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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,'differen8ated'cells'are'irreversibly'
commi;ed'to'their'fate.'
However,'reprogramming'of'soma8c'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'
transcrip8on'factor'expression'(Davis'et'al.,'1987;'
Takahashi'and'Yamanaka,'2006)'revealed'a'remarkable'
plas8city'of'the'differen8ated'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'fer8lized'egg'
gives'rise'to'many'different'cell'types'
Cell'types'are'organized'successively'into'8ssues,'
organs,'organ'systems,'and'the'whole'organism'
Gene'expression'orchestrates'the'developmental'
programs'of'animals'
We'now'know'that'a'program'of'differen8al'gene'
expression'leads'to'the'different'cell'types'in'a'
mul8cellular'organism…'BUT'decades'of'research…'

Cell division 
 Cell differentiation 
      Morphogenesis 

 

Induced Pluripotency 
          S. Yamanaka, 2006 

Trans-differentiation   
Lineage conversion 

Development was long believed to be unidirectional:  
Transcription factors dictate gene expression states, epigenetic marks perpetuate them stably 

 
We now know that there is remarkable plasticity during development and even in somatic cells (following 

SCNT, ES cell fusion, trans-differentiation): epigenetic barriers can be overcome! 
 

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

SCNT 
J. Gurdon, 1962 

I. Wimut, R. Jaenisch and others 



inefficient 
More 

efficient 
(COURS I) 

Therapeutic  
Cloning 

SCNT 

Reproductive 
Cloning 
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Optic cup formation by in vitro 
differentiation of ES cells  

& 3D culture (Eiraku et al, 2011) 

Perspectives brought by ES cells and SCNT 
Passage through ES cell 

stage allows more 
efficient reprogramming 
than direct SCNT (Cours 

I) 
'

Human ESCs can be used to generate all 
tissues - but need human embryos…!'



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. 
 
=> “Therapeutic Cloning” became a real possibility: Patient-specific pluripotent ESCs by somatic cell nuclear 
transfer into human eggs, which could then be differentiated to the cell type that was defective in the patient For organ 
transplant replacement, skin grafts, degenerative diseases (eg Parkinson’s), diabetes,  spinal cord repair, leukemia…) 
  

Serious ethical  issues in humans!!! 

Therapeutic Cloning? 

Researchers'can'use'embryonic'stem'cells'
(ESCs)'to'study'the'development'of'specific'
cells'and'8ssues.'Shown'here'are'two'types'of'
8ssue'that'we've'grown'from'federally'
approved'human'ESCs.'On'the'le\'is'a'sec8on'
of'car8lage,'whose'cells'(in'purple)'have'
secreted'a'large'deposit'of'collagen'(in'pink).'
On'the'right'is'a'complex'sec8on'of'intes8ne'or'
gut'8ssue.'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'8ssues'grown'from'ESCs'
generated'by'nuclear'transfer'may'help'treat'
disease,'hence'the'term'"therapeu8c'cloning."''

Ideally, one would like to derive human ESCs from patient’s own somatic cells? 
Or to change one cell type into another cell type from the same patient? 
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In this novel, the Hailsham school  
children are clones, created to be 
"donors" that provide vital organs 
for "normals" through a series of 

"donations" that eventually lead to 
the donor's death 
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No cell division 

No DNA replication 

Cell'fusion'of'mammalian'
EG'cells'with'soma8c'cells'
shows'that'epigene8c'
marks'on'imprinted'genes'
can'be'reprogrammed39'

Experiments in the 1970s and 80s demonstrated the reprogramming capacity of one cell over 
another by cell fusion:  
 
• EC cells were fused with thymus cells and then injected into mice – forming 
teratocarcinomas => pluripotency must be dominant (Miller and Ruddle 1976) 
 
• Subsequently mouse ESCs shown to impose pluripotency onto hybrids generated using 
various somatic cell fusion partners eg T cells (Tada et al., 2001), splenocytes (Matveeva 
et al., 1998), bone marrow (Terada et al., 2002), & neural progenitors (Ying et al., 2002).  
 

ES cells have the capacity to reprogram somatic cells: 
“ES Cell Dominance” 

'Changing'potency'by'spontaneous'fusion'
'
Qi]Long'Ying1,'Jennifer'Nichols1,'Edward'P.'Evans2'&'Aus8n'G.'Smith1'
'
''''Centre'for'Genome'Research,'University'of'Edinburgh,'The'King's'
Buildings,'West'Mains'Road,'Edinburgh'EH9'3JQ,'UK'
''''Department'of'Zoology,'University'of'Oxford,'South'Parks'Road,'
Oxford'OX1'3PS,'UK'
'
Correspondence'to:'Aus8n'G.'Smith1'Correspondence'and'requests'
for'materials'should'be'addressed'to'A.G.S.'(e]mail:'Email:'
aus8n.smith@ed.ac.uk).'
'
Top'of'page'
Abstract'
'
Recent'reports'have'suggested'that'mammalian'stem'cells'residing'in'
one'8ssue'may'have'the'capacity'to'produce'differen8ated'cell'types'
for'other'8ssues'and'organs1–9.'Here'we'define'a'mechanism'by'
which'progenitor'cells'of'the'central'nervous'system'can'give'rise'to'
non]neural'deriva8ves.'Cells'taken'from'mouse'brain'were'co]cultured'
with'pluripotent'embryonic'stem'cells.'Following'selec8on'for'a'
transgenic'marker'carried'only'by'the'brain'cells,'undifferen8ated'
stem'cells'are'recovered'in'which'the'brain'cell'genome'has'
undergone'epigene8c'reprogramming.'However,'these'cells'also'carry'
a'transgenic'marker'and'chromosomes'derived'from'the'embryonic'
stem'cells.'Therefore'the'altered'phenotype'does'not'arise'by'direct'
conversion'of'brain'to'embryonic'stem'cell'but'rather'through'
spontaneous'genera8on'of'hybrid'cells.'The'tetraploid'hybrids'exhibit'
full'pluripotent'character,'including'mul8lineage'contribu8on'to'
chimaeras.'We'propose'that'transdetermina8on'consequent'to'cell'
fusion10'could'underlie'many'observa8ons'otherwise'a;ributed'to'an'
intrinsic'plas8city'of'8ssue'stem'cells9.'



ES cell factors can overcome epigenetic 
barriers (inactive chromatin, DNA methylation 

eg Oct4) in highly differentiated cells,' to 
activate pluripotency genes and establish the 

autoregulatory pluripotency  network'
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Oct4-GFP thymus cells fused 
with male ES cells 

Curr. Biol., 2002 

The inactive X chromosome in a somatic cell can be reactivated after 
cloning and after fusion with ES cells 

i a 

Reactivation of the Xi following fusion of Female thymus cells with male ES cells 
(Xist down regulation; shift to synchronous replication timing) 

TF'y"
RNA''
Pol'II'

AAAA'

Oct4'

Tada et al, 2002 “Nuclear reprogramming of somatic cells by in vitro hybridization with ES cells”, Curr.Biol. 

Murine XY ES cell 
(active X) 

XX somatic cell 
(one stably inactive X)  

 
 
 

 

Reversal of: 
Xist RNA coating, 

Gene silencing,  
Chromatin marks 
DNA methylation  
Late replication 

Also Nanog, Cripto, 
Esrrb, Tle1 and Rex1 

as early as 24-30h 
after fusion 

(Pereira et al, 2008; 
Bhutani et al, 2010) 

Oct4'

Oct4-GFP activation  
48h post-fusion  
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marks on imprinted genes can be reprogrammed. 
 
• Human ESC-fibroblast fusion products are also pluripotent (Cowan et al., 2005).  
 

ES Cell! '

What could these be?  
• Overexpression of Nanog, a pluripotency transcription factor, substantially enhanced fusion-
based nuclear reprogramming (Silva et al, 2006) 
• Heterokaryon-based reprogramming of human B lymphocytes for pluripotency requires Oct4 
(Pereira  et al,  2008). 
⇒ Key transcription factors required for ES cell pluripotency are also required for 

reprogramming to pluripotency?  
              

