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Developmental and Experimental Reprogramming!

In#the#early#embryo,#TH2A#and#TH2B#bind#to#
DNA#and#induce#an#open#chroma;n#structure#
in#the#paternal#genome,#thereby#contribu;ng#
to#its#ac;va;on#a?er#fer;liza;on.#
#
These#results#indicate#that#TH2A/TH2B#might#
induce#reprogramming#by#regula;ng#a#
different#set#of#genes#than#the#Yamanaka#
factors,#and#that#these#genes#are#involved#in#
the#genera;on#of#to;potent#cells#in#oocyteG
based#reprogramming#as#seen#in#SCNT.#
#
"We#believe#that#TH2A#and#TH2B#in#
combina;on#enhance#reprogramming#because#
they#introduce#a#process#that#normally#
operates#in#the#zygote#during#fer;liza;on#and#
SCNT,#and#lead#to#a#form#of#reprogramming#
that#bears#more#similarity#to#oocyteGbased#
reprogramming#and#SCNT"#explains#Dr.#Ishii.#

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Zygotic Reprogramming   
• undo gamete programs 

• set up totipotency 

Germ Line Reprogramming  
• undo somatic program 

• set up germ line program 
  

ICM Reprogramming  
• undo/prevent TE program 

• set up pluripotency 
 • X-chromosome reactivation 

• X-chromosome reactivation 



E. Heard, March 31st  2014 Jullien et al, 2011 

Developmental and Experimental Reprogramming!

In#the#early#embryo,#TH2A#and#TH2B#bind#to#
DNA#and#induce#an#open#chroma;n#structure#
in#the#paternal#genome,#thereby#contribu;ng#
to#its#ac;va;on#a?er#fer;liza;on.#
#
These#results#indicate#that#TH2A/TH2B#might#
induce#reprogramming#by#regula;ng#a#
different#set#of#genes#than#the#Yamanaka#
factors,#and#that#these#genes#are#involved#in#
the#genera;on#of#to;potent#cells#in#oocyteG
based#reprogramming#as#seen#in#SCNT.#
#
"We#believe#that#TH2A#and#TH2B#in#
combina;on#enhance#reprogramming#because#
they#introduce#a#process#that#normally#
operates#in#the#zygote#during#fer;liza;on#and#
SCNT,#and#lead#to#a#form#of#reprogramming#
that#bears#more#similarity#to#oocyteGbased#
reprogramming#and#SCNT"#explains#Dr.#Ishii.#

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#



E. Heard, March 31st  2014 Adapted from Plath and Hochedlinger, 2009 

Developmental and Experimental Reprogramming!

In#the#early#embryo,#TH2A#and#TH2B#bind#to#
DNA#and#induce#an#open#chroma;n#structure#
in#the#paternal#genome,#thereby#contribu;ng#
to#its#ac;va;on#a?er#fer;liza;on.#
#
These#results#indicate#that#TH2A/TH2B#might#
induce#reprogramming#by#regula;ng#a#
different#set#of#genes#than#the#Yamanaka#
factors,#and#that#these#genes#are#involved#in#
the#genera;on#of#to;potent#cells#in#oocyteG
based#reprogramming#as#seen#in#SCNT.#
#
"We#believe#that#TH2A#and#TH2B#in#
combina;on#enhance#reprogramming#because#
they#introduce#a#process#that#normally#
operates#in#the#zygote#during#fer;liza;on#and#
SCNT,#and#lead#to#a#form#of#reprogramming#
that#bears#more#similarity#to#oocyteGbased#
reprogramming#and#SCNT"#explains#Dr.#Ishii.#

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

What are the mechanisms?!
What are the signals and what are the barriers?!



Active gene 

E. Heard, March 31st  2014 

Gene regulation in the context of chromatin#

Regulatory  
region with methylated 

CpGs 

http://medcell.med.yale.edu/histology/ 

Heterochromatin Euchromatin 

The Eukaryotic genome is packaged into 
Heteorchromatin and Euchromatin 

Emile Heintz, 1929#

Inactive gene 
Repressive chromatin 
DNA methylation 

MBD#
HDAC#

Multiple histone variants 
=> different structures, timing, distributions 



http://medcell.med.yale.edu/histology/ E. Heard, March 31st  2014 

Regulatory  
region with methylated 

CpGs 

http://medcell.med.yale.edu/histology/ 

Heterochromatin Euchromatin 

Heteorchromatin and Euchromatin 
Emile Heintz, 1929#

The#chroma;n#state#of#enhancers#is#established#by#the#
occupancy#of#key#lineage#determining#transcrip;on#
factors#
that#bring#in#chroma;n#modifiers#to#covalently#
modify#histones,#resul;ng#in#enhancer#licensing.#Thus#
the#epigene;c#marking#of#appropriate#enhancers#
precedes#and#an;cipates#cell#fate#decisions.#
#
Addi;onally,#the#enhancers#rather#than#promoters#are#
cri;cal#for#providing#cell#type#specificity#to#
transcrip;onal#
regula;on#[50,52].#The#process#of#enhancer#licensing#is#
ini;ated#by#pioneer#factors#that#occupy#enhancers#and#
restrict#cells#to#rela;vely#broad#lineages#that#then#
become#con;nuously#more#restricted#as#cells#
differen;ate#and#express#further#lineage#specific#
factors#

Heterochroma*n,
Inac*ve,gene#

Euchroma*n,
Ac*ve,gene#

Gene regulation in the context of chromatin#

PRC2/H3K27me3 
PRC1/H2Aub 

HP1/Suv39 etc 
H3K9me3 

“Silent” memory modules 

Trx (MLL etc) 
H3K4me3 

“Active” memory  
modules 

Although chromatin marks and DNA methylation appear at specific regions of the genome – the 
enzymes that lay them down (HMTases, DNMTs etc) have no sequence specificity and  

rely on DNA binding factors (eg TFs), or  non-coding RNAs, for their recruitment. 

Chromatin  
 

-  is a facilitator of DNA-based processes such as transcription 
 

-  can enable propagation of active or inactive states 
  

-  can act as a epigenetic barrier against changing gene activity  
states and thus preserve cell identity 

 
 
 



E. Heard, March 31st  2014 

Histone modifying enzymes 
can add or remove these 

modifications 
 
 
 
 
 
 
 
 Passive mechanisms  

During cell division / DNA replication 
Remove chromatin factors and/or partners involved in self-perpetuation 

eg Dnmt1/5meC; HP1/H3K9me3/Suv39; PRC2/H3K27me3;  
G9a/Glp /H3K9me2; Uhrf1/2 

 
Active mechanisms 

Chromatin remodelling, Histone exchange 
Expression of factors that reverse chromatin states (eg TET enzymes: 

5meC->5hmeC, histone demethylases or deacetylases) 
 

Dnmts 
De novo: Dnmt3a,3b, 3L 

Maintenance: Dnmt1 

TETs 

Reversing chromatin states, overcoming epigenetic barriers? 

Histone 
modifications can be 

bound by protein 
complexes #
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Epigenetic reprogramming in mammals 

E6.5#

Histones&

Maternal&mRNAs,&&

Proteins&

Protamines#(histones)#
RNAs,#proteins?#

Maintenance#at#some#IAP#elements#
#and#rare#singleGcopy#loci#

Global&
&remethyla-on&
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Ac-ve&and&passive&(paternal)&&

Passive&(maternal)&
&

Imprint#Erasure#

Imprint##
Establishment#
(male#germ#line)#

Imprint##
Establishment#

(female#germ#line)#

Imprint#maintenance#



male#pronucleus#(sperm#derived#chroma;n)#
stains#quite#strongly#for#5G
hydroxymethylcytosine#(5hmCGgreen),#
whereas#the#female#pronucleus#(oocyte#
derived#chroma;n)#stains#strongly#for#5G
methylcytosine#(5mCGred).#

Up# to# blastocyst# forma;on,#
parental# genomes# undergo#
e x t e n s i v e# e p i g e n e ; c#
rep rog ramming ,# mos t#
notably#genomeGwide#DNA#
demethyla;on.# However,#
some# genomic# regions#
escape# demethyla;on# at#
t h i s# s t a ge ,# i n c l ud i n g#
centromeric#repeats,#
intracisternal# A# par;cle#
( IAP)# retrotransposons#
(~1000# elements/mouse#
g e n o m e ) # a n d # t h e#
differen;ally# methylated#
regions# (DMRs)# that# are#
present#in#parentally#
methy la ted# impr in ted#
genes,# as# well# as# in# some#
n on G imp r i n t e d# g e n e s#
(Borgel#et#al.,#2010;#Lane#et#
al.,#2003;#Reik#et#al.,#2001;#
Rougier#et#al.,#1998).#

Epigenetic Dynamics following Fertilization 

Protamines&



male#pronucleus#(sperm#derived#chroma;n)#
stains#quite#strongly#for#5G
hydroxymethylcytosine#(5hmCGgreen),#
whereas#the#female#pronucleus#(oocyte#
derived#chroma;n)#stains#strongly#for#5G
methylcytosine#(5mCGred).#

