be due to incompatibility of the quiescent 
state of the donor nucleus and the egg’s rapid cell division 

Serial nuclear transfer improves cloning efficiency: 
“The conclusion that I believe to be correct is that the initially transplanted nuclei 
were spared from chromosome damage by having a second chance to complete 

their DNA replication as the recipient egg divided into two cells. Only when that 
had happened did the originally transplanted nucleus have to start division as one 
of the first two blastomeres divided into two cells at the time that control embryos 
from fertilised eggs were dividing from the two- to four-cell stage. In this way, I 

believe that the true genetic potential of an originally transplanted somatic 
nucleus can be revealed especially well when the initial first transfer embryo 

divides into a partial blastula.”  

“We think rapid cell division and DNA replication enforced on an amphibian transplanted 
nucleus by an activated egg has a high probability of introducing replication defects, as is 
seen in Rana pipiens (Di Berardino and King, 1967), thereby greatly reducing the chance of 

obtaining entirely normal development from the nucleus of an adult cell.” Gurdon, 2013, 
Development 140, 2449-2456 

To avoid these problems, Gurdon went on to use growing oocytes (no DNA 
replication and no cell division), rather than unfertilized eggs, for his 

investigation of reprogramming mechanisms 	

and the factors underlying epigenetic memory	


	


REPROGRAMMING	  	  
FACTORY!	  

Sir John Gurdon, Seminar on March 14th, 5.30pm 

Multiple somatic 
nuclei can be injected 

into the germinal 
vesicle of an oocyte 

Decondensed nuclei 
2 days after 

transplantation to a 
GV of an oocyte 

Oocytes contain a huge nucleus 
(germinal vesicle), 100,000 times larger 

than a somatic cell nucleus 
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Nuclear Transfer and Cloning in Mammals 

  Mammalian egg cells are much smaller than those of frogs or salamanders  
⇒ much harder to manipulate: required micromanipulation techniques  

(Graham, 1969; Barensdat, 1970, Lin 1971) 

  Different mammals have different characteristics in terms of accessibility, timing, growth 
  Efficient embryo transfer techniques had to be developed  

 

Why did it take almost 30 years before successful NT was 
achieved in mammals? 



Azim Surani  Davor Solter  

Discovery of imprinting in mouse embryos 
Transplant paternal or maternal pronuclei into enucleated fertilised egg (zygote) 

BARTON, S. C , SURANI, M. A. AND NORRIS, M. L. (1984). Role of paternal 
and maternal genomes in mouse development. Nature 311, 374-376. 
SURANI, M. A., BARTON, S. C. AND NORRIS, M. L. (1984). Development of 
reconstituted mouse eggs suggests imprinting of the genome during 
gametogenesis. Nature 308, 548-550. 
MCGRATH, J. AND SOLTER, D. (1984). Completion of mouse embryogenesis 
requires both the maternal and paternal genomes. Cell 37, 179-183. 

Nuclear transplantation experiments in mice by  
Azim Surani and Davor Solter : 

 
• Two male or two female pronuclei are incompatible with normal  
   development 
• Formal demonstration of the functional non-equivalence of  
   mammalian parental genomes 
 

Enucleated ZYGOTE 

NT of paternal or maternal 
pronuclues into  

Nuclear Transfer and Cloning in Mammals 

However, this SCNT 
approach was 

unsuccessful for 
production of 

mammalian clones… 
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Nuclear Transfer and Cloning in Mammals 
 
 
 

Recipient cell used for enucleation: 
Initially, enucleated zygotes were used, not unfertilized eggs! 

Zygote nuclei are in interphase 
Oocytes are in metaphase (no nuclear envelope) 

Germinal	  vesicle	  (GV)	  transfer:	  (a)	  GV-‐stage	  mouse	  oocyte	  with	  opened	  
zona;	  (b)	  GV	  removal;	  (c)	  GV	  transfer;	  (d)	  GV	  replaced	  in	  perivitelline	  space	  
awai,ng	  electrofusion	  (×200).	  	  

Paternal interphase pronucleus 

Metaphase chromosomes 
in MII Oocyte 

Maternal interphase pronucleus 

Why did it take almost 30 years before successful NT was 
achieved in mammals? 

 

Nuclear factors required for reprogramming 
may be retained in nucleus? 
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Nuclear Transfer and Cloning in Mammals 

1975 - Bromhall transferred a nucleus from a rabbit embryo cell into an 
enucleated rabbit egg cell and produced a morula after a couple of days. 
 
1978 –Louise Brown, the first baby conceived via in-vitro fertilization, is born – 
successful embryo transfer techniques have become available. 
 
