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ABBREVIATIONS LIST 

 

Atoh8: Atonal homolog 8 
BAM: Brn2, Ascl1, and Mytl1 combination 
bHLH: basic Helix-loop-helix 
bHLHZ: basic Helix-loop-helix leucine zipper 
CSC: cancer stem cell 
DCC: deleted in colorectal carcinoma 
Dox: doxycyline 
DKO: double knock-out 
DN: double negative 
DP: double positive 
E.N: embryonic day.N 
Epi: epiblast 
EpiSC: epiblast stem cell 
EC: embryonic carcinoma  
EMT: epithelial to mesenchymal transition 
ESC: embryonic stem  
ICM: inner cell mass 
iN: induced neurons 
iPSCs: induced pluripotent stem cells 
KO: knock-out 
MEF: mouse embryonic fibroblast 
MET: mesenchymal to epithelial transition 
MR: malignant reprogramming 
NR: non-reprogramming 
Neo-1: neogenin-1 
OSK: Oct4, Sox2 and Klf4 combination 
OSKM: Oct4, Sox2, Klf4 and c-Myc combination 
OSN: Oct4, Sox2 and Nanog combination 
PaniN: pancreatic intraepithelial neoplasia  
P-Erk: Phospho-Erk 
PE : primitive endoderm 
PR: pluripotent reprogramming 
TE: trophoectoderm 
TF: transcription factor 
Unc: uncoordinated 
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1. PROCESSES INVOLVED IN CHANGES IN CELLULAR IDENTITY 

 

During my PhD studies, I studied the mechanisms that safeguard cellular identity or, on the contrary, 

allow cells to lose their initial identity and convert to a new cell type. 

In the classical view of development, changes of cellular identity mainly take place during differentiation. 

In this process, the pluripotent stem cell, capable of forming the whole organism, stops to self-renew 

and, through stepwise cell divisions, differentiates into terminally specified somatic cells. This 

differentiation is always accompanied by (i) the loss of cellular plasticity, which is the ability to give rise 

to multiple cell types, and (ii) the acquisition of specific cellular features (Patel and Hobert, 2017). 

This concept was well described in 1957 by Conrad Hal Waddington, a developmental biologist who 

connected for the first time the embryology and the genetic fields. He displayed the development of an 

organism as the synchronized descent of a hillside towards different valleys (Fig.1). In the model, a single 

stem cell descends the hillside during differentiation. When it enters a valley, it cannot climb back the 

mountain side and enter a second valley. In the same way, a cell that has completely differentiated into 

a specific cell type, cannot lose its somatic identity, reacquire plasticity and convert into a new different 

cell type. This limitation is due to the plasticity restriction associated with differentiation. Thus, 

embryonic stem cells descend different valleys to give rise to the several cell types composing the whole 

organism. Moreover, the eminent scientist hypothesized that the mechanisms allowing cells to choose 

between the several valleys have an epigenetic origin. For these reasons, he developed the idea of the 

epigenetic landscape of development. (Hochedlinger and Plath, 2009).  
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Figure 1: (Adapted from Puisieux et al., 2018). The epigenetic landscape of development, proposed by 
Waddington. A pluripotent cell differentiates into a specific cell type, a process accompanied by 

acquisition of specific features and loss of cellular plasticity. 
 

Even if Waddington described remarkably the role of epigenetic in developmental fate choices, new 

advances in developmental biology proved him partially wrong. It has been well documented that cells 

advanced in a given developmental state can revert to a less differentiated condition. 

 

As a first example, in the pluripotent compartment of the embryo we can identify multiple stem cell 

populations harbouring different features. In vitro models showed that cells more committed can go back 

to more naïve states. Notably, these processes are interconvertible, highlighting the plasticity of the 

differentiation process (Bao et al., 2009; Ying et al., 2008).  

Secondly, in the last twenty years, it has been shown that a differentiated cell can lose its somatic identity 

and go through profound molecular and epigenetic changes, resulting in a completely different somatic 

cell, in a process known as trans-differentiation (Davis et al., 1987; Vierbuchen et al., 2010). 

Thirdly, a somatic cell can revert to the pluripotent state, which leads to the formation of induced 

pluripotent stem cells (iPSCs). This process is called pluripotent reprogramming (PR) (Takahashi and 

Yamanaka, 2006). 

According to these changes in cellular identity, development is a more plastic process compared to what 

postulated by the British scientist (Fig.2)  

 

 
Figure 2: (Adapted from Puisieux et al., 2018). Revisiting Waddington landscape. Pluripotent cells consist in a 

heterogeneous population harbouring multiple pluripotent configurations, interconvertible one with each other. 
Differentiated cells can convert into other somatic cells or revert to pluripotency through trans-differentiation and 

pluripotent reprogramming. 
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During my PhD, I studied the processes that mediate loss of cellular identity, plasticity acquisition and 

conversion into new cellular types. In particular, I investigated the role of Netrin-1 in the promotion of 

naïve pluripotency both in vitro and in vivo. 

In the second part of my PhD, I examined the loss of somatic identity and reacquisition of cellular 

plasticity in two processes sharing interesting similarities: the iPSCs generation and the malignant 

transformation. 
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1.1. Plasticity in the embryonic pluripotent compartment  

 

In the pluripotent compartment of the embryo, stem cells can exist in two configurations: naïve and 

primed, respectively associated to a less and a more committed state. Interestingly, in vitro these 

two states are inconvertible, and primed cells can revert to more naïve states (Bao et al., 2009). 

Moreover, heterogeneous naïve cells can be stabilized in a pure naïve configuration, known as 

ground state (Ying et al., 2008). The two processes are interconvertible, suggesting a certain cellular 

plasticity in the embryonic development. In this first part of the introduction, we will read about the 

embryonic development until the early post-implantation and the in vitro culture developed to 

capture different embryonic stages. I will describe the signalling pathways controlling embryonic 

development and analyse the cellular conversions happening at this developmental stage.  

  

1.1.1. Embryonic development from the zygote to the post-implantation embryo. 

 

Organism development is orchestrated by two opposite tendencies, which need to be precisely 

tuned in time and space: restriction of cellular plasticity and increase in the number of 

specialized cells and tissue types (Bedzhov et al., 2014). 

Diploid organism’s development starts with the fusion of the mother oocyte with the father 

sperm cell, forming the zygote, the first cell of the organism. The zygote is totipotent, thus it 

has the ability to form not only the embryonic compartment, that will develop into the adult 

organism, but also the extraembryonic tissues, precursors of important structures, such as 

placenta, that sustain embryonic development (Sheng and Foley, 2012). During early 

development until post-implantation stages, the embryo enters two cellular plasticity 

restrictions and tissue specifications, fundamental to establish the different compartments 

generating the extraembryonic and embryonic tissues (Fig.3). 
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Figure 3: (Adapted from Posfai et al., 2014). Embryonic development from zygote to early post-

implantation, representing the first and second segregations, generating TE (orange), Epi (red) and PE 
(green). 

 

1.1.1.1. First phase of lineage restriction: The ICM/TE segregation 

 

After three cell divisions, the embryo enters the first plasticity restriction, which form the 

trophectoderm (TE) and the inner cell mass (ICM) (Fig.4). While trophectoderm generates 

extraembryonic tissues, the ICM is composed by pluripotent stem cells, capable of ensuring the 

whole embryo development (Stephenson et al., 2012). Their ability to proliferate and form the 

entire organism is the effect of the characteristics associated to the pluripotent state: 

pluripotent cells can self-renew, a process which combines maintenance of the proliferation 

potential with inhibition of apoptosis and blockage of differentiation, and, at the same time, 

they can differentiate into the three germ layers, ectoderm, mesoderm and endoderm, 

precursor of all the cell types forming the organism (Nichols and Smith, 2012).  

 

In mice, the first plasticity restriction takes places after few divisions of the zygote, at the 16-

cells stage, at embryonic day (E) 2.75 (E2.75).  