After fertilisation a 
globally demethylated 
state is established and 

then a progressively 
lineage-specific DNA 

methylome that 
maintains cellular 

identity and genomic 
stability  

Up# to# blastocyst# forma;on,#
parental# genomes# undergo#
e x t e n s i v e# e p i g e n e ; c#
rep rog ramming ,# mos t#
notably#genomeGwide#DNA#
demethyla;on.# However,#
some# genomic# regions#
escape# demethyla;on# at#
t h i s# s t a ge ,# i n c l ud i n g#
centromeric#repeats,#
intracisternal# A# par;cle#
( IAP)# retrotransposons#
(~1000# elements/mouse#
g e n o m e ) # a n d # t h e#
differen;ally# methylated#
regions# (DMRs)# that# are#
present#in#parentally#
methy la ted# impr in ted#
genes,# as# well# as# in# some#
n on G imp r i n t e d# g e n e s#
(Borgel#et#al.,#2010;#Lane#et#
al.,#2003;#Reik#et#al.,#2001;#
Rougier#et#al.,#1998).#

Epigenetic Dynamics following Fertilization 

Reprogramming 
machinery contained 

in the oocyte will 
reprogram the 

maternal and paternal 
genomes 



Zfp57 and Trim28 are required for 
the postfertilization maintenance 
of maternal and paternal 
methylation imprints.  
Li et al, 2008; Messerschmidt et al, 2012. E. Heard, March 31st, 2014 

Epigenetic Dynamics in the Zygote 

male#pronucleus#undergoes#
drama;c#changes,#including#a#
rapid#loss#of#DNA#methyla;on#
and#gain#of#dimethyla;on#at#
Lys9#of#histone#H3#(H3K9me2)#
and#H3K27me3#
#
Both#male#and#female#pronuclei#
are#also#characterized#by#the#
presence#of#
the#oocyteGspecific#subtype#of#
the#linker#histone#H1#(H1foo).#

DNA#demethyla;on#a?er#fer;liza;on#is#
coupled#both#to#histone#exchange#and#to#novel#
chroma;n#regula;on#of#the#paternal#genome.#
The#maternal#genome#appears#to#be#generally##
The#maternal#pronucleus#of#the#developing#
zygote#shows#strong#H3K9#methyla;on,#
whereas#the#remodelled#paternal#genome#
instead#accumulates#H3K27#methyla;on#and#
Polycomb#repressive#complex#1#(PRC1)#
components,#which,#like#hmC,#are#serially#
diluted#over#the#first#few#divisions.#
#
#The#maternal#genome#is#protected#by#Stella,#
which#recognizes#and#binds#H3K9#methyla;on.#
In#the#absence#of#Stella,#the#epigene;c#events#
of#paternal#reprogramming,#including#
TET3�mediated#hydroxymethyla;on#and#BER#
ac;vity,#are#recruited#to#both#pronuclei.#
#
Maternal#methyla;on#is#retained#at#both#
known#imprints#that#persist#through#adulthood#
and#at#novel,#preGimplanta;onGspecific#
imprints,#which#are#lost#later#in#cleavage.##

Figure#5#|#Epigene-c&events&during&global&DNA&
demethyla-on&in&the&zygote.&DNA#demethyla;on#in#mouse#
zygotes#progresses#through#similar#epigene;c#phases#to#
those#observed#in#primordial#germ#cells#(PGCs)#but#is#
dis;nguished#by#specific#targe;ng#to#the#paternal#genome.#
Pronuclear#(PN)#stages#are#shown.#a&|#A?er#fer;liza;on,#
histone#chaperones#direct#the#rapid#disassembly#of#paternal#
protamines,#and#the#chroma;nized#maternal#genome#
completes#metaphase#II.#b&|#During#rechroma;niza;on#of#
the#paternal#pronucleus,#the#incorpora;on#of#histone#
H3.3�containing#nucleosomes#co�occurs#with#rapid#
acetyla;on#(possibly#assisted#by#histone#acetyltransferease#
elongator#complex#protein#3#(ELP3)),#hydroxymethyla;on#
mediated#by#TET3,#histone#H3#lysine#27#(H3K27)#methyla;on#
and#Polycomb#repressive#complex#1#(PRC1)#recruitment.#The#
maternal#genome,#which#is#already#chroma;nized,#recruits#
epigene;c#silencers#such#as#PRC2#and#Stella.#Stella#
recognizes#H3K9#methyla;on#and#protects#against#paternally#
targeted#remodelling#events.#DNA#demethyla;on#as#
measured#by#immunochemistry#is#most#strongly#observed#
during#this#phase#as#a#consequence#of#the#global#conversion#
to#hydroxymethylcytosine#(hmC)#by#TET3.#c&|#Global#
demethyla;on#to#unmodified#cytosine#is#not#robustly#
observed#un;l#DNA#replica;on.#This#stage#includes#a#biased#
enrichment#for#base#excision#repair#(BER)#complexes#and#
γH2A.X#in#the#paternal#genome.#At#this#point,#paternal#
hyperacetyla;on#is#dampened,#presumably#through#histone#
deacetylase#ac;vity#(not#shown)#while#repressive#
modifica;ons,#such#as#H3K27#trimethyla;on#by#PRC2,#
emerge.#d&|#A?er#the#comple;on#of#DNA#synthesis#
(syngamy),#DNA#methyla;on#is#retargeted#to#many#regions,#
such#as#the#long#terminal#repeat#(LTR)#promoters#of#
endogenous#retroelements.#Remethyla;on#may#be#directed#
by#DNA#methyltransferase#3A#(DNMT3A)#or#DNMT1O.#
Hemimethylated#and#hemihydroxymethylated#sequences#
are#presumably#directed#towards#a#completely#
unmethylated#state#a?er#subsequent#cleavage#divisions.#
Genome#content#(n)#is#highlighted#in#each#panel#to#indicate#
cellGcycle#stage.#The#ques;on#marks#in#the#lower#part#of#the#
figure#indicate#uncertainty#regarding#which#DNMT#
par;cipates#in#remethyla;on#and#which#loci#are#targeted.#
mC,#methylcytosine;#PB,#polar#body.##

Adapted from Smith and Meissner, 2013 

Maternal reprogramming factors reside 
mainly in the male pronucleus  

(Liu et al, 2014) 

Stella prevents demethylation by binding 
H3K9me2 and blocking Tet3 activity in the 
maternal genome, as well as imprinted loci in 
the paternal genome. Nakamura et al, 2007, 2012 Reprogramming requirements in the zygote: 
 
• Protamine histone exchange requires maternal 
chromatin remodellers, histones and chaperones:  
-  histone variant H3.3 (van der Heijden et al., 2005)  
-  histone H3K4me3 (Torres-Padilla et al., 2006) 
-  DNA demethylation (Mayer et al., 2000). 
 
• Maternal Mll2 (TrX) is required for the acquisition and 
maintenance of H3K4 methylation in the zygote and for 
normal embyonic gene activation (Andreu-Vieyra et al, 
2010)  
 
• Maternal histone variants TH2A/TH2B are required for 
paternal genome activation, H3K4me3 and DNA 
demethylation – also in iPS (Shinagawa et al, 2013)  



E. Heard, March 17th 2014 
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Epigenetic reprogramming in mammals 
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Pluripotency factors are required to determine early cell fate 
and for reprogramming in the ICM 

E. Heard, March 31st 2014 

Transcrip*on,factors,determining,cell,fate.,,
The#OSK#transcrip;on#factors#are#essen;al#to#
establish#all#three#cell#lineages#of#the#early#
embryo.#The#precise#regula;on#of#Oct4,seems#
to#be#par;cularly#important,#and#oCT4#levels#
can#effec;vely#dis;nguish#between#
trophoblast,#epiblast#and#primi;ve#endoderm#
fate:#Oct4,is#required#for#ICM#development#
and#embryonic#
lineage#determina;on,#as#in#its#absence#these#
cells#
adopt#trophoblast#cell#fate85.#Oct4,
overexpression,#by#
contrast,#leads#to#primi;ve#endoderm#
differen;a;on.#
As#an#Oct4,regula;ng#factor,#SAll4#is#equally#
important#
for#epiblast#and#primi;ve#endoderm#
development#
and,#as#with#oCT4,#its#downregula;on#causes#
differen;a;on#
into#trophoblast54.#Nanog,is#also#essen;al#
for#ICM#development,#but#Nanog,deficiency#
causes#
differen;a;on#towards#primi;ve#endoderm86.#

Le Bin et al, 2014 



Pluripotency is rapidly lost in the post-implantation Embryo 

E. Heard, March 31st 2014 

• Levels of pluripotency gene regulatory network activity decline during post-implantation 
development, reaching a threshold at the onset of somitogenesis (E8.0) where levels become 
too low to sustain pluripotency. 
• Decreased accessibility of regulatory elements invasion may extinguish pluripotency.  
• Ectopic expression of Oct4 in co-operation with activin/FGF, can revive the pluripotent 
state initially, but DNA methylation rapidly stabilizes the non-pluripotent state. 
 
Osorno et al (2012) Development 139, 2288-2298  



E. Heard, February 11th, 2013 

 
Active promoters and enhancers have nucleosome-depleted 
regions (NDRs) that are often occupied by transcription 
factors and chromatin remodellers.  
 
 
Loss of factor binding during differentiation — leads to 
increased nucleosome occupancy of the regulatory region, 
providing a substrate for de novo DNA methylation.  
 
 
 
 
 
 
 
 
 
DNA methylation subsequently provides added stability to 
the silent state and is likely to be a mechanism for more 
accurate epigenetic inheritance during cell division.  

