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THESIS ABSTRACT 

 

Mouse embryonic stem (ES) cells derived from the inner cell 

mass of the blastocyst can be maintained in culture, under 

pluripotent conditions, using Serum+LIF medium. However, it 

has been published that the minimal combination of two 

compounds (GSK3 and MEK inhibitors) can sustain mouse ES 

cell self- renewal in absence of serum inhibiting ERK and Wnt/ !-

catenin singaling pathways.  

Previous work of our laboratory has reported that periodic 

activation of the Wnt/!-catenin signalling pathway enhances 

reprogramming of somatic cells. Here we have demonstrated a 

dynamical interplay between !-catenin and Nanog in regulating 

both pluripotency and reprogramming. Specifically, fluctuations 

of Nanog affect !-catenin dynamics in serum+LIF, whereas, 

activation of the Wnt pathway, using Wnt3a or GSK3 inhibitors, 

causes !-catenin oscillations independent from Nanog. Moreover 

we have also proved that Nanog-mediate reprogramming depends 

on the indirect activation of the Wnt/!-catenin pathway.  

With our work we proposed a novel interaction between two 

parallel signalling pathways and provided a comprehensive 

mathematical model describing Nanog and !-catenin dynamics in 

mouse ES cells. 
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RESUMEN DE TESIS 

 

Las células madre embrionarias de ratón (ES) derivadas de la 

masa celular interna del blastocisto, se pueden mantener en estado 

de pluripotencia, utilizando condiciones de cultivo que contiene 

Suero + factor LIF. Sin embargo, se ha publicado que la 

combinación mínima de dos compuestos (inhibidores de GSK3 y 

MEK) pueden sostener la autorrenovación de las ES en ausencia 

de un suero represor de las vías de señalización ERK y Wnt/!-

catenina. 

Anteriores trabajos de nuestro laboratorio han demostrado que la 

activación periódica de la vía de señalización Wnt/!-catenina 

mejora la reprogramación de células somáticas. Aquí hemos 

demostrado que hay una interacción dinámica entre la !-catenina 

y Nanog en la regulación tanto de la pluripotencia como la 

reprogramación. Concretamente, las fluctuaciones de Nanog 

afectan a la dinámica de !-catenina en el medio con Suero + LIF, 

mientras que, la activación de la vía de señalización utilizando 

Wnt3a o inhibidores de GSK3, provoca oscilaciones de !-

catenina independientes de Nanog. Por otra parte, también hemos 

demostrado que la reprogramación mediada por Nanog es 

dependiente de la activación indirecta de la vía señalización de 

Wnt/!-catenina. 

Nuestro trabajo ha propuesto una nueva interacción entre dos vías 

de señalización paralelas, además ha proporcionado un modelo 

matemático amplio que describe la dinámica de Nanog y de !-

catenina en células ES de ratón. 



 iii!

PREFACE 
 

Oscillations, caused by the balance between positive and negative 

feedback loops, drive several developmental processes controlling 

gene expression. For example, somitogenesis is a fundamental 

process at the basis of vertebrae formation strictly regulated by 

oscillations of the Wnt/!-catenin pathway. Nevertheless the study 

of genes oscillation in vivo presents several limits. These issues 

were resolved by using mouse ES cells, which recapitulate 

embryonic development in vitro. ES cells fluctuate among 

different levels of potency reflecting a temporal heterogeneous 

expression profile of the pluripotency genes such Nanog and 

Rex1. We demonstrated that also !-catenin fluctuates between 

different expression levels influencing pluripotency and 

reprogramming. 

Dynamic gene expression is a pre-requisite for proper embryo 

development. Meta-stability and oscillations can be reproduced in 

culture and modelled to predict their impact on different 

developmental processes. 
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1. Stem Cells 

 

The “Stem Cell concept” was firstly introduced, by doctor Rudolf 

Carl Virchow. From his study on the “Cell theory” he concluded: 

"Every living thing comes from a living thing" (“Omne vivum ex 

ovo”). According to this theory each cell comes from another cell. 

For instance, every cell of our body derives from the zygote. Only 

in the end of the 19th century the biologist Ernst Haeckel used for 

the first time the term “Stammzelle” (German word for stem cell) 

to describe the ancestor from which all multicellular organism 

evolved (Haeckel 1868, and 1874). Nowadays Stem Cells are 

defined as undifferentiated cells, present in all pluricellular 

organisms, able to divide into different specialized cell types. 

Regardless their derivation, Stem Cells have three unique 

properties:!
1- Self-renewal. The ability of dividing and renewing 

themselves for long periods; 

2- Naïve state.  Unspecialized cells, not still committed 

towards a specific fate; 

3-  Differentiation. The potential to generate specialized 

cells. 

 

1.1.  Stem Cell power 

 

The zygote, the primordial totipotent stem cell, represents the 

earliest developmental stage of the embryo and it is generated by 

the fusion of two haploid cells (ovum and sperm). Upon 
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fertilization the zygote starts to proliferate and arrange a structure 

similar to a “mulberry” called morula (in Latin Mora). Then, 

morula’s cells differentiate and organize themselves into the 

blastocyst, a peculiar organization of cells characterized by a 

compact group of cells, called Inner Cell Mass (ICM), immersed 

in a fluid-filled cavity (Blastocoel). A ring of cells surrounds the 

ICM forming the outer layer of the blastocyst known as 

trophoblast. The ICM subsequently forms the embryo, while the 

trophoblast will give rise to the extra-embryonic tissues such as 

the placenta.  

At this stage, the cells of the blastocyst gastrulate into the three 

germ layers (Endoderm-Mesoderm-Ectoderm), contributing to the 

formation of all embryonic tissues (Fig 1). Because of the 

progressive lost of potential during the morula-blasotcyst 

transition, the pluripotent stem cells of ICM only support 

embryogenesis and do not participate in the genesis of the extra-

embryonic structures (Kelly, 1977). The cells of the ICM, in 

response to external and internal stimuli, further differentiate into 

multipotent progenitors, which can only follow few 

differentiation paths. Multipotent stem cells are present in the 

embryo as well as in the adult body and represent a reservoir of 

cells supporting normal tissue’s homeostasis together with 

bipotent or unipotent stem cells.  
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Figure 1. Overview of preimplantation development in mice. The pre-
epiblast lineage express Oct3/4, Nanog and Gata6 genes. The 
pluripotent epiblast lineage is defined by Nanog expression. The 
epiblast lineage will give rise to all three definitive germ layers of the 
embryo and it is the population from which mESCs are derived 
(Adapted from Czechanski A. et al. 2014). 
 

1.2.  Embryonic Stem Cells: origins and properties 

 

Embryonic Stem-like cells were originally purified from a 

malignat tumour containing both somatic and extraembryonic 

cells together with clusters of Embryonic Carcinoma (EC) cells 

(Solter et al., 1970; Stevens, 1970). 

Pluripotent EC cells can be isolated from the tumour and 

propagated in culture. Moreover EC cells can not only properly 

differentiate in vitro, generating all the three germ layers 

(Kleinsmith and Pierce, 1964; Martin and Evans, 1975) but also 

participate in embryogenesis after been injected into the 

developing embryo (contributing to different tissues) (Brinster, 

1974).  However, poor in vitro and in vivo differentiation 

potential, caused by the progressive accumulation of 

chromosomal aneuploidy, limits the utility of EC cells. 

Nevertheless they represented the first attempt of isolation of 

pluripotent stem cells and pave the way for the establishment of 
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the “real” embryonic stem cell culture. For the first time, in 1981, 

the derivation of Embryonic Stem (ES) cells directly from mouse 

blastocyst was reported (Evans and Kaufman, 1981; Martin, 

1981) and in 1998, ES cells from human embryos were derived 

(Thomson et al., 1998). Embryonic cells from the ICM of the 

blastocyst shared pivotal hallmark of EC cells, such as 

morphology, growth rate, marker expression and tumour initiation 

in vivo (Evans and Kaufman, 1981).Unlike EC cells, ES cells 

remain capable of contribuiting to embryogenesis regardless their 

in vitro manipulation. Moreover, maintaining a normal diploid 

karyotype, they efficiently contribute to adult tissues and germline 

transmission when injected into tetraploid balstocysts (Nagy et 

al., 1990; Nagy et al., 1993) and poorly to extraembryonic 

endoderm and trophoblast (Beddington and Robertson, 1989) 

 
1.3. Embryonic Stem Cell propagation: pluripotency vs 

differentiation 

 

ES cells can be propagated in culture generating a progeny of 

undifferentiated cells. However, the maintanance of the 

undifferentiated status is not cell autonomous, as it essentially 

depends on external stimuli. Initially, explanted ES cells were 

maintained in culture together with feeder layers that provide the 

trophic stimulation preventing their differentiation. Among the 

factors secreted by feeders, there is the Leukemia-Inhibiting 

Factor (LIF) that, in 1988, was proved to be an essential molecule 

to sustain ES cell self-renewal in presence of serum ((Fig. 2) 
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(Smith et al., 1988; Williams et al., 1988)). Actually feeders 

lacking the LIF gene were unable to support Stem Cell self-

renewal. 

LIF belongs to the family of interleukin (IL)-6-type cytokines. 

Once the LIF ligand binds to the LIF Receptor (LIFR) causes its 

heterodimerization with the gp130 subunit. 

The heterodimer LIFR-gp130 activates several intracellular 

signalling pathways including the JAK/STAT3, MAPK and 

PI3K/AKT. 

LIF/STAT3 axis has been shown to be necessary and sufficient to 

maintain self-renewal of mouse ES cells cultured in presence or 

not of serum (Matsuda et al., 1999; Niwa et al., 1998; Raz et al., 

1999). Due to its relevant role in preserving stemness, several 

studies have been done aimed at identifying STAT3 target genes 

that could be involved in this process. Recent findings revealed 

that STAT3 and Nanog share several target genes responsible of 

the balance between pluripotency and differentiation (Chen et al., 

2008). However, the mechanisms behind this intricate cascade of 

events are still not completely clear. 

During the last two decades, many efforts have been made to 

study the mechanisms regulating pluripotency and differentiation 

of mouse ES cells. Thanks to such studies, the identification of 

the “core pluripotency network” has been unveiled. It consists in a 

group of transcriptional factors: Oct4/Sox2 and Nanog 

orchestrating mouse ES cell fate (Niwa, 2007). 

Mutation of those genes causes ES cell differentiation (Avilion et 

al., 2003; Mitsui et al., 2003; Nichols et al., 1998) .  
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Oct3/4, encoded by the Pou5f1 gene, is essential to maintain 

pluripotency by preventing ES cell differentiation. In particular, 

deletion of the Oct3/4 gene has been associated with premature 

ES cell differentiation towards the trophoectoderm lineage (Niwa 

et al., 2000; Niwa et al., 2005). Moreover, the protein complex 

Oct3/4-Sox2 partially regulates the expression of the gatekeeper 

gene Nanog, from Tir nan Og, the mythological Celtic land of the 

ever young. Discovered in 2003 by the laboratory of Prof. Austin 

Smith Nanog was defined as hallmark of pluripotency both in 

vitro and in vivo blocking primitive endoderm differentiation 

(Chambers et al., 2003), neuronal differentiation (Ying et al., 

2003) and mesoderm differentiation (Suzuki et al., 2006). 

 

 
Figure 2. ES cell self-renewal and differentiation in culture (Adapted 
from a review of Austin G. Smith, 2001). 
 

The core pluripotency network is mainly based on positive and 



                                                                                                                       Introduction 
 

 

 17!

negative feedback loops (Fig. 3). The topology of the interactions 

among the pluripotency genes is responsible for the rapid 

transition from the undifferentiated state to the differentiate one. 

 

 
Figure 3 Transcription factor network controlling ES cell selfrenewal 
and differentiation. A combination of positive-feedback loops and 
reciprocal inhibitory loops is rapresented. Core pluripotency network 
(green), trophectoderm (yellow) and primitive (extraembryonic) 
endoderm (blue). Positive-feedback loops between Oct3/4, Sox2 and 
Nanog promote ES cell self-renewal. Cdx2 is autoregulated and forms a 
reciprocal inhibitory loop with Oct3/4, which acts to establish their 
mutually exclusive expression patterns. A similar regulatory loop, not 
yet confirmed, might exist for Nanog and Gata6. Coup-tfs and Gcnf act 
as a negative-feedback system to repress Oct3/4 (Adapted from a 
review of Hitoshi Niwa, 2007). 
 
 

1.4. Gene expression heterogeneity in cell fate decision: 

“Meta-stability” 

 

Mouse ES cells are generally considered as a homogenous group 

of cells, as they uniformly proliferate and self-renew when 
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cultured in the appropriate medium, containing LIF and serum or 

BMP4 (Hayashi et al., 2008).  

Recent studies proved that this view is partially wrong because 

genetic and epigenetic variations cause cell variability and 

heterogeneity. ES cells are mostly “metastable”, since they shift 

between different pluripotent states in response to a variety of 

factors, including epigenetic regulators. Moreover, also the 

balance between pluripotency and differentiation, due to the 

presence of auto-regulatory and co-regulatory interactions, cannot 

be considerate a stable and static system. Actually, in 

conventional culture condition (serum+LIF) mouse ES cells 

exhibit high heterogeneous and metastable expression of several 

pluripotency genes such as Nanog (Chambers et al., 2007), T-

box3 (TBX3), Klf4 (Niwa et al., 2009) Stella katsuhiko 2008) and 

Zinc-finger protein 42 (ZFP42 or Rex1) (Hayashi et al., 2008). 

Meta-stability is characterized by the temporal transition between 

a ground state of pluripotency and a state primed to differentiate, 

reflecting gene expression changes. Although this phenomenon 

has been extensively studied in the last 7 years, what regulates 

this meta-stability is still unclear. 

The first metastable gene identified in mouse ES cells was Nanog.  

Nanog regulates stemness by inhibiting ES cell differentiation and 

its stabilization enhances ES cell self-renewal. Although it is 

important in the maintenance of the undifferentiated state, Nanog 

is not homogenously expressed in ES cells, indeed a prominent 

fraction of cells express undetectable levels of Nanog. It has been 

demonstrated that cells expressing low levels of Nanog are 
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primed to differentiate, whereas cells with appreciable Nanog 

levels are associated with the  “Ground State” of ES cell 

pluripotency and self-renewal (Chambers et al., 2007). Both states 

are equally stable and ES cells can fluctuate from the low state to 

the high state and viceversa. Importantly ES cells with low Nanog 

expression are not merely differentiating cells because, when 

isolated as individual clones, they reconstitute a population of 

pluripotent cells with both Nanog expressing and Nanog non-

expressing cells ((Fig.4) (Kalmar et al., 2009)). 