At this phase of development, the eight cells, also called blastomeres, start to form adherent 

junctions (AJs) through E-Cadherin expression, and they develop an apico-basal polarization, 

characterized by the accumulation on the apical/exterior border of F-actin, myosin and clathrin 

(Ducibella et al., 1977; Shirayoshi et al., 1983). These newly polarized cells go through another 

cellular division, giving rise to the 16-cell embryo. There, we can identify two different 

populations: the internal apolar cells, enclosed in high cell-cell contacts, and the external polar 

cells, with the apical domain facing the outer environment. This cellular diversification shapes 

the first plasticity restriction and specification towards the inner cell mass (ICM) and the 

trophoectoderm (TE). In this phase, the TE forms an external layer surrounding the ICM and an 

internal cavity known as blastocoel. The resulting structure is called blastocyst  (Stephenson et 

al., 2012).  
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In this first specification, the Hippo pathway plays a crucial role in modulating the expression 

of two opposite transcription factors (TFs), which are expressed in a fluctuating way before 

specification: the pluripotency marker Oct4 and the TE transcription factor Cdx2 (Dietrich and 

Hiiragi, 2007). During the specification, their expression is determined by the state of the 

transcriptional regulator YAP, which is expressed in both cellular types, but with different 

cellular compartmentalization. In external cells, Hippo pathway is not active, thus YAP 

translocates to the nucleus and interacts with Tead4. The formed complex upregulates the 

fluctuating expression of Cdx2, which in turn inhibits Oct4 transcription. (Yagi et al., 2007; Yu 

and Guan, 2013). On the other hand, in internal cells which will give rise to ICM, Hippo pathway 

is active, and YAP is phosphorylated and degraded in the cytoplasm by the Hippo effectors 

Lats1/2. In this way, the lack of Cdx2 upregulation leads to Oct4 de-repression and the 

enhanced Oct4 levels avoid ectopic Cdx2 expression in ICM (Niwa et al., 2005; Strumpf, 2005). 

The link between the cellular polarity and the first specification seems to be provided from E-

Cadherin-mediated adherent junctions. These structures sequestrate angiomotin (Amot) 

proteins, which act as a scaffold for Hippo signals. In the outer cells, Amot proteins are 

sequestrated to the adherent junctions and cannot activate Hippo pathway by Lats1/2 

phosphorylation. YAP can translocate to the nucleus and activate Cdx2, inducing TE 

specification. On the contrary, TE cannot be induced in inner cells, where Amots are free to 

phosphorylate Lats1/2, which in turn inhibits YAP-dependent Cdx2 activation (Hirate et al., 

2013). 

Following this mechanism, the Hippo pathway regulates the formation of both ICM and TE. 

After another cell division, the 64-cell ICM represents the in vivo tissue used to derive in vitro 

embryonic stem cells (ESCs), at (Evans and Kaufman, 1981; Martin, 1981). 
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Figure 4: (Adapted from Posfai et al., 2014). First lineage segregation generating TE (orange) and ICM 
(red+green). In outer cells, the complex composed by Yap and Tead4 activates the TE-master gene Cdx2, 
leading to TE formation. In inner cells, Hippo signalling inhibits the complex formation, resulting in de-

repression of Oct4 expression and ICM development  
 

 

1.1.1.2. Second phase of lineage restriction: The Epi/PE segregation 

 

During second lineage restriction, around E4.5, the ICM generates two different cell 

populations, the epiblast (Epi) and the primitive endoderm (PE) (Fig.5). The former 

constitutes a cellular mass that, after implantation, will generate the three germ layers. The 

latter forms a tiny layer between the epiblast and the blastocoel and its derivates are the 

principal elements of the yolk sac (Hermitte and Chazaud, 2014).    

The Fgf pathway plays a fundamental role in this lineage restriction, as embryos mutants for 

Fgf4, the principal ligand expressed in blastocyst, fail to generate PE and quickly die after 

implantation (Feldman et al., 1995).  In pre-implantation embryos, Fgf4 and Fgfr2 represent 

the principal ligand-receptor couple, with Fgfr1 emerging only during the maturation of PE 

(Molotkov et al., 2017). Until the 16-cell stage, their expression fluctuates in the cells of the 

ICM, but, at the following cellular division, they become asymmetrically expressed, with Fgf4 

specifically expressed in the Epi and Fgfr2 in the PE (Guo et al., 2010).  
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Two transcriptional factors are correlated with the Fgf pathway and their combined action is 

the key determinant for the second segregation: Nanog and Gata6, markers of the Epi and 

the PE, respectively. The expression of these TFs fluctuates in the ICM until 32-cell stage, the 

same time of the onset of Fgf4/Fgfr2 compartmentalization (Guo et al., 2010). This could 

suggest a role of the Fgf signalling in the Nanog and Gata6 regionalization. Indeed, small 

molecules inhibiting Fgf signalling leads to a homogenized Nanog-expressing ICM, while 

embryos treated with Fgf4 express Gata6 uniformly (J. Nichols et al., 2009; Yamanaka et al., 

2010).  

Gata6 and Nanog are not simply markers of the Epi and PE, but rather master-genes: the 

homeodomain TF Nanog acts as a major regulator of naïve pluripotency and its deletion leads 

to failure in epiblast formation (Mitsui et al., 2003). On the other hand, the zinc finger TF 

Gata6 ensures PE development, as far as its absence results in PE developmental defects and 

peri-implantation lethality (Koutsourakis et al., 1999). Notably, the two TFs orchestrate a 

reciprocal regulation, Nanog being necessary for non-autologous organisation and 

development of PE (Frankenberg et al., 2011). Interestingly, even if the maintenance and 

restriction of Gata6 to PE require Fgf signalling (Kang et al., 2013), the onset of Gata6 

transcription does not depend on Fgf (Frankenberg et al., 2011). The exact molecular 

mechanisms linking Fgf signalling to Epi/PE segregation still need to be elucidated, as well as 

the onset of Gata6 expression (and thus PE program induction).  

The pluripotency marker Oct4 seems to play a role in the Epi/PE segregation, where it could 

potentially represent a second level of regulation. Indeed, while Oct4 is dispensable for 

initiating Epi program, the TF is required both cell-autonomously and non-autonomously for 

PE specification (Frum et al., 2013). In the Epi, it regulates Fgf transcription, with consequent 

non-autonomous effects on PE, while its presence in PE drives the expression of PE markers 

Pdgfra, Sox17 and Gata4. Moreover, once the segregation is complete, Gata6 expression in 

PE is Oct4-dependent (Frum et al 2013). It has been shown in ESCs that Oct4 can interact 

both with the pluripotency factor Sox2 and the PE marker Sox17, and the choice between 

the two Sox partners identify Oct4 as a pluripotent or endodermal determinant (Aksoy et al., 

2013). Indeed, Sox17 competes with Nanog by displacing it from its binding sites (Niakan et 

al., 2010). It is thus possible that Oct4 different circuits constitute a further level in the 

regulation and maintenance of the Epi/PE segregation. 

 

Soon after the second restriction, the embryo implants in the mother uterus and the epiblast 

starts the lineage specification towards the three germ layers  
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Exit from pluripotency starts between E4.75 and E5.75 and lasts until gastrulation, at E6.5 

dpc (Sheng, 2015). During implantation, the epiblast goes through deep molecular, 

epigenetic and cellular changes, and, even if it maintains the same pluripotent features (self-

renewal and differentiation potential), it is profoundly different from the pre-implantation 

Epi. Thus, to distinguish between the pluripotent compartment before and after 

implantation (ICM/pre-implantation epiblast versus post-implantation epiblast), the two 

different developmental stages are labelled as naïve and primed pluripotency (Weinberger 

et al., 2016).   

From the post-implantation epiblast it has been possible to derive in vitro epiblast stem cells 

(EpiSCs), which recapitulate the characteristics of the in vivo primed pluripotent 

compartment (Brons et al., 2007; Tesar et al., 2007). 

 

 

Figure 5: (Adapted from Posfai et al., 2014). Second lineage segregation generating Epi (red) and PE 
(green). The combined action of Fgf signalling, Nanog and Gata6 determines the specification of the 

two embryonic compartments. Oct4 contributes to the segregation as an additional level of regulation.  
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1.1.2. Capturing pluripotency in vitro 

 

To study in detail pluripotency, during the past years many efforts have been made to generate 

in vitro cellular models recapitulating in vivo pluripotency. In 1981, the first embryonic 

pluripotent lines were derived: the embryonic stem cells (ESCs) (Evans and Kaufman, 1981; 

Martin, 1981). These cells are derived from the ICM at E3.25, they have a naïve pluripotent 

configuration and correspond to the pre-implantation pluripotent compartment. Later, in 2007, 

two parallel studies succeeded in deriving epiblast stem cells (EpiSCs) from the post-

implantation epiblast, which show a primed pluripotent state (Brons et al., 2007; Tesar et al., 

2007). 

In the next part, I will describe the characteristics of these two cell models at the phenotypical, 

molecular and epigenetic levels, the signalling regulating their pluripotent states and the 

cellular conversions between pluripotent configurations.  