Jones, P. (2012)  Functions of DNA methylation: islands, start sites, gene bodies and beyond  
Nature Rev. Genetics 13, 484-493 

Pluripotency is rapidly lost in the post-implantation Embryo 

Potential Scenario 

Except in the emerging germ line 
(Primordial Germ Cells) where Oct4 

continues to be expressed 



E. Heard, March 31st 2014 
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Epigenetic reprogramming in the germ line 
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.#.#.#

PGCs are unipotent, but show some 
characteristics of pluripotent cells 

And also have unique characteristics 
such as capacity to erase all imprints 

Genome-wide reprogramming is essential to prevent transmission 
of inappropriate information to the next generation: 

Epimutations accumulated during the organism’s life must be erased 
Sex-specific imprinted DNA methylation needs to be reset 



Competence 
 
 

Inactive X chromosome 
DNA methylation re-established 

Repression of some pluripotency genes 
Onset of somatic cell differentiation 

 
 

Epigenetic Barrier 

Somatic cells 

Inner  
Cell Mass 

 
 

E4.5 E5.75…… 

Pluripotent 

Primed Epiblast 

Repression of somatic program 
Initiation of epigenetic changes 

Re-expression of pluripotency genes  
Xi-reactivation 

DNA demethylation 
[Imprints erased] 

Epigenetic ground state 

Primordial Germ Cells  

E7.5 

Blimp1/Prdm1:  transcriptional repressor required for 
specification (to suppress somatic program, induce PGC program) 

Tcfap2c/Ap2g also required for specification 

Prdm14:  required for reaquisition of pluripotency 

PGC specification: Initiating the genetic program for epigenetic 
reprogramming 

E. Heard, March 31st 2014 

After 12 years,,we can summarise the genetic 
basis of PGC specification as follows:  
Development of postimplantation epiblast 
accompanied by many epigenetic changes 
including……These cells are destined for the 
somatic fate.  Specification of PGCs connected 
to epigenetic reprogramming. Note changes.  
PGCs while unipotent are epigenetically similar 
to ICM.  Key genes involved in PGC 
specification. Specification is intimately linked 
to epigenetic reprogramming. 
 
  As a result, pluripotent stem cells derived 
from PGCs resemble ESC and not EpiSC 
because  epigenetic reprogramming in PGCs 
erases key epigenetic modification present in 
the epiblast. 

Specification 
BMP signaling from extra-

embryonic ectoderm  
induces Blimp1  

(Blimp1 KO  
-> somatic program) 

 

Prdm14#does#not#func;on#to#repress#the#
soma;c#program#but#is#required#for#
reacquisi;on#of#poten;al#pluripotency.#
However,#Nanog#and#Oct4,#and#the#PGC#genes#
Dnd1#and#Nanos3#were#not#affected#by#loss#of#
Prmd14#at#this#stage.#

Courtesy of A. Surani 

.#.#.#.#.#.#

Future PGCs are 
initially primed for 

somatic fate  - 
though are still 
expressing Oct4 

 
 

Post-implantation epiblast 
cells acquire epigenetic 

modifications that 
constitute a barrier against 

their reversion to a 
pluripotent state but 

remain primed to respond 
to signals that specify a 

primordial germ cell 
(PGC) fate. #

Mechanisms? 
•  Histone demethylases (erasure of H3K9me2 

early and then H3K27me3 later) 
•  Repression of both maintenance  & de novo 

DNA methylation 
•  Tet1/Tet2 (5mC =>5hmC) 

 



Reprogramming of PGCs upon entry into the genital ridge 

E7.5 E8.5 E9.5 E12.5 

PGC Specification Epigenetic  
Reprogramming 

(Step 1) 

Migration 

E11.5 

Reprogramming (Step2) 
DNA Demethylation 
Loss of H3K27me3  

X-Reactivation 
Imprints Erasure 

5mC = 12% 
Popp et al, 2010 

Loss of H3K9me2  (by down regulation of 
Glp/G9a HMTase)  

in preparation for later DNA 
demethylation? 

 
Increase in H3K27me3 to compensate for 

K9 loss eg pluripotency genes? Courtesy of A. Surani 

How similar or different are the reprogramming mechanisms in the 
germ line, to those that take place in the inner cell mass/ESCs  

or in the zygote, or during induced pluripotency? 
(Cours IV) 



• Genes up-regulated include Nanog, Sox2, Klf2, 
and Stella ie major nodes involved in pluripotency 
 
• Oct4 and Nanog may  be necessary for PGC 
development: 
 
-  Oct4 null cPGCs still express Blimp1 at E7.0. 

However, no descendants of these cells were 
found to be expressing Stella at E7.25 or 
contribute to the germline thereafter (Okamura 
et al., 2008). 

 
-  Nanog null PGCs develop until E11.5 but are 

lost by E12.5. Nanog may not be required for 
specification or most of PGC development 
(though still open question). Nanog may be 
required to complete epigenetic reprogramming 
occurring at E11. 

E. Heard, March 31st, 2014 

Epigenetic Reprogramming in the Germ Line!

Reviewed by Seki et al, 2012 

Repression of Glp => loss of G9a-mediated H3K9me2, 
downregulation of both de novo Dnmts (Dnmt3a and Dnmt3b) and 
Uhrf1 (protein essential for recruiting Dnmt1), triggers the initiation 
of DNA demethylation.  
PRC2/H3K27me3 is gained – this mark is later erased 
 
=> Replication-dependent (passive) DNA demethylation occurs 
during early PGC development; active mechanisms at later stages? 

  By E10.5: DNA demethylation of some imprinted loci, 
transposons (eg LINE L1 and IAP), subset of germline-specific 
genes that are involved in genome defense against active 
transposons (Tex19.1 and Piwil2). Initiation of Xi reactivation. 

 
  By E13.5 DNA demethylation of gene bodies, intergenic 

regions, imprinted domains and repeats previously protected 
from erasure in the zygote complete. Only exceptions: some 
IAPs  and LTR-ERV1 repeats and a few hundred other single 
copy loci. Xi reactivation is also complete. 

 

1st&wave&of&epigene-c&
reprogramming&=&to&help&erase&

soma-c&program?&(Is&this&for&

sure&–&ask&Azim)&

Clearly#reprogramming#occurs,#
as#reac;va;on#of#the#inac;ve#X#
chromosome#in#females#is#seen.#
PGCs#at#E6.5#have#Xi#H3K27me3#
foci#and#random#XCI#of#an#XGGFP#
transgene#(Chuva#De#Sousa#
Lopes#et#al.,#2008).#However,#
star;ng#from#as#early#as#E7#there#
is#a#progressive#loss#of#the#Xist#
signal#and#at#E10.5#PGCs#are#XistG
nega;ve#(Sugimoto#&#Abe,#
2007).#During#migra;on#to#the#
genital#ridges,#the#H3K27me3#
foci#are#also#gradually#lost,#and#
XGGFP#is#expressed#in#all#PGCs#by#
E13.5#(Chuva#De#Sousa#Lopes#et#
al.,#2008).#Thus#there#appears#to#
be#a#global#epigene;c#transi;on#
that#begins#in#PGCs#soon#a?er#
specifica;on.##
However,&the&func-on&of,&or&
necessity&for,&these&global&

epigene-c&changes&has&not&

been&assessed&and&remains&

unclear…&

Utx histone demethylase 



• 4730 loci escape demethylation (>40% 5mC) in PGCs: predominately repeat associated – in particular IAPTR1 
(most active and dangerous  element =>may need to be silenced even during germ line reprogramming)  
• 233 single-copy loci with >40% 5mC, positional context or chromatin structure may contribute to their escape from 
reprogramming.  

E. Heard, March 18th, 2013 

Germline DNA Demethylation Dynamics 

• Erasure of CpG methylation (5mC) in PGCs occurs via conversion to 5-hydroxymethylcytosine (5hmC), driven by 
high levels of TET1 and TET2.  
• Global conversion to 5hmC initiates in PGCs at embryonic day (E) 9.5-E10.5 and accounts for imprint erasure.  
• Mechanistically, 5hmC enrichment is followed by gradual loss at a rate consistent with replication-coupled dilution.  
• Conversion to 5hmC is an important component of parallel redundant systems that drive reprogramming in PGCs.  

Dazl: a typical 
demethylated locus 

Loci that escape systematic DNA demethylation 
in the mouse germ line 

From Hackett et al, 2012  

Hackett et al, Science, 2012 
Seisenberger et al, Mol. Cell, 2012 
 

Whole genome bisulphite sequencing  from E6.5 to E16.5 



E. Heard, March 31st, 2014 

 
 

Parallel strategies presumably confer robustness to reprogramming in the germline so that 
genetic and epigenetic information can be faithfully conveyed to the next generation.  