ES cell differentiation is mainly driven by the activation of the 

protein kinase ERK1/2 by Fibroblast Growth Factor 4 (FGF4) 

(Kunath et al., 2007; Stavridis et al., 2007). Therefore ES cell 

pluripotency is maintained by preventing this differentiation 

signal. The media currently used to keep ES cells pluripotent 

contains LIF that activates STAT3 and serum or BMP that blocks 

the expression of differentiation genes (Fig.5). 
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 Figure 4.TNGA ES cells expressing GFP at different levels (R7, R8, 
and R9) were selected and FACS sorted as indicated. The isolated cells 
were subcultured for 2 d with samples taken every 24 h and rescanned. 
More than 28% and 38% of the LN (R7) population transit to the HN 
state in 24 h and 48 h, respectively, whereas less than 8% of R8 or R9 
cells became GFP-negative during the same period of time (Adapted 
from Kalmar et al., 2009). 
 

The inappropriate inhibition of the ERK pathway by LIF, serum 

and BMP, motivated the finding of alternative molecules to 

successfully inhibit such pathway, reaching a real pluripotent 

state, defined as “The ground state pluripotency” (Ying et al., 

2008). The Austin Smith’s group studied the impact of two small 

molecules on pluripotency: SU5402 and PD184352 that inhibit 
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the ERK pathway at different levels. Those molecules, in 

combination with LIF, were able to preserve ES cell pluripotency 

in absence of serum or BMP. However, cells grown in absence of 

LIF were not able to properly propagate due to massive apoptosis. 

This issue was resolved by including a GSK3 inhibitor 

(CHIR99021) to the initial cocktail. 

The 3i media efficiently supported ES cell proliferation in 

absence of serum, BMP and LIF. Further studies demonstrated 

that two out of the three inhibitors used at the beginning were 

necessary and sufficient to prevent ES cell differentiation and 

sustain the ground state pluripotency characterized by a more 

homogenous and stable gene expression profile. The two 

molecules composing the 2i Media are the Mek inhibitor 

PD184352 (ERK pathway) and the GSK3 inhibitor CHIR99021 

(Wnt pathway) (Fig. 5).  

 

 
Figure 5. Diagrams of self-replication of the pluripotent state when 
phospho-ERK signaling is either inhibited by chemical antagonists or 
counteracted downstream by LIF and BMP (Adapted from Ying et al., 
2008). 
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1.5. Modelling gene expression 

 

Mathematical modelling of gene regulation offers new approaches 

that incorporate detailed dynamics of sets of biochemical 

interactions. Reason why it has been applied to biological systems 

for decades. There are two main gene regulatory models: 

statistical or analytical (Friedman, 2004; Hecker et al., 2009; 

Markowetz and Spang, 2007).  

The statistical approach is especially appropriate for data sets 

representing the expression levels of thousands of genes and 

highlight possible interactions among groups of genes, indicating 

possible regulatory relations, while the Analytical approach 

generally focuses on the expression of a small number of genes, 

and is represented by a variety of distinct mathematical models 

(Fakhouri et al., 2010; Jaeger et al., 2004; Yuh et al., 2001). In 

analytical approach, differential equations describe molecules 

interactions in time in terms of rate equations. These models 

usually include time and/or space dependent variables such as 

protein and mRNA concentrations, and parameters such as 

production and degradation rates. 

Differential equation models have been successfully applied to 

dynamic eukaryotic regulatory networks such as cell signalling, 

morphogen diffusion (Ephrussi and St Johnston, 2004; Gregor et 

al., 2005) and gene heterogeneity. Actually the majority of the 

models used to describe Nanog fluctuations are based on ordinary 

differential equations (ODEs) (Fidalgo et al., 2012; Glauche et al., 

2010; Kalmar et al., 2009; Navarro et al., 2012).  
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1.6. Alternative source of Pluripotent Cells 

 

During the last 20 years, pluripotent stem cells have been 

efficiently generated from different sources. In 1992, Matsui and 

collaborators derived ES cells from mouse Primordial Germ Cells 

(PGCs) cultured with LIF and FGF-2, ES cells obtained were 

defined as Embryonic Germ (EG) cells. EG cells normally 

propagate in culture under pluripotent conditions, contribute to 

chimeras formation and germ line transmission (Labosky et al., 

1994; Stewart et al., 1994). Stem cells were also purified from 

testicular cells (multipotent Germline Stem (GS) cells) (Guan et 

al., 2006; Kanatsu-Shinohara et al., 2004; Ko et al., 2009; Seandel 

et al., 2007).  

Although functional sources of ES cells, EG and GS cells are 

unable to generate embryos due to unbalanced genomic 

imprinting, limiting their full application in Stem Cell research.  

The use of ES cells in research has been hotly debated and poses a 

moral dilemma. The necessity to overcome such ethical 

concerning leads to one of the most revolutionary discovery of the 

21th century.  In 2006, induced Pluripotent Stem (iPS) cells were 

established from mouse fibroblast by overexpressing a 

combination of transcriptional factors (Takahashi and Yamanaka, 

2006). 

The Nobel prize Shinya Yamanaka laid the foundations for the 

emerging reprogramming field and shattered the dogma which 

states that cellular differentiation could only be a unidirectional 

process.  
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2.  Reprogramming 

 

With Somatic Cell Reprogramming we refer to the process of 

conversion of a somatic cell back to the pluripotent state. 

Pluripotent cells can be obtained from a variety of somatic cells 

using different approaches and they are schematized in figure 6. 

 

2.1. Nuclear Transfer 

 

Sir John Gurdon, Nobel Prize in 2012, was the first to 

successfully demonstrate that somatic cell reprogramming is 

possible.  He managed to obtain swimming tadpoles following an 

experiment of Somatic Cell Nuclear Transfer (SCNT). He 

transferred the nuclei of somatic intestinal epithelial cells into 

enucleated frog eggs (Gurdon et al., 1958). Upon injection, the 

eggs underwent to normal developmental process and the first 

cloned animal was obtained.  

SCNT technique was subsequently used to clone mammals 

including human cells (Wilmut et al., 1997; Wakayama et al., 

1998; Byrne et al., 2007; Noggle et al., 2011). The first mammal 

to be cloned was Dolly the sheep (Campbell et al., 1996).  

The reprogramming achieved via SCNT is mediated by natural 

factors present in the eggs that massively influence the somatic 

genome (Jullien et al., 2011). The process is quite inefficient, only 

the 1-2% of cloned nuclei generate normal animals (Yang et al., 

2007). Actually, in the majority of the cases cloned animals 

present abnormalities (Wilmut et al., 1997; Yang et al., 2007) 
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caused by the incomplete reprogramming of the somatic nucleus 

that retains the “epigenetic memory”. In general cloned nuclei are 

unable to erase DNA signatures, such as DNA methylation, 

specific of the differentiated state and acquire those of the 

pluripotent state (Ng and Gurdon, 2008).  

 

 

Figure 6. Different experimental approaches to nuclear reprogramming. 
(a) Direct reprogramming. Induced pluripotent stem cells (iPSCs) 
obtained overexpressing four transcription factors (Krüppel-like factor 4 
(Klf4), Myc, Oct4 and Sry-box containing 2 (Sox2)). This process 
involves many cell divisions and can occur at various times after 
expression of the transcription factors. (b) Nuclear transfer to eggs. A 
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single Xenopus laevis (or mammalian) somatic cell nucleus is 
transplanted to an enucleated egg. In this experimental setting, a large 
number of cell divisions take place before new gene transcription is 
initiated. Eventually new cell types and new organisms are generated. 
(c) Nuclear transfer to X. laevis oocytes. Up to several hundred 
mammalian somatic cell nuclei are transplanted to the germinal vesicle 
(the nucleus) of a X. laevis oocyte. In these experimental conditions, the 
nuclei do not undergo cell division and new cell types are not generated. 
Instead, direct reprogramming of gene expression is triggered by 
exposure to the oocyte components. (d) Cell fusion. A differentiated cell 
is fused to another cell, such as an ES cell. In the resulting 
heterokaryon, the nucleus of the differentiated cell is exposed to ES cell 
factors and is reprogrammed to express stem cell-specific genes. (e) 
Reversible permeabilization and exposure to ES cell extract. Somatic 
cells permeabilized with streptolysin O can be briefly exposed to ES 
cell extract and then resealed. After culture of such treated cells, 
changes in gene expression can be detected (Adapted from Jullien et al., 
2011).  

2.2. Reprogramming by cellular extract 

 

Cell extract-mediated nuclear reprogramming may constitute an 

attractive alternative to reprogram somatic cells.  

The reprogramming process is driven by regulatory factors, 

contained in the extracts, which influence cell identity. This 

method has been used to reprogram or transdifferentiate somatic 

cells as well as to differentiate ES cells. Depending on the cellular 

source of the extracts it is possible to drive cells towards distinct 

fates (Collas, 2003; Hakelien et al., 2002; Qin et al., 2005; 

Taranger et al., 2005). 

The advantage of this approach is the possibility to fractionate the 

extract and discover new molecules mediating somatic cell 

reprogramming or to test the potential of isolated reprogramming 

factors. Nevertheless the major limit for its application is the low 
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efficiency and poor reproducibility (Liu et al., 2011; Singhal et 

al., 2010). 

 

2.3. Direct reprogramming: The iPS cell generation 

 

Pluripotent stem cells generated with the directed reprogramming 

approach are defined Induced Pluripotent Stem Cells (iPSCs). 

The pioneer of this technology was Shinya Yhamanaka who 

identified a combination of 4 transciptional factors able to drive 

the reprogramming process of a somatic cell back to the 

pluripotent state (Takahashi and Yamanaka, 2006).  

The reprogramming cocktail contains Oct4, Sox2, Klf4 and Myc. 

IPS cells satisfied all the requisites to be considered stem cells: (i) 

expression of pluripotency genes; (ii) re-activation of the X 

chromosome (Maherali et al., 2007); (iii) prominent promoter 

demethylation; (iiii) germline contribution. 

From the first attend of iPS generation; several modifications and 

improvements of the protocol have been made. In particular, 

many reports were focused on the development of new tools to 

enhance reprogramming efficiency, considered one of the most 

relevant issues. The study revealed the existence of groups of 

transcriptional factors, not belonging to the original Yamanaka’s 

cocktail, able to increase the efficiency of the process in 

combination with the conventional factors or even substitute some 

of them without reducing the efficiency. This is the case of Nanog 

that has been shown to reduce the timing of iPSC appearance 

(Hanna et al., 2009) and many others such as Sall4, Esrrb and 
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Zfp296 that increase iPSC number when combined with OSK 

factors(Feng et al., 2009; Fischedick et al., 2012; Tsubooka et al., 

2009). Cell cycle related genes (p53 or p16 (Banito et al., 2009)) 

and MicroRNAs (Gregory et al., 2008; Judson et al., 2009; 

Leonardo et al., 2012; Wang et al., 2008) have been shown to 

increase iPSC formation by modulating cell cycle or promoting 

mesenchymal to epithelial transition (MET) or regulating the 

activity of the DNA methyl transferases DNMT3A and 3B 

(Fabbri et al., 2007). 

However, the perfect mosaic of factors does not represent the only 

variable to consider during reprogramming. Culture condition can 

massively impact on the efficiency of the process. The use of 

CHIRON and PD (2i media) enhances iPSC formation; hypoxic 

conditions are beneficial for reprogramming (Yoshida et al., 

2009) and modulation of the Wnt/ !-catenin pathway during 

different phases of reprogramming can ether increases or 

decreases the efficiency (Aulicino et al., 2014; Ho et al., 2013). In 

conclusion, the definition of factors and media potentially 

improves somatic cell reprogramming. Nevertheless, the 

efficiency also depends on the starting cell; there are somatic cells 

more prone to be reprogrammed. 

 

2.4  Cell fusion mediate reprogramming 

 

Cell fusion mediate reprogramming relay on the hybridization of 

a somatic cell and a pluripotent cell with the consequent 

formation of a tetraploid hybrid. 
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Cells spontaneously fuse in vivo and in vitro (Kerbel et al., 1983; 

Lluis et al., 2010; Sanges et al., 2013; Terada et al., 2002; Wang 

et al., 2003), but the process happens with very low frequency.  

Actually cell fusion can be forced using chemical compounds 

(Polyethylene glycol -PEG) or viruses (Lucas and Terada, 2003).  

Upon cell fusion, the nuclei of the two partners can either remain 

separated sharing the same cytoplasm (heterokaryon), or fuse 

forming hybrids with one tetraploid nucleus (synkaryon). The 

dominant genome of the stem cell is the driving force behind the 

reprogramming process.  

The first experiment of cell fusion-mediated reprogramming has 

been done in 1967 using thymocytes and Embryonic Carcinoma 

(EC) cells. 

Fully reprogrammed hybrids showed a pluripotent phenotype and 

contributed to tumour formation in vivo (Miller et al., 1976). 

Subsequently, different pluripotent cells, including EG cells and 

ES cells, have been successfully fused with somatic cells 

generating reprogrammed hybrids. Again, the somatic genome of 

the hybrids displayed extensive DNA demethylation. (Cowan et 

al., 2005; Kimura et al., 2004; Sumer et al., 2010; Tada et al., 

1997; Tada et al., 2001; Ying et al., 2002). Although cell hybrids 

acquire the phenotype and the potential of the pluripotent cell, the 

tetraploid genome renders them incapable of contributing to 

chimeras in vivo (Tada et al., 2001; Ying et al., 2002). 

Nevertheless, interspecies heterokayron are a reliable tool to study 

the molecular events that take in turns during reprogramming.  
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Factors enhancing cell fusion mediated reprogramming 

 

The establishment of the reprogrammed state depends on the 

proper activation of the pluripotency network.  

Two signalling pathways have been shown to actively promote 

somatic cell reprogramming upon cell fusion: the ERK pathway 

and the Wnt/ !-catenin pathway ((Fig.7) (Lluis and Cosma, 

2009)9.  