1985 – Willadsen separated one cell from an 8-cell lamb embryo and used a small 
electrical shock to fuse it to an enucleated egg cell – after a few days he 
transplanted this into a surrogate ewe and 3 lambs were born. 
 
1987 -  Prather and Eyestone produced two cloned calves: “Fusion” and “Copy”. 
 
1996 - Wilmut and Campbell transferred nuclei from cultured cells into 
enucleated sheep egg cells. Two lambs born “Megan” and “Morag”. 
 
1996 - Wilmut and Campbell created a lamb “Dolly” by transferring the nucleus 
from an adult sheep's udder cell into an enucleated egg. Of 277 attempts, only one 
produced an embryo that was carried to term in a surrogate mother.  
⇒  First ever mammal cloned from an adult somatic cell…. 	

	


From rabbits, to sheep,  to cows, mice and beyond….	
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1996	  that	  accompanied	  
the	  birth	  of	  Dolly	  the	  sheep,	  the	  

first	  mammal	  cloned	  by	  soma,c	  cell	  
nuclear	  transfer	  (SCNT)	  from	  an	  adult	  

cell	  donor.	  Since	  the	  birth	  of	  Dolly,	  viable	  
nuclear	  transfer-‐derived	  offspring	  have	  
been	  made	  in	  many	  different	  mammalian	  

species,	  although	  notably	  not	  yet	  in	  primates.	  
In	  mice	  it	  has	  been	  conclusively	  

shown	  that	  a	  nucleus	  from	  a	  highly	  specialized	  
cell,	  such	  as	  a	  lymphocyte	  or	  an	  

olfactory	  epithelial	  cell,	  can	  generate	  viable	  
viable	  cloned	  offspring.	  

Dolly: the first mammalian clone 



E. Heard, March 10th 2014 

Bringing in the Clones… 

Cloning : to help farmers breed to food producing animals; 
preservation of species; biomedical research; drug and organ 
production and commercial ventures for domestic animals…	


On	  the	  brink	  of	  ex,nc,on	  

Tetra	  –	  diabetes	  research?	  
And	  other	  human	  diseases	  

Mules	  are	  sterile	  –	  unless	  cloned	  

To	  clone????	  
Copy	  cat	  –	  the	  cloned	  calico	  –	  
that	  turned	  out	  not	  to	  be	  calico!	  

Cloning	  pet	  animals…	  
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First cloned mouse (Cumulina) from a cumulus cell, and she 
herself produced progeny (Wakayama et al., 1998) 

 
 

Transferred nuclei were reprogrammed to totipotency 
i.e. ability to form not only all of the cells of the adult organism 
(as is the case for pluripotency) but also extraembryonic tissues 

including the trophectoderm of the placenta. 
 

Efficiency was low, however. 

Cumulina: the first mouse clone 

Teruhiko	  Wakayama	  



E. Heard, March 10th 2014 

Mammalian Embryonic Stem cells 

Experimental	  embryology	  has	  shown	  that	  the	  early	  mouse	  embryo	  is	  
highly	  regula,ve,	  and	  so	  at	  early	  stages	  of	  development	  there	  must	  be	  
cells	  that	  have	  the	  poten,al	  to	  differen,ate	  into	  a	  wide	  range	  of	  
descendants.	  What	  is	  not	  necessarily	  self-‐evident	  is	  that	  prolifera,ng,	  
self-‐maintaining	  popula,ons	  of	  pluripotent	  cells	  would	  exist.	  Evidence	  
for	  the	  existence	  of	  such	  pluripotent	  stem	  cells	  comes	  from	  studies	  
with	  mouse	  teratocarcinomas	  —	  transplantable,	  progressively	  growing	  
tumours	  that	  maintain	  a	  wide	  variety	  of	  diversely	  differen,ated	  ,ssues	  
within	  the	  tumour.	  
-‐  Realisea,on	  that	  the	  pluripotent	  cells	  from	  these	  tumors	  were	  in	  

fact	  normal	  embryonic	  cells	  –	  and	  these	  cells	  could	  be	  isolated	  from	  
embryos	  and	  cultured	  

-‐  -‐	  opening	  up	  a	  whole	  new	  era	  of	  	  experimental	  mammalian	  
gene,cs,	  stem	  cell	  biology	  and	  an	  understanding	  of	  pluripotency	  –	  
that	  was	  the	  precursor	  to	  iPS	  

Teratomas – are the 
result of abnormal 
development of 
pluripotent cells: germ 
cells and embryonal 
cells. Teratomas of 
embryonic origin are 
congenital; teratomas of 
germ cell origin may or 
may not be congenital 
(this is not known). The 
kind of pluripotent cell 
appears to be 
unimportant, apart from 
constraining the 
location of the teratoma 
in the body. 