ES cells: 
⇒ can rewire the gene regulatory network of any cell type? 
⇒ can reprogram the inactive X chromosome, as well as pluripotency factors (Oct4)   
⇒ must contain trans-acting factors capable of reprogramming somatic cell nuclei? 

ES cells have the capacity to reprogram somatic cells: 
“ES Cell Dominance” 

'Changing'potency'by'spontaneous'fusion'
'
Qi]Long'Ying1,'Jennifer'Nichols1,'Edward'P.'Evans2'&'Aus8n'G.'Smith1'
'
''''Centre'for'Genome'Research,'University'of'Edinburgh,'The'King's'
Buildings,'West'Mains'Road,'Edinburgh'EH9'3JQ,'UK'
''''Department'of'Zoology,'University'of'Oxford,'South'Parks'Road,'
Oxford'OX1'3PS,'UK'
'
Correspondence'to:'Aus8n'G.'Smith1'Correspondence'and'requests'
for'materials'should'be'addressed'to'A.G.S.'(e]mail:'Email:'
aus8n.smith@ed.ac.uk).'
'
Top'of'page'
Abstract'
'
Recent'reports'have'suggested'that'mammalian'stem'cells'residing'in'
one'8ssue'may'have'the'capacity'to'produce'differen8ated'cell'types'
for'other'8ssues'and'organs1–9.'Here'we'define'a'mechanism'by'
which'progenitor'cells'of'the'central'nervous'system'can'give'rise'to'
non]neural'deriva8ves.'Cells'taken'from'mouse'brain'were'co]cultured'
with'pluripotent'embryonic'stem'cells.'Following'selec8on'for'a'
transgenic'marker'carried'only'by'the'brain'cells,'undifferen8ated'
stem'cells'are'recovered'in'which'the'brain'cell'genome'has'
undergone'epigene8c'reprogramming.'However,'these'cells'also'carry'
a'transgenic'marker'and'chromosomes'derived'from'the'embryonic'
stem'cells.'Therefore'the'altered'phenotype'does'not'arise'by'direct'
conversion'of'brain'to'embryonic'stem'cell'but'rather'through'
spontaneous'genera8on'of'hybrid'cells.'The'tetraploid'hybrids'exhibit'
full'pluripotent'character,'including'mul8lineage'contribu8on'to'
chimaeras.'We'propose'that'transdetermina8on'consequent'to'cell'
fusion10'could'underlie'many'observa8ons'otherwise'a;ributed'to'an'
intrinsic'plas8city'of'8ssue'stem'cells9.'



Pluripotency TF network and Embryonic Stem (ES) cells 
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Oct4+/Nanog+/Klf4+' Transient'Nanog'+/]'

The'‘‘core’’'pluripotency'factors,'such'as'the'transcrip8on'factor'
Oct4,'are'cell'specific'in'their'expression.'Sox2'and'Nanog'
cons8tute'addi8onal'‘‘elite’’'factors,'though'other'factors,'
including'Sall4,'Rex1,'Dax1,'and'Tcl1,'are'func8onally'important.'
Proteomic'studies'based'on'affinity'purifica8on'of'Oct4,'Nanog,'
and'Sox2,'coupled'with'purifica8on'of'associated'proteins'and'
microsequencing'(Liang'et'al.,'2008;'Pardo'et'al.,'2010;'Wang'
et'al.,'2006),'reveal'a'8ght'protein]protein'interac8on'network'
in'which'core'factors'are'associated'with'one'another'in'mul8protein'
complexes'and'also'with'many'chroma8n]associated'
ac8vi8es'and'complexes'(see'Figure'2).'Varying'stability'and'
stoichiometry'of'such'complexes'provides'a'means'to'finetune'
developmental'decisions.'
Comprehensive'chroma8n'occupancy'studies'of'Oct4,'Sox2,'
and'Nanog,'taken'together'with'analyses'of'numerous'other'
transcrip8on'factors'and'chroma8n'marks,'have'established'

emerging'view'that'these'core'factors'separately'
promote'specific'fates,'and'their'concurrent'
expression'in'pluripotent'stem'cells'serves'to'mutually'
antagonize'commitment'to'differen8a8on'along'any'
lineage21,22.'The'pluripotency'network'also'
maintains'signalling'pathways'competent'to'direct'
cells'towards'mesendodermal'or'ectodermal'fates.'
OCT4'and'SOX2'promote'the'expression'of'fibroblast'
growth'factor'4'(FGF4)23,'which'directly'
phosphorylates'MAPK1'(also'known'as'ERK2).'MAPK1'
in'turn'‘primes’'cells'to'respond'appropriately'to''

Pluripotency transcriptional network: driven by core transcription factors (TFs) 
 Oct4, Nanog, Sox2, Klf4 – maintain pluripotency and self-renewal.  

 
This network activates genes required for ES cell survival and proliferation  

& represses target genes that are only activate during differentiation. 
 

In vivo, these TFs play roles in early development and lineage specification 
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Just'to'remind'you,'in'that'original'publica8on'
Takahashi'and'Yamanaka'describe'how'they'
reprogrammed'connec8ve'8ssue'cells'(called'a'
fibroblasts)'into'stem'cell'like'en88es,'by'
introducing'four'ac8ve'genes'(Oct3/4,'Klf4,'
Sox2'and'c]Myc).'The'resul8ng'iPS'cells'
(induced'pluripotent'stem'cells)'could'
differen8ate'into'any'number'of'cell'types'
when'injected'into'adult'mice.'At'the'8me,'the'
authors'could'not'show'that'these'cells'could'
par8cipate'in'the'forma8on'of'a'new'
organism,'in'other'words'there'was'no'proof'
that'the'cells'could'become'any'cell'type'(i.e.'
to8potent).'

Based on what was known about ES cells, Shinya Yamanaka 
reasoned that forcing the expression of ES cell-specific genes, 

particularly transcription factors, in somatic cells might induce them 
to take on a more embryonic character… 

Transcription factor-mediated repurposing of somatic cells 
into pluripotent stem cells? 

“When I saw the embryo, I suddenly realized there was such a small difference between it 
and my daughters. I thought, we can’t keep destroying embryos for our research. 	


There must be another way.”        S.'Yamanaka']'while'looking'through'a'microscope'at'a'friend’s'fer8lity'clinic.'

?'?