In 2006, Silva and colleagues demonstrated that inhibition of the 

ERK pathway, using the MEK inhibitor PD0325901, results in a 

drastic enhancement of reprogramming efficiency due to Nanog 

stabilization. Hence, Nanog upregulation not only positively 

affects reprogramming but also is critical for “Transfer of 

Pluripotency” to the somatic genome.  

Similar results were observed overexpressing exogenous Nanog 

(Silva et al., 2006). 
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Figure 7. Transcription factors, DNA methylases and signaling 
pathways that control nuclear reprogramming. (A) In the nucleus, the 
overexpression of genes encoding for different transcriptions factors 
(Oct4, Sox2, Nanog, Lin28, Klf4, c-myc and Esrrb) can induce direct 
reprogramming. DNA methylases that regulate reprogramming are also 
shown. Modulations of the signaling pathways that can enhance 
reprogramming are also shown. Binding of Wnt to its receptor (Frizzled 
+ LRP) leads to periodic activation of the Wnt/b-catenin pathway. The 
downstream effector Dishevelled is then activated, and in turn, 
inactivates the APC/Axin/CKI/GSK-3 destruction complex. This results 
in the stabilization and accumulation of !-catenin in the nucleus, where 
it activates its target genes. Periodic activation of !-catenin increases 
reprogramming. Activation of the Ras/Raf/MEK/ERK cascade 
promotes differentiation of mouse ESCs, while inhibition of this 
pathway enhances reprogramming of not fully reprogrammed cells. (B) 
Schematic representation of inhibitors used to enhance reprogramming. 
The addition of small molecule inhibitors of GSK-3, G9a or ERK to cell 
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cultures increases both the efficiency of reprogramming and the 
transition of not fully reprogrammed cells to fully reprogrammed cells 
(Adapted from Lluis et al., 2009). 
 
Different groups, including Cosma’s group, contributed to the 

study of the Wnt/ !-catenin pathway in cell fusion-mediated 

somatic cell reprogramming. It has been reported that periodic 

activation of the Wnt/ !-catenin pathway increases somatic cell 

reprogramming. In particular, pre-activation of the Wnt pathway 

in mouse ES cells augments their potential to reprogram the 

genome of differentiated cells such as neuronal progenitors 

(NPCs), MEFs and thymocites (Lluis et al., 2008, 2010). Of note, 

enhanced reprogramming efficiency is mediated by moderate 

accumulation of !-catenin.  In contrast, constant stabilization of 

!-catenin protein negatively impacts on the efficiency of the 

process. Moreover it has been reported that downregulation of the 

transcriptional repressor Tcf3, a key effector of the Wnt pathway 

(Merrill et al., 2001; Pereira et al., 2006) dramatically increases 

the number of reprogrammed clones, confirming that Wnt/ !-

catenin pathway activity goes through the Tcf/Lef family of 

transcriptional factors (Lluis et al., 2011).   

 

3. The Wnt signaling Pathway 

 

The Wnt signaling pathway is responsible for signaling 

transduction from the extracellular to the intracellular 

compartment. It is evolutionary conserved and consists in a group 

of proteins regulating several processes such as cell proliferation 
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and polarity, cell fate determination and tissue homeostasis 

(Logan and Nusse, 2004).  

The right balance between activators and inhibitors of the Wnt 

pathway is essential for the correct development of the embryo 

(Yamaguchi, 2001). 

 

3.1 Wnt secretion and regulation 

 

Wnt ligands are secreted glycoproteins that bind to the N-terminal 

extracellular cysteine-rich domain of the transmembrane receptor 

Frizzled (Fz). This interaction is not sufficient and a co-receptor is 

needed to mediate Wnt activity (Fig.8) and the intracellular signal 

transduction. 

In details, the complex receptor/co-receptor transduces the 

extracellular signal to the cytoplasmic protein Dishevelled 

(Dsh/Dvl) that can promote the activation of two different 

signalling cascades: “Canonical Wnt pathway” and “Non 

Canonical Wnt pathway”. The activity of Wnt proteins is tightly 

modulated and the secretion into the extracellular milieu depends 

on the right post-transcriptional modifications (Smolich et al., 

1993; Willert et al., 2003). !
Wnt proteins that were successfully modified are secreted but 

they are not still functional. Actually, another regulation step, 

consisting in the possible interaction with the heparan sulfate 

proteoglycans, further limits their diffusion, and, as a 

consequence, their signalling ability (Lin, 2004)). 

The unbounded Wnts are free to carry out their function. 
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However, they can be counteracting by inhibitor molecules such 

as the Dickkopf (Dkk) proteins (Glinka et al., 1998) and soluble 

Frizzled-related proteins (SFRP) (Hoang et al., 1998) that prevent 

the binding of the Wnt ligands to their receptors. 

Surface expression of Wnt receptors also affects stem cell 

activity. In particular, Wnt signalling promotes the expression of 

transmembrane receptors such as the Leucine-rich repeat-

containing G-protein coupled receptor 4 and 5 (Lgr4/5), the ring 

finger protein 43 (Rfn43) and the Zinc and ring finger 3 (Znrf3) 

that positively and negatively regulate Wnt pathway. Upon Wnt 

binding, the Fz/LRP-5/6 receptor complex interacts with the 

Rfn43/Znrf3 proteins. This interaction causes polyubiquitination 

of the intracellular domain of Fz, internalization and degradation 

of the protein complex Fz/LRP-5/6, abrogating Wnt signalling (de 

Lau et al., 2014). However, this process is blocked in presence of 

the Lgr4/5 ligand R-spondin. Lgr4/5 sequesters Rfn43/Znrf3 

receptors following R-spondin binding. The super complex 

composed by Lgr4/5,Rfn43 and Znrf3 is degraded and, as a 

consequence, Wnt receptors persist on the plasma membrane, 

enhancing Wnt signal strength and duration (de Lau et al., 2014). 

Wnt agonist and antagonist strictly control and modulate the 

activation of the Wnt pathway to guarantee normal embryo 

development.  
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Figure 8. Regulation of Wnt receptor availability on stem cells. (A) 
Receptors of Lrg5, Fz and Lpr5/6 receptors on cell surface. (B) Upon 
binding of Wnt to the Fz/LRP receptor complex is activated. (C) Wnt 
pathway activation results in transcription and membrane expression of 
Rnf43 and Znrf3 proteins. (D) Rnf43/Znrf3/Fz/Lpr5-6 complex 
formation. (E) Rnf43/Znrf3/Fz/Lpr5-6 complex endocyted. (F) R-
spondin molecule mediates prolonged Wnt pathway activity. (G) R-
spondin and Lgr5 interaction. (H) Lgr5/ Rnf43/Znrf3 internalization.  
 

3.2  The Canonical Wnt pathway 

 

The Canonical Wnt pathway was discovered in Drosophila and it 

has been extensively studied due to its importance during 

development, cancer progression and diseases (Clevers, 2006; 

Polakis, 2000). The main protein of the canonical Wnt pathway is 
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!-catenin (MacDonald et al., 2009).  

In the absence of Wnt, the cytosolic !-catenin is degraded by a 

disruption complex composed by Axin2, Adenomatosis Polyposis 

Coli (APC), Glycogen Synthase Kinase 3 (GSK3) and Casein 

Kinase 1" (CK1") (He et al., 2004; Kimelman and Xu, 2006; 

Stamos and Weis, 2013). Before proteasomal degradation !-

catenin is phosphorilated by GSK3 and then ubiquitinated by the 

!-TrCP protein (Fig. 9, Wnt OFF). YAP/TAZ proteins, pivotal 

regulators of cell proliferation and “stemness”, mediate the 

recruitment of !-TrCP to the complex (Azzolin et al., 2014). !
The binding of Wnt to the Fz/LRP-5/6 receptors results in the 

disassembly of the disruption complex. !-catenin and YAP/TAZ 

proteins are released from the complex and translocate into the 

nucleus where activate the expression of their target genes 

((Azzolin et al., 2014; Cadigan and Liu, 2006; Hoppler and 

Kavanagh, 2007)(Fig.9, Wnt ON)).   

The Wnt/beta-catenin pathway regulates opposite cellular 

processes, from proliferation to cell specification and 

differentiation (Hoppler and Kavanagh, 2007). Therefore, 

depending on the cell context, different set of genes is transcribed. 

Moreover, !-catenin also activates the expression of negative 

regulators of the Wnt pathway such as Axin2 and DKK1 

(Kawano and Kypta, 2003), building a molecular network in 

which negative and positive feedback loops coexist and are 

necessary for the self-maintenance of the pathway.!
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Figure 9. Model of YAP/TAZ incorporation in the ! -Catenin 
destruction complex (Adapted from Azzolin et al., 2014). 
  

3.3. !-catenin: Structure and function 

 

!-catenin was discovered in the 1990s as intracellular component 

of the cadherins (McCrea et al., 1991), proteins responsible for 

cell-cell adhesion.  

Thanks to the study carried out on the Drosophila homologous 

Armadillo, it has been demonstrated that !-catenin can also 

participates in other cellular processes becoming one of the first 

example of “moonlighting” protein, referred to those proteins 

involved in the regulation of different cellular functions. 
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However, the majority of !-catenin protein is associated with 

adherent junction and only a small portion mediates 

transcriptional activation. 

Encoded by the CTNNB1 gene, the protein has 12 armadillo 

repeats (each one of around 40 amino acids long) folding together 

into a rigid core structure named Aramdillo Domain (ARM). The 

ARM works as docking station for different !-catenin protein 

partners and it is able to bind only one partner at a time (Fig.10 

(Xing et al., 2008)). !
Thus, different proteins, including E-cadherin (Huber and Weis, 

2001), the scaffold protein Axin2 (Xing et al., 2003), APC and 

Tcf/Lef, compete for the binding. A part of the ARM, !-catenin 

posses more binding domains. For example the N-terminal of the 

protein contains a conserved binding motif for the E3 ubiquitin 

ligase !-TrCP that promotes the degradation of the phosphorilated 

!-catenin (Su et al., 2008). !-catenin phosphorilation takes place 

in two steps. The first step is mediated by the Casein Kinase I 

(CK1), which pre-phosphorilates !-catenin four amino acids 

downstream the real target site. Then, pre-phosphorilated serine 

and threonine are recognized by the GSK3, which starts 

phosphorilating every 4th serine or threonine residues (Fig.10). On 

the opposite side, the C-terminal is characterized by a 

transactivator domain, which promotes gene expression upon 

DNA binding. Interestingly, the absence of Nuclear Localization 

Signal (NLS), Nuclear Export Sequence (NES) and DNA binding 

domain makes !-catenin dependent on different proteins to 

execute its function.!
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Figure 10. Simplifed beta catenin protein structure. More details in the 
text. 
 

The mechanisms behind !-catenin nuclear import are obscure, 

although Forkhead box protein M1 (FoxM1) could be a possible 

candidate. It has been reported that FoxM1 directly binds to !-

catenin increasing nuclear localization in human glioma cells 

(Zhang et al., 2011). Whereas, for the nuclear export two different 

mechanisms have been proposed. The first model involves the 

Ran-binding protein3 (RanBP3) and the APC protein, which 

possess NES (Hendriksen et al., 2005). The second is Ran-

independent and is based on the direct engagement of the protein 

to the nuclear pore complex. Moreover !-catenin has no DNA 

binding domain and works as transcriptional co-activator of the 

Tcf/Lef factors (Clevers, 2006; Reya and Clevers, 2005).  

In conclusion, !-catenin is multitasking and evolutionary 

conserved protein exerting a crucial role in a multitude of cellular 

processes such as cell proliferation, survival and differentiation.  
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!-catenin mainly works as scaffold protein, binding the E-

cadherin, the release from the cell membrane causes it prompt and 

complete degradation. Upon Wnt pathway activation, the 

disruption complex is disassembled and so, !-catenin is able to 

promote gene expression. Imbalance between the structural and 

signalling properties of !"catenin often results in diseases and 

deregulated growth connected to cancer and metastasis.  
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This project has been developed in the context of the study of 

gene expression heterogeneity and meta-stability. The main 

objectives of this work were: 

 

 

• !-catenin dynamics in mouse ES cells cultured in  

serum+LIF or 2i+LIF; 

• Nanog and !-catenin cooperation in the establishment of 

the pluripotent state; 

• Mathematical Model recapitulating Nanog and !-catenin 

fluctuations.!
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!-catenin fluctuates in mouse ESCs and is essential for  

Nanog mediated reprogramming of somatic cells to pluripotency 
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!
ABSTRACT 

 

The Wnt/!-catenin pathway and Nanog are key regulators of 

embryonic stem cell (ESC) pluripotency, and of the 

reprogramming of somatic cells. Here we demonstrate that the 

repression of Dkk1 by Nanog, which leads indirectly to !-catenin 

activation, is essential for reprogramming after fusion of ESCs 

overexpressing Nanog. In addition, !-catenin is necessary in 

Nanog-dependent conversion of pre-induced pluripotent stem 

cells (pre-iPSCs) into iPSCs. The activation of !-catenin by 

Nanog causes fluctuations of !-catenin in ESCs cultured in 

serum+LIF medium, in which protein levels of key pluripotency 

factors are heterogeneous. In 2i+LIF medium, which favours 

propagation of ESCs in a ground state of pluripotency with many 

pluripotency genes losing mosaic expression, we show Nanog-

independent !-catenin fluctuations. Overall, we demonstrate 

Nanog and !-catenin cooperation in establishing naïve 

pluripotency during the reprogramming process, and their 

correlated heterogeneity in ESCs primed towards differentiation. 
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INTRODUCTION 

 

The activation of the Wnt signalling pathway enhances embryonic 

stem cell (ESC) self-renewal and reprogramming of somatic cells 

to pluripotency (Kuhl and Kuhl, 2013; Lluis et al., 2008; Marson 

et al., 2008; Sato et al., 2004; Sokol, 2011). !-catenin is the key 

effector of this pathway, and its stability is modulated by the 

destruction complex, which is formed by Gsk3, Axin, APC and 

CK1 (Stamos and Weis, 2013). Dickkopf-related protein 1 (Dkk1) 

is one of the !-catenin targets, and it binds the LRP-5/6 Wnt co-

receptor, to prevent the binding of its ligand (Kawano and Kypta, 

2003).  