 

1.1.2.1. Embryonic stem cells – model for naïve pluripotency 

 

1.1.2.1.1. General characteristics 

 

ESCs were originally derived from blastocyst isolation of the 129 mice strain (Evans 

and Kaufman, 1981). They were cultivated over a layer of irradiated fibroblasts 

(feeder cells), fundamental for cytokine dispersion in the medium, with conditioned 

media derived from ECs (embryonic carcinoma cells, the malignant counterparts of 

ESCs, previously isolated in vitro) (Evans and Kaufman, 1981; Kleinsmith and Pierce, 

1964). Later, it was found that BMP4 treatment can compensate serum 

requirement and the combination of LIF and BMP renders the cell culture serum- 

and feeder-free (Smith et al., 1988; Williams et al., 1988; Ying et al., 2003a).  

There are many characteristics linking ESCs to the pre-implantation epiblast and 

ICM. They are pluripotent, as proved by their competence to generate chimaera 

when injected in pre-implantation blastocyst of a donor mice: they can contribute 

extensively to the formation of adult tissues and to the germ line (Bradley et al., 

1984). As ICM, female ESCs do not show X chromosome inactivation (Wutz and 

Jaenisch, 2000) and display a reduced expression of differentiation markers 

compared to post-implantation blastocyst. 
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1.1.2.1.2. ESCs molecular network. 

 

Maintenance of pluripotency in ESCs is determined by the combined action of three 

transcription factors: Oct4, Sox2 and Nanog (OSN). They are considered the 

pluripotency core factors because their absence in vivo causes the failure in the  

formation of a complete epiblast  (Avilion, 2003; Chambers et al., 2003; Nichols et 

al., 1998). The pluripotency core plays its role on three levels. Firstly, OSN bind 

together to enhancers of pluripotent genes and activate their transcription (X. Chen 

et al., 2008). Secondly, OSN recruit repressive complexes on the regulatory 

elements of differentiation genes (Bilodeau et al., 2009; Loh et al., 2006). Thirdly, 

OSN can also promote their own expression, determining the formation of a positive 

feedback loop that ensures pluripotency maintenance (Boyer et al., 2005; Cole et 

al., 2008). The OSN core is further supported by ancillary factors tuning and 

regulating pluripotency maintenance. On the contrary, it can be perturbated by 

external forces that favour exit from pluripotency and commitment. (Fig.6). 

 

1.1.2.1.2.1. Oct4 

 

Oct4, encoded by the Pou5f1 gene, is an octamer-binding TF fundamental to 

prevent ESCs differentiation in vitro and for ICM formation in vivo (Nichols et al., 

1998). Its expression arises in blastomeres, then it is restricted to ICM and epiblast 

and in the adult it is maintained only in primordial germ cells (PGCs) after 

gastrulation (Pesce and Schöler, 2000). Its level is fine tuned in ESCS: its 

overexpression leads to primitive endoderm and mesoderm commitment, while its 

acute deletion induces progressively trophectodermal differentiation (Niwa et al., 

2000). Moreover, limited levels of monoallelic Oct4, obtained using Oct4 

heterozygous ESCs, showed a stabilized uniform naïve state (Karwacki-Neisius et al., 

2013) 

Together with Sox2, they are expressed in every pluripotent state and they 

orchestrate the acquisition and maintenance of pluripotency (Avilion, 2003; Masui 

et al., 2007; Nichols et al., 1998). 

  

1.1.2.1.2.2. Sox2 
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Sex determining region Y-Box or Sox2 is a member of the Sox family, a class of TFs 

characterized by the HMG DNA-binding domain (Lefebvre et al., 2007). Sox2 

deletion is embryonically lethal due to the failure in the formation of the pluripotent 

epiblast (Avilion, 2003). Its expression begins in the morula, and in the pre-

implantation embryo it is specific of the pluripotent compartment (ICM and 

epiblast) (Avilion, 2003). However, after gastrulation, Sox2 is still expressed and 

plays a role in neural differentiation, antagonising other lineages differentiation 

(Zhao et al., 2004). In an opposite way, Oct4 favours meso-endodermal 

differentiation against neurectoderm lineage (Thomson et al., 2011).   

 

In ESCs, Oct4 and Sox2 composes heterodimer complexes at juxtaposed Oct-Sox 

sites, formed by the octamers recognised by Oct4 followed shortly by Sox binding 

sites (Ambrosetti et al., 1997; Loh et al., 2006). Interestingly, deletion of Sox2 is not 

detrimental for ESCs maintenance if it is counter-balanced by Oct4 overexpression. 

This could suggest that the main role of Sox2 in the pluripotency core is to ensure 

Oct4 binding to specific target sites (Masui et al., 2007). 

 

1.1.2.1.2.3. Nanog 

 

Nanog belongs to the family of the homeobox TFs. In vivo, it is highly expressed until 

mid-blastocyst and it is quickly downregulated at the onset of implantation 

(Chambers et al., 2003). Its absence causes embryonic lethality due to the impaired 

development of the ICM towards Epi and PE (Mitsui et al., 2003). On the contrary, 

its deletion in ESCs doesn’t induce differentiation and Nanog knock-out (KO) cells 

can self-renew, even if their tendency to differentiate is higher and they cannot 

contribute to the germ line (Chambers et al., 2007a). From these data, it seems that 

Nanog has a critical role in in vivo pluripotency, while in vitro KO ESCs can be 

amplified thanks to culture conditions. This is in line with the data showing that 

Nanog sustained expression in ESCs homogenizes the levels of Rex1, Klf4 and other 

naïve pluripotency markers, which constantly fluctuate at the single-cell level in the 

heterogeneous ESC population (MacArthur et al., 2012). Nanog sustained 

expression is sufficient to maintain cells in the pluripotent state upon withdrawal of 

cytokines required for ESCs self-renewal. These evidences consolidates the 

importance of this TF for the naïve pluripotency maintenance  (Chambers et al., 

2003). Interestingly, even if Oct4/Sox2 and Nanog has their own target sites, the 
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three transcription factors can interact together and bind common elements to 

govern pluripotency in ESCs (Loh et al., 2006).  

 

1.1.2.1.2.4. Ancillary factors and differentiation signals 

 

Other signals contribute to regulate the balance between pluripotency and 

differentiation. Ancillary factors, not strictly required for early pre-implantation 

development, can favour self-renewal and pluripotency maintenance. Above them, 

we can mention Esrrb, Tcfp2l1, Klf2, Klf4, Sall4 and Prdm14 (Hackett and Surani, 

2014). For example, Esrrb, the estrogen-related receptor beta, interacts with Oct4 

and positively regulates Nanog activity (van den Berg et al., 2008). Moreover, Esrrb 

is a Nanog target gene. Its overexpression can replace Nanog requirement in 

cytokine-independent ESCs culture and its deletion impacts severely the ESCs self-

renewal (Festuccia et al., 2012).  

On the contrary, some factors, even if expressed by ESCs, antagonize pluripotency 

and promote commitment and differentiation. For example, Tcf3 is one of the major 

negative regulators of pluripotency expressed in ESCs. It binds the same loci 

recognized by the OSN core, mediating an antagonistic effect  (Cole et al., 2008). 

Other examples are the P-ERK and NuRD complex activities (see above for details 

about these two differentiation inducers). 

Interestingly, these factors negatively regulating pluripotency are nonetheless 

expressed in ESCs. What is the biological significance of these “rebel” factors? 

Considering that in vivo pluripotency is a short developmental stage before 

differentiation onset, and that pluripotent cells are intrinsically poised to 

commitment, these factors could constitute a trigger for rapid differentiation and a 

buffer mechanism counteracting pluripotent factors to avoid an excessively slow 

exit from the naïve state.  
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Figure 6: (Adapted from Hackett et al., 2014). Representation of the equilibrium between factors 
maintaining pluripotency against influences promoting differentiation. OSN core works together with 
ancillary factors (represented on the interior border) to avoid commitment induces by differentiating 

forces (represented on the outside). 
 

 

1.1.2.1.3. Epigenetic landscape of ESCs  

 

Epigenetic plays a fundamental role for ESCs maintenance at two levels. It is 

required for the establishment of a high transcription rate characteristic of ESCs and 

necessary for rapid proliferation. Moreover, epigenetic complexes, together with 

pluripotency transcription factors, regulate self-renewal and pluripotency. 

 

ESCs are characterized by high transcriptional and translational rate, in line with the 

high demand of macromolecules to sustain their fast proliferation (Bulut-Karslioglu 

et al., 2018). This hyper-transcription is regulated by open chromatin: ESCs present 

a genome which is largely hypomethylated and the global DNA methylation is 

restored during differentiation (Leitch et al., 2013). Indeed, ESCs can be established 

and maintained in absence of DNA methylation: the combined deletion of DNA 

methyltransferase Dnmt1, Dnmt3a and Dnmt3n does not affect ESCs self-renewal 

and pluripotency (Meissner, 2005; Tsumura et al., 2006). However, the 

reacquisition of the epigenetic marks provided by Dnmts is fundamental for 

differentiation (Jackson et al., 2004). In a parallel way, DNA demethylases Tet are 

strongly expressed in ESCs and decreased during differentiation (Ito et al., 2010). 