Autobiography'of'Shinya'Yamanaka'
'
I'was'born'on'September'4,'1962'in'Osaka,'Japan.'I'used'to'prac8ce'Judo'un8l'high'school.'Every'8me'I'got'injured,'I'went'to'see'a'doctor']'and'to'be'a'doctor'was'my'
intended'future'goal.'I'was'assigned'my'MD'from'Kobe'University'in'1987'and'my'PhD'from'Osaka'City'University'in'1993.'From'1987'to'1989'I'was'a'trainee'doctor'at'the'
Na8onal'Osaka'Hospital.'I'had'a'pa8ent'who'was'suffering'from'rheuma8sm.'I'thought'I'had'to'research'how'to'cure'the'seriously'ill,'like'those'with'rheuma8sm.'To'do'that,'
I'had'to'start'from'basic'research.'I'was'a'postdoctoral'fellow'in'the'Gladstone'Ins8tute'of'Cardiovascular'Disease'in'San'Francisco'from'1993'to'1996.'During'my'stay'in'the'
US,'I'fortuitously'found'a'certain'gene,'which'related'to'Embryonic'Stem'(ES)'cells.'I'returned'to'Osaka'City'University'Medical'School'to'take'an'assistant'professor'posi8on'
in'1996,'and'became'an'associate'professor'at'Nara'Ins8tute'of'Science'and'Technology'in'1999,'and'a'professor'in'2003.'In'1998,'human'ES'cells'were'established'by'a'US'
researcher'and'that'led'me'to'study'ES'cell'and'pluripotency]related'research'more.'I'became'a'professor'at'Kyoto'University'in'2004.'A\erward,'I'was'assigned'as'a'visi8ng'
scien8st'at'the'Gladstone'Ins8tute'in'2007.'In'2008,'I'became'Director'of'Center'for'iPS'Cell'Research'and'Applica8on'(CiRA),'and'also'a'member'of'the'Interna8onal'Society'
of'Stem'Cell'Research'(ISSCR)'Board'of'Directors.'
'
Owing'to'its'ability'to'exert'self]renewal'and'pluripotency,'ES'cell'has'been'recognized'as'suitable'sources'for'cell'transplanta8on'therapy'for'incurable'disorders.'There'have'
been'two'major'issues:'ethical'controversy'on'manipula8on'of'human'embryo'and'possible'immune'rejec8on'a\er'the'transplanta8on.'Finding'the'means'to'generate'
pa8ent]specific'pluripotent'cells'may'be'one'of'the'solu8ons.'So'far,'successful'nuclear'transfers'from'soma8c'cell'into'oocyte,'and'cell'fusion'between'soma8c'with'ES'cell'
have'been'reported.'However,'they's8ll'remain'ethically'problema8c'for'usage'of'human'embryo.'Alterna8vely,'these'achievements'indicate'that'ES'cell'and'oocyte'possess'
pluripotency–inducing'factors.'
'
Before'I'started'exploring'a'new'method'to'gain'pa8ent]specific'pluripotent'cell,'I'made'a'hypothesis'that'most'of'pluripotency]inducing'factors'might'also'be'essen8al'to'
pluripotency]maintaining'factors.'During'the'first'phase,'I'iden8fied'several'genes'expressed'specifically'in'ES'cell,'u8lizing'Expressed'Sequence'Tag'database.'On'the'
experimental'basis,'I'named'newly'shown'genes'as'ES'cell'associated'transcripts'(ECAT).'By'thoroughly'analyzing'ECATs'by'biochemical'and'cell'biological'approaches'as'well'
as'conduc8ng'numerous'experiments'with'knockout'mice,'my'lab'members'finally'concluded'the'results'that'ECAT4'(Nanog)'is'an'indispensable'factor'in'maintaining'
pluripotency'(Cell,'2003)'and'ECAT5'(ERas)'is'a'factor'to'expedite'self]renewal'ac8vity'in'cells'(Nature'2003).'
'
Then,'I'selected'24'highly'promising'factors']'some'func8on'in'pluripotency'and'some'specifically'expressed'in'ES'cells']'as'candidates'for'pluripotency]inducing'factors,'and'
followed'their'thorough'evalua8on.'When'each'candidate'factor'is'introduced'one'by'one'into'mouse'fibroblasts,'pluripotency'was'not'induced.'While'all'the'24'factors'were'
introduced'altogether,'cells'with'pluripotency'were'obtained.'Among'myriad'ways'of'combina8on'of'factors,'our'lab'members'finally'figured'out'that'the'four'defined'
factors;'Oct3/4,'Sox2,'Klf4'and'c]Myc'are'crucial'pluripotency]inducing'factors'(Cell,'2006).'Retrovirus'vector'was'used'to'ferry'the'combined'four'factors'into'mouse'
fibroblasts'culture,'which'finally'led'to'the'genera8on'of'iPS'cells.'iPS'cells'were'able'to'be'cultured'for'a'long'period'of'8me,'possessing'very'similar'features'as'ES'cells'in'
shape'and'prolifera8ng'ability.'iPS'cells'exhibited'capability'of'self]renewal'and'differen8a8on'into'various'8ssue'cells'including'nerves,'car8lages,'muscles,'etc.'Then,'I'found'
pluripotency'in'mouse'iPS'cells,'which'were'then'proved'to'be'tantamount'to'ES'cells'(Nature'2007).'Moreover,'we'successfully'established'iPS'cells'without'using'a'proto]
oncogene,'c]Myc'(Nature'Biotechnology,'2008).'Later,'we'learned'that'genera8on'of'iPS'cells'from'the'stomach'and'liver'cells'of'mouse'was'also'successfully'conducted'
(Science'2008).'Finally,'they'reached'the'point'of'genera8ng'pluripotent'stem'cells'from'human'fibroblasts'(Cell,'2007).'
'
Without'using'any'single'embryo'or'oocyte,'iPS'cells'can'be'generated'by'introducing'defined'factors'into'cells.'This'breakthrough'is'most'likely'to'advance'the'cell'
transplanta8on'therapy.'Furthermore,'pa8ent]specific'iPS'cell'will'also'give'a'new'avenue'to'future'medicine'by'its'clinical'applica8on'in'understanding'disease'mechanisms,'
drug'screening'and'toxicology.'
'
Our'discovery'would'never'have'happened'without'ES'cells'and'we'are'thankful'for'the'pioneering'of'ES'cells.'Also,'I's8ll'can't'believe'how'lucky'we'were'that'we'were'able'
to'find'out'the'four'defined'factors.'Overall,'I'truly'appreciate'the'huge'effort'of'my'lab'members.'



Cell, 2006 

Do self-renewing, pluripotent cells arise? 

• Transduction of 24 genes ->NeoR and b-gal+ colonies 
• Individual genes alone -> no colonies 
• Narrowed down to  Oct4, Sox2, Klf4 and c-myc  
   the “magic” cocktail” (OSKM) (NB not Nanog… 
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Narrowed down factors from 24 to 10 to 4… 

The Yamanaka Strategy 
• Select 24  “ES-cell” gene candidates  
Transcription factors involved in self-renewal (Oct3/4, Sox2, and Nanog), or known to be upregulated 
specifically in ES cells (Mitsui et al., 2003), and some that are associated with transformation but that 
have also been implicated in the maintenance of ES cell pluripotency (c-Myc, Eras, and Klf4). 
 

• Retroviral infection  
(Morita et al, 2000) of 24 cDNAs, together, alone, or in  combinations 
 

• Mouse embryonic (“young”) or adult tail tip fibroblasts (“old”) 
Harboring selectable marker (b-geo) under control of a promoter active only in ES cells (Fbx15). Fbx15 
activation results in Neomycin (G418) resistance (cell survival – colony) and β-galactosidase activity 

Une'strategie''
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specifically in ES cells (Mitsui et al., 2003), and some that are associated with transformation but that 
have also been implicated in the maintenance of ES cell pluripotency (c-Myc, Eras, and Klf4). 
 

• Retroviral infection  
(Morita et al, 2000) of 24 cDNAs, together, alone, or in  combinations 
 

• Mouse embryonic (“young”) or adult tail tip fibroblasts (“old”) 
Harboring selectable marker (b-geo) under control of a promoter active only in ES cells (Fbx15). Fbx15 
activation results in Neomycin (G418) resistance (cell survival – colony) and β-galactosidase activity 

  Criteria for “stemness”? 
-    ES cell morphology 
-  Self renewal (continuous cell division) 
-  Expression of endogenous pluripotency factors 
-  Transcriptomes (general gene expression pattern) 
-  Pluripotency (differentiation into all three germ layers) 
-  Teratomas 
-  Germ line transmission 

Une'strategie''

These first iPS cells did NOT pass all the tests in fact 
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Do these “induced” pluripotent stem cells (iPS) fit the criteria for 
“stemness”? 

MEFs'='limited'cell'
prolifera8on'

ES'and'iPS'='
unlimited'cell'
prolifera8on'

Lose'DNA'Methyla8on'of'
promoters'of'Nanog'and'Fbx15'

(but'not'Oct4!)'

Immortal'growth'
characteris8cs'of'genuine,'
self]renewing'ES'cells.'

Morphology'
resembles'ES'cells'

Expression'of'pluripotency'genes'

Gene'expression'
pa;erns?'

Similar'to'ESCs''
But'NOT'iden8cal!'