Mouse ESCs are transcriptionally heterogeneous. In 

serum+LIF medium, Esrrb (van den Berg et al., 2008), Stella 

(Hayashi et al., 2008), Nanog, Zinc Finger Protein 42, T-box 3 

and Klf4 show metastable protein expression levels (Cahan and 

Daley, 2013). In contrast, in ESCs cultured in 2i+LIF medium, 

which include Mek and GSK3 inhibitors (Ying et al., 2008), the 

expression profile is homogeneous (Marks et al., 2012; Wray et 

al., 2010). 

Nanog is a key factor in the ESC core pluripotency 

network and is necessary for maintenance of the naïve pluripotent 

state of ESCs (Chambers et al., 2003; Loh et al., 2006; Mitsui et 

al., 2003).  Overexpression of Nanog enhances cell-fusion 

mediated reprogramming (Silva et al., 2006) and is essential for 
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conversion of pre-iPSCs to fully reprogrammed iPSCs (Silva et 

al., 2009).  

Here we demonstrate that Nanog controls !-catenin 

through direct inhibition of Dkk1, which results in !-catenin 

accumulation in ESCs overexpressing Nanog. !-catenin is 

essential for reprogramming of somatic cells after their fusion 

with Nanog-overexpressing ESCs, and for the conversion of pre-

iPSCs into iPSCs, when Nanog establishes naïve pluripotency 

during the reprogramming process.  

Furthermore, we show that !-catenin fluctuates synchronously 

with Nanog in mouse ESCs cultured in serum+LIF, while its 

fluctuations in 2i+LIF are independent of Nanog. We derived a 

differential equation-based model that captures Nanog and !-

catenin fluctuations with bistable dynamics. 

!
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!
RESULTS 

 

Nanog regulates Wnt/!-catenin pathway by repressing Dkk1 

ESC pluripotency is regulated by a network of signalling 

pathways and transcription factors. We examined the functional 

correlation between Nanog and !-catenin activities in ESCs. !
First, we investigated Wnt pathway activity in ESCs that 

overexpress Nanog (EF4 cells) (Silva et al., 2006) and in ESC 

mutants lacking one Nanog allele (Nanog !geo/+ cells) (Mitsui et 

al., 2003). EF4 cells accumulated high levels of !-catenin, while 

Nanog !geo/+ cells showed reduced levels, as compared to 

controls (E14Tg2a and RF8 cells, respectively) (Figures 1A, 1B 

and S1A).  

!
Figures 1A, 1B. Western blot of total !-catenin and Nanog in E14Tg2a, 

EF4 (A), RF8 and Nanog !geo/+ cells (B). 
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!
Figure S1A. qPCR of Nanog expression in E14Tg2a and EF4 cells.  

 

The Wnt/!-catenin target genes Axin2, Cdx1 and Brachyury 

were expressed at higher levels in EF4 cells (Figure 1C), and at 

lower levels in Nanog !geo/+ cells (Figure 1D), compared to 

controls. These data suggest that Nanog promotes !-catenin 

accumulation in ESCs. Of note, levels of Nanog were not altered 

in EF4 cells treated with the Wnt pathway inhibitors Dkk1 or 

IWP2, while !-catenin levels and activity were reduced (Figures 

S1B-S1D).  

!
Figure 1C. qPCR of Wnt pathway targets in E14Tg2a and EF4. !
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!
Figure 1D. qPCR of Wnt pathway targets in RF8 and Nanog !geo/+ 

cells.  

!!

!
Figures S1B-S1D. (B) qPCR of Nanog mRNA in EF4 cells treated with 

Dkk1, with IWP2 or left untreated. (C) Western blot of total !-catenin 

in EF4 cells untreated or treated with recombinant Dkk1. (D) qPCR of 

the !-catenin target genes in EF4 cells untreated or treated with IWP2. 
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We next asked whether !-catenin is Nanog dependent in TNGA 

cells, an ESC line expressing green fluorescent protein (GFP) 

from Nanog allele (Chambers et al., 2007), and in EL55 cells, an 

ESC line expressing endogenous !-catenin fused with GFP 

(Figures S1E-S1I). GFP-tagged !-catenin colocalised and had 

correlated expression levels with endogenous !-catenin, and did 

not show abnormal endosomal accumulation (Figures S1J and 

S1K; r = 0.98). Untagged and GFP-tagged forms of !-catenin in 

EL55 cells were increased upon activation of the Wnt pathway 

using the GSK3 inhibitor Chiron (CHIR99021) (Figure S1L), 

and!-catenin target genes were turned on by Chiron treatment 

(Figure S1M).   

!
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Figures S1E-S1G. (E) Schematic model showing designed zinc fingers 

aligned to their target DNA just upstream of the !-catenin start codon 

(ATG; green). Arrows indicate canonical base contacts. Zinc finger "-

helix sequences that are involved in DNA recognition, are indicated 

(F1, Finger 1, etc.). The FokI moities are shown as positively (+) or 

negatively (-) charged to allow obligate heterodimer formation. The 

nuclease-cutting region is in red. Part of the genomic DNA codes for a 

protein linker to !-catenin in the final eGFP fusion 

(HSCCDTAAWTM). (F) Donor DNA design indicating the homology 

arms that match the DNA between the donor plasmid and the genomic 

region. (G) Scheme of the GFP-!-catenin fusion protein. The tagging is 

at the N-terminus. 

!

!

!
Figures S1H-S1I. (H) PCR amplification of the tagged allele using 

genomic DNA of EL55 cells. (I) qPCR of pluripotency genes in EL55 

cells. !
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!
Figure S1J. Immunofluorescence of total !-catenin and GFP in EL55 

cells cultured in serum+LIF medium and correlation plot of !-catenin 

and GFP in EL55 cells (r is the Pearson correlation coefficient).  

Segmented images and identified objects are shown. Scale bar, 25 µm. 

 

!
!"#$%&' ()*+' Co-immunofluorescence of GFP- -catenin and 

endogenous "catenin! with EEA1 (early endosome) in EL55 cells 

cultured in serum+LIF medium. Scale bar, 25 !m. 
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!
Figure S1L. Western blot of total !-catenin using cytosolic and nuclear 

extracts of EL55 cells after 1 day of CHIR99021 treatment (3 µM). E-

cadherin is used as negative control for nuclear extracts. Tubulin and 

Histone H2B were used as housekeeping genes for cytosolic and 

nuclear extracts, respectively. 

 
Figure S1M. qPCR of Axin2 and Cdx1 upon CHIR99021 treatment.  
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To investigate whether !-catenin is Nanog dependent, we used a 

Mek inhibitor (Meki) (Ying et al., 2008), which up-regulates 

Nanog (Silva et al., 2009), and Chiron. Upon Chiron treatment, 

the GFP distribution in TNGA cells was unaltered, while EL55 

cells became almost all GFP+ (Figures 1E and 1F, H!-cat). In 

contrast, upon Nanog induction using the Meki, both TNGA and 

EL55 cells became GFP+ (Figures 1E and 1F, H!-cat, HN), 

which suggested that Nanog controls !-catenin stabilisation. 

Moreover there was no !-catenin accumulation in Nanog-null 

cells (Nanog !geo/Hygro) (Mitsui et al., 2003) upon Meki 

treatment (Figure S1N). 

!

!
Figures 1E, 1F. FACS analysis of GFP distribution of TNGA and 

EL55 cells treated with Chiron (3 #M) for 1 day, and the Mek inhibitor 

PD184352 (3 #M) for 7 days. 
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!
Figure S1N. Western blot of !-catenin and Nanog in wild-type ESCs 

(RF8 cells) and in Nanog-null cells (!geo/Hygro) untreated or treated 

for 1 week with Meki (PD184352; 3 #M). 

 

Dkk1 is a secreted factor (Niehrs, 2006) expressed by ESCs 

(Kotini et al., 2011) that prevents binding of the Wnts (Kawano 

and Kypta, 2003). Having observed activation of Wnt targets in 

EF4 cells and induction of !-catenin accumulation by Nanog, we 

investigated whether Nanog is a repressor of Dkk1. We show 

Nanog binding to the Dkk1 promoter in ESCs and increased 

binding in EF4 cells (Figure 1G), which suggests direct regulation 

of Dkk1 transcription by Nanog. Accordingly, Dkk1 mRNA and 

protein levels were lower in EF4 cells and higher in Nanog 

!geo/+ cells, compared to controls (Figures 1H and 1I). Dkk1 

levels were comparable in the different cell media (Figure 1J), 

indicating the prevalence of its autocrine regulation of the Wnt 

pathway.  

!
!
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!
Figure 1G. Chromatin immunoprecipitation (ChIP) of Nanog on Dkk1 

and Igx1A promoters in E14Tg2a and EF4 cells. (H) Dkk1 qPCR in 

EF4, wild-type ESCs (E14Tg2a, RF8) and Nanog !geo/+. 

!

!
Figure 1H. Dkk1 qPCR in EF4, wild-type ESCs (E14Tg2a, RF8) and 

Nanog !geo/+!
!
!
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!
Figure 1I. Western blot of Dkk1 in wild-type and mutant ESCs?!
!

!
Figure 1H. Secreted Dkk1 concentration measured by ELISA assay.  

 

Overall, these data show that Nanog represses Dkk1 

transcription and thereby induces indirect activation of the Wnt/!-

catenin pathway by promoting !-catenin accumulation. 

 

Nanog enhances cell-fusion-mediated reprogramming by 

increasing !-catenin accumulation upon Dkk1 repression 

!-catenin accumulation and Nanog overexpression in ESCs 

enhance reprogramming after fusion (Lluis and Cosma, 2009; 

Lluis et al., 2008, 2010; Silva et al., 2006). As Nanog 

overexpression stabilises !-catenin in EF4 cells through Dkk1 
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repression, we investigated whether reprogramming of somatic 

cells after EF4-cell fusion was due to Nanog in cooperation with 

the Wnt/!-catenin pathway. Thus, we fused NPCs-Oct4-Puro-

GFP (neural precursor cells carrying the Oct4-Puro-GFP 

transgene) with wild-type ESCs, with EF4 and with Dkk1-treated 

EF4 cells (Figures 2A and S1C). GFP-positive reprogrammed 

clones were stained for alkaline phosphatase (AP), and counted. 

As expected, overexpression of Nanog in EF4 cells increased 

reprogramming. In contrast, AP+ and GFP+ colonies were 

strongly reduced by Dkk1 pre-treatment of EF4 cells (Figures 2B, 

2C and S2A). Of note, cell-fusion efficiency was not modulated 

by Nanog overexpression or Dkk1 treatment (Figure S2B). These 

data indicated that activation of the Wnt pathway is essential for 

enhancement of reprogramming by Nanog.  

!
!
!

!
Figure 2A. Scheme of spontaneous cell fusion between mESCs and 

NPCs. 

Figure S1C. Page 70. 

!
!
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!
Figures 2B, 2C. Reprogramming efficiency of E14Tg2a, EF4 and EF4 

cells pretreated with Dkk1 (50 ng/mL, 24 h), counting AP+ (B) and 

GFP+ (C) colonies. (C, inset) Representative GFP clone. 

!

!
Figures S2A, S2B. (A) Representative images of AP staining of clones 

obtained after spontaneous cell fusion between NPCs and E14Tg2a, 

EF4 and EF4 cells pretreated with Dkk1. (B) Percentage of hybrids 

analyzed by FACS after 4h of co-culture of NPCs with !-catenin fl/fl or 

!-catenin $/$ ESCs. Representative FACS profiles of the hybrids are 

shown. 
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These results were confirmed by the silencing of Dkk1 in wild 

type ESCs (E14Tg2a) with a short-hairpin (ShRNA) (Figures S2C 

and S2E), which induced stabilisation of !-catenin (Figure S2D), 

increased levels of Axin2, and no changes in Nanog expression 

(Figure S2E); AP+ and GFP+ colonies were increased in ShRNA-

Dkk1-E14Tg2a fused with NPCs-Oct4-Puro-GFP (Figures S2F-

S2H). 

!
Figures S2C, S2D. (C) Western blot of Dkk1 after the infection of wild 

type E14Tg2a ESCs with ShRNA Control and ShRNA against Dkk1.  

(D) Western blot of total !-catenin after infection of E14Tg2a ESCs 

with ShRNA Control and ShRNA against Dkk1. 

 
Figure S2E. Dkk1, Axin2 and Nanog expression in ESCs infected with 

ShRNA against Dkk1. 
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!
!

!
Figures S2F- S2H. Activation of the Wnt pathway by silencing Dkk1 

increases the reprogramming efficiency. (F) Representative images of 

AP staining. (G and H) Quantification of reprogramming efficiency, 

counting AP+ (G) and GFP+ (H) colonies. (H, inset) Representative 

GFP clone.  

 

Next, we generated $N4 and N1 clones after 

overexpressing Nanog in ESCs deleted for !-catenin ($/$) and in 

the parental wild-type cell line (fl/fl) (Lyashenko et al., 2011). 

These lines carried Nanog expression levels comparable to those 
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in EF4 cells (Figure S2I) while Axin2, Cdx1 and Brachyury were 

overexpressed in N1, but not in $N4 cells (Figure S2J).  

!

 
Figures S2I, S2J. (I) qPCR of Nanog in Nanog overexpressing N1 (!-

catenin fl/fl) and $N4 (!-catenin $/$) cell lines. (J) Expression of !-

catenin target genes in N1 cells, $N4 cells and their parental lines.  

 

There was no increase in AP+ and GFP+ clones after fusion of 

$N4 cells with NPCs-Oct4-Puro-GFP, while there was increased 

reprogramming after fusion of N1 cells, with respect to controls 

(Figures 2D, 2E and S2K). These data show that !-catenin is 

essential in the reprogramming process mediated by Nanog.  
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!
Figures 2D, 2E. Reprogramming efficiency comparing Nanog 

overexpression in !-catenin $/$ background ($N4) and in !-catenin 

fl/fl background (N1), counting AP+ (D) and GFP+ (E) colonies. (E, 

inset) Representative GFP clone.  

!
!
!
!
!
!
!
!
!
!
!