 
 

Resetting the Epigenome in the Germ Line 

E6.0 

E11.5-E12.5 

Primed Epiblast state 

H3K9me2 / 5mC / Xi 

Epigenetic ground state 
Oct4, Sox2, Nanog & Prdm14 

XaXa 
Demethylation  
Imprints erased 

  

•  Erasure of H3K9me2, 
  Glp repression and Kdm3a  
  upregulation 
 
•   Down regulation of DNA  
   methylation  
 
•  Tet1 and Te2  Expression 
   Conversion of 5mC->5hmC 

•  Higher order nuclear    
  changes & base excision  
  repair 

Blimp1, Prdm14, Ap2g 

E7.5-E8.5 

E9.5-10.5 
Parallel redundant mechanisms 
(NB Tet1, 2 loss have no effect on 
fertility or viability) 
 
 
 
 
Hackett, Zylicz and Surani, 2012 
Hackett, Sengupta, Zylicz…… 
 
 

Of#course#this#has#
to#be#ROBUST#
AND#EFFICIENT#
AS#IT#IS#
ESDENTIAL#FOR#
LIFE#
UNLIKE#
EXPERIMENTAL#
REPROGRAMMIN
G#



E. Heard, March 31st  2014 Adapted from Cantone and Fisher; 2013; Jullien et al, 2011 

Zygotic 
Reprogramming   
=> totipotency 

Germ Line 
Reprogramming  
=> unipotency 

ICM 
Reprogramming  
=> pluripotency 

Developmental and Experimental Reprogramming!

Reprogramming by nuclear transfer exploits 
the developmental program that is normally 

used after fertilization  
Rapid suppression of somatic genes (2d) and activation of 

wide range of genes, including pluripotency genes (3d) 

In#the#early#embryo,#TH2A#and#TH2B#bind#to#
DNA#and#induce#an#open#chroma;n#structure#
in#the#paternal#genome,#thereby#contribu;ng#
to#its#ac;va;on#a?er#fer;liza;on.#
#
These#results#indicate#that#TH2A/TH2B#might#
induce#reprogramming#by#regula;ng#a#
different#set#of#genes#than#the#Yamanaka#
factors,#and#that#these#genes#are#involved#in#
the#genera;on#of#to;potent#cells#in#oocyteG
based#reprogramming#as#seen#in#SCNT.#
#
"We#believe#that#TH2A#and#TH2B#in#
combina;on#enhance#reprogramming#because#
they#introduce#a#process#that#normally#
operates#in#the#zygote#during#fer;liza;on#and#
SCNT,#and#lead#to#a#form#of#reprogramming#
that#bears#more#similarity#to#oocyteGbased#
reprogramming#and#SCNT"#explains#Dr.#Ishii.#

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Rapid but ultimately inefficient – due to inappropriate gene 
activation / suppression? 



E. Heard, March 31st  2014 Adapted from Cantone and Fisher; 2013; Jullien et al, 2011 

Zygotic 
Reprogramming   
=> totipotency 

Developmental and Experimental Reprogramming!

Reprogramming by nuclear transfer exploits 
the developmental program that is normally 

used after fertilization  
Rapid suppression of somatic genes (2d) and activation of 

wide range of genes, including pluripotency genes (3d) 

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Demethylation of the Oct4 (Pou5f1) promoter occurs independently of DNA 
replication. (Simonsson, S. & Gurdon, J. DNA demethylation is necessary for the epigenetic reprogramming of 
somatic cell nuclei. Nat. Cell Biol. 6, 984–990 (2004).) 
 
The BER and Tet3-mediated 5hmC pathways are implicated Wossidlo, M. et al. 5-
Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2, 241 
(2011).  

Somatic nuclear components (chromatin, transcriptional machinery) are displaced by 
egg/oocyte components (eg linker histones, core histone variants, TBP…), OR are 
supplemented by egg/oocyte components eg….) 

Maternal factors (histone variant, transcription factors) involved in zygotic reprogramming 
and activation also facilitate induced pluripotency: 

 
Shinagawa et al (2013). Histone Variants Enriched in Oocytes Enhance Reprogramming to 
Induced Pluripotent Stem Cells. Cell Stem Cell 14, 217–227. 
 
Maekawa et al  (2011). Direct reprogramming of somatic cells is promoted by maternal 
transcription factor Glis1. Nature 474, 225–229. 

Demethylation of the Oct4 (Pou5f1) promoter occurs independently of DNA 
replication. (Simonsson, S. & Gurdon, J. DNA demethylation is necessary for the epigenetic reprogramming of 
somatic cell nuclei. Nat. Cell Biol. 6, 984–990 (2004).) 
 
The BER and Tet3-mediated 5hmC pathways are implicated Wossidlo, M. et al. 5-
Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2, 241 
(2011).  
 



E. Heard, March 31st  2014 Adapted from Cantone and Fisher; 2013; Jullien et al, 2011 

Zygotic 
Reprogramming   
=> totipotency 

Developmental and Experimental Reprogramming!

Reprogramming by nuclear transfer exploits 
the developmental program that is normally 

used after fertilization  
Rapid suppression of somatic genes (2d) and activation of 

wide range of genes, including pluripotency genes (3d) 

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#



E. Heard, March 31st  2014 

Developmental and Experimental Reprogramming! Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Demethylation of the Oct4 (Pou5f1) promoter occurs independently of DNA 
replication. (Simonsson, S. & Gurdon, J. DNA demethylation is necessary for the epigenetic reprogramming of 
somatic cell nuclei. Nat. Cell Biol. 6, 984–990 (2004).) 
 
The BER and Tet3-mediated 5hmC pathways are implicated Wossidlo, M. et al. 5-
Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2, 241 
(2011).  John Gurdon and colleagues 



E. Heard, March 31st  2014 

Developmental and Experimental Reprogramming! Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Demethylation of the Oct4 (Pou5f1) promoter occurs independently of DNA 
replication. (Simonsson, S. & Gurdon, J. DNA demethylation is necessary for the epigenetic reprogramming of 
somatic cell nuclei. Nat. Cell Biol. 6, 984–990 (2004).) 
 
The BER and Tet3-mediated 5hmC pathways are implicated Wossidlo, M. et al. 5-
Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2, 241 
(2011).  

Somatic chromatin is NOT the template that the maternal 
reprogramming machinery is designed to work on…. 
 
 
 
 
 
 
 
 
 
 
Inefficient silencing, inefficient reactivation, as well as “mis-
activation” can all occur, depending on gene and cell type of 

origin. Example of the X chromosome…. 
 



E. Heard, March 31tsr 2014 

Bao et al, 2004. “Initiation of epigenetic reprogramming of the X chromosome in somatic nuclei 
transplanted to mouse oocyte” 
• The inactive X is rapidly reactivated following SCNT and initiates inactivation again at the 4-cell stage  
• The  active X shows aberrant Xist expression and initiates aberrant XCI… leading to cellular pertubations 
due to X-chromosome functional nullisomy? 
 

Aberrant reactivation of Xist from the active X in a somatic cells results in up-
regulation of the single X in male and both X chromosomes female nuclei  

used in SCNT experiments 

Aberrant X inactivation during SCNT 



X# Xi#

Xist,,
RNA#

RNA#Pol#II#

Ac# H3K4#
me2#

Ac# Ac# Ac#

H3K4#
me3#

Pc?&& H2A##
Ub#

H3K27#
me3#

H3K9#
me2#

Ac;ve#X#chromosome#
Inac;ve#X#chromosome#

5Gmethyl#cytosine##

#

Xist,RNA#

Xist ON 

RNA#Pol#II#
Ac# Ac# Ac#

Ac;ve#Xist#gene#on#Xi#
Pc?&& H3K9#

me2#
Inac;ve#Xist#gene#on#Xa#

Xist OFF 

Controlling locus of X inactivation: 

macroH2A#

X-linked gene 
ON 

X-linked gene 
OFF 

Target genes of X inactivation: 

Xi#Xi#Xa# Xa#

RNA#Pol#II#
Ac# Ac# Ac#

Xist#reac;vated#on#previously#ac;ve#X#

Aberrant X inactivation during SCNT 

Reprogramming? 
X# Xi#

Development 



X# Xi#
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RNA#

RNA#Pol#II#
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H3K9#
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RNA#Pol#II#
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Ac;ve#Xist#gene#on#Xi#

Xist OFF- ON 

X-linked gene 
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X-linked gene 
OFF 

Controlling locus of X inactivation: 

Target genes of X inactivation: 

Xi#Xi#Xa# Xa# X# Xi#

RNA#Pol#II#
Ac# Ac# Ac#

Xist#reac;vated#on#previously#ac;ve#X#

Aberrant X inactivation during SCNT 
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X-linked gene 
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X-linked gene 
OFF 

Controlling locus of X inactivation: 

Target genes of X inactivation: 
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Aberrant X inactivation during SCNT 



E. Heard, March 31tsr 2014 

Bao et al, 2004. “Initiation of epigenetic reprogramming of the X chromosome in somatic nuclei 
transplanted to mouse oocyte” 
• The inactive X is reactivated following SCNT and then initiates inactivation again at the 4-cell stage  
• The  active X shows aberrant Xist expression and initiates aberrant XCI… leading to cellular pertubations 
due to X-chromosome functional nullisomy 
 

Aberrant reactivation of Xist from the active X in a somatic cells results in up-
regulation of the single X in male and of both X chromosomes female nuclei  

used in SCNT experiments 

Rescue of this phenotype when Xist RNA is DEPLETED in the donor nucleus  
-  Dramatically increased birth rates of male and female  clones and decreased post-natal  defects  
-  birth rate was further improved to about 20% by combining Xist-siRNA with 50nM trichostatin A 

(TSA) treatment (Matoba et al, PNAS, 2011) 