Differentiation in vitro into 3 
germ layers and contribution 
to diverse tissues in chimeric 
embryos up to embryonic 
day 13.5. 
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Do these “induced” pluripotent stem cells (iPS) fit the criteria for 
“stemness”? 

MEFs'='limited'cell'
prolifera8on'

ES'and'iPS'='
unlimited'cell'
prolifera8on'

Lose DNA Methylation of 
promoters of Nanog and Fbx15 

(but not Oct4!) 

Immortal growth 
characteristics of genuine, 

self-renewing ES cells. 

Morphology'
resembles'ES'cells'

Expression'of'pluripotency'genes'

Gene expression 
patterns? 

iPS cells fit many of the criteria of ES cells – BUT: 
• Incomplete demethylation of the Oct4 promoter.  
• Low level of endogenous Oct4 and Sox2 expression. 
• Expression profiles – similar but NOT identical to ES cells 
• No chimeras, no germ line transmission 
  No contribution from iPS-derived cells to postnatal animals 
⇒  Incomplete Reprogramming? 
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Yamanaka group (Okita et al, 2007) produced germ-line competent murine iPS cells  

• Presence of Nanog-GFP cassette and retroviral transgenes detected  in F1 
mice obtained from chimeric Nanog iPS male crossed to a B6 female 

 
• F2 mice from F1 intercrosses show Nanog iPS germ line transmission 

Germ-line competent murine iPS cells '
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Yamanaka group (Okita et al, 2007) produced germ-line competent murine iPS cells  
 
Selection for Nanog expression (rather than Fbx15) resulted in germ line-competent iPS cells, 
with increased ES-cell-like gene expression and DNA methylation patterns  

• Longer time allowed for reprogramming before selection  
• Selection for Nanog expression = better readout than Fbx15 for pluripotent state 
• Efficiency of iPS clones still low: 0.1%, but clone quality less variable than Fbx15 iPS 
• But, approximately 20% of offspring developed tumors (not teratomas!) due to reactivation 
of c-myc and/or insertion of the reprogramming factor transgenes'

Germ-line competent murine iPS cells '

“Out of 121 F1 mice (aged 8–41 weeks) derived from the Nanog-iPS-20D17 cell line, 24 died or were killed 
because of weakness, wheezing or paralysis. Necropsy of 17 mice identified neck tumours in 13 mice and other 
tumours in five mice, including two mice with neck tumours….In these tumours, retroviral expression of c-myc, 
but not Oct3/4, Sox2, or Klf4, is reactivated” 
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Generation of iPS cells without the Myc oncogene '

Yamanaka group (Nakagawa et al, 2008) produced iPS cells without exogenous Myc to 
overcome  the tumorigenicity problems – less efficient, but clearly safer. 

“Our study does not argue that Myc is dispensable for iPS cell 
generation. We found that MEFs expressed c-Myc from the 
endogenous gene at ~20% of the levels observed in mouse ES 
cells. This expression continues in iPS cells. Thus, Oct4, Sox2 
and Klf4 may recruit endogenous Myc proteins to induce 
reprogramming.” 

Yamanaka, Hochedlinger and others also produced iPS cells without retroviruses to limit 
the mutagenic effects of retrovrial integration (eg Okita et al “Generation of mouse induced 
pluripotent stem cells without viral vectors”. Science 322, 949–953 (2008) and Nature 
Protocols (2009). 
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How general is the Yamanaka strategy? 
Can other mammalian cells be reprogrammed? 

 
 

Yamanaka group (Takahashi et al, 2007) and Thomson group (Yu et al, 2007) produced iPS 
cells from Adult Human Fibroblasts 

human'induced'pluripotent'stem'cells,'mouse'
fibroblast'cultures,'mouse'cells'and'human'nerve'
cells.''

Yamanaka : OKSM (OCT4, SOX2, KLF4, c-MYC) 
Thomson: OSLN (OCT4, SOX2, LIN28, NANOG) 

Recently,'another'group'reported'the'
genera8on'of'human'iPS'cells'from'neonate'fibroblasts'by'a'different'
combina8on'of'OCT3/4,'SOX2,'NANOG'and'LIN28'(ref.'15).'
Whether'the'same'four'factors'work'with'adult'human'fibroblasts'
remains'to'be'determined.'In'addi8on,'LIN28'may'ac8vate'endogenous'
Myc'proteins'by'enhancing'transla8on'of'insulin]like'growth'
factor]2'(ref.'16).'Further'studies'are'required'to'determine'the'roles'
of'Myc'and'the'other'factors'in'the'reprogramming'process.'

'The'Lin28/let]7'Regulatory'Loop'
'
''''In'pluripotent'cells'or'transformed'cells,'the'Lin28'locus'is'epigene8cally'accessible'
and'poised'for'transcrip8onal'ac8va8on'by'pluripotency'or'oncogenic'transcrip8on'
factors.'The'Lin28'protein'may'be'pos;ransla8onally'modified'by'phosphoryla8on,'
ubiqui8na8on,'or'other'modifica8ons,'which'may'affect'its'subcellular'localiza8on'
and'ac8vity.'In'the'presence'of'Lin28,'the'pre]let]7'precursor'is'uridylated'by'TUT4'
and'targeted'for'degrada8on,'thus'blocking'its'processing'into'the'mature'let]7'
miRNA.'This'leads'to'derepression'of'let]7'target'genes,'including'oncogenes'such'as'
Ras'and'c]Myc'and'cell]cycle'genes'such'as'cyclin'D1'and'cyclin'D3.'In'differen8ated'
cells'or'nontransformed'cells,'the'lin28'locus'is'epigene8cally'inaccessible'or'the'
factors'that'transcrip8onally'ac8vate'lin28'are'not'present.'In'the'absence'of'Lin28,'
the'pre]let]7'precursor'can'be'efficiently'processed'into'mature'let]7'miRNAs,'which'
block'expression'of'pro]mitogenic'factors'(e.g.,'Ras,'c]Myc,'HMGA2),'and'factors'
involved'in'cell]cycle'progression'(cyclin'D1,'cyclin'D3,'cdk4)'and'maintenance'of'the'
pluripotent'or'mul8potent'state'(e.g.,'Blimp]1).'Upon'ini8a8on'of'differen8a8on,'
let]7'miRNA'targets'the'lin28'mRNA'for'pos;ranscrip8onal'repression'(do;ed'
arrow),'further'relieving'repression'of'pre]let]7'precursor'processing'and'
establishing'a'posi8ve]feedback'loop'that'helps'to'promote'differen8a8on.'

NB LIN28 probably functionally replaces c-MYC 
(RNA binding protein, that regulates Let7 miRNA - a 

repressor of MYC) ) 
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How general is the Yamanaka strategy? 
Can other mammalian cells be reprogrammed? 

 
 

Yamanaka group (Takahashi et al, 2007) and Thomson group (Yu et al, 2007) produced iPS 
cells from Adult Human Fibroblasts 

human'induced'pluripotent'stem'cells,'mouse'
fibroblast'cultures,'mouse'cells'and'human'nerve'
cells.''

Yamanaka : OKSM (OCT4, SOX2, KLF4, c-MYC) 
Thomson: OSLN (OCT4, SOX2, LIN28, NANOG) 

Recently,'another'group'reported'the'
genera8on'of'human'iPS'cells'from'neonate'fibroblasts'by'a'different'
combina8on'of'OCT3/4,'SOX2,'NANOG'and'LIN28'(ref.'15).'
Whether'the'same'four'factors'work'with'adult'human'fibroblasts'
remains'to'be'determined.'In'addi8on,'LIN28'may'ac8vate'endogenous'
Myc'proteins'by'enhancing'transla8on'of'insulin]like'growth'
factor]2'(ref.'16).'Further'studies'are'required'to'determine'the'roles'
of'Myc'and'the'other'factors'in'the'reprogramming'process.'