• 1950s-60s – Teratocarcinomas (Stevens and Little 1956) can give rise to embryonic 
carconoma (EC) cell lines that are pluripotent – can form all 3 germ layers (Finch and Ephrussi, 1967; 

Kleismith and Pierce, 1964) & contribute to the soma once transferred into normal embryos (Brinster, 1974). 

Mario R. Capecchi,  Sir Martin J. Evans,   Oliver Smithies 
   (Nobel Prize, 2007) 

• 1981– Derivation of embryonic stem (ES) cells from mouse blastocysts (Evans and Kaufman1981; 
Martin, 1981) 

• 1992 - and embryonic germ (EG) cells from primordial germ cells (Matsui et al, 1992; Resnick et al, 1992) 
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Experimental	  embryology	  has	  shown	  that	  the	  early	  mouse	  embryo	  is	  
highly	  regula,ve,	  and	  so	  at	  early	  stages	  of	  development	  there	  must	  be	  
cells	  that	  have	  the	  poten,al	  to	  differen,ate	  into	  a	  wide	  range	  of	  
descendants.	  What	  is	  not	  necessarily	  self-‐evident	  is	  that	  prolifera,ng,	  
self-‐maintaining	  popula,ons	  of	  pluripotent	  cells	  would	  exist.	  Evidence	  
for	  the	  existence	  of	  such	  pluripotent	  stem	  cells	  comes	  from	  studies	  
with	  mouse	  teratocarcinomas	  —	  transplantable,	  progressively	  growing	  
tumours	  that	  maintain	  a	  wide	  variety	  of	  diversely	  differen,ated	  ,ssues	  
within	  the	  tumour.	  
-‐  Realisea,on	  that	  the	  pluripotent	  cells	  from	  these	  tumors	  were	  in	  

fact	  normal	  embryonic	  cells	  –	  and	  these	  cells	  could	  be	  isolated	  from	  
embryos	  and	  cultured	  

-‐  -‐	  opening	  up	  a	  whole	  new	  era	  of	  	  experimental	  mammalian	  
gene,cs,	  stem	  cell	  biology	  and	  an	  understanding	  of	  pluripotency	  –	  
that	  was	  the	  precursor	  to	  iPS	  

Teratomas – are the 
result of abnormal 
development of 
pluripotent cells: germ 
cells and embryonal 
cells. Teratomas of 
embryonic origin are 
congenital; teratomas of 
germ cell origin may or 
may not be congenital 
(this is not known). The 
kind of pluripotent cell 
appears to be 
unimportant, apart from 
constraining the 
location of the teratoma 
in the body. 

• 1950s-60s – Teratocarcinomas (Stevens and Little 1956) can give rise to embryonic 
carconoma (EC) cell lines that are pluripotent – can form all 3 germ layers (Finch and Ephrussi, 1967; 

Kleismith and Pierce, 1964) & contribute to the soma once transferred into normal embryos (Brinster, 1974). 

Mario R. Capecchi,  Sir Martin J. Evans,   Oliver Smithies 
Nobel Prize, 2007) 

• 1981– Derivation of embryonic stem (ES) cells from mouse blastocysts (Evans and Kaufman1981; 
Martin, 1981) 

• 1992 - and embryonic germ (EG) cells from primordial germ cells (Matsui et al, 1992; Resnick et al, 1992) 

• 1998 – Derivation of human ES cells (Thomson et al, 1998) 

h"p://stemcells.nih.gov	  Evans,	  2011	  

  Remain undifferentiated and immortal in culture: SELF RENEWAL 
  Form chimeras, differentiate into ALL 3 germ layers and produce germ cells when 

reintroduced into blastocysts: PLURIPOTENT  
  Differentiation in vitro eg embryoid bodies 

 (Bradley et al, 1984; Brinster, 1974; Matsui et al, 1992; Mintz and Illmensee, 1975 and others, see Evans 2011 for review)	  

Mammalian Embryonic Stem cells 

PROVIDE REMARKABLE TOOLS FOR GENETIC MANIPULATION  
UNDERSTANDING OF PLURIPOTENCY 

AND A MORE EFFICIENT MEANS OF CLONING IN MICE 
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Monoclonal mice derived by SCNT: ultimate proof that fully 
differentiated cells can be used for successful cloning 