Aberrant X inactivation during SCNT 

SCNT leads to aberrant epigenetic memory AND  
aberrant activation of some genes (eg Xist) which can result 

in further aberrant events (eg X inactivation) 
 
 



E. Heard, March 31st, 2014 

The behaviour of the X demonstrates that: 
(i)  The treatment of chromatin in the zygote is not equivalent to 

that in pluripotent cells (ICM or ES or iPS) 
(ii)  Zygotic reprogramming leaves a somatic memory on the Xi 

and aberrantly activates the Xist gene on the Xa 
(iii) Memory on the Xi is erased in the ICM/ES/iPS (see Eggan et al, 

2005; Okamoto et al, 2004) 

 Reprogramming events occur rapidly during SCNT 
 High frequency of aberrant gene regulatory events  
=>due to maternal factors acting on somatic chromatin (not sperm) 
  Pluripotency factors are not involved initially – but become 

reactivated during SCNT (eg Oct4, Sox2) 
 Histone variants seem to play a key role in promoting (H3.3) or 

preventing (mH2A) gene activity during SCNT reprogramming 
May “interfere” with normal developmental program during SCNT 

SUMMARY  
REPROGRAMMING MECHANISMS DURING SCNT#



E. Heard, March 31st  2014 Adapted from Cantone and Fisher; 2013; Jullien et al, 2011 

Zygotic 
Reprogramming   
=> totipotency 

Germ Line 
Reprogramming  
=> unipotency 

ICM 
Reprogramming  
=> pluripotency 

Developmental and Experimental Reprogramming!

In#the#early#embryo,#TH2A#and#TH2B#bind#to#
DNA#and#induce#an#open#chroma;n#structure#
in#the#paternal#genome,#thereby#contribu;ng#
to#its#ac;va;on#a?er#fer;liza;on.#
#
These#results#indicate#that#TH2A/TH2B#might#
induce#reprogramming#by#regula;ng#a#
different#set#of#genes#than#the#Yamanaka#
factors,#and#that#these#genes#are#involved#in#
the#genera;on#of#to;potent#cells#in#oocyteG
based#reprogramming#as#seen#in#SCNT.#
#
"We#believe#that#TH2A#and#TH2B#in#
combina;on#enhance#reprogramming#because#
they#introduce#a#process#that#normally#
operates#in#the#zygote#during#fer;liza;on#and#
SCNT,#and#lead#to#a#form#of#reprogramming#
that#bears#more#similarity#to#oocyteGbased#
reprogramming#and#SCNT"#explains#Dr.#Ishii.#

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Reprogramming by cell fusion 
Rapid suppression of somatic program (1-2d) and 

activation of pluripotency genes (within 1-2d) 
Pluripotency factors improve efficiency 

Reactivation of Xi ~9d  
(COURS III see last week) 



E. Heard, March 31st  2014 Adapted from Cantone and Fisher; 2013; Jullien et al, 2011 

Zygotic 
Reprogramming   
=> totipotency 

Germ Line 
Reprogramming  
=> unipotency 

ICM 
Reprogramming  
=> pluripotency 

Developmental and Experimental Reprogramming!

In#the#early#embryo,#TH2A#and#TH2B#bind#to#
DNA#and#induce#an#open#chroma;n#structure#
in#the#paternal#genome,#thereby#contribu;ng#
to#its#ac;va;on#a?er#fer;liza;on.#
#
These#results#indicate#that#TH2A/TH2B#might#
induce#reprogramming#by#regula;ng#a#
different#set#of#genes#than#the#Yamanaka#
factors,#and#that#these#genes#are#involved#in#
the#genera;on#of#to;potent#cells#in#oocyteG
based#reprogramming#as#seen#in#SCNT.#
#
"We#believe#that#TH2A#and#TH2B#in#
combina;on#enhance#reprogramming#because#
they#introduce#a#process#that#normally#
operates#in#the#zygote#during#fer;liza;on#and#
SCNT,#and#lead#to#a#form#of#reprogramming#
that#bears#more#similarity#to#oocyteGbased#
reprogramming#and#SCNT"#explains#Dr.#Ishii.#

Soma;c#cell#program#suppressed#and#
ac;va;on#of#zygo;c#genes#within#2#
days;#ac;va;on#of#Oct4#within#36h#

Reprogramming by OKSM? 
Rapid silencing of some somatic cells (1-2d) but much later 

pluripotency gene reactivation (8-12d) 
Late X reactivation >12d 



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

incapacity to form adult chimeras)  
            

Mechanisms of induced pluripotency by TFs 
Acquisition of pluripotent state is slow (2-3 weeks) and inefficient (0.1-3%) 
⇒  TFs must need to overcome various epigenetic roadblocks or barriers…? 

#fibroblasts#go#through#a#process#reminiscent#of#a#mesenchymalGtoG
epithelial#transi;on#(MET)#within#a#few#days#of#OKSM#expression#(Li#et#
al.,#2010;#SamavarchiGTehrani#et#al.,#2010).##
#
At#the#epigene;c#level,#widespread#remodeling#of#certain#histone#
modifica;ons,#but#not#of#DNA#methyla;on#paperns,#occurs#within#the#
first#few#cell#divisions#of#iPSC#induc;on#(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#
doxGinducible#OKSM#expression#in#soma;c#cells#(Stadqeld#et#al.,#2010),#
to#purify#intermediate#stages#of#iPSC#forma;on#with#the#goal#to#
elucidate#the#nature#and#sequence#of#molecular#changes#specific#to#
cellular#reprogramming#

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) 

 

Oct4#Soma;c##
gene# Oct4#

Self-renewing, 
“iPS” pluripotent cell 

Kinetic studies of reprogramming have shown that somatic cells regain pluripotency via a multistep process in which 
structural changes to chromatin and loss of DNA methylation precede activation of pluripotency-associated genes.  
Silencing of the somatic program has been reported to occur faster than reactivation of the pluripotency network in iPSCs 
and cell fusion–based systems.  
 
It has been proposed that genes that are actively transcribed in the somatic nucleus are accessible for silencing, whereas 
pluripotency-associated genes are relatively inaccessible or ‘occluded’ by the stable binding of repressive complexes. 
Although histone modifications and structural changes that are associated with a more open chromatin conformation can be 
observed very early during reprogramming, it is possible that stable expression of pluripotency genes requires more 
extensive chromatin remodeling. (Foshay, K.M. et al. Embryonic stem cells induce pluripotency in somatic cell fusion 
through biphasic reprogramming. Mol. Cell 46, 159–170 (2012) 
 
Several studies in different systems have suggested that DNA methylation is a crucial barrier for reprogramming that must be 
removed for the effective reactivation of pluripotency genes100,116,117,119  E. Heard, March 31st  2014 



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

incapacity to form adult chimeras)  
            

Mechanisms of induced pluripotency by TF 
Acquisition of pluripotent state is slow (2-3 weeks) and inefficient (0.1-3%) 
⇒  TFs must need to overcome various epigenetic roadblocks or barriers…? 

#Fibroblasts#go#through#a#process#reminiscent#of#a#mesenchymalGtoG
epithelial#transi;on#(MET)#within#a#few#days#of#OKSM#expression#(Li#et#
al.,#2010;#SamavarchiGTehrani#et#al.,#2010).##
#
At#the#epigene;c#level,#widespread#remodeling#of#certain#histone#
modifica;ons,#but#not#of#DNA#methyla;on#paperns,#occurs#within#the#
first#few#cell#divisions#of#iPSC#induc;on#(Koche#et#al.,#2011).##
#
However,#intermediate#and#late#stages#of#reprogramming#have#
remained#inaccessible#for#more#detailed#molecular#analyses.#
#
Polo#et#al#2012#use#a#transgenic#system#that#enables#homogeneous#
doxGinducible#OKSM#expression#in#soma;c#cells#(Sta?feld#et#al,#2010)#
to#purify#intermediate#stages#of#iPSC#forma;on#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 

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) 

 

at,enhancers,=>,poising,them,for,later,ac*va*on?,

loss,of,DNA,methyla*on,

Independence,from,exogenous,OKSM,
SelfJsustaining,feedback,loop,

E. Heard, March 31st  2014 



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 
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#mesenchymalGtoG
epithelial#transi;on#(MET)#within#a#few#days#of#OKSM#expression#(Li#et#
al.,#2010;#SamavarchiGTehrani#et#al.,#2010).##
#
At#the#epigene;c#level,#widespread#remodeling#of#certain#histone#
modifica;ons,#but#not#of#DNA#methyla;on#paperns,#occurs#within#the#
first#few#cell#divisions#of#iPSC#induc;on#(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#
doxGinducible#OKSM#expression#in#soma;c#cells#(Stadqeld#et#al.,#2010),#
to#purify#intermediate#stages#of#iPSC#forma;on#with#the#goal#to#
elucidate#the#nature#and#sequence#of#molecular#changes#specific#to#
cellular#reprogramming#
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Early-passage iPSC lines 
tend to differentiate 

preferentially into the cell 
lineage of origin 

Widespread 
remodeling of certain 
histone modifications, 

but not of DNA 
methylation patterns, 
occurs within the first 
few cell divisions of 

iPSC induction  
(Koche et al., 2011).  

 

“Mesenchymal-to-Epithelial transition” (MET)  
“Transition épithélio-mésenchymateuse”   
(Li et al., 2010; Samavarchi-Tehrani et al., 2010).  