There is a positive regulatory loop governing permissive chromatin, transcription 
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and translation in ESCs, where chromatin activators have short half-life and are 

constantly produced by growing cells. This loop is finely tuned by cellular growth: if 

cells stop to grow, the absence of growth signals (like mTOR and c-Myc) negatively 

impacts the activity of epigenetic activators, leading to a closer chromatin state and 

a reduction in the hyper-transcription and in translation of the epigenetic factors 

(Bulut-Karslioglu et al., 2018). 

 

Moreover, epigenetic factors are required for the precise control of self-renewal 

and pluripotency in ESCs. We can distinguish different classes of epigenetic factors 

operating in ESCs: histone-modifying enzymes, ATP-dependent remodelling 

complexes and DNA methyltransferases.  

 

Histone modifying enzymes deposit or erase epigenetic marks like methylation and 

acetylation on histones, the fundamental units of chromatin architecture. This class 

of enzymes plays an important role in the regulation of differentiation genes, 

repressing them and, at the same time, poising them for quick activation. This is 

reached thanks to the formation of bivalent marks at developmental genes 

promoters (Bernstein et al., 2006).  These promoters are at the same time 

characterized by the activating H3K4me2/3 modifications, deposited by Trithorax 

group (TrxG) complex, and the repressive H3K27me3 marks, placed by the 

Polycomb repressive complex 2 (PRC2) (Ang et al., 2011; Azuara et al., 2006). In this 

way, rapid gene expression can be quickly achieved by erasing H3K27me3.   

 

ATP-dependent remodelling complexes carry out their function using ATP as an 

energy source to modify nucleosome disposition. For example, the chromodomain 

factor Chd1 is fundamental for maintaining chromatin in an open state and it is 

required for ESCs self-renewal and pluripotency (Gaspar-Maia et al., 2009, p. 1). On 

the contrary, the NuRD complex forces ESCs to commitment. Thanks to its core 

subunit Mbd3, the complex recruits PRC2, which deposits H3K27me3 repressive 

marks on promoters of pluripotency genes, poising the cells towards exit from 

pluripotency and commitment (Reynolds et al., 2012). 

 

DNA methyltransferases (Dnmts) are enzymes that promote the transfer of methyl 

groups on DNA, leading to gene activation or repression. Even if these enzymes are 

expressed in ESCs, the genome of these cells is globally hypomethylated (Leitch et 
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al., 2013), thanks to the action of opposite epigenetic factor hindering Dnmts action. 

For example, PRDM14 is an epigenetic factor inducing demethylation and 

preserving pluripotency: this PRC complex component represses the Fgf 

differentiation pathway and co-occupies the same genomic loci as Nanog and Esrrb, 

promoting a naïve transcriptome. At the same time, it represses de-novo 

methylation orchestrated by Dnmts, mediating a naïve epigenome (Yamaji et al., 

2013) (Fig.7). 

 

 

 

 

Figure 7: (Adapted from Yamaji et al., 20134). PRDM14 action in ESCs. The PRC2 component inhibits the 
Fgf pathway and repress Dnmts, promoting pluripotency through an induction of a naïve epigenome 

and transcriptome. 
 

 

1.1.2.2. Epiblast stem cells – model for primed pluripotency 

 

Epiblast stem cells or EpiSCs are primed pluripotent cells that recapitulate the post-

implantation epiblast. They were derived for the first time in 2007 from the mouse post-

implantation blastocyst, between day 5.5 and 6.5, in the presence of Fgf and 

Activin/Nodal. After their establishment, they are grown in the presence of both signals 

(Brons et al., 2007; Tesar et al., 2007). In contrast to dome-like and rounded ESCs colonies, 

they form large and flat colonies, similar to human ESCs.  

They can give rise to the three germ layers, as suggested by in vitro and in vivo tests. They 

can contribute to chimaera when injected in the post-implantation blastocyst, but fail to 

colonize pre-implantation epiblast, highlighting the different molecular characteristics of 
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the naïve and primed configurations (Huang et al., 2012). Unlike ESCs, they show 

inactivation of X chromosome in female lines and they repress naïve markers, expressing 

primed pluripotency genes associated with the commitment initiation. 

 

On a molecular level, compared to ESCs, Oct4 and Sox2 are similarly expressed, but Nanog 

levels are decreased and other naïve markers, such as Esrrb, Klf2, Klf4, Rex1 and Prdm14, 

are absent. (Tesar et al., 2007). However, Oct4 regulation differs between the two cellular 

models: while in ESCs Oct4 expression is driven from its distal element, in EpiSCs it is 

controlled by the proximal element (Choi et al., 2016). Concomitant with the loss of naïve 

markers, they acquire new expression of primed markers, such as Fgf5, Otx2, Gata6, 

Brachyury and Zic2. In particular, the Otx2 homeobox TF induces the redistribution of 

Oct4 towards previously inaccessible enhancers, leading to substantial transcription 

changes (Buecker et al., 2014). 

At an epigenetic level, EpiSCs are similar to ESCs concerning global methylation levels. 

However, they have a more pronounced methylation pattern at germline-specific genes 

promoters or promoters which are bivalent or marked by H3K27me3 in ESCs (Hackett et 

al., 2013). Interestingly, during the switch from ESCs to EpiSCs, a reconfiguration of the 

enhancers of active genes takes place. Some genes, controlled by proximal enhancers in 

ESCs, switch to a distal regulation in EpiSCs. These distal elements have higher sequence 

conservation and their activity is maintained in differentiated cells (Factor et al., 2014). 

 

1.1.3. Pathway dynamics in the pre- and post-implantation embryo 

 

Several pathways dictate the development of the pluripotent compartment from the ICM 

until the post-implantation embryo. Indeed, the maintenance in culture of the in vitro models 

ESCs and EpiSCs is also dependent on signalling pathways. In the complexity of this 

regulation, three pathways boost pre-implantation/ICM state, Lif-Jak-Stat, BMP and Wnt. On 

the other hand, Fgf-Mapk-Erk and Activin/Nodal regulate the post-implantation/Late Epi 

(Posfai et al., 2014).  

Interestingly, not all the pathways necessary in vitro are strictly required in vivo. How can we 

explain this difference? The in vivo environment is more complex, and the absence of a 

precise signal is probably compensated from redundant mechanisms. Another discrepancy 

relies on the time differences between the long culture of established ESCs compared to the 

rapid changes in the in vivo pluripotent compartment: according to this second hypothesis, 

some pathways would not be required in vivo because the rapid developmental kinetics 
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would not allow the emergence of the negative phenotypes. In this section, I will detail the 

mechanisms and function of these pathway, focusing my attention on their role in in vitro 

models, ESCs and EpiSCs. 

 

1.1.3.1. LIF 

 

Leukaemia inhibitor factor (Lif) is a member of the Interleukin 6 (Il6) family of cytokines. 

It is a fundamental signal for ESCs propagation in vitro, as far as its withdrawal induces a 

rapid differentiation in a population formed by mixed mesoderm and endoderm cells 

(Smith et al., 1988; Williams et al., 1988). This phenotype is attributed to its role in the 

stabilization of the core pluripotency network, formed by Oct4, Sox2 and Nanog (OSN), 

through two independent pathways (Nakai-Futatsugi and Niwa, 2013; Smith et al., 1988). 

In the first pathway, the Lif-Jak-Stat pathway, Lif binds its receptor Lifr and coreceptor 

Gp130 (Gearing et al., 1991). The binding induces the recruitment of the Jak kinase, which 

phosphorylates tyrosine residues on the heterodimeric receptor. The activated complex 

works as a docking platform and recruits Stat3 by its SH2 domain. In this site, Stat3 can 

be phosphorylated by Jak (Stahl et al., 1995). Once phosphorylated, Stat3 translocates 

into the nucleus, where it forms homodimers and binds to its target genes (Sasse et al., 

1997). Among them, we can find the pluripotency transcription factor Klf4, which 

positively regulates Sox2 expression (Niwa et al., 2009). In ESCs, the Jak-Stat axis 

represents the major pathway for Lif signalling, as far as Lif fails to support ESCs 

maintenance in a Stat3-/- background (Hall et al., 2009a). 