 
 Rudolph Jaenisch set out to prove that fully differentiated mature cells are indeed capable 

of creating ALL cell types in a mouse (rather than a rare stem or progenitor cell)  

unfortunately,	  lymphocyte	  nuclei	  seem	  to	  be	  
rather	  recalcitrant	  to	  nuclear	  reprogramming.	  
In	  Hochedlinger	  and	  Jaenisch's	  study1,	  the	  
likelihood	  of	  a	  cloned	  mouse	  embryo	  reaching	  
even	  the	  blastocyst	  stage	  —	  a	  very	  early	  point	  
in	  development	  —	  was	  only	  4%.	  To	  get	  around	  
this,	  the	  authors	  generated	  embryonic	  stem	  
(ES)	  cells	  from	  the	  cloned	  blastocysts,	  and	  used	  
a	  technique	  called	  tetraploid	  
complementa,on6	  to	  produce	  mice	  from	  the	  
ES-‐cell	  lines	  

But, could NOT derive mice by direct transfer of blastocysts 	

cloned from mature lymphocytes into recipient mothers .	


Used an ES cell intermediate provided more efficient reprogramming	


Hochedlinger and Jaenisch, 2002, Nature 415: 1035-1038	


Mature T and B cells are rare examples of cells in which the genome sequence is 
altered as they mature.  Using the genome of a T cell or B cell for cloning by nuclear 
transfer, the genomic rearrangement should be detected in all the cells of the clones 
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Mice cloned by SCNT from post-mitotic neurons 

Jaenisch went on to perform similar experiments with Olfactory Neurons:  
These are also mature cells but no genetic change in theory 

Only single olfactory receptor genes our of many chosen to be expressed during 
development: purely epigenetic? 

The genome of a post-mitotic, terminally differentiated neuron can re-enter the cell cycle 
and be reprogrammed to a state of totipotency after nuclear transfer. Moreover, the 

pattern of odorant receptor gene expression and the organization of odorant receptor genes in 
cloned mice was indistinguishable from wild-type animals, indicating that irreversible 

changes to the DNA of olfactory neurons do not accompany receptor gene choice. 

Eggan	  et	  al,	  Nature,	  2002	  



Lessons from Cloning ? 
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$$$ to clone a pet cat: was it worth it?	

	
  Genetic Savings & Clone,  

Provided commercial gene banking and cloning services to pet owners  
 (closed down in 2006) 

No	  “rainbow”	  (orange	  and	  black)	  fur	  color	  for	  carbon	  copy!	  



Clones are not identical… 

•  Monozygotic twins can exhibit some variation, due to gene expression fluctuations and 
possibly epigenetic differences (during development or through environmental influences) 

 

•  Even though two clones are genetically identical,  they may not look or act the same way! 
 Experimentally produced clones may show even more variation (inefficient reprogramming?)  
  

J-‐P	  Renard	  (INRA)	  

In the case of Carbon Copy: 
 the somatic nucleus from Rainbow may not have been fully reprogrammed… 
as one X appears to be silent in all cells of Cc (the allele for orange fur) unlike 

her donor where either X is active (orange and black fur)! 

Carbon Copy 

Rainbow 

Clonal Transmission 
(somatic cells) 

 

Random X inactivation 
(early embryo) 

Xa Xi XaXi 
mosaic 



Disadvantages to cloning: mutations, or genetic errors, that gradually and steadily build up in the genetic 
material of the plants' cells. The longer an aspen depends on cloning to survive, the worse it is at sexual 

reproduction 

Cloning results in reduced fitness 



Cloning mammals is inefficient 
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black orange 

Imprinting 

Epigene,c	  processes	  are	  onen	  perturbed	  



Cloning mammals is inefficient 
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black orange 

Imprinting 

Epigenetic processes can be perturbed: 
-  Aberrant methylation at imprinted loci particularly in extraembryonic tissues 
-  Aberrant X-inactivation patterns 

X inactivation 



Many cloned offspring die within the first 24 h of birth (Table 1). 
Common anomalies include respiratory distress, increased birth 
weight and major cardiovascular abnormalities that can result in 
gross distension of the liver and dilated major vessels. Some of these 
anomalies may be secondary effects of another abnormality. The 
production of oversized offspring after nuclear transfer in ruminants 
mimics the findings following other embryo manipulations 
when increased birth weight is the most readily recognized characteristic 
of the ‘large offspring syndrome’2. Other common characteristics 
include prolonged gestation, fluid accumulation, 
enlargement of organs, sluggish onset of labour and difficulty in 
Breathing. 