Figure S2K. Representative images of AP staining of clones obtained 

after spontaneous cell fusion between NPCs and !-catenin fl/fl, !-

catenin $/$, $N4 and N1 ESCs. (L-P) Characterization of !-catenin 

null ESCs and their parental lines. 
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We ruled out reprogramming defects due to loss of stem features 

or cell-fusion capability of !-catenin-null cells. Indeed, in 

serum+LIF medium, !-catenin-null and the parental line had 

similar morphology (Figure S2L) and expressed normal levels of 

pluripotency genes (Figures S2M, S2N fl/fl, D/D, and (Lyashenko 

et al., 2011)). Furthermore, !-catenin-null cells had no cell-

adhesion defects, as shown by normal E-cadherin levels, which 

was probably due to up-regulation of Plakoglobin and unchanged 

fusion efficiency (Figure S2N-S2P, fl/fl, D/D, and (Lyashenko et 

al., 2011)). Similar features were also confirmed in another !-

catenin-null ESC line (Wray et al., 2011) (Figures S2N, S2O, fl/-, 

D/-, and (Wray et al., 2011)). !
!

!
 

 

 

 

 

 
Figures S2L- S2N.  (L) Bright field microphotograph of wild type !-

catenin and !-catenin null ESCs. (M and N) qPCR and western blot of 



                                                                  !-catenin dynamics in mouse ES cells

  

   86!

the pluripotency genes and Plakoglobin in wild type fl/fl !-catenin and 

D/D !-catenin ESCs (Lyashenko et al., 2011) as well as in wild type fl/-

!-catenin and D/- !-catenin ESCs (Wray et al., 2011) cultured in 

serum+LIF medium. 

!
Figure S2O. Immunofluorescence of E-cadherin and Plakoglobin in 

wild type and !-catenin null ESCs (as indicated in M and N) cultured in 

serum+LIF medium. Scale bar, 25 !m. 

!
Figure S2P. Percentage of hybrids analyzed by FACS after 4h of co-

culture of NPCs with !-catenin fl/fl or !-catenin $/$ ESCs. 

Representative FACS profiles of the hybrids are shown. 
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Esrrb cooperates with Nanog in enhancement of reprogramming 

(Festuccia et al., 2012; Martello et al., 2012). We observed no 

changes in the expression of Esrrb, thereby excluding its role in 

reprogramming when Wnt/!-catenin activity was perturbed 

(Figure S2Q). 

!
Figure S2Q. qPCR of Esrrb in EF4 ±Dkk1, !-catenin fl/fl and !-catenin 

$/$. 

!
Finally, we also noted that Wnt3a levels were slightly 

higher in EF4 cells as compared to $N4 cells (Figure S2R), 

however Chiron treatment induced up-regulation of Wnt3a to 

similar levels in wild-type and !geo/+ ESCs over the controls 

(Figure S2S). These data therefore excluded that overexpression 

of Nanog induces an up-regulation of Wnt3a, which is dependent 

on !-catenin instead.  

!
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!
Figures S2R, S2S. (R) qPCR of Wnt3a expression in EF4 and !N4  

cells. (S) qPCR of Wnt3a expression upon CHIR99021 treatment of 

RF8 and of Nanog !geo/+ cells (treated vs untreated). 

 

To further investigate !-catenin and Nanog interplay in 

reprogramming, we asked whether ESCs deleted for Nanog in one 

allele (Nanog !geo/+) might not reprogram somatic cells after 

fusion, due to low !-catenin accumulation. Thus, we treated 

Nanog !geo/+ and RF8 cells with Chiron, to stabilise !-catenin 

and activate target genes, without altering the levels of Nanog 

(Figures S2T and S2U), and fused these cells with NPCs-Oct4-

Puro-GFP. No reprogrammed clones were selected after fusion of 

Nanog !geo/+ ESCs, while reprogramming was greatly increased 

after fusion of Nanog !geo/+ ESCs pretreated with Chiron 

(Figures 2F, 2G and S2V). These data demonstrate that !-catenin 

stabilisation with Chiron can rescue the lack of reprogramming 

after fusion of Nanog !geo/+ ESCs.  
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!

!
Figures S2T, S2U. (T) Western blot of total !-catenin in wild-type 

ESCs (RF8 cells) and in cells lacking one copy of Nanog (Nanog 

!geo/+ cells) upon CHIR99021 treatment. (U) qPCR of !-catenin target 

genes and Nanog in RF8 and Nanog !geo/+ cells upon the activation of 

the pathway with CHIR9902 (treated vs untreated). 
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Figures 2F, 2G. Reprogramming efficiency stabilising !-catenin with 

Chiron (3 µM, 24 h) in!geo/+ cells, counting AP+ (F) and GFP+ (G) 

colonies. (G, inset) Representative GFP clone. 

 
Figure S2V Representative images of AP staining (spontaneous cell 

fusion between NPCs and RF8 or !geo/+ ESCs untreated, or treated for 

24 h with Chiron  3 µM). 

 

Of note, Nanog !geo/+ cells do not show pluripotency 

defects (Mitsui et al., 2003). Furthermore, E-Cadherin and 

Plakoglobin levels, and fusion efficiency were comparable to the 

parental line (Figures S2W-S2Y). Finally, reprogramming 

efficiency was not rescued by Wnt3a pretreatment of Nanog 

!geo/+ ESCs (Figures S2Z-S2B|). The low Nanog levels and 

consequently high Dkk1 in this cell line (Figure 1I), likely 

impaired the binding of Wnt3a to its receptor, as shown also by 

the lack of Wnt pathway activity (Figure S2C|).  
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!
!
!
'

'

'

'
Figures S2W-S2Y. (W) Immunofluorescence of E-cadherin and 

Plakoglobin in RF8 and Nanog !geo/+ cells cultured in serum+LIF 

medium. (X) Western blot of E-cadherin and Plakoglobin in RF8 and 

Nanog !geo/+ cells cultured in serum+LIF medium. (Y) Percentage of 

hybrids analyzed by FACS after 4h of co-culture of NPCs with RF8 or 

Nanog !geo/+ cells. Representative FACS profiles of the hybrids are 

shown. Scale bar, 25 !m. 

'
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'

'
Figures S2Z-S2B|. Stabilization of !-catenin levels using recombinant 

Wnt3a (48 h, 200ng/mL) does not rescue the reprogramming deficiency 

of cells lacking one copy of Nanog (!geo/+). (Z) Representative images 

of AP staining. (A| and B|) Quantification of reprogramming efficiency, 

counting AP+ (A|) and GFP+ (B|) colonies. (B|, inset) Representative 

GFP clone. 
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'

Figure S2C|. qPCR of the !-catenin target genes in RF8 and Nanog 

!geo/+ cells upon the activation of the pathway with recombinant 

Wnt3a (treated vs untreated). 

 

!-catenin is essential for Nanog-mediated conversion of pre-

iPSCs into iPSCs  

Stepwise modulation of the Wnt pathway is necessary for 

reprogramming mouse embryonic fibroblasts (MEFs) into iPSCs 

(Aulicino et al., 2014; Ho et al., 2013). Furthermore, Nanog is 

necessary for pre-iPSCs to become iPSCs (Silva et al., 2009). 

However, whether the Wnt pathway and Nanog cooperate in this 

conversion has not been studied.  

MEFs stably carrying a GFP reporter for Nanog were 

infected with the mouse transcription factors Oct4, Klf4, Sox2 

and c-Myc (OKSM) (Figure 2H). In pre-iPSCs positive for 

SSEA-1 and negative for Nanog (Figure S2D|), we up-regulated 

Nanog using a Mek inhibitor (Silva et al., 2008), and at the same 

time, we inhibited the Wnt pathway by adding Dkk1 (Figures 2H 

and S2E|). There was a significantly reduced number of iPSCs 

generated from pre-iPSCs, while iPSCs were efficiently generated 
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without inhibition of the Wnt pathway (Figures 2I-2K and S2F|-

S2H|).  

 

!
Figure 2H. Scheme of spontaneous cell fusion between mESCs and 

NPCs.  

 

 

!
Figure S2D|. Immunofluorescence of Nanog and SSEA-1 in pre-iPSCs 

generated from MEFsNanog-GFP. Scale bar, 25 µm. 
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!
Figure S2E|.. Expression of Wnt target genes analyzed by qPCR in pre-

iPSCsNanog-GFP grown in ESC medium, and ESC medium supplemented 

with Meki (PD0325901) ±Dkk1.  
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!
Figures 2I-2K. (I, J) Immunofluorescence of pre-iPSCs grown in ESC 

medium containing Meki and Dkk1 (I) and of pre-iPSCs grown in ESC 

medium plus Meki (without Dkk1), converted into iPSCs (J). (K) 

Percentage of Nanog-GFP+ iPSCs over total pre-iPSC clones. Scale 

bar, 25 µm. 

!

!

!
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!
FigureS S2F|.- S2H|. (F|) qPCR of pre-iPSCs Nanog-GFP and iPSCs Nanog-GFP 

to analyse the reactivation of stem cell specific genes. (G|) Teratoma 

formed after injection of iPSCs Nanog-GFP were stained with H&E to 

identify tissues coming from different germ layers. Scale bar, 200 µm. 

(H|) Immunofluorescence staining for Nestin (marker of ectoderm 

lineage), Smooth Muscle Actin (SMA, marker of mesoderm lineage) 

and FoxA2 (marker of endoderm lineage) using teratoma sections. Scale 

bar, 25 µm.  

 

We then further showed that inhibition of the Wnt 

pathway impairs the activity of Nanog in the late phase of 

reprogramming, as although Nanog was overexpressed in pre-

iPSCs, the addition of Dkk1 drastically decreased iPSC number 

(Figures S2I|-S2K|).  

!
Figure S2I|. General scheme of iPSC generation protocol. Pre-

iPSCsNanog-GFP(Nanog- and SSEA-1+) were infected with a lentiviral 

vector containing Nanog coding sequence. Drug selected clones were 

switched to ESC medium ±Dkk1 (50ng/mL). 
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!
Figures S2J|, S2K|. (J|) iPSCs were analyzed for Nanog and Oct4 

expression by immunofluorescence. (K|) Percentage of fully 

reprogrammed Nanog-GFP+ iPSCs over total pre-iPS clones. Scale bar, 

25 µm. 

 

Next, we investigated whether deletion of !-catenin in pre-

iPSCs impairs their conversion into iPSCs. MEFs!-cat fl/fl were 

infected with OKSM (Figure 2L). !-catenin gene was deleted in 

pre-iPSC colonies positive for SSEA-1 and negative for Nanog 

(Figure S2L| and S2M|). The deletion was not complete however. 

After induction of Nanog with Mek inhibitor, pre-iPSCs!cat -/- 

failed to become iPSCs, and there were no clones positive for 

Nanog and negative for !-catenin (Figures 2M and S2N|). The few 

Nanog-positive clones selected (Figure 2M) were also positive for 
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!-catenin, which indicated that they derived from MEFs that 

escaped !-catenin deletion. These were indistinguishable from 

iPSCs generated from pre-iPSCs !-cat fl/fl (Figures 2M and S2O|). 

These data demonstrate that !-catenin is essential in the 

conversion of pre-iPSCs into iPSCs in establishing Nanog-

mediated ground-state pluripotency. 

!
Figure 2L. Scheme of iPSC generation from MEFs!-cat flox/flox after 

infection with OKSM. !-catenin was deleted in Nanog-negative pre-

iPSCs with tamoxifen (1 #M). Pre-iPSCs ±tamoxifen were cultured in 

ESC medium with Meki to stabilize Nanog. Scale bar, 25 µm. 

!
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!
Figures S2L|, S2M|. (L|) Pre-iPSCs !-cat fl/flcharacterization by 

immunofluorescence of SSEA-1, !-catenin and Nanog. (M|) Western 

blot of total !-catenin using extracts of pre-iPSCs !-cat fl/fl ±tamoxifen. 

Scale bar, 25 µm. 

 

 

 

!
Figure 2M. Percentages of Nanog+ iPSCs over total pre-iPSC clones.!
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!

!
Figures S2N|, S2O|. (N|) Pre-iPSCs !-cat fl/fl treated with tamoxifen and 

grown in ESC medium plus Meki were stained for Nanog, Oct4, SSEA-

1 and !-catenin. (O|) Pre-iPSCs grown in ES medium without tamoxifen  

!
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!-catenin fluctuates synchronously with Nanog in serum+LIF 

medium!
Nanog fluctuates in ESCs cultured in serum+LIF medium 

(Chambers et al., 2007; MacArthur et al., 2012). We therefore 

investigated whether apart from controlling reprogramming of 

somatic cells, the above-described Nanog regulation of Dkk1 

affects !-catenin distribution and dynamics in ESCs. !
In immunofluorescence experiments, there were heterogeneous 

levels of total and active !-catenin in E14Tg2a cultured in 

serum+LIF, with active !-catenin localised also in the nucleus, as 

expected (Figure 3A). Single cells expressing more Nanog also 

expressed high total and active !-catenin (Figure 3A), with high 

correlation (r = 0.78; Figure 3A). !-catenin-GFP was also 

heterogeneously expressed in EL55 cells, with these expressing 

high levels of !-catenin and Nanog, or low levels of both, as 

indicated by the correlation plot (r = 0.76; Figure 3B). Overall, 

these data indicate correlated heterogeneity of !-catenin and 

Nanog in ESCs cultured in serum+LIF. 
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!

!
Figures 3A, 3B. Immunofluorescences of total !-catenin, active !-

catenin (ABC) and Nanog in E14Tg2a and EL55 cells cultured in 

serum+LIF. Arrows indicate zoomed regions with correlated expression 

of !-catenin and Nanog. The correlation plots of endogenous (A) and 

GFP-tagged (B) !-catenin with Nanog are shown (r, Pearson correlation 

coefficient). Scale bar, 25 !m. 
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We next investigated the dynamics of !-catenin in population 

studies and with time-lapse single-cell imaging. EL55 cultured in 

serum+LIF showed 45±10% of GFP-positive cells, 15±10% of 

GFP-negative, and a population with intermediate GFP levels 

(Figure 3C, H!-cat, L!-cat). Sorted H!-cat (GFP+) had higher 

levels of both!-catenin and Nanog with respect to sorted L!-cat 

(GFP-) cells (Figure 3D, Day 0). Levels of pluripotency genes 

were comparable (Figures S3A and S3B). 