In parallel, Lif mediates the Pi3K (phosphoinositide 3-kinase)/Akt pathway. Pi3K is a lipid 

kinase which phosphorylates inositol phospholipids as substrate. In specific, it converts 

Pip2 (phosphatidylinositol-4,5-biphosphate) into Pip3 (phosphatidylinositol-3,4,5-

triphosphate) (Cantley, 2002). Once phosphorylated, Pip3 recruits the serine/threonine 

kinase Akt1 at the inner cell membrane, where Akt1 is phosphorylated and activated by 

the Pi3k-dependent kinase-1 Pdk1. Once activated, Akt1 influences different signalling 

pathways through regulation of its substrates IKK, Mdm2 and mTOR. Tbx3 is a T-box 

transcription factor which control Nanog expression (Niwa et al., 2009).  Interestingly, the 

pluripotency factor Tbx3 expression is dependent on the Pi3k/Akt pathway, and, in Lif-

withdrawal condition, sustained expression of Akt1 is sufficient to ensure Tbx3 and Nanog 

expression (Niwa et al., 2009). 

Thus, Lif signalling through two different pathways, Jak/Stat and Pi3/Akt, sustains the 

expression of Sox2 and Nanog, maintaining in a positive loop the pluripotency core circuit.  
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Figure 8: Lif signalling through Jak-Stat and Pi3k-Akt pathways leads to the activation of pluripotency 

genes (Sox2, Nanog) and maintenance of naïve ESCs. 
 

 

Interestingly, Lif signalling induces a third pathway, the Mapk-Mek-Erk cascade (see 

below for the details of this pathway), a differentiation pathway which leads to 

ESCscommitment. Which is the role of this mechanism? Why does the same ligand 

activate pluripotency and commitment pathways? There are two explications for this 

apparently contradictory mechanism. First, in ESCs, low levels of Erk activity are 

fundamental for cell proliferation and cell cycle progression. Erk supresses cell apoptosis, 

it plays a role in telomerases activity and it safeguards genome stability (H. Chen et al., 

2015; Guo et al., 2013). Lif signalling induces basal level of Erk, required to maintain these 

physiological roles. Indeed, Erk activates developmental genes and represses 

pluripotency genes only when it is highly induced by Fgf (Brumbaugh et al., 2014; Kim et 
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al., 2012; Lai et al., 2012). This differential signalling renders Erk a crucial sensor in ESCs 

biology. In fact, ESCs linger in an equilibrium state: they maintain self-renewal and 

pluripotency, and, at the same time, they need to quickly respond to external cues and 

differentiate. Taking into account the necessity of a rapid differentiation, Lif activation of 

the Mapk-Mek-Erk pathway constitutes a great advantage for ESCs, as far as the Mapk 

cascade is already basally active and ready to receive the Fgf differentiation signal. In line 

with this, Phospho-Erk (P-Erk) maintains in a poised state many promoters of 

developmental genes, binding their sites to avoid TFIIH occupancy and phosphorylating 

RNAPolII (Tee et al., 2014) (Fig.9). 

 

 
Figure 9: Erk activity in maintenance of pluripotency and commitment. Different levels of P-Erk induces 

opposite responses in ESCs. While low level of P-Erk favours ESCs homeostasis, higher levels mediate 
their differentiation. 
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Bone morphogenetic factor (Bmp) is a member of the transforming growth factor beta 

(TGFβ) superfamily. Its signalling is beneficial for ESCs maintenance: in serum-deprived 

conditions, Bmp is sufficient in combination with Lif to maintain the ESCs undifferentiated 

state (Ying et al., 2003a). There are two types of Bmp receptors, I and II: in ESCs, there is 

only one receptor of type 1, BmprII, and three receptors of classe II, Alk2, Alk3 and Alk6. 

BmprII interacts with one of the Alks to create a heterodimeric complex. In ESCs, Bmp4 

binding induces the phosphorylation of BmprII by the Alk component. The activated 

receptor phosphorylates Smad proteins, Smad1,3 and 8, the principal effectors of the 

pathway. Smad proteins form heterotrimeric complexes with Smad4 and translocate to 

the nucleus where they act as transcription factors (Shi and Massagué, 2003) (Fig.10).  

 

One of the principal targets of Bmp signalling is the Id TF family. Notably, Id2 is described 

to avoid neuronal differentiation in ESC, consistent with Bmp inducing non-neuronal 

differentiation. Interestingly, in serum-free conditions, Lif alone cannot maintain 

pluripotency, but ESCs differentiate towards neuronal lineage (Ying et al., 2003a). Indeed, 

complementary expression of Lif and Bmp in free-medium conditions creates an 

equilibrium that sustains pluripotency, with Lif preventing mesoderm and endoderm 

differentiation and Bmp interfering with the neuronal commitment. The Fgf-Mapk-Erk 

pathway can induce neuronal differentiation (Ying et al., 2003b). Bmp signalling inhibits 

this pathway: the Smad1,4,5 heterotrimer activates the diphosphatase Dusp9, which de-

phosphorylates and inhibits Erk (Li et al., 2012). In response, Fgf-Mapk-Erk can inhibit the 

Bmp pathway phosphorylating Smad1 at the link region. This phosphorylation enables 

the interaction of the Smad1 effector domain with its intrinsic inhibitory domain, resulting 

in the abolition of Smad heterotrimers formation and Bmp signalling inhibition 

(Kretzschmar et al., 1997).  
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Figure 8: BMP signalling in ESCs. The activation of this pathway mediates neural differentiation 

repression. In combination with Lif, it can sustain ESCs in serum- and feeder-free conditions 

 
1.1.3.3. WNT 

 

Firstly discovered in Drosophila, as Wingless (Wg), Wnt is one of the principal pathways 

in embryonic development and adult tissue homeostasis (Wiese et al., 2018). In ESCs, Wnt 

plays a double role: while it contributes positively to ensure self-renewal, its activity is 

also fundamental to ensure the transition to post-implantation epiblast and the following 

developmental processes (in particular gastrulation (Haegel et al., 1995)). The major 

effector of Wnt is β-catenin. In absence of Wnt signalling, β-catenin levels are low, 

because the protein is phosphorylated by the destructor complex, formed by Axin, APC, 

and Gsk3α/β, and degraded via the SCFβ-TRCP E3-ubiquitin ligase, resulting in constant 

proteolysis of neo-synthesized β-catenin (Amit, 2002; Hart et al., 1998; Liu et al., 2002; 

Rubinfeld et al., 1993). After synthesis and palmitoylation, Wnt is secreted in the 

extracellular space (Bartscherer et al., 2006; Willert et al., 2003). Once secreted, Wnt 

binds its receptor Frizzled (Frz) and its coreceptor Lrp5/6 (Tamai et al., 2000). The 

formation of the Wnt-Frz-Lrp complex enables the recruitment of Dishevelled (Dsh) via 

the interaction of Frz with Dsh. In turn, Dsh recruits to the membrane the Axin, 
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destabilising the destructor complex (Cong, 2004). This destabilization leads to the 

phosphorylation of Gsk3 by Lrp5/6, and its consequent degradation, erasing the effects 

of the destructor complex on β-catenin, not anymore phosphorylated by Gsk3 (Piao et 

al., 2008; Stamos et al., 2014). In this way, β-catenin is able to translocate to the nucleus, 

where it acts as a transcriptional co-activator for the members of the DNA binding Tcf/Lef 

family (van de Wetering et al., 1997) (Fig.9). 

In classical serum+Lif culture conditions, Wnt is not fundamental for ESCs self-renewal 

and maintenance: β-catenin KO ESCs display defects in focal adhesion of colonies, 

showing colonies with loose associated cells, but ESCs self-renew normally and form 

chimera when injected in the blastocyst (Haegel et al., 1995; Huelsken et al., 2000). 

However, Wnt signalling increase (obtained through Gsk3-inhibitor BIO or recombinant 

Wnt3a) renders ESCs cultures Lif-independent, suggesting a role of Wnt in ESCs self-

renewal (Sato et al., 2004). Indeed, ESCs secrete Wnt in the medium (ten Berge et al., 

2011), explaining the unnecessity of Wnt addition to the medium. Interestingly, blocking 

the ligand secretion by IWP2 leads to loss of ESC colonies morphology, downregulation 

of naïve markers Rex1, Pecam1 and Stella and upregulation of primed pluripotency 

markers Fgf5, Otx2, Dntm3b, supporting the idea that Wnt is fundamental for the 

maintenance of naïve ESCs and to prevent the switch to the primed state (ten Berge et 

al., 2011).  
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Figure 9: Wnt signalling in ESCs.. Left panel: in the absence of Wnt lignand, β-catenin is degraded by the 
destruction complex. Right panel: Wnt signalling induces Gsk3 degradation and β-catenin stabilization.  