From : Wilmut, N. Beaujean, P. A. de Sousa, A. Dinnyes, T. J. King, L. A. Paterson, D. N. Wells‡ 
& L. E. Young (2002) Somatic cell nuclear transfer, Nature, 419. 
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Cloning can result in pathologies 

-  Clones only from some donor cell types (eg cumulus cells for mice)? 
-  Developmental and physiological abnormalities in placentas? 
-  although not inherited (Eggan and Jaenisch 2002) 
-  => due to failure to reprogram the epigenome rather than to genetic abnormalities? 
-  Imprinting and X-inactivation errors in cloned embryos? 
-  Passage through ES cells can improve efficiency (corrects some epigenetic abnormalities?) 
-  Premature ageing ? Shorter telomeres? Dolly: short telomeres; Cloned cows:longer telomeres 

telomeres…=> likely to depend on species,and on  balance between telomere shortening and 
elongation 

 

From	  Liz	  Blackburn	  	  
Conceptual	  outline:	  	  Telomere	  length	  is	  greatly	  variable	  
dependent	  on	  the	  dynamics	  of	  the	  balance	  of	  	  
-‐	  shortening	  (incomplete	  DNA	  replica,on,	  nucleases,	  oxida,ve	  
damage	  to	  telomeric	  DNA,	  replica,on	  fork	  stalls	  and	  breakage	  
within	  the	  telomeric	  tract)	  
vs	  elonga,on	  –	  primarily	  by	  telomerase	  in	  normal	  cells	  (highly	  
regulated)	  	  
but	  occasionally	  also	  by	  recombina,on	  (presumably	  to	  take	  care	  
of	  the	  kinds	  of	  accidents	  as	  men,oned	  above	  (damage,	  fork	  
breakage,	  nucleases).	  
So	  it	  is	  hard	  to	  predict	  a	  priory	  where	  the	  balance	  will	  be	  as	  
most	  cells	  have	  at	  least	  some	  level	  of	  telomerase,	  especially	  
early	  in	  development	  in	  mammals.	  
	  	  
Also	  Artandi	  lab	  at	  Stanford	  showed	  that	  you	  could	  make	  iPS	  
cells	  (reprogram	  from	  a	  soma,c	  cells)	  from	  pa,ents	  with	  
inherited	  muta,ons	  in	  telomerase	  genes)	  that	  caused	  reduced	  
but	  not	  completely	  missing)	  telomerase	  levels,	  and	  that	  their	  
telomeres	  shortened	  and	  the	  cells	  ceased	  replica,ng	  in	  the	  case	  
of	  the	  more	  severe	  phenotype	  pa,ents.	  So	  the	  iPS	  cells	  
recapitulated	  the	  degree	  of	  telomere	  maintenance	  defects	  
reasonably	  well.	  
	  
	  	  	  
Nature.	  2011	  May	  22;474(7351):399-‐402.	  doi:	  10.1038/
nature10084.	  
Telomere	  shortening	  and	  loss	  of	  self-‐renewal	  in	  dyskeratosis	  
congenita	  induced	  pluripotent	  stem	  cells.	  
	  
Ba,sta	  LF1,	  Pech	  MF,	  Zhong	  FL,	  Nguyen	  HN,	  Xie	  KT,	  Zaug	  AJ,	  
Crary	  SM,	  Choi	  J,	  Sebas,ano	  V,	  Cherry	  A,	  Giri	  N,	  Wernig	  M,	  Alter	  
BP,	  Cech	  TR,	  Savage	  SA,	  Reijo	  Pera	  RA,	  Artandi	  SE	  
	  
	  
	  

In the early days of cloning by 
somatic cell nuclear transfer 
(SCNT), the age of cloned animals 
was considered to be similar to the 
age of the donor animals because 
the length of the telomeres of 
Dolly the sheep was similar to that 
of the cells of the 6-year-old donor 
sheep. Animals cloned by SCNT 
have many abnormalities that also 
shorten lifespan. These early 
findings implied that the lifespan 
of cloned animals might be shorter 
than that of normal animals. 
However, more research into 
cloning has improved the 
production efficiencies of cloned 
animals; subsequently, telomeres 
are now considered to be 
rejuvenated during nuclear 
reprogramming by SCNT and 
normal offspring by SCNT have 
normal lifespan. Moreover, many 
cloning studies have indicated that 
phenotypes of cloned animals are 
very similar to those of the donor 
animals. The age of cloned 
animals is normal and the 
phenotypes of cloned animals 
differ little in from those of the 
original donor animals. Recent 
reports indicate that nonviable 
cells that have intact nuclear 
material can be used to produce 
live healthy cloned animals. These 
findings suggest that somatic cells 
stored for a long period can 
develop into normal cloned 
animals by SCNT. Here, we 
describe the cloning of cattle from 
tissue stored for short and long 
periods. 