LIN28 is an RNA binding protein, that regulates Let7 
miRNA,  functionally replaces c-MYC (a known 
target of let-7, Kumar et al., 2007) => LIN28 may 
promotes reprogramming by preventing production 
of mature let-7, and modulate cell proliferation by 
enhancing the translation of various cell-cycle 
regulators in mouse ESCs ( Xu et al., 2009). 

'The'Lin28/let]7'Regulatory'Loop'
'
''''In'pluripotent'cells'or'transformed'cells,'the'Lin28'locus'is'epigene8cally'accessible'
and'poised'for'transcrip8onal'ac8va8on'by'pluripotency'or'oncogenic'transcrip8on'
factors.'The'Lin28'protein'may'be'pos;ransla8onally'modified'by'phosphoryla8on,'
ubiqui8na8on,'or'other'modifica8ons,'which'may'affect'its'subcellular'localiza8on'
and'ac8vity.'In'the'presence'of'Lin28,'the'pre]let]7'precursor'is'uridylated'by'TUT4'
and'targeted'for'degrada8on,'thus'blocking'its'processing'into'the'mature'let]7'
miRNA.'This'leads'to'derepression'of'let]7'target'genes,'including'oncogenes'such'as'
Ras'and'c]Myc'and'cell]cycle'genes'such'as'cyclin'D1'and'cyclin'D3.'In'differen8ated'
cells'or'nontransformed'cells,'the'lin28'locus'is'epigene8cally'inaccessible'or'the'
factors'that'transcrip8onally'ac8vate'lin28'are'not'present.'In'the'absence'of'Lin28,'
the'pre]let]7'precursor'can'be'efficiently'processed'into'mature'let]7'miRNAs,'which'
block'expression'of'pro]mitogenic'factors'(e.g.,'Ras,'c]Myc,'HMGA2),'and'factors'
involved'in'cell]cycle'progression'(cyclin'D1,'cyclin'D3,'cdk4)'and'maintenance'of'the'
pluripotent'or'mul8potent'state'(e.g.,'Blimp]1).'Upon'ini8a8on'of'differen8a8on,'
let]7'miRNA'targets'the'lin28'mRNA'for'pos;ranscrip8onal'repression'(do;ed'
arrow),'further'relieving'repression'of'pre]let]7'precursor'processing'and'
establishing'a'posi8ve]feedback'loop'that'helps'to'promote'differen8a8on.'

• Human iPS morphology similar to hESC 
• Self renewal  
• Similar Transcriptomes in iPS cells and hESCs 
• ES cell marker expression, OCT4 hypomethylation 
• Teratoma induction in SCID mice 

(B) Morphology of human dermal fibroblasts 
(C) Typical image of non-ES cell-like colony. 
(D) Typical image of hES cell-like colony. 
(E) Morphology of established iPS cell line  
(F) Image of iPS cells with high magnification. 
(G) Spontaneously differentiated cells in the 
center part of human iPS cell colonies. 
(H–N) Immunocytochemistry for markers  Human iPS cells resemble human ES cells – however they are rather different to mouse ES and 

iPS cells  -- SEMINAR, CLAIRE ROUGEULLE 
 



Liao'et'al':'show'that'rat'primary'skin'fibroblasts'and'bone'marrow'
cells'may'be'reprogrammed'using'len8viral'vectors'
that'expressed'the'conven8onal'reprogramming'
Oct4,'Sox2,c]Myc,'and'Klf4'transcrip8on'factor'genes.'
Interes8ngly,'the'authors'were'unable'to'achieve'reprogramming'
using'retroviral'vectors'or'len8viral'constructs'that'expressed'
Nanog'and'Lin28'instead'of'c]Myc'and'Klf4.'The'rat'iPSCs'(riPSCs)'could'
be'stably'maintained'on'mouse'embryonic'fibroblasts'(MEF)'with'
human'ESC'medium'for'at'least'36'to'38'passages'in'vitro,'were'
capable'of'differen8a8on'into'all'three'germ'lineages'(ectoderm,'
mesoderm,'and'endoderm)'in'vitro,'and'formed'teratomas'when'
injected'into'immune]compromised'mice.'
.'

Li'et'al,'2009:'Based'on'the'observa8on'that'murine'ESCs'derived'from'
preimplanta8on'blastocysts'give'rise'to'dis8nct'cell'colonies'
that'are'different'from'the'ESCs'generated'from'the'epiblast'of'
implanted'embryos.'The'la;er'resemble'human'ESCs'in'morphology,'
and'in'the'response'to'growth'factors'and'pathways'for'renewal'and'
differen8a8on'(Brons'et'al.,'2007;'Tesar'et'al.,'2007).'Specifically,'
mouse'ESCs'require'BMP4'to'inhibit'ERK'ac8va8on,'whereas'ERK'is'
ac8ve'in'human'ESCs'and'those'made'from'mouse'epiblasts.'
Therefore,'the'authors'used'a'MEK'inhibitor'in'combina8on'with'GSK3'
inhibi8on'to'elevate'the'Wnt'signaling'cascade.'They'further'stabilized'
the'cultures'with'an'inhibitor'of'the'type'1'TGFb'receptor'and'
reprogrammed'rat'liver'cells'to'riPSCs'using'retroviral'vectors'that'
contained'Oct4,'Sox2,'and'Klf4.'These'riPSCs'could'be'stably'
maintained'as'clonal'lines'with'a'phenotype'resembling'mouse'ESCs.'
Like'mouse'ESCs,'long]term'maintenance'of'the'riPSCs'required'the'
presence'of'LIF'in'renewal'cultures.'Consequently,'these'
reprogrammed'rat'cells'are'very'similar'to'mouse'ESCs'and,'like'these'
cells,'can'differen8ate'into'all'three'germ'lineages'in'vitro,'produce'
teratomas'in'vivo,'and'result'in'chimerism'when'injected'into'
wild]type'rat'blastocysts.'

(A)'EBs'were'formed'(EBs'at'day'8'as'shown'in'upper'
le\)'from'monkey'iPS'cells,'and'the'markers'
were'detected'by'immunocytochemistry'a\er'further'
differen8a8on.'AFP'and'SOX17'(endoderm),'
GATA4'and'MLC2a'(mesoderm),'and'bIII]tubulin'
(ectoderm)'were'shown.'
(B)'Direct'differen8a8on'of'monkey'iPS'cells'into'
cell'lineages'of'three'germ'layers'in'vitro.'The'differen8ated'
cells'were'posi8ve'for'FOXA2,'SOX17,'
AFP,'ALB,'CK8,'CK19,'and'PDX1'(endoderm);'
GATA4,'MEF2c,'and'BRACHYURY'(mesoderm);'
and'NESTIN'and'bIII]tubulin'(ectoderm)'as'detected'
by'immunocytochemistry.'

Retrovirus-mediated transduction of OSKM into 
monkey fibroblasts:  
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How general is the Yamanaka strategy? 
Can other mammalian cells be reprogrammed to pluripotency? 

 
 

• Monkey iPS morphology similar to hESC 
• Self renewal  
• Similar Transcriptomes in iPS cells and hESCs 
• ES cell marker expression, OCT4 hypomethylation 
• Differentiation into 3 germ layers and teratoma 
induction in SCID mice. 

Li et al, 2009 and Liao et al 2009: Rat primary cells reprogrammed using lentiviral 
vectors that expressed OSKM. 
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How general is the Yamanaka strategy? 
Can other mammalian cells be reprogrammed to pluripotency? 

 
 

Self-renewing and pluripotent iPSCs 
• Powerful alternatives for animal research 
• Hope for endangered species ? 
 
-  Therapeutic applications for captive animals.  
-  For nearly extinct species, iPSCs may be a means to rescue species from extinction? 
-  Preserving the genomes of individual animals as pluripotent stem cells opens the possibility of 

producing iPSC-derived germ cells (COURS V), which could be used in conjunction with 
advanced assisted reproduction efforts to increase the size and diversity of the population. 

h;ps://worldwildlife.org/species/white]rhino'
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How general is the Yamanaka strategy? 
Can other mammalian cells be reprogrammed to pluripotency? 