 

How does β-catenin mediate this self-renewal activity? To answer this question, we need 

to analyse β-catenin nuclear role. This protein works as a cofactor for the DNA binding 

Tcf/Lef TFs. The more abundant factor of the family expressed in ESCs is Tcf3 (Pereira et 

al., 2006), which act as a repressor of ESCs pluripotency and self-renewal: Tcf3-/- ESCs 

self-renew upon Lif withdrawal and show defects in exit from pluripotency, displaying a 

delayed differentiation (Yi et al., 2008). Furthermore, RNAi knockdown of Tcf3 favours 

the maintenance of Nanog-positive colonies upon induction of differentiation by retinoic 

acid (Schaniel et al., 2009). Moreover, Tcf3 binding sites are majorly co-occupied by OSN, 

but Tcf3 depletion have opposite phenotypes compared to OSN depletion (Cole et al., 

2008; Loh et al., 2006; Marson et al., 2008). 

Indeed, when Wnt is activated, high levels of nuclear β-catenin bind Tcf3, resulting in a 

displacement of this TF from its targets genes and inhibition of its repressing activity on 

pluripotency (Wray et al., 2011).  

 

At the same time, Wnt is necessary for ESCs differentiation: knock-out of APC or double 

knock-out (DKO) of Gsk3α and Gsk3β show defects in in vitro and in vivo differentiation 

(Doble et al., 2007; Kielman et al., 2002). The phenotypes observed are related to an 

increase in the endogenous levels of β-catenin, which avoid proper differentiation 

(Kielman et al., 2002). Indeed, DKO for Gsk3 coupled with inhibition of β-catenin 

expression leads to rescue the DKO phenotypes (Kelly et al., 2011).   

 

1.1.3.4. FGF 

 

Fgf is one of the major pathways regulating early embryonic development. In vivo, its 

signalling is fundamental to establish the proper segregation in epiblast and PE: mice 

knock-out (KO) for Fgf4 die immediately after implantation (Feldman et al., 1995). 

Moreover, Fgf signalling is required for ESCs differentiation and EpiSCs maintenance in 

vitro (Kunath et al., 2007; Tesar et al., 2007). In ESCs, the Fgf4 ligand cooperates with the 

extracellular heparan sulfate proteoclygans (Hspgs) to bind the Fgfr2 receptor (Ornitz, 

2000). The formation of the heterotrimeric complex Fgf-Fgfr-Hspg guides the 

homodimerization of two receptor molecules and their reciprocal trans-phosphorylation, 

creating the active receptor (Goetz and Mohammadi, 2013). The activated receptor 
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induces four different pathways: Ras-Mapk, Pi3k-Akt, Plcγ, and Stat pathways. In ESCs, 

the predominant signalling consists in the Ras-Mapk axis. In this pathway, Fgfr2 

phosphorylates the major substrate Frs2α, which then recruits guanine nucleotide 

exchange factor Sos through the adaptor protein Grb2, leading to Sos activation (Kouhara 

et al., 1997, p.). Sos adds a guanine group to the GDPase Ras, activating it. The active 

GTPase Ras can induce the Mapk kinase cascade, characterized by a stepwise 

phosphorylation of Raf, Mek and finally Erk (Zhang and Liu, 2002). Erk, once 

phosphorylated, translocates to the nucleus and activates transcription factors 

downstream to the Fgf/Mapk/Erk pathway (Firnberg and Neubüser, 2002, p. 2) (Fig.10). 

 

The activation of the FGF signalling leads to ESCs differentiation. Fgf4 KO ESCs do not have 

detrimental effects on cell proliferation, suggesting that Fgf4 is not necessary for self-

renewal, while they exhibit defects in exit from pluripotency and engagement of 

commitment (Kunath et al., 2007; Wilder et al., 1997). In this direction, during neural 

differentiation, inhibition of Fgfr or Erk abolishes neural induction, with cells expressing 

the epiblast marker Fgf5 and pluripotency marker Nanog, suggesting that Fgf signalling is 

required for ESCs differentiation (Stavridis et al., 2007). In a parallel study, withdrawal of 

Lif from culture conditions induces neuronal differentiation of ESCs. In this set, Fgf-null 

ESCs were not able to differentiate, but the deficit was restored upon Fgf recombinant 

treatment, with ESCs giving rise to neural and also mesodermal lineages (Kunath et al., 

2007). Similar results were obtained with Mek inhibitor, Fgfr inhibitor and ERK2-/- ESCs. 

The blocking of differentiation observed after Fgf suppression was also used in a practical 

way: Mek inhibition combined with Lif and Bmp4 led to derived mESCs from recalcitrant 

C57BL/6 and CBA strains (Batlle-Morera et al., 2008).  

How does Fgf regulate exit from pluripotency and early differentiation? Erk 

phosphorylates Stat3 at the serine 727. This leads to its inactivation and to the blockade 

of Lif-Jak-Stat signalling, priming ESCs to differentiation (Huang et al., 2014). In a parallel 

way, Erk interacts with the activation domain of the naïve marker Klf4, inhibiting it by 

phosphorylation on the serine 123 (Kim et al., 2012).  

 

ESCs in normal condition (serum + Lif) are characterized by a metastable state in which a 

dynamic heterogeneous expression of pluripotency and differentiation factors fluctuates 

in time at single-cell and population level. This has been well described in many studies, 

using reporter lines for pluripotency markers, as Nanog, Rex1 and Stella, which showed 

that at each moment, in the global ESCs population, a fraction of cells express naïve 
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pluripotency markers, while another fraction is primed to commitment, expressing 

differentiation markers like Brachyury, Gata6 and Sox17 (Chambers et al., 2007b; Hayashi 

et al., 2008; Toyooka et al., 2008). Indeed, Fgf plays an important role together with other 

pluripotency pathways to establish this equilibrium. To provide this fine-tuning, Fgf 

presents different negative feedbacks allowing quick reversion of primed ESCs to a naïve 

state. For example, ESCs treated with Fgf inhibitor revealed a downregulation of Dusp4 

and Dusp6, known Fgf signalling inhibitors, and decrease of Spred1, a Ras/Erk inhibitor, 

suggesting that in normal condition Fgf modulates the expression of its own inhibitors 

(Lanner et al., 2009). 

Combined action of Activin and Fgf signalling dictates the maintenance of EpiSCs, 

inhibiting differentiation to neural lineage and at the same time avoiding reversion to 

ESCs-like state (Greber et al., 2010). This is surprising, considering that Fgf has been 

previously described to being required for neural differentiation (Kunath et al., 2007).  

Indeed, although Fgf is important for the primary differentiation of ESCs to post-

implantation EpiSCs, its activity inhibits further neuronal differentiation (Stavridis et al., 

2010).  
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Figure 10: Fgf signalling in ESCs. The signalling activation induces ESCs differentiation, thus its levels are 
strictly controlled to avoid aberrant commitment. It is important for maintenance in culture of EpiSCs. 

 
1.1.3.5. NODAL/ACTIVIN 

 

Activin and Nodal are members of the transforming growth factor beta (TGFβ) 

superfamily. They can both bind the same receptors and induce the same response. For 

these reasons, we usually talk about Nodal/Activin pathway. In vivo, loss of their signalling 

causes hypo-proliferation, downregulation of pluripotent markers and expression of 

neuroectodermal genes in post-implantation embryos, leading to failure in mesoderm 

and definitive endoderm formation (Camus et al., 2006). In vitro, this pathway is sufficient 

and necessary to establish and maintain EpiSCs (Brons et al., 2007; Tesar et al., 2007). 

Concerning Nodal/Activin pathway, there is only a Nodal gene in mammals (Zhou et al., 

1993). Nodal is translated as an inactive precursor, then cleaved by Spc1 and Spc4 

(Constam and Robertson, 2000). Once activated, it forms homo-dimeric ligands through 

disulphide bounds. Activins are formed by the dimerization of Inhibin subunits (βa, βb, βc 

and βe). Concerning their receptors, Activin and Nodal recognize type II Activin receptors 
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and type I Alk receptors, particularly Alk4 (Tsuchida et al., 2004). As in Bmp signalling, 

activation of receptors phosphorylates Smad effectors and leads to the formation of the 

heterotrimeric Smad complexes, but, in this case, the Smad proteins involved are 

Smad2,3 and 4 (Massague, 2005) (Fig.11).   