Polo et al 2012 - dox-
inducible OKSM 

expression & purify 
intermediate stages 

1.  Early cell cycle changes and transitions to an epithelial state 
2.  Cells that continue to express somatic genes in the population are refractory to subsequent events 
3.  Later hierarchical activation of the pluripotency network; independence from exogenous TFs  
Changing cell identity is accompanied by several epigenetic changes, with genome-wide resetting of 
DNA methylation status and X-chromosome reactivation being amonst the last events  
(Buganim et al., 2012; Golipour et al., 2012; Polo et al., 2012).  

Reporgramming 
cultures = 

heterogenoeus 
populations 

Resolved based on 
cell surface markers 

(SSEA1+/-) 

Cell division is 
required for 

reprogramming 
 

All cells can be 
reprogrammed but a 
subset of cells with 

“ultrafast” cell cycle 
may be priviledged DNA demethylation  

Self-renewing, 
“iPS” pluripotent cell 

Somatic cell population 
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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) 

 

eg Thy1 

eg cell cycle genes 

eg Fbxo15, Sall4 

eg Sox2, Nanog 

eg Thy1 

eg cell cycle genes 

eg Fbxo15, Sall4 

eg Sox2, Nanog 

OSK#can#bind#all#genes#that#are#ac;ve#(ie#fibroblast#/#soma;c#cell#genes)#

Although histone modifications and structural changes that are 
associated with a more open chromatin conformation can be observed 
very early during reprogramming, it is possible that stable expression of 
pluripotency genes requires more extensive chromatin remodeling. 
(Foshay, K.M. et al. Embryonic stem cells induce pluripotency in 
somatic cell fusion through biphasic reprogramming. Mol. Cell 46, 
159–170 (2012) 
 
Several studies in different systems have suggested that DNA 
methylation is a crucial barrier for reprogramming that must be 
removed for the effective reactivation of pluripotency genes#

+ OKSM 

E. Heard, March 31st  2014 
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OSK#can#bind#all#genes#that#are#ac;ve#(ie#fibroblast#/#soma;c#cell#genes)#

OKS cooperatively suppress lineage-specific genes and activate ES-cell related 
genes  - leading to self sustaining pluripotency network.  
 
c-Myc cannot find targets alone but amplifies PolII transcription and functions 
early - stimulates cell proliferation, metabolic switch to glycolytic pathway. 
 

Initial chromatin state of genes determines whether they will be bound by the exogenous OKS TFs: 
• Genes that are actively transcribed in the somatic nucleus are accessible for OKS binding  => suppression of somatic genes 
(eg via Polycomb), expression of cell cycle and MET genes (specify early reprogramming) 
 
• Some pluripotency genes show enhancer OKS  binding initially (eg Fbxo15 and Sal4) 
 
• Some (eg Sox2, Nanog) are relatively inaccessible or ‘occluded’ by the binding of repressive complexes (H3K9me2/3) 
 
• H3K9methylation is the main epigenetic barrier during the intermediate pre-iPSC state, and its removal leads to fully 
reprogrammed iPSCs (Chen et al, 2013; Sridharan et al, 2013) 
 
• Some pluripotency genes have to be actively DNA demethylated? (eg Oct4) 

 

Although histone modifications and structural changes that are 
associated with a more open chromatin conformation can be observed 
very early during reprogramming, it is possible that stable expression of 
pluripotency genes requires more extensive chromatin remodeling. 
(Foshay, K.M. et al. Embryonic stem cells induce pluripotency in 
somatic cell fusion through biphasic reprogramming. Mol. Cell 46, 
159–170 (2012) 
 
Several studies in different systems have suggested that DNA 
methylation is a crucial barrier for reprogramming that must be 
removed for the effective reactivation of pluripotency genes#
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Numerous epigenetic modifiers are implicated in inhibiting or 
facilitating the early and intermmediate steps 

+ OKSM 

Histone modifying enzymes interact directly with, and 
are targeted by, OKS factors - 

 Oct4 in particular  

Drugs that interfere with histone modifying enzymes facilitate reprogramming process: 
Eg Valproic acid, TSA, SAHA  (HDAC inhibitors) 
BIX 01294 (G9a H3K9me HMT inhibitor) 
Parnate (LSD1 H3K9me/K4me demethylase) 
 
Chemical modulators of signalling pathways can also improve reprogramming: 
Eg GSK3 inhibitor (activates Wnt signaling) and MEK inhibitors (“2i” medium) 
 
See Zhang, Li, Laurent and Ding, 2012 for review 
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1.,early,cell,cycle,changes,and,transi*ons,to,an,epithelial,state,,
2.,followed,by,hierarchical,ac*va*on,of,the,pluripotency,
network,and,independence,from,exogenous,expression,of,the,
reprogramming,factors,(Buganim,et,al.,,2012;,Golipour,et,al.,,
2012;,Polo,et,al.,,2012).,,
3.,change,in,cell,iden*ty,is,accompanied,by,several,epigene*c,
changes,,with,genomeJwide,reseXng,of,DNA,methyla*on,
status,being,one,of,the,last,events,(Polo,et,al.,,2012).,,
⇒  Passive,(via,dilu*on,during,cell,division),,vs,ac*ve,DNA,

demethyla*on…?,,
⇒  Recent,discovery,of,the,TenJ,Eleven,Transloca*on,(Tet1,,

Tet2,,and,Tet3),proteins,that,oxidize,5Jmethylcytosine,
(5mC),to,5Jhydroxymethylcytosine,(5hmC),raise,possibility,
of,ac*ve,removal,of,the,methyl,mark,Costa,et,al,,2013,and,
Gao,et,al,,2013.,

Costa,and,colleagues,performed,highaffinity,purifica*on,of,
bio*nJtagged,Nanog,from,ESCs,and,recovered,Tet1,as,a,novel,
interactor,(Costa,et,al.,,2013).,They,next,derived,par*ally,
reprogrammed,clonal,lines,,star*ng,from,either,neural,stem,
cells,(NSCs),or,MEFs,,that,can,convert,to,fully,reprogrammed,
iPSCs,upon,overexpression,of,Nanog,and,the,inhibi*on,of,the,
MEK,and,GSK,pathways,(the,2i,condi*on),(Costa,et,al.,,2013).,
This,NanogJdependent,conversion,to,an,iPSC,state,was,
sensi*ve,to,Tet1,levels,in,that,it,was,enhanced,by,
overexpression,

DNA Methylation changes during iPS induction 

Early Intermediate Late 

TET enzymes? 

Dnmt3a and Dnmt3b KO have no effect on reprogramming (Pawlak and Jaenisch, 2011). 
⇒  silencing of lineage-specific genes is mainly via H3K27 or H3K9 methylation? 
 
Endogenous pluripotency genes are initially methylated – how are they demethylated? 
-  Decreased Dnmt1 levels facilitate reprogramming => some passive loss 
-  TET 1 + 2 enzymes interact directly with Nanog  
-  TET1/2/Nanog over-expression facilitates iPS 
-  TET1 overexpression can substitute for Oct4 in iPS reprogramming => TET1 probably 

required for activation of endogenous pluripotency genes…but still not clear How!#
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DNA Methylation changes during iPS induction 

Tet2 is required during early phases of iPS reprogramming for remodeling the 
chromatin at the promoters of key pluripotency genes in a demethylation-independent 
manner. Doege, C.A. et al. Early-stage epigenetic modification during somatic cell reprogramming by Parp1 
and Tet2. Nature 488, 652–655 (2012).  
 Tet1 also increases iPS reprogramming efficiency – probably by accelerating Oct4 
transcriptional activation. Tet1 interacts with both Oct4 and Nanog, and a complex 
including Oct4, Nanog, and Tet1 may exist. Tet1 can replace Oct4 in the rOKSM 
reprogramming cocktail. Costa et al. (2013) and Gao et al. (2013). 

Early Intermediate Late 

Active or passive DNA demethylation? (as for germ line, not entirely clear…) 

TET enzymes? 

Costa et al. and Gao et al. show that Tet1 is an important component of the reprogramming 
process (although ESCs with a double knockout of Tet1 and Tet2 maintain pluripotency 
and can form viable, fertile offspring) (Dawlaty et al., 2013). 
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TET Enzymes, Vitamin C and iPS 

Vitamin C enhances the efficiency of iPS cell generations (Esteban et al, 2010).  
 
Vitamin C also improves the quality of reprogramming, allowing the generation of all-
iPSC mice from both mouse fibroblasts and B lymphocytes (Stadtfeld et al, 2012).  
 