Using TSA to treat cells, generation of healthy mouse clones that live a normal lifespan and can 
be sequentially cloned indefinitely (> 25 generations).  
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Telomeres	  are	  vital	  for	  maintaining	  chromosomal	  integrity	  and	  genomic	  stability	  
in	  normal	  cells	  in	  vivo,	  and	  they	  shorten	  with	  each	  cell	  division.	  In	  normal	  
reproduc,on,	  the	  telomeres	  are	  repaired	  by	  telomerase	  in	  the	  germline,	  but	  
cloned	  animals	  develop	  from	  soma,c	  cells	  directly	  and,	  therefore,	  miss	  this	  step.	  
Telomere	  lengths	  have	  been	  examined	  in	  cloned	  animals	  of	  several	  species	  
(most	  reports	  have	  concluded	  that	  the	  telomeres	  of	  cloned	  
animals	  are	  repaired	  during	  genomic	  reprogramming.	  In	  this	  study,	  we	  
examined	  telomere	  lengths	  in	  the	  recloned	  mice	  at	  3	  months	  of	  age	  and	  
compared	  them	  with	  those	  of	  age-‐matched	  
control	  mice.	  Wealso	  collected	  samples	  fromearlier	  genera,ons	  
of	  recloned	  mice	  s,ll	  living	  at	  the	  same	  ,me,	  which	  were	  older	  
at	  the	  ,me	  of	  collec,on.	  These	  experiments	  revealed	  that	  there	  was	  no	  evident	  
shortening	  of	  telomeres	  in	  the	  recloned	  mice	  of	  any	  genera,on	  or	  at	  any	  age.	  
	  

Improved technique and epigenetic drug treatment reduces  
abnormalities and results in normal life span? 

Schaetzlein et al, PNAS, 2004	

Wakayam et al, Cell Stem Cell, 2013	


RNAi-‐mediated	  knockdown	  of	  Xist	  can	  rescue	  the	  impaired	  
pos,mplanta,on	  development	  of	  cloned	  mouse	  embryos	  
	  
Shogo	  Matoba,	  Kimiko	  Inoue,	  [...],	  and	  Atsuo	  Ogura	  
	  
Cloning	  mammals	  by	  soma,c	  cell	  nuclear	  transfer	  (SCNT)	  is	  highly	  
inefficient.	  Most	  SCNT-‐generated	  embryos	  die	  aner	  implanta,on	  
because	  of	  uniden,fied,	  complex	  epigene,c	  errors	  in	  the	  process	  of	  
pos,mplanta,on	  embryonic	  development.	  Here	  we	  iden,fy	  the	  most	  
upstream	  level	  of	  dysfunc,on	  leading	  to	  impaired	  development	  of	  
clones	  by	  using	  RNAi	  against	  Xist,	  a	  gene	  responsible	  for	  X	  
chromosome	  inac,va,on	  (XCI).	  A	  prior	  injec,on	  of	  Xist-‐specific	  siRNA	  
into	  reconstructed	  oocytes	  efficiently	  corrected	  SCNT-‐specific	  aberrant	  
Xist	  expression	  at	  the	  morula	  stage,	  but	  failed	  to	  do	  so	  thereaner	  at	  
the	  blastocyst	  stage.	  However,	  we	  found	  that	  shortly	  aner	  
implanta,on,	  this	  aberrant	  XCI	  status	  in	  cloned	  embryos	  had	  been	  
corrected	  autonomously	  in	  both	  embryonic	  and	  extraembryonic	  
,ssues,	  probably	  through	  a	  newly	  established	  XCI	  control	  for	  
pos,mplanta,on	  embryos.	  Embryo	  transfer	  experiments	  revealed	  that	  
siRNA-‐treated	  embryos	  showed	  10	  ,mes	  higher	  survival	  than	  controls	  
as	  early	  as	  embryonic	  day	  5.5	  and	  this	  high	  survival	  persisted	  un,l	  
term,	  resul,ng	  in	  a	  remarkable	  improvement	  in	  cloning	  efficiency	  (12%	  
vs.	  1%	  in	  controls).	  Importantly,	  unlike	  control	  clones,	  these	  Xist-‐siRNA	  
clones	  at	  birth	  showed	  only	  a	  limited	  dysregula,on	  of	  their	  gene	  
expression,	  indica,ng	  that	  correc,on	  of	  Xist	  expression	  in	  
preimplanta,on	  embryos	  had	  a	  	  

Matoba et al, PNAS, 2011	




Derivation of human ES cells by Jamie Thomson in 1998 and 
more recent work by Noggle et al 2011 showing that it is, in 
principle, possible to reprogram human somatic cells up to the 
blastocyst stage at least…  
 
Led to the hope that patient specific pluripotent ESCs could be 
obtained by SCNT of for eg a skin cell nucleus reprogrammed in a 
human egg, which could then be differentiated to the cell type that 
was defective in the patient: “Therapeutic Cloning” 
For organ transplant replacement, skin grafts,  treatment of 
degenerative diseases (eg Parkinson’s) , spinal cord repair or 
leukemia 
  
Therapeutic cloning was shown to work in animals, but raised 
serious ethical  issues in humans…. 