 

Nodal/Activin pathway covers a quite limited role in ESCs: its inhibition obtained by 

chemicals inhibitors, Smad7 upregulation or Smad2 knockdown has no evident effects on 

self-renewal and pluripotency network in serum+Lif conditions. However, when Lif is 

withdrawn, Nodal/Activin signalling ensures proliferation and propagation of ESCs 

(Ogawa et al., 2006). This is consistent with the binding of Smad2 on Oct4 promoter 

(always in Lif-withdrawal conditions) and with the activation of trophectodermal genes 

observed upon the pathway inhibition (Lee et al., 2011, p. 2).  

Moreover, as Fgf induces neurectoderm differentiation (Stavridis et al., 2007), 

overexpression of Nodal in ESCs leads to mesodermal and definitive endodermal 

commitment, while inhibiting neurectoderm formation (Pfendler et al., 2005). 

 

Nodal/Activin signal is fundamental for EpiSCs propagation: suppression of the pattern 

leads to loss of pluripotency and neurectodermal differentiation (Vallier et al., 2009). This 

is consistent with Oct4 and Nanog being two major target genes of the pathway (Lee et 

al., 2011; Vallier et al., 2009).  
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Figure 11: Nodal/Activin signalling maintains ESCs and EpiSCs. The signalling is fundamental for EpiSCs 

culture, while it is important to maintain pluripotency in ESCs only in Lif-depleted conditions. 
 

 

1.1.4. Changes in cellular identity in the embryo until the post-implantation stage 

 

Following the classical view, embryonic development is an unidirectional process, where cells 

become more and more specialized, and cellular plasticity is gradually and irreversibly lost. 

 

However, the situation is not as simplistic as this description. Thanks to exterior signals or 

expression of TFs, cells can transit towards different states in a more plastic way and 

reconvert from a more committed state to a more naïve, highlighting the fallacy of the 

unidirectional and irreversible model.  

Indeed, primed EpiSCs can revert to a ESC state thanks to different mechanisms (Guo et al., 

2009; Hanna et al., 2009a), and heterogenous naïve ESCs can achieve a configuration where 

pluripotent markers are more homogeneous and cells are refractory to commitment, known 

as ground state (Ying et al., 2008). Interestingly, these two processes are reversible, with ESCs 

going back to EpiSCs and ground state-ESCs reverting to heterogeneous naïve ESCs.  
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1.1.4.1. From naive to ground state 

 

The discovery of ground state was based on the fact that ESCs are present in a metastable 

state, where, at single-cell level, they both express transiently naïve and primed markers 

(Chambers et al., 2007b; Hayashi et al., 2008; Toyooka et al., 2008). Indeed, Erk and Tcf3, 

direct effectors of Fgf and Wnt pathways, are two of the major forces orchestrating 

commitment and driving the expression of primed genes (Brumbaugh et al., 2014; Cole et al., 

2008; Kunath et al., 2007; Yi et al., 2008). On the other hand, the pluripotency core composed 

by OSN transcription factors antagonises the action of these differentiating signals.  

Thus, Smith and colleagues postulated that isolation of ESCs by depriving them from external 

signals would allow the OSN core to work undisturbed and promotes a naïve homogeneous 

state. This hypothesis was consistent with studies showing that (i) inhibition of GSK3, and 

subsequent β-catenin stabilization and Tcf3 inactivation, have positive effects on ESCs self-

renewal and pluripotent markers expression (Sato et al., 2004) and (ii) inhibition of MEK, 

which induces Erk dephosphorylation and inactivation, leads to similar positive phenotypes. 

Moreover, MEK inhibition allowed to derive ESCs from recalcitrant mice strains (Batlle-

Morera et al., 2008).  

Based on these observations, Smith and colleagues treated ESCs in deprived-serum condition 

with a combination of 3 inhibitors, SU5402, PD184352 and CHIR99021, inhibiting FGFR, Erk 

and GSK3 respectively. They found that, in these signal-deprived condition, ESCs could self-

renew independently from Lif-Jak-Stat pathway and contribute to chimaera formation (Ying 

et al., 2008). The cocktail was later substituted by Lif+2i inhibitors, with CHIR99021 inhibiting 

GSK3 and PD0325901 for inhibition of MEK, due to the enhanced cell proliferation and ESCs 

clonogenicity observed in presence of Lif. Indeed, the characteristics of these culture 

conditions led to the in vitro derivation of rat and nonobese diabetic (NOD) mice ESCs (Buehr 

et al., 2008; Li et al., 2008; Jennifer Nichols et al., 2009). 

 

Transcriptomic signatures of ESCs and 2i-ESCs display notable differences. Interestingly,  

different studies on 2i-ESCs assess different in vivo correspondence, clustering these cells 

with in vivo late morula/early ICM or the E4.5 pre-implantation epiblast (Boroviak et al., 2015; 

Bulut-Karslioglu et al., 2016). In both cases, these developmental stages represent a more 

naïve pluripotent compartment compared to the ICM (which correspond to the in vivo ESCs 

counterpart). This is consistent with the fact that 2i-ESCs, compared to ESCs, are 

characterized by repression of primed markers such as Pax6, Brachyury and Runx1, Nanog 

biallelic expression and, at the population level, they express uniformly naïve markers such 
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as Klf4, Rex1 and Nanog (Marks et al., 2012; Miyanari and Torres-Padilla, 2012). This leads to 

the homogeneous naïve profile and the loss of primed-associated gene expression 

characteristic of the ground state. Thanks to an approach based on modelling the ground 

state transcription circuit on an abstract Boolean network, it was possible to define the 

minimal circuit responsible for ground state maintenance. This model considers three input 

(Lif stimulation, Gsk3 inhibition and MEK inhibition) which regulate twelve nodes, bound one 

to another by positive or repressive links (Dunn et al., 2014) (Fig.12). 

Notably, the switch in culture conditions from serum to 2i and 2i to serum gives rise to the 

same transcriptomic variations, showing that the two transcriptomes are interconvertible 

and highlighting the plasticity of ESCs to switch between the two cell states (Marks et al., 

2012). 

 

 

 
Figure 12: (Adapted from Dunn et al., 2014) Transcriptional circuit of the ground state. Three input are 

implied in the model (on the left, Lif, ChirON and PD.) Positive interactions are represented by black 
arrows, negative by red ones. 

 

 

At an epigenetic level, the global distribution of epigenetic marks on the genome (such as the 

active mark H3K4me3 and H3K36me3, constitutive mark H3K9me3 and 

repressive H3K27me3) is similar between serum- and 2i-ESCs. However, in 2i-ESCs, the 

H3K27me3 mark is decreased at many promoters and this does not correlate with gene 

expression differences: for example, primed pluripotency genes are not expressed even if the 

repressive mark is erased from their promoters. In a parallel way, bivalent promoters are 

decreased for one third in 2i conditions, losing the repressive mark, but they are still not 

expressed. Indeed, in 2i-ESCs, RNA PolII is increased at transcription starting sites, suggesting 

an higher promoter proximal pausing, explaining why loss of repressive markers is not 
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sufficient to induce transcriptional initiation (Marks et al., 2012). Following the hypothesis 

that 2i-ESCs cluster with the pre-implantation epiblast, this peculiar epigenetic state, 

characterized by poised promoters of primed pluripotency genes and developmental genes, 

could constitute a rapid trigger to induce commitment and induction of lineage-specific 

transcription programs. Thus, RNA PolII pausingmay serve to ensure rapid, coordinated, and 

synchronous gene expression in response to differentiation signals (Boettiger and Levine, 

2009; Nechaev and Adelman, 2011). 

 

 

1.1.4.2. EpiSCs to ESCs reprogramming 

 

EpiSCs can change their molecular and cellular characteristics and reprogram to ESCs 

thanks to culture condition and/or genetic modifications. The obtained ESCs show X 

reactivation and can contribute to chimaeras if injected in the pre-implantation 

blastocyst, suggesting that the reprogramming gives rise to full-potential ESCs (Bao et al., 

2009). Overexpression of Klf2, Klf4 or c-Myc can induce this process together with the 

switch from Activin+Fgf medium to 2i+Lif medium (Guo et al., 2009; Hall et al., 2009b; 

Hanna et al., 2009a). Another mechanism for EpiSCs reprogramming requires the re-

activation of the distal Oct4 promoter, which is normally preferentially active in ESCs, and, 

in this settings, switch from Activin+Fgf to serum+Lif conditions are sufficient to induce 

spontaneous reversion (Bao et al., 2009). Furthermore, reprogramming of EpiSCs is 

strongly increased by switch to 2i+Lif medium, consistent with the effects of Fgf signalling 

in EpiSCs in the silencing of Klf2 to avoid spontaneous reprogramming (Greber et al., 

2010).  
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1.2. Transdifferentiation in the somatic cell 

 

According to the classical view of development, once differentiated, a cell keeps its somatic identity, 

losing its plastic potential (Patel and Hobert, 2017) .  