!
Figure 3C. GFP distribution of the EL55 clone in serum+LIF analysed 

by FACS. H!-cat, high !-catenin; L!-cat, low !-catenin. 

!
Figure 3D. Western blot of GFP-positive (H!-cat) and GFP-negative 

(L!-cat) EL55 cells from FACS sorting (day 0), and 4 days of culture 

(day 4). 



                                                                  !-catenin dynamics in mouse ES cells

  

   105!

!

!

!
Figures S3A, S3B. qPCR of pluripotency genes and 

immunofluorescence of Oct4 and GFP using FACS-sorted L!-cat 

(GFP-) and H!-cat (GFP+) EL55 cells. Scale bar, 25 !m. 

 

Next, we asked whether !-catenin spontaneously 

fluctuates over time, as had already been reported for Nanog. H!-

cat (GFP+) and L!-cat (GFP-) FACS-sorted cells passed from 

both Nanog and !-catenin ‘high states’ to ‘low states’ and vice-

versa, after 4 days of culture (Figure 3D).  
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We then analysed !-catenin fluctuations using time-lapse single-

cell imaging. The GFP signal was normalised against stably 

expressed red fluorescent protein fused to histone H2B (H2B-

RFP). Unsynchronised EL55 cells cultured in serum+LIF showed 

increases and decreases in GFP levels over time (Movie S1; 

Figures 3E and S3C).  

!
Figure 3E. Snapshots of live EL55 cell imaging. Quantifications of 

GFP signal normalised against RFP signal, plotted as a function of time. 

White arrows, GFP switch off; yellow arrows, GFP switch on. 

!
Figure S3C. Quantification of the GFP signal normalized against the 

H2B-RFP signal in single cell time lapse imaging of EL55 cells 
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cultured in serum+LIF medium. Switch on and off are shown. (C, right) 

Pluripotency of EL55 cells cultured in serum+LIF was not affected by 

laser exposure in cells analyzed at the end of time-lapse experiments by 

Nanog immunostaining. 

 

Finally, we showed correlated dynamics of Nanog and !-

catenin in TNGA cells. FACS-sorted GFP+ (HN) had high levels 

of !-catenin, while GFP- (LN) cells had almost no !-catenin 

accumulation (Figure 3F, Day 0). GFP+ cells had decreased 

levels of both !-catenin and Nanog at day 4. Symmetrical 

dynamics were observed in the GFP- population (Figure 3F). 

These data indicate that the levels of !-catenin and Nanog are 

dynamically interconnected in ESCs cultured in serum+LIF. 

!
Figure 3F. HN (GFP+) and LN (GFP-) cells FACS sorted from TNGA 

ESCs and analysed by Western blot. HN, high Nanog; LN, low Nanog. 

!
A mathematical model recapitulates Nanog and !-catenin 

correlated fluctuations!
Different models have been proposed to explain Nanog dynamics 

(Fidalgo et al., 2012; Glauche et al., 2010; Kalmar et al., 2009; 

Navarro et al., 2012). To recapitulate the two different sub-states 
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of Nanog and !-catenin in serum+LIF, we modelled the system as 

a bistable one, in which the low and high states of Nanog, and 

consequently of !-catenin, are both stable, and the transition from 

one to the other is due to noise. Of note, gene expression noise is 

a major determinant of the distribution of Nanog in stem cells 

(Wu and Tzanakakis, 2012). 

Oct4, Sox2, Nanog, Dkk1 and !-catenin interactions are 

considered in our model. The topology encompasses a positive 

auto-feedback loop of Oct4-Sox2 heterodimer (Glauche et al., 

2010), which activates Nanog expression (Rodda et al., 2005), 

and a positive auto-feedback loop of Nanog (Loh et al., 2006; 

Mullin et al., 2008) (Figures 3G and S3D). Nanog has also been 

suggested to fluctuate because of auto-repression (Fidalgo et al., 

2012; Navarro et al., 2012). Here we described the system using a 

minimal topology that encompasses bistability, as we mainly 

focused on the effects of Nanog fluctuations on !-catenin through 

Dkk1 repression, rather than on the regulation that controls the 

dynamics of Nanog.  

!
Figure 3G. Topology of the interactions among the Oct4-Sox2 

heterodimer, Nanog, Dkk1 and !-catenin. 
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!
Figure S3D. Schematic representation of the Oct4/Sox2 heterodimer 

autoregulation. 

 

We used first-order degradation kinetics and Hill functions for the 

transcriptional interactions. The model includes stochastic terms, 

implemented as zero-mean Gaussian processes, which are added 

to the equations for Nanog and !-catenin (Figure 3H). Starting 

from parameter values reported before (Abranches et al., 2013; 

Glauche et al., 2010), we measured the half-life of !-catenin 

(Figures S3E and S3F, Table S1), and modified the transcription 

rates and the amplitude of noise to fit the distribution of Nanog 

and !-catenin in TNGA and EL55 cells, respectively.  

!
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!Figure 3H. Differential equations (DEs) model of the network. 

! !

!

!
Figures S3E S3F. (E) ESCs were treated with cycloheximide (50 #M 

CHX) for 12 h, and the pelleted cells were analyzed by Western 

blotting. (F) Quantification from Western blots. !-catenin protein levels 

were calculated by normalizing against actin. Dashed lines indicate !-

catenin half-life. 

 

        When simulating over time, a typical trajectory of Nanog, 

Dkk1 and !-catenin is presented (Figure 3I): due to noise, in 

serum+LIF, cells can switch from one steady-state to the other, 

with correlated Nanog and !-catenin dynamics in anti-phase with 

the Dkk1 ones. Simulating the model for a high number of cells 

and estimating the Kelner density (Cao et al., 1994), we 

recapitulated  the stationary GFP distribution of TNGA and EL55 

cells (Figures 1E, 1F, steady-state conditions, and 3J). We 

captured the distributions observed in the two cell lines and the 
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distances between the positive and negative states. Figure 3K 

shows typical bistability continuation plots: continuing the steady-

state on s4 (the maximal rate of the auto-feedback of Nanog), two 

saddle-node bifurcations delimit the bistability region. 

!

!

!
Figures 3I-3K. (I) Nanog, Dkk1 and !-catenin simulated time-course. 

(J) Bimodal distribution of Nanog and !-catenin. (K) Bifurcation plots 

of the model; red and blue lines indicate stable, while grey lines indicate 

unstable steady-state.!
!"#$%&'),-')!+'./#&'01!
!
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!-catenin protein is heterogeneous in ESCs cultured in 

2i+LIF medium !
Recent reports have shown that Nanog and other members of the 

pluripotency network do not fluctuate when ESCs are cultured in 

2i+LIF medium (Ying et al., 2008). We therefore asked whether 

!-catenin heterogeneity is also abrogated in ESCs cultured in 

2i+LIF.  

Nanog was overall homogeneously expressed in E14Tg2a 

cells, and instead, !-catenin was heterogeneous, with some cells 

accumulating more !-catenin in the nucleus and in the membranes 

than other cells in the same clone (Figure 4A). Furthermore, the 

correlation between Nanog and !-catenin levels was much lower 

in ESCs cultured in 2i+LIF (r = 0.51), as compared to serum+LIF 

(r = 0. 78) (Figures 3A and 4A). In EL55 cells cultured in 2i+LIF, 

although!-catenin-GFP fully co-localised with endogenous !-

catenin with correlated expression (r = 0.98; Figure S4A), it was 

heterogeneously expressed, poorly correlating with Nanog (r = 

0.56; Figure 4B).  
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!

!
!
!
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Figures 4A, 4B. Immunofluorescences of !-catenin, active !-catenin 

(ABC) and Nanog in wild-type ESCs (E14Tg2a) and EL55 cells 

cultured in 2i+LIF. Arrows indicate zoomed regions with both 

correlated and uncorrelated expression of !-catenin and Nanog. The 

correlation plots of endogenous (A) and GFP-tagged (B) !-catenin with 

Nanog are shown (r, Pearson correlation coefficient). Scale bar, 25 !m. 

Figure 3A. Page 103 

!

!
Figure S4A. Immunofluorescence of total !-catenin and GFP in EL55 

cells cultured in 2i+LIF medium and correlation plot of !-catenin and 

GFP in EL55 cells (r is the Pearson correlation coefficient).  Segmented 

images and identified objects are shown. 

 

Single-cell time-lapses of EL55 cells cultured in 2i+LIF 

showed increases or decreases of GFP levels over time (Movies 
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S2 and S3, Figures 4C, S4B and S4C), which clearly 

demonstrated that !-catenin can fluctuate in ESCs in 2i+LIF. 
Scale bar, 25 !m. 

!
!
!
!

!
Figure 4C. Snapshots of live EL55 cells imaged in 2i+LIF. 

Quantification of GFP normalised against RFP signal is plotted. White 

arrows, GFP switch off; yellow arrows, GFP switch on. 

!
!
!



                                                                  !-catenin dynamics in mouse ES cells

  

   116!

!
Figure S4B. Snapshots of the movie S3 of EL55 cells cultured in 

2i+LIF medium with relative quantification of the GFP signal 

normalized against the H2B-RFP signal. Yellow arrows indicate GFP 

switch on. 

!

!
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!
Figure S4C. Quantification of the GFP signal normalized against the 

RFP in single cell time lapse imaging of EL55 cells cultured in 2i+LIF 

medium. Switch on, switch off and oscillations are shown. (C, right) 

Pluripotency of EL55 cells cultured in 2i+LIF was not affected by laser 

exposure in cells analyzed at the end of time-lapse experiments by 

Nanog immunostaining. 

 

In addition, we studied the dynamics of the pathway 

activity using TOP-dGFP, a well-known Wnt reporter carrying 

destabilised GFP (Biechele and Moon, 2008). Only 8±5% of cells 

were GFP+ in 2i+LIF medium (Figure 4D). Furthermore, after 

plating the unsorted cells, we observed a variable number of 

GFP+ cells over time (Figures 4E and S4D), which confirmed the 

heterogeneous activity of the Wnt/!-catenin pathway. In addition, 

time-lapse single-cell imaging of E14/TOP-dGFP showed 

switching on and off of the reporter over time, as well as 

fluctuations between the two states (Movies S4, Figures 4F and 

S4E).  

!

!
Figure 4D. GFP distribution in E14/TOP-dGFP by FACS. GFP+, high 

TOP-dGFP activity; GFP-, low TOP-dGFP activity. 
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!
!
!
!

!
Figure 4E. Time-course of unsorted E14/TOP-dGFP grown in 2i+LIF 

and analysed by FACS. 

!
Figure S4D. Representative FACS analysis of 48 hours time-course 

experiment of unsorted E14/TOP-dGFP grown in 2i+LIF. 
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!
Figure 4F. Snapshots of live single E14/TOP-dGFP cell imaging and 

quantifications of GFP signal versus RFP. White arrows, GFP switch 

off; yellow arrows, GFP switch on. 

!

!
Figure S4E. Quantification of the GFP signal normalized against the 

H2B-RFP signal in single cell time lapse imaging of E14/TOP-dGFP 
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cells cultured in 2i+LIF medium. Switch on, switch off and oscillations 

are shown. (E, right) Pluripotency of E14/TOP-dGFP cells cultured in 

2i+LIF was not affected by laser exposure in cells analyzed at the end 

of time-lapse experiments by Nanog immunostaining. 

 

Finally, the TOP-dGFP reporter was activated 3 days after 

culturing FACS-sorted GFP- population in 2i+LIF, while it was 

inactivated in sorted GFP+ cells (Figure 4G). Target genes were 

active only in the sorted GFP+ cells, while Nanog did not change 

in both populations (Figure 4H).  

!

!
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!
Figures 4G, 4H. (G) FACS analysis of GFP+ and GFP- cells sorted 

from E14/TOP-dGFP and cultured in 2i+LIF for three days. (H) qPCR 

of Axin2, Cdx1 and Nanog in GFP+ and GFP- cells sorted from 

E14/TOP-dGFP cultured in 2i+LIF.  
 

Overall, these data indicate that !-catenin and its target 

genes can fluctuate in ground pluripotency state. 

'

EXPERIMENTAL PROCEDURES 

 

Mathematical model simulation and analysis 

The stability and bifurcation analyses were realized using the 

software tool xppaut (www.math.pitt.edu/~bard/xpp/xpp.html). 

To approximate numerical solutions of the stochastic differential 

equations, we applied the Euler-Maruyama method. Stochastic 

simulations were implemented using the programming language 

C++. Density plots were generated under the Matlab platform 

(The MathWorks). 

 

AUTHOR CONTRIBUTIONS 



                                                                  !-catenin dynamics in mouse ES cells

  

   122!

M.P.C., L.M and E.P. designed the experiments and data analysis. 

L.M, E.P., U.D.V., B.S.E. performed experiments. M. I. designed 

the tagging strategy. L.M. developed the mathematical model. 

M.P.C., L.M. and E.P. wrote the manuscript. M.P.C. supervised 

the project. 

 

 

ACKNOWLEDGEMENTS 

The authors would like to thank K. Arumugam, F. Aulicino, D. di 

Bernardo, J. Frade, F. Lluis, B. Keyes, L. Ombrato and I. Theka 

for critical reading of the manuscript; B. Di Stefano for helping 

with pre-iPSCs generation; F. Aulicino for the design of 

expression vectors; M. Herberg for suggestions on the 

mathematical model; V. Chigancas, M. Muñoz and N. Romo for 

technical support; Mark Jepson, Katy Jepson and Alan Leard for 

the single-cell time lapse; A. Corsinotti for useful discussions; A. 

M. Arias for suggestions on time-lapse imaging; A. Smith for 

NPCs-Oct4-Puro-GFP and TNGA cells; S. Yamanaka for Nanog 

!geo/+ and !geo/Hygro cells; I. Chambers for E14Tg2a cells, 

EF4 cells, and p-CAG-Nanog expression vector; C. Hartmann for 

!-catenin fl/fl and $/$ cells; R. Farese for RF8 cells; and B. E. 

Welm for HIV-H2BmRFP plasmid. We are grateful for support 

from an ERC grant (242630-RERE) (M.P.C.), an HFSP grant 

(M.P.C.), the Ministerio de Ciencia e Inovación SAF2011-28580 

(M.P.C.), Fundacio’ La Marato’ de TV3 (M.P.C.), AXA Research 

Fund (M.P.C.), an EMBO Long-Term Fellowship (L.M.), and 



                                                                  !-catenin dynamics in mouse ES cells

  

   123!