Vitamin C – maintains normal maternal expression of some imprinted genes (eg Dlk1-
Dio3 ), participates in overcoming the H3K9me epigenetic barrier, modulates Tet1 
action (positive or negative) in reprogramming (Chen et al, 2013)… 



From Apostolou and Hochedlinger, Nature 2013 

Factors involved in the Induction of Pluripotency 
Ectopic#Oct4#
Expression#Is#
Dispensable#
for#the#
Maintenance#
of#iPS#Cells#
(Maherali#et#
al,#2007)#

Different#transcrip;on#factors#that#have#been#shown#to#
trigger#induced#pluripotency,#with#the#most#broadly#used#
combina;on#(Oct4,#Klf4,#Sox2,#cGMyc)#highlighted.#Some#
molecules#have#been#shown#to#facilitate#(black)#or#inhibit#
(red)#reprogramming.#Bone#morphogene;c#proteins#
(BMPs)#and#Wnts#have#stageGdependent#enhancing#or#
suppressive#roles#during#iPSC#forma;on.#RBPs,#RNA#
binding#proteins.#

E. Heard, March 31st  2014 



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

incapacity to form adult chimeras)  
            

Nuclear and chromosome reorganisation during iPS 

E. Heard, March 31st 2014 

#Fibroblasts#go#through#a#process#reminiscent#of#a#mesenchymalGtoG
epithelial#transi;on#(MET)#within#a#few#days#of#OKSM#expression#(Li#et#
al.,#2010;#SamavarchiGTehrani#et#al.,#2010).##
#
At#the#epigene;c#level,#widespread#remodeling#of#certain#histone#
modifica;ons,#but#not#of#DNA#methyla;on#paperns,#occurs#within#the#
first#few#cell#divisions#of#iPSC#induc;on#(Koche#et#al.,#2011).##
#
However,#intermediate#and#late#stages#of#reprogramming#have#
remained#inaccessible#for#more#detailed#molecular#analyses.#
#
Polo#et#al#2012#use#a#transgenic#system#that#enables#homogeneous#
doxGinducible#OKSM#expression#in#soma;c#cells#(Sta?feld#et#al,#2010)#
to#purify#intermediate#stages#of#iPSC#forma;on#with#the#goal#to#
elucidate#the#nature#and#sequence#of#molecular#changes#specific#to#
cellular#reprogramming#

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) 

 

OSK#can#bind#all#genes#that#are#ac;ve#(ie#fibroblast#/#soma;c#cell#genes)#

Although histone modifications and structural changes that are 
associated with a more open chromatin conformation can be observed 
very early during reprogramming, it is possible that stable expression of 
pluripotency genes requires more extensive chromatin remodeling. 
(Foshay, K.M. et al. Embryonic stem cells induce pluripotency in 
somatic cell fusion through biphasic reprogramming. Mol. Cell 46, 
159–170 (2012) 
 
Several studies in different systems have suggested that DNA 
methylation is a crucial barrier for reprogramming that must be 
removed for the effective reactivation of pluripotency genes#

Nuclear and chromosomal organisation may also participate 
in the establishment of pluripotency 

However cause and effect may be difficult to distinguish! 



Previous work showed that loss of Mbd3  
in ESCs led to impaired lineage commitment (Kaji et al, 2006) 

In Rais et al, Mbd3 not found to be expressed in pre-implantation 
embryos  and ICM of blastocyst  
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Overcoming Epigenetic Barriers in Reprogramming? 

Hochedlinger&and&Plath&(2009)&Development#136,#509G523.#

Epigenetic reprogramming & 
induced pluripotency hQp://www.ipscell.com/2013/10/jacobVhannaVonVradicallyV

determinis-cVreprogrammingVtmm2013/#
Posted#on#October#23,#2013##
What#is#“radically#determinis;c”#cellular#reprogramming?#
Jacob#Hanna’s#lab#recently#published#a#very#high#profile#Nature#paper#
on#nearly#100%#efficient#iPS#cell#forma;on#based#on#targe;ng#a#factor#
called#Mbd3.#This#super#efficiency#is#a#major#departure#from#past#
reported#efficiencies.#
This#morning#here#at#the#Till#&#McCulloch#Stem#Cell#Mee;ng#in#Banff,#
Hanna#gave#an#intriguing#talk#telling#us#more#about#his#lab’s#efforts#in#
this#area.#He#also#fielded#some#incisive#ques;ons#from#the#audience#
(including#2#from#me)#a?er#his#talk.#
A#dominant#model#in#the#reprogramming#field#recently#has#been#that#
there#are#two#main#types#of#reprogramming#elements#or#phases:#
stochas;c#(random)#and#determinis;c#(in#a#stepwise,#orderly#fashion).#
In#his#talk#today#Hanna#postulated#that#there#are#key#drivers#and#
barriers#to#the#process#and#further#that#by#manipula;ng#them#perhaps#
we#could#make#reprogramming#more#determinis;c.#He#analogized#the#
drivers#to#accelerators#in#a#car,#while#the#barrier#factors#were#the#
brakes.#
In#terms#of#data,#he#first#talked#about#a#reprogramming#driver#called#
Utx1,#a#Jumanji#family#histone#demethylase.#Utx1#promotes#
reprogramming#by#removing#K27me3#marks#from#pluripotency#genes#
(see#a#Nature#paper#from#the#Hanna#lab#on#this#work#here).#
How#does#this#work?#
Hanna#indicated#that#Utx1#directly#binds#to#the#key#reprogramming#
factors#Oct4,#Sox2,#and#Klf4#(OSK)#and#recruits#them#to#derepress#
silenced#pluripotency#genes.#Presumably#in#this#kind#of#model,##
therefore,#OSK#overexpression#would#have#to#occur#prior#to#Utx1{s#
driver#func;on#being#invoked#because#soma;c#cells#don’t#expression#
OSK.#
Hanna#shi?ed#gears#and#focused#in#the#remainder#of#his#talk#on#the#
factor#Mbd3#as#a#suppressor#of#cellular#reprogramming.#
Most#people#making#iPS#cells#accept#the#no;on#that#reprogramming#
has#been#in#the#past#a#mixture#of#stochas;c#and#determinis;c#phases.#
However,#the#Hanna#Lab#paper#(Rais,#et#al.)#found#that#by#lowering#the#
levels#of#or#elimina;ng#Mbd3#they#could#shi?#things#to#be#remarkably#
determinis;c.#
I#reviewed#that#paper#in#a#previous#blog#post#and#noted#some#open#
ques;ons#about#the#mechanisms#involved#in#exactly#how#loss#of#the#
Mbd3#protein#leads#to#such#a#high#level#of#reprogramming#efficiency.#
Hanna#went#through#the#work#in#his#paper#on#Mbd3#in#his#talk.#
Interes;ngly,#as#with#Utx1,#Hanna#argued#for#a#model#in#which#Mbd3#
also#directly#interacts#with#OSK#too#and#he#specifically#men;oned#that#
it#does#this#via#its#Mbd#protein#domain.#
I#asked#Hanna#during#the#Q&A#a?er#his#talk#whether#Mbd3#and#Utx1,#
since#they#both#bind#OSK,#could#be#in#a#complex#together#as#well.#
He#said#that#issue#remains#unclear,#but#it#is#something#they#have#
thought#about#too.#I#also#asked#him#if#endogenous#Mbd3#and#
endogenous#Utx1#bind#endogenous#OSK.#He#said#they#do#form#
endogenous#complexes.#
He#also#men;oned#in#his#reply#that#he#saw#my#cri;que#of#his#Mbd3#
paper#on#my#blog#where#I#had#men;oned#my#concern#that#perhaps#
Mbd3#only#binds#OSK#when#they#are#overexpressed#to#
supraphysiological#levels#and#he#said#endogenous#interac;on#was#
shown#in#supplemental#data.#
So,#being#a#s;ckler,#I#took#a#look#at#the#paper#a?er#his#talk#to#refresh#
my#memory.#I#had#recalled–in#my#memory#at#least–that#the#
supplemental#data#showed#another#NURD#complex#member#(Chd4),#
but#not#Mbd3#binding#to#the#reprogramming#factors#(and#importantly#
binding#to#not#endogenous##but#rather#exogenous#reprogramming#
factors#induced#by#Dox).#Indeed#that#is#what#can#be#found#in#
Supplemental#Figure#9#here#of#his#paper.#Further,#one#should#note#that#
the#levels#of#reprogramming#factor#binding#to#Chd4#are#rather#low#
overall.#As#a#result,#I’m#not#a#full#believer#in#this#proposed#mechanism.#
Hanna#called#reprogramming#without#Mbd3#by#the#moniker#“radically#
determinis;c”#reprogramming,#which#I#thought#was#notable#as#a#new#
catch#phrase.#
From#the#audience#came#some#tough,#but#very#smart#ques;ons#a?er#
mine.#
Someone#asked#if#loss#of#Mbd3#would#predispose#to#cancerous#cellular#
behavior#and#the#answer#seemed#to#be#“yes”#so#that’s#a#poten;al#
concern,#however#all#reprogramming#factors#seem#to#be#linked#to#
cancer#one#way#or#another.#Thus,#as#Hanna#added,#the#key#may#be#the#
use#of#transient#molecular#interven;ons#such#as#via#small#molecules#
that#do#not#leave#gene;c#fingerprints#in#the#resul;ng#iPS#cells.#This#
point#resonated#with#Hongkui#Deng’s#talk#a#bit#later#today#on#allG
chemical#reprogramming.#
Another#audience#member#who#I#believe#was#the#PI#of#a#lab#pointed#
out#that#the#DoxGinducible#secondary#reprogramming#system#that#
Hanna#used#was,#in#his#lab’s#hands,#already#30G80%#efficient#without#
doing#anything#to#Mbd3.#I#don’t#think#this#point#was#resolved.#It#is#also#
notable#that#in#a#separate#talk#today,#Andras#Nagy#also#highlighted#
that#reprogramming#using#the#soGcalled#“secondary”#system#of#
fibroblasts#made#from#mice#made#from#iPS#cells#(again#with#no#Mbd3#
interven;on)#had#extremely#high#efficiency.#
Finally,#another#person#asked#if#Hanna#had#tested#whether#his#
reprogrammed#cells#with#Mbd3#lossGofGfunc;on#were#“truly#
pluripotent”#as#in,#as#she#put#it,#“able#to#form#murine#chimeras”.#
Hanna#was#confident#that#the#Oct#and#Nanog#reporters#faithfully#
showed#reprogramming#to#true#pluripotency,#but#I#wasn’t#clear#if#they#
had#done#rigorous#chimeric#mouse#assays#to#support#the#claim#that#
100%#of#cells#are#reprogrammed#to#true#pluripotency.#
Overall,#despite#the#tough#ques;ons#and#some#caveats#noted#above,#I#
thought#it#was#an#outstanding#talk#and#this#is#clearly#very#important#
work.#
Yes,#frankly,#I’m#not#yet#convinced#that#Mbd3#and#Utx1#both##func;on#
simply#by#directly#and#individually#binding#at#the#protein#level#with#
OSK,#but#I’m#sure#the#mechanisms#will#be#ironed#out.##I’ll#be#very#
curious#to#follow#the#work#from#Hanna’s#lab#(and#possibly#others)#as#
they#delve#more#into#the#molecular#mechanisms.#Much#of#this#is#going#
to#depend,#as#he#indicated,#on#the#nature#of#these#powerful#protein#
complexes.#
##
#