Therapeutic Cloning? 

Proposed to avoid using human embryos – but use activated human eggs instead 
(parthenogenotes)?? 
  Parthenogenesis: an egg that activates spontaneously on its own. This is relatively common in 

women. Eggs activate and often form cysts or benign tumors in the ovary.  
   activated eggs begin to divide, form embryos at early stages, blastocysts with stem cells 
  Use for therapeutic purposes? Eg young woman with Type 1 diabetes, could donate her eggs, to be 

activated artificially in the laboratory without being fertilized. Develop to the blastocyst stage in 
vitro,derive embryonic stem cells and use them to treat Type 1 diabetes? 

http://www.pbs.org/wgbh/nova/sciencenow/3209/04-clon-nf.html 
 
 

Researchers	  can	  use	  embryonic	  stem	  cells	  
(ESCs)	  to	  study	  the	  development	  of	  specific	  
cells	  and	  ,ssues.	  Shown	  here	  are	  two	  types	  of	  
,ssue	  that	  we've	  grown	  from	  federally	  
approved	  human	  ESCs.	  On	  the	  len	  is	  a	  sec,on	  
of	  car,lage,	  whose	  cells	  (in	  purple)	  have	  
secreted	  a	  large	  deposit	  of	  collagen	  (in	  pink).	  
On	  the	  right	  is	  a	  complex	  sec,on	  of	  intes,ne	  or	  
gut	  ,ssue.	  Gut	  cells	  (blue	  arrow)	  have	  secreted	  
mucous-‐like	  material	  into	  a	  central	  cavity	  
(yellow	  arrow).	  The	  ESCs	  have	  also	  formed	  
muscle	  (red	  arrow).	  In	  the	  future,	  such	  
specialized	  cells	  and	  ,ssues	  grown	  from	  ESCs	  
generated	  by	  nuclear	  transfer	  may	  help	  treat	  
disease,	  hence	  the	  term	  "therapeu,c	  cloning."	  	  
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Therapeutic Cloning has Serious Ethical Issues 

Great hope and hype, but also great fear: 

  
Ethical Issues: 
• Moral values, legal issues and religious considerations 
• Manipulation of human germ cells (eggs)  
• Impact of on women (extensive hormonal treatments, repeated surgery) to gather  
  enough eggs (could use other species cows/pigs – but raises other issues!) 
• Destruction of embryo  
• Killing of life (cf debate on whether en embryo is a human being prior to 
implantation) 
 
Practical limitations: 
• Sufficient numbers of human eggs could never be obtained 
• Some immune rejection may occur: 
• Mitochondrial DNA only comes from the egg – not the donor 
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Therapeutic Cloning has Serious Ethical Issues 
 

The therapeutic hopes raised by NT, but the 
realisation that this avenue should NOT be 

explored, led to increased intensive efforts to 
develop alternatives – and to understand how the 

egg accomplishes the resetting of the somatic 
genome to a pluripotent state. 

 
In this way the need to use human eggs in the 

process would be circumvented…  
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Several alternatives to Therapeutic Cloning  
may now be possible 

Induced	  pluripotency	  and	  redifferen,a,on	   Directed	  Transcrip,on	  Factor	  programming	  

Cours III et V 
E. Heard, March 10th 2014 



All cells have the capacity to form a whole organism – 
through differential gene expression	


Decades	  of	  research	  were	  dedicated	  to	  studies	  of	  cell	  
fate	  changes	  during	  development	  and	  led	  to	  the	  view	  
that,	  in	  vivo,	  differen,ated	  cells	  are	  irreversibly	  
commi"ed	  to	  their	  fate.	  
However,	  reprogramming	  of	  soma,c	  cells	  by	  transfer	  
into	  enucleated	  oocytes	  pioneered	  by	  John	  Gurdon	  and	  
colleagues	  in	  the	  1950s	  (Gurdon	  et	  al.,	  1958),	  fusion	  
with	  other	  cell	  partners	  (Blau	  et	  al.,	  1983),	  and	  ectopic	  
transcrip,on	  factor	  expression	  (Davis	  et	  al.,	  1987;	  
Takahashi	  and	  Yamanaka,	  2006)	  revealed	  a	  remarkable	  
plas,city	  of	  the	  differen,ated	  state.	  