Wolfson Foundation and BBSRC Alert 13 capital grant 

(BB/L014181/1) (Bristol University). 

!
!



Extended Experimental Procedures 
 

   124!

EXTENDED EXPERIMENTAL PROCEDURES 
 

Cell lines 

ESCs were cultured on gelatin in knockout Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 20% fetal bovine 

serum (Hyclone), 1 x nonessential amino acids, 1 x GlutaMax, 1 x 

2-mercaptoethanol, and 1000 U/ml LIF ESGRO (Millipore).  NPCs-

Oct4-puro and TNGA ESCs were generated and cultured as 

previously described (Chambers et al., 2007; Conti et al., 2005). 

NPCs-Oct4-puro were further modified by inserting the 

hygromycin-resistance gene under a constitutive promoter (pCAG). 

Cells were selected to create stable clones expressing the 

hygromycin-resistance gene. E14Tg2a and EF4 ESCs were cultured 

as previously described (Chambers et al., 2003). The ESC mutants 

N1 and %N4 were derived from wild-type ESCs (!-catenin fl/fl) and 

!-catenin $/$ cells (Lyashenko et al., 2011). They were clonally 

isolated after nucleofection (Amaxa) of the pCAG-Nanog and 

selected with puromycin. Wild-type RF8 ESCs were described in 

(Meiner et al., 1996). Nanog !geo/+ cells were genetically derived 

as previously described (Mitsui et al., 2003). EL55 ESCs (Sv/129 

background) were obtained by inserting a GFP-tag in the 

endogenous !-catenin locus gene using Zinc Finger technology 

(Isalan et al., 2001). The EL55 clone was selected for GFP 

integration via single cell sorting by FACS. Sorted GFP-positive 

cells were then expanded and genomic DNA was used to identify 

the clones in which GFP had recombined with the endogenous !-

catenin gene. E14- TOP7x-dGFP cells were clonally isolated from 

wild-type E14Tg2a cells nucleofected with a TOP7x-dGFP plasmid 
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(destabilized GFP was inserted in the 7TGP plasmid (Addgene) to 

replace the original enhanced GFP), and drug selected. 

Cells used in time-lapse experiments (EL55 and E14-TOP7x-dGFP) 

were stably nucleofected with pHIV-H2BmRFPplasmid purchased 

from Addgene (Plasmid 18982) (Welm et al., 2008)carrying a 

H2BmRFP sequence. 

 

Cell hybrids  

ESC and NPC co-cultures: 1.0 &106 ESCs were plated onto pre-

plated 1.0 &106 NPCs. These were co-cultured for 4 h, first for 2 h 

in NPC medium and then for 2 h in ESC medium. The cells were 

then trypsinized and plated at 1/5 into p100 gelatin-coated dishes in 

ESC medium. After 72 h, puromycin or hygromycin were added to 

the ESC medium for hybrid selection. 

Dkk1 was silenced by infecting cells with viral ShRNA against 

Dkk1 (Sigma, MISSION shRNA, TCR number TRCN0000055155, 

clone ID NM_010051.2-228s1c1) and with ShControl (pLKO.1 

puro, Sigma). Infected cells were drug selected for the integration of 

the virus before fusion experiment.  

 

Drug treatments 

EF4 cells (1.0 x106 ) were plated on gelatin and treated for 24 h with 

50 ng/mL Dkk1 recombinant protein (R&D Systems).  IWP2 

(Stemgent) was used at 2 µM, during 24 hour treatment. RF8 cells 

(1.0 x106) and Nanog !geo/+ cells (1.0 x106 ) were plated on gelatin 

and treated for 24 h with CHIR99021(3 µM) (Selleck Chemicals).  

Similarly, recombinant Wnt3a protein (R&D) was used at 200 
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ng/ml (48 hours treatment). Twenty-four hours later, cells were 

trypsinized, counted and plated on NPCs for fusion, or harvested for 

RNA and protein analyses. Fusions and drug selection were 

performed as described in the Cell hybrids protocol. For the fusion 

of RF8 and Nanog !geo/+ cells, the hybrids were treated 

additionally for 72 h with CHIR99021 before starting drug 

selection. 

EL55 and ESC-TNGA cells were treated with 3 µM CHIR99021 

and 3 µM Mek inhibitor (PD184352, Sigma) for 1 day and 7 days, 

respectively. After each treatment cells were collected and analyzed 

by flow cytometry. PD184352 was refreshed every 48 hours. 

 

Western blotting  

Western blotting was performed as previously described (Zito et al., 

2007). The primary antibodies used were: anti-!-catenin, clone 14 

(BD Biosciences), working concentration 1:1000; anti-Nanog 

(CALBIOCHEM), working concentration 1:1000; anti-!-actin 

(Abcam), working concentration 1:2000; anti-GFP (Santa Cruz 

Biotechnology), working concentration 1:500; anti-Dkk1 (Santa 

Cruz Biotechnology), working concentration 1:100; anti-

Plakoglobin (BD Biosciences), working concentration 1:1000; anti 

E-Cadherin (BD Biosciences), working concentration 1:1000; anti-

Oct3/4 (Santa Cruz Biotechnology), working concentration 1:1000. 

The secondary antibodies were diluted 1:3000. 

 

Immunostaining 
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Cells were washed twice with phosphate-buffered saline (PBS), 

fixed with 4% paraformaldehyde for 15 min at RT, and blocked in 

PBS with 0.3% Triton  X-100 and 10% goat serum, for 60 min.  

The cells were incubated with the specific primary antibodies for 4 

h, and 1 h with the secondary antibody conjugated with fluorescein. 

The cells were then washed and mounted on slides with a few drops 

of Vectashield, with DAPI (Vector Laboratories).  

The primary antibodies used for immunostaining were: anti-!-

catenin, clone 14 (BD Biosciences), working concentration 1:1000; 

anti-active-!-catenin (ABC), working concentration 1:400, clone 

8E7 (Millipore); anti-GFP (Santa Cruz Biotechnology), working 

concentration 1:1000; anti-SSEA-1, clone 480 (Santa Cruz 

Biotechnology), working concentration 1:500; anti-Nanog 

(CALBIOCHEM), working concentration 1:500; anti-Oct3/4, clone 

C10 (Santa Cruz Biotechnology), working concentration 1:1000; 

anti-Nestin (Abcam), working concentration 1:200; anti-FoxA2 

(ab40874 Abcam), working concentration 1:400; anti-Smooth-

Muscle-Actin (SMA, Sigma), working concentration 1:400; anti-

Plakoglobin (BD Biosciences), working concentration 1:400; anti 

E-Cadherin (BD Biosciences), working concentration 1:400; anti-

EEA1 (BD Biosciences), working concentration 1:50. The 

fluorescent conjugated secondary antibodies were diluted 1:1000. 

 

Immunostaining quantification and correlation analysis 

To indentify single-cell (segmentation) in immunostainings, we 

implemented an automated methodology using CellProfiler 

(Carpenter et al., 2006).  The designed pipeline detects nuclei from 
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DAPI, propagates nuclei to indentify cytoplasm, quantify 

fluorescence on the indentified objects (pipeline available upon 

request). Over-segmented or under-segmented objects were 

removed manually where needed. Line plot distribution, scatterplots 

and Pearson correlation coefficient were generated using Excel. 

 

qPCR 

For quantitative PCR, the total RNA was extracted from mouse 

ESCs, MEFs, Pre-iPSCs and iPSCs using the RNeasy kit (Qiagen), 

and the cDNA was generated from 1 µg of RNA using Superscript 

III (Invitrogen). For cDNA 25 ng was used as template for each 

reaction, in a10 µl reaction volume. LightCycler 480 SYBR Green I 

Master (Roche) was used with LightCycler®480 System (Roche).  

 
Chromatin immunoprecipitation assay 

Chromatin immunoprecipitation (ChIP) was carried out using the 

protocol described in (Morey et al., 2012). ESCs were trypsinised 

and crosslinked in 1% formaldehyde for 10 min at room 

temperature. The crosslinking was quenched with 0.125 M glycine 

for 5 min. The pelleted cells were lysed in 1 ml ChIP buffer and 

sonicated for 10 min in a Bioruptor sonicator (Diagenode). The 

soluble material was quantified using Bradford assays. To 

immunoprecipitate the transcription factors, 1mg protein was used, 

and 5 µg anti-Nanog (BETHYL laboratories) and 5 µg IgG were 

incubated overnight with the chromatin. The immunocomplexes 

were recovered with 30 µl protein A or G agarose bead slurries. The 

immunoprecipitated material was washed three times with a low-

salt buffer, and one time with a high-salt buffer. DNA complexes 
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were decrosslinked at 65 °C for 3 h, and the DNA was then eluted 

in 200 µl water using the PCR purification kit (QIAGEN). Two 

microliters DNA was used for each qPCR reaction.  

 

FACS analysis and cell sorting 

After CHIR99021 and Mek inhibitor treatment, the untreated and 

treated ESCs were trypsinized and the pelleted cells were 

resuspended in PBS with 2% FBS with DAPI. The endogenous 

GFP of the EL55 and TNGA cells was analysed using a BD LSR 

Fortessa. For FACS sorting, cells were prepared in the same way 

and sorted on a BD FACS aria II. To check cell fusion efficiency, 

NPCs and ESCs were stained with Mito Tracker, from Invitrogen, 

green (300 nM) and orange (150 nM) respectively, and incubated at 

37°C for 30 min. The day after, green NPCs and orange ESCs were 

co-cultured as described in the cell hybrids section. Mito Tracker 

signal was analyzed using a BD LSR Fortessa 4 hours after fusion.  

 

EL55 cell generation with zinc finger technology 

A genomic target region was chosen to provide a G-rich, stop-

codon free, in-frame sequence, close to the N-terminus of !-catenin. 

Zinc fingers were designed rationally with the help of ZiFit (Sander 

et al., 2012). DNA recognition helix design was guided by (Isalan et 

al., 2001). To form functional obligate heterodimer zinc finger 

nucleases (ZFNs), DNA for zinc finger proteins (ZFPs) was 

synthesised and cloned via XbaI/BamHI into pMLM290/pMLM292 

expression plasmids (Miller et al., 2007), 
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(http://www.addgene.org/21873/ and 

http://www.addgene.org/21872/).  

 

ZFP-FokI DNA coding sequences (Zinc finger a-helices 
underlined): 
>bCat_1LEFT_3F_pMLM290 

ATGGGACCTAAGAAAAAGAGGAAGGTGGCGGCCGCTGAC

TACAAGGATGACGACGATAAATCTAGACCCGGGGAGCGC

CCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTCGACCA

CCGGCGCCCTGACCGAACATACCCGTACTCATACCGGTGA

AAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCC

CGCAGCTCCAACCTGACCAGGCATCTACGTACGCACACCG

GCGAGAAGCCATTCCAATGCCGAATATGCATGCGCAACTT

CAGTCAGAGCTCCGACCTGACCCGCCACCTAAAAACCCA

CCTGAGGGGATCCCTAGTCAAAAGTGAACTGGAGGAGAA

GAAATCTGAACTTCGTCATAAATTGAAATATGTGCCTCAT

GAATATATTGAATTAATTGAAATTGCCAGAAATTCCACTC

AGGATAGAATTCTTGAAATGAAGGTAATGGAATTTTTTAT

GAAAGTTTATGGATATAGAGGTAAACATTTGGGTGGATC

AAGGAAACCGGACGGAGCAATTTATACTGTCGGATCTCCT

ATTGATTACGGTGTGATCGTGGATACTAAAGCTTATAGCG

GAGGTTATAATCTGCCAATTGGCCAAGCAGATGAAATGC

AACGATATGTCAAAGAAAATCAAACACGAAACAAACATA

TCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCTGT

AACGGAATTTAAGTTTTTATTTGTGAGTGGTCACTTTAAA

GGAAACTACAAAGCTCAGCTTACACGATTAAATCATAAG

ACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTT

TAATTGGTGGAGAAATGATTAAAGCCGGCACATTAACCTT



Extended Experimental Procedures 
 

   131!

AGAGGAAGTGAGACGGAAATTTAATAACGGCGAGATAAA

CTTTTAA 

 

>bCat_1RIGHT_pMLM292 

ATGGGACCTAAGAAAAAGAGGAAGGTGGCGGCCGCTGAC

TACAAGGATGACGACGATAAATCTAGACCCGGGGAGCGC

CCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTCGCGCA

GCGACGCCCTGACCAGGCATACCCGTACTCATACCGGTGA

AAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCC

CAGAGCTCCGACCTGAGCCGCCATCTACGTACGCACACCG

GCGAGAAGCCATTCCAATGCCGAATATGCATGCGCAACTT

CAGTCAGAGCTCCGACCTGACCCGCCACCTAAAAACCCA

CCTGAGGGGATCCCAACTAGTCAAAAGTGAACTGGAGGA

GAAGAAATCTGAACTTCGTCATAAATTGAAATATGTGCCT

CATGAATATATTGAATTAATTGAAATTGCCAGAAATTCCA

CTCAGGATAGAATTCTTGAAATGAAGGTAATGGAATTTTT

TATGAAAGTTTATGGATATAGAGGTAAACATTTGGGTGGA

TCAAGGAAACCGGACGGAGCAATTTATACTGTCGGATCTC

CTATTGATTACGGTGTGATCGTGGATACTAAAGCTTATAG

CGGAGGTTATAATCTGCCAATTGGCCAAGCAGATGAAAT

GGAGCGATATGTCGAAGAAAATCAAACACGAAACAAACA

TCTCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCT

GTAACGGAATTTAAGTTTTTATTTGTGAGTGGTCACTTTA

AAGGAAACTACAAAGCTCAGCTTACACGATTAAATCATA

TCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCT

TTTAATTGGTGGAGAAATGATTAAAGCCGGCACATTAACC
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TTAGAGGAAGTGAGACGGAAATTTAATAACGGCGAGATA

AACTTTTAA 

 

ZFN Protein Sequences  

Zinc finger a-helices are underlined. Sequences include FokI 

(positively or negatively charged) from pMLM290/pMLM292, N-

terminal Nuclear Localisation Signals (NLS) and FLAG-tag: 

>bCat_1LEFT_3F_pMLM290-FokI+ 

MGPKKKRKVAAADYKDDDDKSRPGERP 

FQCRICMRNFSTTGALTEHTRTHTGEKP 

FQCRICMRNFSRSSNLTRHLRTHTGEKP 

FQCRICMRNFSQSSDLTRHLKTHLRGS 

LVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMK

VMEFFMKVYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDT

KAYSGGYNLPIGQADEMQRYVKENQTRNKHINPNEWWKV

YPSSVTEFKFLFVSGHFKGNYKAQLTRLNHKTNCNGAVLSV

EELLIGGEMIKAGTLTLEEVRRKFNNGEINF* 

>bCat_1RIGHT_pMLM292-FokI- 

MGPKKKRKVAAADYKDDDDKSRPGERP 

FQCRICMRNFSRSDALTRHTRTHTGEKP 

FQCRICMRNFSQSSDLSRHLRTHTGEKP 

FQCRICMRNFSQSSDLTRHLKTHLRGS 

QLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEM

KVMEFFMKVYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVD

TKAYSGGYNLPIGQADEMERYVEENQTRNKHLNPNEWWK

VYPSSVTEFKFLFVSGHFKGNYKAQLTRLNHITNCNGAVLS

VEELLIGGEMIKAGTLTLEEVRRKFNNGEINF* 
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iPSC generation  

Pre-iPSCs were generated by retroviral infection of MEFs with 

pMXs-based containing the four factors: Oct4, Sox2, c-Myc and 

Klf4 obtained from Addgene, Inc. 