 
 
h;ps://worldwildlife.org/species/white]rhino'

Ben-Nun et al, Nature Methods, 2011 



• Four transcription factors (Oct4, Sox2, Klf4 and Myc) are sufficient for nuclear 
reprogramming of somatic cells into “induced pluripotent stem” iPS cells. 
 
• Inefficient (0.1-2%) but highly reproducible : three subsequent studies from different labs 
obtained  reprogramming to pluripotency within one year! 
 
•  iPS resemble ESCs (self renewing, pluripotent -> give rise to all three germ layers in vitro) 
   but are they truly equivalent? ? Do they have any “memory” of their somatic history? 
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Differen8ated'cell'
(embryonic'or'adult)'

Self]renewing,'
“iPS”'pluripotent'cell'

OSKM'
Or'other'TF'combina8ons'

Embryoid'bodies,''
Teratomas'

Chimeras'

Gene'expression'pa;erns?'
Epigene8c'marks?'

Summary and open questions from the first iPS papers  



• Four transcription factors (Oct4, Sox2, Klf4 and Myc) are sufficient for nuclear 
reprogramming of a somatic cell into an “indued pluripotent stem” iPS cells. 
 
• Inefficient (0.1-2%) but highly reproducible: three subsequent studies from different labs 
obtained  reprogramming to pluripotency within one year! 
 
•  iPS resemble ESCs (self renewing, pluripotent -> give rise to all three germ layers in vitro) 
   but are they truly equivalent? ? Do they have any “memory” of their somatic history? 
 
• Why do these particular factors achieve reprogramming?  
 
 
 
 
 
 
 
• Why is induced pluripotency so slow and inefficient? 

  

Summary and open questions from the first iPS papers  
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 - Oct4, Sox2, Klf4 TFs cooperatively suppress lineage specific genes and activated ES- 
   related genes – leading to self-sustaining pluripotency network essential TFs  for  
   pluripotency (Boye et al, 2005; Loh et al, 2006; Wang et al 2006; Orkin and Hochedlinger, 2011 for review) 
 - c-Myc = Facilitator of reprogramming? It increases expression of many genes          
   important for proliferation and self-renewal (eg Telomerase - Cartwright et al., 2005). 
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Role(s) of the Murine Reprogramming Factors in the 
Induction of Pluripotency? 

Adapted from Sridharan et al, 2009, Cell 

Ectopic'Oct4'
Expression'Is'
Dispensable'
for'the'
Maintenance'
of'iPS'Cells'
(Maherali'et'
al,'2007)'

Different'transcrip8on'factors'that'have'been'shown'to'
trigger'induced'pluripotency,'with'the'most'broadly'used'
combina8on'(Oct4,'Klf4,'Sox2,'c]Myc)'highlighted.'Some'
molecules'have'been'shown'to'facilitate'(black)'or'inhibit'
(red)'reprogramming.'Bone'morphogene8c'proteins'
(BMPs)'and'Wnts'have'stage]dependent'enhancing'or'
suppressive'roles'during'iPSC'forma8on.'RBPs,'RNA'
binding'proteins.'

• OKS are not efficient “Pioneer” TFs  
ie cannot bind their DNA sequence recognition 
sites even  in closed chromatin) 
• Epigenetic inhibitory marks must be overriden 
first? 

  Each (and all) of the OKSM factors can be functionally replaced by other TFs, by 
miRNAs, small compounds…(=> COURS IV) 

 



Are iPS cells truly equivalent to ES cells? 

Adapted from Loh and Lim, 2010 E. Heard, March 24th 2014 

Why is induced pluripotency so inefficient? 



Only rare « elite » 
cells can be 

reprogrammed? 
Unlikely…. 

Very low efficiency, quite variable between clones and incomplete (based 
on endogenous pluripotency factor expression, epigenetic profiles, and 

incapacity to form adult chimeras)  
            

Induced Pluripotency is slow and inefficient 

Epigene8c'Memory…?'
More'in'Lecture'IV….'

Bugganim, Faddah and Jaenisch, NRG, 2013 
E. Heard, March 24th 2014 

Acquisition of pluripotent state is slow (2-3 weeks) and inefficient (0.1-3%) 
⇒  TFs need to overcome certain roadblocks or barriers…? 'fibroblasts'go'through'a'process'reminiscent'of'a'mesenchymal]to]

epithelial'transi8on'(MET)'within'a'few'days'of'OKSM'expression'(Li'et'
al.,'2010;'Samavarchi]Tehrani'et'al.,'2010).''
'
At'the'epigene8c'level,'widespread'remodeling'of'certain'histone'
modifica8ons,'but'not'of'DNA'methyla8on'pa;erns,'occurs'within'the'
first'few'cell'divisions'of'iPSC'induc8on'(Koche'et'al.,'2011).''
'
However,'intermediate'and'late'stages'of'reprogramming'have'
remained'inaccessible'for'more'detailed'molecular'analyses.'
'
Olo'et'al'2012'use'a'transgenic'system'that'enables'homogeneous'
dox]inducible'OKSM'expression'in'soma8c'cells'(Stad|eld'et'al.,'2010),'
to'purify'intermediate'stages'of'iPSC'forma8on'with'the'goal'to'
elucidate'the'nature'and'sequence'of'molecular'changes'specific'to'
cellular'reprogramming'

Early-passage iPSC lines 
tend to differentiate 

preferentially into the cell 
lineage of origin 

WHY? 
Passaging improves iPS cell pluripotency 

Dividing and amplifying the cells allows epigenetic memory to be erased 

Must have similar steps to normal reprogramming (eg in the germ line): 
   Silencing of somatic cell program and activation of self-renewing/pluripotency program 

  Need to override epigenetic barriers:  
Interfering with epigenetic processes increases frequencies up to 10% or more! (COURS IV) 

 



Induced Pluripotency is slow and inefficient 
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Epigenetic barriers, that were imposed on the genome during differentiation,  
to stabilize cell identity and prevent aberrant cell fate changes, must be overcome 

during reprogramming 

Nature of this Epigenetic Memory? Ways to overcome it? (COURS IV) 
 

X-chromosome reactivation as a “gold standard” for efficient reprogramming? 
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Mouse female iPS cells showed reactivation of a somatically silenced X chromosome 
and undergo random X inactivation upon differentiation. 

iPS and epigenetic reprogramming of mouse cells 
Xi Reactivation? 

See'Papp'and'Plath'review'too'

i a 

XX somatic cell 
(one stably inactive X)  

 
 
 

 X'chromosome'inac8va8on'occurs'nonrandomly'in'the'
extraembryonic'lineages'and'in'early'preimplanta8on'
embryos,'whereas'it'is'random'in'the'epiblast'and'differen8a8ng'
ES'cells.'Analysis'of'X'inac8va8on'in'cloned'mouse'
embryos'has'shown'that'the'soma8c'Xi'is'reprogrammed'
during'nuclear'transfer'to'enable'random'X'inac8va8on'in'
embryonic'cells'while'the'memory'of'the'Xi'is'maintained'in'
extraembryonic'8ssues'where'it'replaces'the'game8c'
imprint'(Eggan'et'al.,'2000).'

Maherali et al, 2008 



iPS and epigenetic reprogramming of human cells 
Xi Reactivation? 