"totipotent" and "pluripotent" cell	

 referring respectively to a cell that can generate every cell in 
an organism and one that can generate nearly every cell.	


Totipotency 

Pluripotency 

During	  embryonic	  development,	  a	  fer,lized	  egg	  
gives	  rise	  to	  many	  different	  cell	  types	  
Cell	  types	  are	  organized	  successively	  into	  ,ssues,	  
organs,	  organ	  systems,	  and	  the	  whole	  organism	  
Gene	  expression	  orchestrates	  the	  developmental	  
programs	  of	  animals	  
We	  now	  know	  that	  a	  program	  of	  differen,al	  gene	  
expression	  leads	  to	  the	  different	  cell	  types	  in	  a	  
mul,cellular	  organism…	  BUT	  decades	  of	  research…	  

Cell division 
 Cell differentiation 
      Morphogenesis 

 

Induced Pluripotency 
          S. Yamanaka, 2006 

Trans-differentiation   
Lineage conversion Differentiated cells are NOT irreversibly committed to their fate  

but can be REPROGRAMMED and/or REPURPOSED 
  

⇒  Developmental restrictions imposed on the genome during differentiation must be due to reversible 
epigenetic modifications rather than to permanent genetic changes 

 
⇒  Epigenetic changes allow the maintenance of cell identity but can be overriden by TFs, as well as by 

active and passive loss  

A cell’s fate can be 
reversed:	


developmentally, 
experimentally, 

accidentally	

SCNT 

J. Gurdon, 1962 
I. Wimut, R. Jaenisch and others 
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Reprogramming:	


How to climb back up the Waddington landscape….	


Landscape	  of	  development:	  The	  four	  main	  germ	  layers	  in	  which	  cells	  
develop	  are	  divided	  by	  ‘tectonic	  plates’.	  Transi,ons	  between	  cell	  types	  
are	  hardest	  when	  they	  cross	  over	  tectonic	  plates.	  See	  also	  Graf	  &	  
Enver,	  2009	  and	  Waddington,	  1957.	  

Embryonic	  stem	  cells	  and	  iPS	  cells	  sit	  on	  a	  mountain	  at	  the	  very	  top	  of	  
the	  landscape	  and	  can	  produce	  cells	  that	  fall	  down	  into	  all	  the	  
different	  more	  specialized	  valleys	  below.	  Once	  the	  cells	  are	  se"led	  in	  a	  
par,cular	  area,	  travelling	  across	  a	  ‘tectonic	  plate’	  into	  a	  different	  
region	  to	  become	  an	  unrelated	  cell	  type	  is	  a	  very	  tough	  challenge.	  
‘Sister’	  or	  ‘neighbouring’	  cell	  types	  can	  more	  easily	  move	  over	  a	  small	  
hill	  from	  one	  neighbouring	  valley	  to	  the	  next,	  if	  given	  the	  right	  
encouragement.	  This	  restric,on	  to	  'small	  jumps'	  between	  related	  cell	  
types	  kept	  transdifferen,a,on	  firmly	  within	  the	  realm	  of	  basic	  
research	  studies.	  Then,	  in	  2010,	  the	  barrier	  was	  broken.	  A	  group	  of	  
researchers	  at	  Stanford	  demonstrated	  that	  a	  combina,on	  of	  three	  
neural	  transcrip,on	  factors	  can	  convert	  fibroblasts	  into	  func,onal	  
neurons	  (Vierbuchen	  et	  al.,	  Nature	  2010).	  This	  study	  showed	  that	  
transcrip,on	  factors	  can	  induce	  'large	  jumps'	  between	  distantly	  
related	  cell	  types,	  opening	  up	  the	  prospect	  that	  any	  desired	  
specialized	  cell	  could	  be	  generated	  from	  essen,ally	  any	  other	  cell	  
type.	  Since	  then,	  blood	  cells	  have	  also	  been	  generated	  from	  fibroblasts	  
(Szabo	  et.	  al,	  Nature	  2010),	  making	  it	  likely	  that	  many	  more	  such	  
transi,ons	  will	  be	  reported	  in	  the	  near	  future.	  

Differentiated cells are NOT irreversibly committed to their fate  
but can be REPROGRAMMED and/or REPURPOSED 

  
⇒  Developmental restrictions imposed on the genome during differentiation must be due to reversible 

epigenetic modifications rather than to permanent genetic changes 
 

⇒  Epigenetic changes allow the maintenance of cell identity but can be overriden by TFs, as well as by 
active and passive loss  