The plasmids containing the four factors were transfected into the 

Platinum-E Retroviral Packaging cell line, Ecotropic from Cell 

Biolabs Inc packaging cell line (ref.RV-101) using the CalPhosTM 

Mammalian Transfection kit from Clontech Laboratories, Inc. 

(ref.631312). Then 48 hours before transfection, 5 x104 murine 

embryonic fibroblasts (MEFs) were seeded in each well of a 6-well 

plate. The virus-containing supernatants were supplemented with 4 

mg/ml of polybrene. Equal amounts of viral supernatants containing 

each of the 4 retroviral vectors were mixed, added to the MEFs and 

incubated overnight. The cells were treated with the viral 

supernatants two more times. At 48 h after the last infection, the 

cells were switched to ESC medium supplemented with 1,000 U/ml 

of leukemia inhibitory factor (LIF). Two days after switching the 

medium, the infected fibroblasts were harvested by trypsinization 

and each well was replated into a 100-mm dish on MEF feeder 

layers. The medium was replaced every day.  

Pre-iPSCs from MEFs purified from a Nanog-GFP mouse strain 

(Tg(Nanog-GFP,Puro)1Yam, Riken), were switched into ESC 

medium plus MEK Inhibitor (PD0325901, Selleck Chemicals, 1 

µM) containing or not Dkk1 recombinant protein. Seven days after 

switching medium, iPSCs (Nanog-GFP positive) were counted. 
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Pre-iPSCs from MEFs purified from a Nanog-GFP mouse strain 

(Tg(Nanog-GFP,Puro)1Yam, Riken) were infected with pBABE-

Nanog-Hygro virus (Nanog coding sequence was cloned into 

pBABE-Hygro plasmid, purchased by Addgene) or with PBabe-

Hygro virus as control. Infected cells were selected for the virus 

integration for three days. After three additional days, Dkk1 was 

added or not to ESC medium, and five days later iPSCs (Nanog-

GFP positive) were counted. 

Pre-iPSCs from MEFs purified from the B6.129-

Ctnnb1tm2Kem/KnwJ/!-Actin-CRE mouse strain (!-catenin 

conditional KO, inducible with tamoxifen from Jackson 

Laboratories) were treated with 1 µM tamoxifen (Sigma) for 48 h, 

to excide the !-catenin gene and then switched to ESC medium 

containing MEK inhibitor (PD0325901, Selleck Chemicals, 1 µM) 

to promote iPSCs formation by Nanog overexpression. Control 

plates were incubated for 48 h with ethanol (vehicle for tamoxifen). 

Eight days after switching the medium, iPSCs Nanog+ were 

counted.  

 

ELISA assay 

Dkk1 dosage was carried out using the Quantikine mouse Dkk-1 

Immunoassay from R&D (MKK100). Cell culture supernatant 

collected from wild-type ESCs and mutant ESCs was incubated 

with the appropriate antibodies according to the manufacturer. A 

standard curve was generated plotting on the y-axis the optical 

density of each standard and on the x-axis the relative 
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concentration. Dkk1 concentration in pg/mL was calculated fitting 

the calibration curve. 

 

Teratoma production  

Cells were trypsinized into single-cell suspensions and resuspended 

in phosphate-buffered saline to a concentration of 1.5 x107 

cells/mL. These cells were injected subcutaneously into Fox Chase 

SCID mice using a 25 gauge needle (200 ml). Teratomas were 

collected after 4 weeks and were fixed, embedded, sectioned, and 

stained for Nestin (1:200), FoxA2 (1:400) and SMA (1:400). 

 

Mathematical model derivation 

The mathematical model is composed of four differential equations 

for the Oct4/Sox2, Nanog, Dkk1 and !-catenin concentrations. They 

are derived from stoichiometric equations for transcription factors 

binding to the genes.  The main assumptions of the model are: (a) 

the concentration of the Oct4 and Sox2 heterodimer is in dynamic 

equilibrium with the ones of Oct4 and Sox2, thus the concentrations 

of the single proteins can be neglected; (b) post-transcriptional 

interactions can be ignored, considering just the transcriptional 

ones; (c) Nanog is mainly regulated by the Oct4-Sox2 heterodimer, 

and by itself; (d) Dkk1 is inhibited by Nanog; (e) !-catenin is 

directly inhibited by Dkk1; (f) activation and repression are Hill-

like functions; (g) the decays rates are first order. Bistability is 

given by the presence of Nanog auto-positive feedback loop 

(Siciliano et al., 2013; Siciliano et al., 2011). 
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Time-lapse live fluorescence imaging 

Time-lapse images were acquired on a Leica SP8 AOBS confocal 

laser scanning microscope attached to a Leica DM I6000 inverted 

epifluorescence microscope using Adaptive Focus Control to 

correct focus drift during time-courses and hybrid (GaAsP) 

detectors to increase sensitivity. Images were acquired with a 40x 

(NA 0.55) lens using 488nm and 561nm excitation. A pinhole size 

of approx. 3 Airy Units was used to increase signal. Cells were 

imaged at 37°C in a humidified environmental chamber in 5% CO2. 

A time interval of 1 hour was set between time-points. Image 

processing and fluorescence quantification were performed using 

ImageJ v1.47p. 

 

Statistical Analysis 

Differences between groups were analyzed by Student t test. A p-

value lower than 0.05 was considered statistically significant. 

Data are means ±SEM (n = 3/5). p >0.1, *, p <0.05, **, p <0.01, ***, p 

<0.0001. 

 

 



Extended Experimental Procedures 

 
 

   137!

 
 
 
 
 
 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

Supplemental Table 1. Parameters of the mathematical model, Related to Figure 3  
 

Parameter Unit               Value 
u molecules-1  day-1 0.069 

-1
 

s1 molecules day 
s2 molecules day 
s3 molecules day 
s4 molecules day 
s5 molecules day 
s6 molecules day 

50 
50 

0.69 
155.25 

115 
23 

k1 molecules 10 
k2 molecules 10 
k3 molecules 10 
k4 molecules 10 
k5 molecules 10 
k6 molecules 4.5 

-1
 

d0 day 
dS day 
dOS day 
dN day 
dD day 
d!  day 

1 
1 

2.3 
6.9 

11.5 
2.3 

"OS  1 
"N  2 
"D  2 
"!  3 
#  3.4 
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Supplemental Table 2. Cell lines used in the present study. 

 

Name Origin 
E14Tg2a ESC wild-type 
EF4 ESC overexpressing Nanog 
ES !-catenin fl/fl ESC wild-type from Lyashenko et al., 2011 
N1 ESC overexpressing Nanog (background ES !-catenin fl/fl) 
ES !-catenin "/" ESC deleted for !-catenin from Lyashenko et al., 2011  
"N4 ESC overexpressing Nanog (background ES !-catenin "/") 
RF8 ESC wild-type 
Nanog !geo/+ 
Nanog !geo/Hygro 

ESC deleted for one copy of Nanog 
ESC deleted for both copies of Nanog 

EL55 
TNGA 
H!-cat 
L!-cat 
HN 
LN 
GFP+ 
GFP- 

ESC with one allele of !-catenin GFP tagged 
ESC with insertion of GFP into the Nanog locus on one allele  
GFP+ cells from the EL55 clone 
GFP- cells from the EL55 clone 
GFP+ cells from the TNGA cells 
GFP- cells from the TNGA cells 
GFP+ cells from E14/TOP-dGFP cells 
GFP- cells from E14/TOP-dGFP cells 

MEFs Nanog-GFP MEFs carrying GFP reporter regulated by Nanog promoter 
MEFs !-catenin fl/fl (CRE) MEFs conditional knock-out for !-catenin 
ES !-catenin fl/- ESC deleted for one copy on !-catenin from Wray et al., 2011 
ES !-catenin " /- ESC deleted for !-catenin from Wray et al., 2011 
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Supplemental Table 3. List of Primers.  

 

qPCR Forward Reverse 
Actin ACGTTGACATCCGTAAAGAC

CT 
GCAGTAATCTCCTTCTGCATCC 

Nanog AACCAAAGGATGAAGTGCAA
G 

TCCAAGTTGGGTTGGTCCAAGTCT 

Axin2 GGGAGCAGTTTTGTGGCAGC
A 

AGGGTCCTGGGTAAATGGGTGAG 

Cdx1 TCTACACAGACCACCAACGC AGAAACTCCTCCTTGACGGG 
Brachyury TGCAGATTGTCTTTGGCTACT

TTG 
CTCTAATGTCCTCCCTTGTTGCC 

Stella TTCAAAGCGCCTTTCCCAA ACATCTGAATGGCTCACTG 
Rex1 ACGAGTGGCAGTTTCTTCTTG

CG 
TATGACTCACTTCCAGGGGGCACT 

End. Oct4 GTTGGAGAAGGTGGAACCAA CTCCTTCTGCAGGGCTTTC 
Wnt3a AGTGAGGACATTGAATTTGG GTTTCTCTACCACCATCTCC 

 

Dkk1 primers were purchased from QIAGEN (PPM05476F-200). 

 

CHIP Forward Reverse 

Dkk1 TGCTGGGAAGTCAAGGGA

GCC 

CAGCAAGTTCCCAGGGTCCAC 

 

Primers for Igx1A were purchased from QIAGEN. 

 

Genomic DNA Forward Reverse 

Left site ins GTTCTCCTCATGCAGCTGTGG GCTTGCCGGTGGTGCAGATG 

Right site ins GCAGAACACCCCCATCGGC CCCCTAGCTTCTGACTCTGAGC 
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DISCUSSION 

 

 

Crosstalk between the Wnt/!-catenin pathway and Nanog is 

important for ESC physiology. Here we show that Nanog 

represses an important negative regulator of the Wnt pathway, 

Dkk1, and in turn indirectly activates !-catenin. This is essential 

for the function of Nanog during somatic cell reprogramming. On 

the other hand, we cannot exclude additional regulation by Nanog 

of other effectors of the pathway, or that repression of Dkk1 by 

Nanog is in cooperation with a recruited repressor complex. 

Impairment of reprogramming due to lack of Nanog can be 

rescued by !-catenin stabilisation, which implies a key function of 

!-catenin as a downstream effector of Nanog. Interestingly, there 

have been similar findings for Esrrb (Festuccia et al., 2012; 

Martello et al., 2012), and Tet1 and Tet2 (Costa et al., 2013), 

which are also Nanog-dependent factors in the establishment of 

pluripotency and reprogramming. !
The regulation of Nanog on !-catenin in the 

reprogramming process is relevant regardless of transcriptional 

(Nusse, 2008; ten Berge et al., 2011) and non-transcriptional 

activities of !-catenin (Faunes et al., 2013), which might be 

synergistic, and therefore may be both important in the control of 

ESC pluripotency. !
We used !-catenin–null ESCs and confirmed published 

data (Lyashenko et al., 2011; Wray et al., 2011) that in the 
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presence of LIF, these cells maintain pluripotency. Other studies 

have reported that removal of !-catenin affects pluripotency 

(Faunes et al., 2013). These divergences are probably due to the 

different strategies used to generate the different lines.  

Nanog is heterogeneous in serum+LIF, but only under 

feeder-free conditions, while it is homogeneous in 2i+LIF 

medium (Cahan and Daley, 2013; Smith, 2013), although some 

variability is expected (Faddah et al., 2013). Nanog dynamics 

were modelled as a single, stable and high steady-state, from 

which ESCs can escape due to intrinsic noise towards a transient 

state with low Nanog expression, in an excitable fashion (Kalmar 

et al., 2009). High and low Nanog states were also shown equally 

probable, and the dynamics of the transition between these as 

monotonic (Abranches et al., 2013). Here, we included Dkk1 

and!-catenin and demonstrated that Nanog and !-catenin 

fluctuate synchronously with bistable dynamics due to stochastic 

noise.  

Interestingly, in 2i+LIF medium, !-catenin fluctuates 

independently of Nanog. Fluctuations are probably regulated by 

negative feedback loops that result in Wnt pathway activation 

(Lee et al., 2003), as the 2i medium contains Chiron. 

Nanog-dependent fluctuations are stochastic and are due to 

transcriptional noise; they might be important to prime cells 

towards differentiation. Upon Wnt pathway activation, fluctuating 

dynamics of !-catenin are not stochastic, as they can be controlled 

by negative feedback loops induced by drug treatments. Whether 
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controlled!-catenin dynamics can maintain the ground state of 

ESC pluripotency remains an open question. 
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• !-catenin fluctuates in ESCs following Nanog dynamics in 

serum+LIF medium 

 
• Nanog activates the Wnt /!-catenin pathway by repressing 

Dkk1 

 
• Nanog enhances somatic cell reprogramming by activating 

the Wnt/ !-catenin pathway 

!
• !-catenin is metastable in ESCs cultured in serum+LIF 

medium or 2i+LIF media 

 

!
!
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