See'Papp'and'Plath'review'too'

i a 

XX somatic cell 
(one stably inactive X)  

 
 
 

 
i a i a 

?'
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The inactive X is not reactivated during human iPS cell induction 
Culture conditions, Xi status in hESCs, Xi status in human embryos (ICM) 

SEMINAR, CLAIRE ROUGEULLE 

Tchieu et al, 2010 



Zhu Z , and Huangfu D Development 2013;140:705-717 
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Perspectives brought by iPS cells 
  Cell and Tissue therapy - without use of human embryos and 

reduces problems associated with compatibility (COURS V) 
 
  Enables study of differentiation and development in vitro 
 
  Powerful tool for drug screening 
 
  Enables genetic engineering for functional investigation of 

development and disease in vitro and in vivo (production of 
chimeric animals) 

(eg of Germ Line 
(show slide from last week of just tiny nos of 
cells – and now Saitou paper of differentiation) 

Issues/problems: 
• Obtaining iPS cell lines swifly and then sufficient cell numbers upon in vitro  
   differentiation can be a problem (in a therapeutic context) 
 
• iPS still brings a risk of cancer (even avoiding myc and integrative vectors…) 
   (Why does the iPS cell production process create oncogenically transformed cells)  
    

Can safety and efficiency be improved? 
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Can iPS efficiency and safety be improved? 
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Can iPS efficiency and safety be improved? 

Stem Cells 2009;27:543–549 
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Can iPS efficiency and safety be improved? 

Stem Cells 2009;27:543–549 
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Can iPS efficiency and safety be improved? 



 
OSKM 
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During'mouse'soma8c'cell'reprogramming,'
pluripotency'can'be'induced'with'lineage'specifiers'
that'are'pluripotency'rivals'to'suppress'ESC'iden8ty,'
most'of'which'are'not'enriched'in'ESCs.''
'
Shu'et'al.'conducted'a'
Screen'for'genes'that'can'
replace'Oct4'as'a'transgene'in'the'reprogramming'
of'mouse'fibroblasts.''
Gata3,'as'well'as'other'lineage]specifying'
genes'(such'as'Gata6)'that'are'known'to'
posi8vely'regulate'meso]endodermal'
commitment,'can'replace'Oct4'as'a'reprogramming'
factor.'Probably'this'acts'by'counterac8ng'
the'eleva8on'of'ectodermal'genes'
induced'by'Sox2'present'the'reprogramming'
gene'cocktail.''
Reciprocally,'Gmnn,'a'known'ectodermal'
specifying'factor,'can'replace'
Sox2'in'reprogramming,'because'it'hampers'
the'eleva8on'of'meso]endodermal'
genes'induced'by'Oct4'present'in'the'
reprogramming'cocktail.'
'
OCT4'and'SOX2,'can'be'replaced'by'lineage'
specifiers'that'are'involved'in'mesendodermal'(ME)'
specifica8on'and'in'ectodermal'(ECT)'specifica8on,'
respec8vely.'OCT4'and'its'subs8tutes'a;enuated'
the'elevated'expression'of'a'group'of'ECT'genes,'
whereas'SOX2'and'its'subs8tutes'curtailed'a'group'
of'ME'genes'during'reprogramming.'Surprisingly,'
the'two'counterac8ng'lineage'specifiers'can'
synergis8cally'induce'pluripotency'in'the'absence'of'
both'OCT4'and'SOX2.'Our'study'suggests'a'‘‘seesaw'
model’’'in'which'a'balance'that'is'established'using'
pluripotency'factors'and/or'counterac8ng'lineage'
specifiers'can'facilitate'reprogramming.'
'
'

GATA3'Can'Subs8tute'for'OCT4'to'
Induce'Pluripotency'in'Mouse'Soma8c'
Cells'

Since'the'ini8al'discovery'that'OCT4,'SOX2,'KLF4,'and'
c]MYC'overexpression'sufficed'for'the'induc8on'of'
pluripotency'in'soma8c'cells,'methodologies'
replacing'the'original'factors'have'enhanced'our'
understanding'of'the'reprogramming'process.'
However,'unlike'in'mouse,'OCT4'has'not'been'
replaced'successfully'during'reprogramming'of'
human'cells.'Here'we'report'on'a'strategy'to'
accomplish'this'replacement.'Through'a'combina8on'
of'transcriptome'and'bioinforma8c'analysis'we'have'
iden8fied'factors'previously'characterized'as'being'
lineage'specifiers'that'are'able'to'replace'OCT4'and'
SOX2'in'the'reprogramming'of'human'fibroblasts.'Our'
results'show'that'it'is'possible'to'replace'OCT4'and'
SOX2'simultaneously'with'alterna8ve'lineage'
specifiers'in'the'reprogramming'of'human'cells.'At'a'
broader'level,'they'also'support'a'model'in'which'
counterac8ng'lineage'specifica8on'networks'
underlies'the'induc8on'of'pluripotency.'

Beyond the Yamanaka concept: 
Induced Pluripotency by Lineage Specifiers 

Montserrat et al, 2013 
Shu et al, 2013 

Oct4'specifies'ME'differen8a8on'
while'inhibi8ng'ECT'differen8a8on,'and'
induces'hematopoie8c'
transdifferen8a8on'from'fibroblasts.'Sox2'
directs'ECT'
differen8a8on'while'prohibi8ng'ME'
commitment,'and'induces'
direct'transdifferen8a8on'from'fibroblasts'into'
neural'
stem'cells.'

Mesodermal TFs 
 

Ectodermal TFs 
 

OCT4 and SOX2, can be replaced by 
lineage specifiers involved in 

mesendodermal (ME) specification 
and in ectodermal (ECT) 
specification, respectively  

(Shu et al, 2013)  
 

 
OCT4 and SOX2 counteract the expression of lineage 

specification genes  
(Loh and Lim, 2011; Thomson et al., 2011; Wang et al., 2012). 

 
“Alternative-lineage” specifiers can reprogram mouse  

and human cells to plutipotency!  
 

Pluripotency may not represent a discrete cellular entity,  
but rather a functional state established by a balance 

between opposite differentiation forces  
(Loh and Lim, 2011; Zipori, 2004).  

 



Using TFs to induce direct lineage conversion 
(Trans-differentiation)  

So'why'do'cells'not'trans'differen8ate'sponataenously??'

Other examples of TF that can drive lineage 
conversion eg MyoD'

Gene expression is in large part 
controlled by transcription factors 
(TFs), proteins that can activate or 
repress target genes in trans by binding 
to regulatory DNA elements2. The loss 
of individual TFs can lead to the 
complete ablation of specific cell 
types, an observation that gave rise to 
the concept that particular TFs operate 
as tissue-specific master regulators. In 
agreement with this concept, defined 
combinations of transcription factors 
can induce lineage conversions 
between otherwise unrelated cell 
types3 and even turn back the 
developmental clock by 
reprogramming adult cells such as 
fibroblasts into induced pluripotent 
stem cells4. 

A'transplanted'wing'disc'will'give'rise'to'adult'wing'8ssue.'The'wing'disc'is'said'to'be'
'determined''to'give'rise'to'wing'8ssue.'Amazingly,'on'rare'occasions,'the'donor'disc'
would'undergo'a'change'in'fate'and'produce'an'adult'structure'that'was'different'to'
its'intended'fate'(figure'panel'b)'through'the'process'of'transdetermina8on,'a'term'
coined'to'describe'the'altera8ons'in'organ'fate'that'were'observed'in'such'imaginal'
disc'transplanta8on.'For'instance,'as'shown'in'figure'panel'b,'a'wing'disc'could'give'
rise'to'adult'antennal'8ssue.''

Phenotypes Induced in 1 OT: Cultures after Treatment with 5-aza-CR 
(a) Adipocytes (4 weeks after treatment); (b) myotubes (2 weeks after 
treatment); (c) chondrocytes (5 weeks after treatment). Taylor and Jones, 1979. 