  Mbd3 depletion in fibroblast leads to rapid, 
100% iPS efficiency! 

  Mbd3 is NOT present at OKS target genes prior 
to exogenous OKSM. 

  Mbd3/NURD become recruited (directly?) after 
OKSM induction –  and act as repressors of 
pluripotency genes, counteracting reactivation. 

  OKS and the positive iPS propelling factos Utx 
and Wdr5 were both essential even in Mnd3 -/- 
cells. 

  => “Gas and Brakes” model: OKSM interact 
with multiple partners that both promote (Utx, 
Wdr5) and prevent (Mbd3, NuRD) pluripotency 
gene activation. Absence of Mbd3 allows 
uninterrupted progression of iPS – with no 
“intermediate” phase – but possible higher risk 
of uncontorlled proliferation? 

Reis et al (2014) “Deterministic direct reprograming 
of somatic cells to pluripotency”. Nature 502, 65-70. 



Apostolou#and#Hochedlinger,#NRG,#2015#

Several#studies#have#shown#that#by#perturbing#the#epigene;c#
landscape#of#the#soma;c#target,#cellular#plas;city#and#reprogramming#
success#can#be#increased.#For#example,#enhancing#the#levels#of#histone#
modifica;on#associated#with#gene#ac;va;on#increases#reprogramming#
efficiency,#most#likely#by#favoring#chroma;n#accessibility.#Inhibi;on#of#
histone#deacetylases#by#various#drug#treatments#(such#as#valproic#acid#
or#sodium#butyrate)#also#enhances#reprogramming94–99.#Similarly,#
the#deposi;on#of#H3K4me3#(another#histone#modifica;on#associated#
with#gene#ac;va;on)#facilitates#the#ac;va;on#of#pluripotency#
genes100,101,#whereas#downregula;on#of#Wdr5,#an#effector#of#
H3K4me3#and#core#member#of#mammalian#Trithorax#complex,#impairs#
induced#pluripotent#stem#cell#(iPSC)#reprogramming102.#In#contrast,#
preven;ng#the#deposi;on#of#repressive#histone#marks#(or#facilita;ng#
their#removal)#enhances#reprogramming.#For#example,#inhibi;on#of#
Dnmt1#(ref.#100)#or#G9a103,104#(an#H3K9me2Gspecific#
methyltransferase)#improves#the#genera;on#of#iPSCs.#Similarly,#loss#of#
H3K9me3#by#G9a#deple;on,#or#overexpression#of#the#H3K9#
demethylase#Kdm3a#(Jhdm2a),#has#been#reported#to#facilitate#the#
reac;va;on#of#pluripotency#genes#upon#cell#fusion–mediated#
reprogramming105,106.#Soma;c#cells#that#lack#the#H3K27me3#histone#
demethylase#Kdm6a#(Utx)#cannot#stably#reac;vate#the#pluripotency#
network#and#cannot#generate#stably#reprogrammed#NanogGposi;ve#
iPSCs77.#

Summary on Mechanisms of induced Pluripotency 

E. Heard, March 31st  2014 

Some similarities to developmental reprogramming –  
shutting down of somatic gene expression; activation of pluripotent or totipotent program 

but also major differences – in precision, timing and efficiency 



iPS#cells#and#OF#are#most#alike#in#that#they#
both#have#shut#off#a#bunch#of#differen;a;onG
associated#genes,#sugges;ng#the#idea#that#
induced#pluripotency#and#malignant#
tumorigenicity#share#that#requisite#step#of#
wiping#the#slate#clean#of#differen;a;on#genes.#
#
iPS#cells#and#OF#foci#also#shared#aspects#of#
cellular#metabolism.#
#
We#found#that#OF#could#be#converted#into#iPSG
like#cells#by#reprogramming#factors,#a#process#
that#intriguingly#was#par;cularly#dependent#on#
Nanog.#However,#the#reprogrammed#OF#(ROF)#
did#not#make#it#back#to#a#state#of#being#exactly#
iPS#cells#despite#us#trying#several#different#
ways#to#do#this,#sugges;ng#that#tumorigenesis#
may#include#events#that#impeded#
reprogramming.#
#
So#what#does#this#mean#in#the#big#picture?#
#
I#believe#that#iPS#cells#and#cancer#cells#are,#
while#not#the#same,#close#enough#to#be#called#
siblings.#As#such,#the#clinical#use#of#iPS#cells#
should#wait#for#a#lot#more#study.#Even#if#
scien;sts#do#not#use#iPS#cells#themselves#for#
transplants,#but#instead#use#differen;ated#
deriva;ves#of#iPS#cells,#the#risk#of#pa;ents#
ge~ng#malignant#cancers#cannot#be#ignored.#
#
At#the#same#;me,#the#studies#suggest#possible#
ways#to#make#iPS#cells#safer#and#support#the#
no;on#of#reprogramming#cancer#cells#as#an#
innova;ve#new#cancer#therapy.#

E. Heard, March 31st, 2014 

Similar Epigenetic Barriers in Reprogramming and Cancer? 

• Similar epigenetic barriers are faced by nascent iPS cells and pre-malignant cells 
• Same epigenetic regulators, Utx, mH2A, Jhdm1b, PRC2, Tet2, Dnmts are involved in iPS 
and tumorigenesis 
• Progentior and stem cells may be more prone to tumorigensis and reprogramming than 
differenitated cells – due to a more “permissive” epigenetic environment (eg much lower 
H3K9 methylation and DNA methylation)? 
⇒ Must check iPSCs stringently for mutation or epimutation prior to any therapeutic use!! 
⇒ Or direct programming as an alternative to induced pluripotency and redifferentiation… 

Apostolou#and#Hochedlinger,#NRG,#2015#



Wapinski et al, Cell (2013) “Hierarchical Mechanisms for Direct Reprogramming of Fibroblasts to Neurons”  
 

t#the#beginning#of#cellular#reprogramming,#
gene#regulatory#proteins#Oct#4#(O),#Sox2#(S)#
and#Klf4#(K)#enter#the#chromosomes#at#silent#
genes#and#allow#cGMyc#(M)#binding.#However,#
there#are#large#chromosomal#domains#that#
contain#par;cular#epigene;c#marks#(red#
triangles)#that#prevent#O,#S,#K,#M#from#binding.#
Erasing#the#marks#allows#the#regulatory#
proteins#to#bind#and#promotes#the#process#of#
cellular#reprogramming.#
#
Credit:Kenneth#Zart,#PhD,#Perelman#School#of#
Medicine#

E. Heard, March 31st, 2014 

Direct cell conversion mechanisms  

• Ascl1 acts as “on-target” pioneer factor - immediately occupies cognate sites in fibroblasts. 
• Brn2 and Myt1l do not access fibroblast chromatin productively on their own -rely on Ascl1 
• Unique trivalent chromatin signature (H3K4me1, H3K27acetyl, and H3K9me3) in the host cells predicts 
the permissiveness for Ascl1 pioneering activity among different cell types.  
⇒  a precise match between pioneer factors and the chromatin context at key target genes determines 

transdifferentiation to neurons and likely other cell types. 
 

Hierarchical mechanism for direct conversion of fibroblasts into induced neuronal cells  
by the transcription factors Ascl1, Brn2, and Myt1l.  

 



E. Heard, March 31st, 2014 

“The idea that the differentiated state of a cell may not be terminal but rather, 
stable, underscores the importance of identifying environmental factors that 

maintain the stable differentiation cell state, an aspect that has not been widely 
explored and that might offer novel solutions for producing fully functional mature 

cell types from human pluripotent stem cells.” 
Sanchez- Alvarez and Yamanaka, Cell 40th Anniversary issue 

“Rethinking Differentiation: Stem Cells, Regeneration, and Plasticity” 

Hochedlinger&and&Plath&(2009)&Development#136,#509G523.#

CONCLUSION 