The'effects'of'5]aza]CR'on'the'differen8ated'
state'
are'therefore'quite'general'and'are'only'
observed'10'
days'a\er'treatment,'when'the'cells'have'
passed'
through'several'division'cycles'in'the'absence'
of'5]'
aza]CR.'Treatment'with'the'analog'results'in'
the'
forma8on'of'at'least'three'different'
phenotypes'in'the'
1'OT+'and'3T3'lines,'possibly'by'inducing'a'
reversion'
to'a'more'pluripoten8al'state'from'which'the'
new'
phenotypes'subsequently'differen8ate.'This'
pluripoten8ality'
is'apparently'confined'to'mesenchymal'cell'
types,'although'other'phenotypes'may'be'
present'but'
unrecognized'in'treated'cultures.'It'may'be'
argued,'
however,'that'the'lOT+'and'3T3'lines'
themselves'
consist'of'pluripoten8al'cells,'and'that'5]aza]
CR'acts'
in'such'a'manner'as'to'induce'the'
development'of'
these'phenotypes'directly.'The'present'data'do'
not'
exclude'this'possibility.'
Our'previous'results'

CpG'island'that'was'virtually'unmethylated'
in'any'tested'8ssue'became'methylated'in'all'
seven'immortal'cell'lines'tested'

Observations by Peter Jones and colleagues in the 
1970’s  

5-aza-C treated fibroblasts sometimes gave rise to 
cells with “new phenotypes”(adipocytes, myotubes, 

chondrocytes…) 
 

“possibly by inducing a reversion 
to a more pluripotential state from which the new 

phenotypes subsequently differentiate..?” 
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present'but'
unrecognized'in'treated'cultures.'It'may'be'
argued,'
however,'that'the'lOT+'and'3T3'lines'
themselves'
consist'of'pluripoten8al'cells,'and'that'5]aza]
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TF'y"
RNA''
Pol'II'

AAAA'

Muscle)specific"genes"

AAAA'

RNA''
Pol'II'

5]aza]C'

TF"
TF"

TF" Screen cDNAs for master 
regulator(s) that could convert 

fibroblast to muscle cells? 
⇒ TF = MyoD (Davis et al, 1987) 

?'

MyoD is a “pioneer” TF that can induce the muscle 
gene expression program directly 

by binding the DNA of inactive target genes and 
initiating chromatin remodelling and transcription 

Graf, 2011 

TFs can direct changes in cell fate without a need to transit through pluripotency"



E. Heard, March 24th 2014 

A computational biology approach to find regulators of cell fate (Heinäniemi et al, 2013): 
Bioinformatics approach that searches public gene-expression data sets for candidate 
transcriptional regulators for many human cell types. 
⇒ a new resource for experiments aimed at direct lineage conversion 
 

Pairwise comparison of TF expression levels extracted from many gene array data sets yields candidate cell type–
specific master regulators. Solid-colored ovals represent the dominant TF in a given pair for a given cell type. (b) 
Quantification of pairwise relationships between TFs can be used to visualize lineage relationships in a topographical 
manner. (c) Identified TFs may be candidate factors to reprogram one cell type into another. 

Which'of'the'several'
hundred'iden8fied'TFs'is'
important'to'specify'a'
given'cell'type?'
''
And'how'to'iden8fy'TF'
combina8ons'capable'of'
driving'direct'lineage'
conversion'from'one'cell'
type'into'another?'

Identify key TFs that induce lineage conversion 
 



Lineage'conversion'has'recently'a;racted'increasing'a;en8on'as'a'poten8al'
alterna8ve'to'the'directed'differen8a8on'of'
pluripotent'cells'to'obtain'cells'of'a'given'lineage.'Different'means'allowing'for'cell'
iden8ty'switch'have'been'reported.'Lineage'
conversion'relied'ini8ally'on'the'discovery'of'specific'transcrip8on'factors'
generally'enriched'and'characteris8c'of'the'target'
cell,'and'their'forced'expression'in'cells'of'a'different'fate.'This'approach'has'been'
successful'in'various'cases,'from'cells'of'the'
hematopoie8c'systems'to'neurons'and'cardiomyocytes.'Furthermore,'recent'
reports'have'suggested'the'possibility'of'establishing'
a'general'lineage'conversion'approach'bypassing'pluripotency.'This'requires'a'first'
phase'of'epigene8c'erasure'achieved'by'short'
overexpression'of'the'factors'used'to'reprogram'cells'to'a'pluripotent'state'(such'
as'a'combina8on'of'Sox2,'Klf4,'c]Myc'and'
Oct4),'followed'by'exposure'to'specific'developmental'cues'
.'
Here'we'present'these'different'direct'conversion'methodologies'
and'discuss'their'poten8al'as'alterna8ves'to'using'induced'pluripotent'stem'cells'
and'differen8a8on'protocols'to'generate'cell'
popula8ons'of'a'given'fate'

DEFINITIONS""
Lineage"conversion."The'process'by'which'differen8ated'cell'type'A'
changes'into'type'B'in'the'absence'of'pluripotent'states.'It'comprises'a'
number'of'different'terms'that'can'be'found'arbitrarily'interchanged.'
Common'terms'referring'to'lineage'conversion'processes'include'
transdifferen8a8on'and'transdetermina8on.'Although'both'terms'
refer'to'lineage'conversion,'they'imply'subtle'differences70.''
'
Direct"lineage"conversion."The'process'by'which'differen8ated'cell'
type'A'changes'into'type'B'in'the'absence'of'any'intermediate'states.''
'
Plas:city"induc:on"and"indirect"lineage"conversion."The'lineage'
conversion'process'by'which'differen8ated'cell'type'A'changes'into'
type'B'by'transi8oning'through'unstable'intermediate'states.'It'is'
generally'associated'with'an'ini8al'epigene8c'erasure'phase'achieved'
by'reprogramming'factors'involved'in'iPSC'genera8on'and'subsequent'
differen8a8on'by'exposure'to'developmental'cues.''

Indirect lineage conversion allows for a more general approach in the 
absence of specific transcription factors. Indirect lineage conversion 
relies on the use of transcription factors associated with pluripotency. 
On forced expression, pluripotency-related transcription factors first 
lead to removal of differentiated marks, creating an unstable state 
suitable for further differentiation on exposure to appropriate signals.  

  Identification of specific transcription factors controlling differentiated cell identity 
allows for the forced conversion of one lineage into another in the absence of cell 
proliferation.  

  Direct conversion of numerous cell types now shown - including neurons, 
cardiomyoctes and hepatocytes. Direct lineage conversion is sufficient for the 
generation of distantly related cell types crossing germ layer boundaries.  

E. Heard, March 24th 2014 

 
 From Sancho-Martinez et al, Nat. Cell Biol. 2012 

Direct lineage conversion for generation of specific cell types '
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E. Heard, March 24th 2014 

Indirect lineage conversion: for generation of specific cell 
types in absence of specific TFS '

  Indirect lineage conversion: a more general approach in the absence of specific 
transcription factors.  

  Relies on the use of pluripotency TFs (OSKM) initially.  
  On forced OSKM expression, this first leads to removal of differentiated marks, creating an 

unstable state suitable for further differentiation on exposure to appropriate signals.  

Initiate the journey to pluripotency but 
then redirect towards a specific fate 
with appropriate culture medium/

factors/cytokines"
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 From Sancho-Martinez et al, Nat. Cell Biol. 2012 

E. Heard, March 24th 2014 

Different conversion methodologies to generate  
cells of a given fate'



E. Heard, March 24th 2014 

Multiple Reprogramming Perspectives 
(eg of Germ Line 
(show slide from last week of just tiny nos of 
cells – and now Saitou paper of differentiation) 

Issues/problems: 
• Obtaining iPS cell lines swifly and then sufficient cell numbers upon in vitro  
   differentiation can be a problem (in a therapeutic context) 
 
• iPS still brings a risk of cancer (even avoiding myc and integrative vectors…) 
   (Why does the iPS cell production process create oncogenically transformed cells)  
    

Can safety and efficiency be improved? 
 

 Cell and tissue therapy perspectives using iPS, direct or indirect cell 
conversions 

 
 Study of development and disease in vitro 
 
 Powerful tools for drug screening 
 
 Genetic engineering for functional investigations 
 



Seminaire 
 

Dr Claire Rougeulle  
 

Inactivation du chromosome X, pluripotence et 
reprogrammation, de la souris à l’homme 

 