However, this initial inference was revolutionized in the last years: a terminally differentiated cell 

can lose its specific characteristics and directly convert to a new cell type in a biological process 

called transdifferentiation. This phenomenon can be accompanied by a reacquisition of cellular 

plasticity towards an intermediate state. However, this middle step is not required for every 

transdifferentiation and, in each case, the intermediate populations are instable and quickly 

differentiate to the new cellular somatic states. In the last decades, many studies have been 

accomplished showing this process both in vitro and in vivo.  

 

1.2.1. In vivo transdifferentiation 

 

In vivo, transdifferentiation has been described in invertebrates, amphibia and mammals. C. 

Elegans represents a perfect model to study differentiation thanks to the precisely known fate 

of each cell of the organism. In this animal, transdifferentiation occurs naturally during 

development, where one precise cell during the second larval stage transdifferentiates from a 

hindgut cell to a neuron in every animal observed (Jarriault et al., 2008). Changes in cell fate from 

a germ cell layer to another can also be induced artificially: for example, the transient 

overexpression of ELT-7 induces pharyngeal margin cells to transdifferentiate into intestinal cells 

(Riddle et al., 2013). 

 

The amphibian adult newt eye represents a good model of cell fate conversion accompanied by 

a partial plasticity reacquisition. After lens injury, in a two-step process, pigmented epithelial 

cells go through an initial de-differentiation, characterized by expression of stem cell markers 

Klf4 and Sox2 (Maki et al., 2009), followed by a second phase of re-differentiation, defined by 

expression of γ-crystallin and other lens-specific markers (Mizuno et al., 2002).  

In mammals, cell conversion can be observed principally by injury or forced expression of factors. 

A relevant model of mammal transdifferentiation is the liver. In this tissue, Notch ectopic 

expression and injuries induce hepatocytes (the principal cellular type of the liver) to 

transdifferentiate into biliary epithelia cells (BECs), which play a key role in bile secretion (Yanger 

et al., 2013). 
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1.2.2. In vitro transdifferentiation 

 

In the last years, scientists have developed many protocols to induce transdifferentiation in vitro. 

Here, I will focus on three known examples: 

 

1.2.2.1. Fibroblasts to myoblasts 

  

In this first described model of in vitro transdifferentiation, a fibroblast, a mesenchymal 

precursor involved in ECM formation, connective tissue integrity and wound healing (Tracy 

et al., 2016), can convert into a myoblast, precursor of muscle cells.  

In this first pioneer study, Davis and colleagues showed that fibroblasts transfected with the 

TF MyoD convert into stable myoblast populations, which contain myosin-positive 

multinucleate syncitia and express muscle differentiation markers (MHC, MLC1, MLC2) 

(Davis et al., 1987). Three years later, Choi et collegues showed that, starting from different 

cell types less and less related to the skeletal lineage (notably, dermal fibroblasts, 

chondroblasts, gizzard smooth muscle cells and retinal pigmented epithelial cells), the 

efficiency of myotubes generation changes depending on the initial cell type. Derived 

myotubes showed typical markers and morphological characteristics (shape, number of 

nuclei, density of myofibrils) and expressed in the sarcomeres structural proteins like MHC, 

myomesin and titin (Choi et al., 1990). 

 

1.2.2.2. B cells to macrophages 

 

In this second model, B lymphocytes, immune cells responsible for secreting specific 

antibodies against pathogens, can transdifferentiate into myeloid macrophages, cells 

constituting a more general barrier acting in the immune response. In this remarkable study, 

Xie and colleagues showed that it is possible to directly convert a B cell in a macrophage 

through a multi-step transdifferentiation process. (Xie et al., 2004).  

During this cell fate conversion, C/EBPs proteins (C/EBPα and C/EBPβ) play a fundamental 

driving role. Indeed, sustained expression of these bZip TFs leads to downregulation of B-cell 

marker Pax5 and consequent decrease of CD19, E2A and EBF, leading to a loss of B-cell 

somatic identity. Moreover, cooperation of overexpressed C/EBPs with endogenous Pu1 

drives the upregulation of the macrophage receptor Mac-1 and other macrophages markers 

(as F4/80 or M-CSFR), triggering the formation after 5 days of reprogrammed cells who share 
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same morphological features, immunoglobulin rearrangement and gene expression profiles 

of bona fide macrophages. 

 

1.2.2.3. Fibroblasts to neurons 

 

Firstly described by Wernig lab, a mouse embryonic fibroblast (MEF) can transdifferentiate 

to mature induced neuron (iN) thanks to the combined action of the three transcription 

factors Ascl1, Brn2 and Myt1l (BAM cocktail) (Vierbuchen et al., 2010). The study was 

performed with Tau:GFP reporter fibroblasts to identify Tau+ neurons emergence.  Already 

after 3 days of reprogramming, GFP+ cells were detectable and displayed immature neuron-

like shapes. At day 5, cells started to acquire more complex branching processes, with the 

complexity increasing until day 12, when well-developed neurons can be observed. However, 

from day 5 to day 12, there was no increase in the number of GFP+ cells, suggesting that, 

even if the neurons become more and more complex, there are no further events of de novo 

neurogenesis. These data suggest that BAM-mediated neuronal conversion is a rapid event 

that take places in the first 5 days of the MEF-to-neuron transdifferentiation. 

A precise characterisation of these iN showed that they possess bona fide neuron 

characteristics: they express neuronal markers Tuj1, Tau, Map2 and Neun, depolarization of 

their membrane leads to an action potential burst, and they harbour inactivating inward and 

outward currents. They are also responsive to GABA and it is possible to observe VGlut1 

puncta in their neurites, suggesting a co-presence in culture of inhibitory and excitatory 

neurons. They are also able to form synapsis, as detected by AMPA and NMDA receptor-

mediated EPSCs. 

To go further in the detail of the characterization of this process, following studies of Wernig 

lab focused on the single role of Ascl1, Brn2 and Myt1l during MEF-to-neuron 

transdifferentiation (Wapinski et al., 2013). The study showed that, unlike Brn2 and Myt1l, 

Ascl1 has the major impact in inducing the process. Indeed, overexpression of the TF in the 

beginning of reprogramming recapitulates significantly the differences observed in the MEFs 

upon BAM induction. Ascl1 works as a pioneer factor, it binds closed chromatin sites which 

are characterized by a trivalent signature composed from high enrichment in H3K4me1 and 

H3K27ac with an opposite low/intermediate enrichment of H3K9me3. To display in a 

functional way the importance of Ascl1 in MEF-to-neuron transdifferentiation, another study 

of the lab showed that Ascl1 alone can induce the formation of immature neuronal cells. 

Furthermore, thanks to culture with glial cells, important to neuronal complexity (Ullian, 
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2001) , immature cells derived from Ascl1 overexpression can give rise to complex iNs 

(Chanda et al., 2014). 
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1.3. Pluripotent reprogramming generates induced pluripotent stem cells 

 

As introduced in the previous part, a somatic cell can dedifferentiate and convert in another somatic 

cell. Notably, in some cases, the process is associated to a transient reacquisition of a partial 

plasticity (van Oevelen et al., 2013). 

Interestingly, a somatic cell can also revert to a complete pluripotent state, giving rise to induced 

pluripotent stem cells, or iPSCs. To achieve this state, cells are reprogrammed thanks to the 

combined action of four transcription factors, Oct4, Sox2, Klf4 and c-Myc. Together, they form the 

well-known Yamanaka cocktail and the process is known as pluripotent reprogramming (PR) 

(Takahashi and Yamanaka, 2006). 

These cells represent powerful tools for different reasons. Before going in the detail of this 

exceptional reprogramming, in the next paragraph I will describe the possible uses of iPSCs. 

 

1.3.1. iPSCs applications. 

 

Human iPSCs were derived few years later using the same Yamanaka cocktail (Takahashi et al., 

2007). These cells give the possibility to work on derived patient stem cells and can constitute 

a great tool for different reasons. Firstly, iPSCs could be used to regenerate patient-specific 

organs, avoiding the problems linked to histocompatibility. Secondly, as it is well described in 

neuropathology and cancer, drugs do not work in the same way on different patients. Having a 

personalized tool to recreate in vitro patient cells and tissues gives the possibility to perform 

drug or molecule screening in a patient-specific manner. Finally, in many cases, researchers 

cannot work on in vivo human organs, but hIPSCs can be differentiated into in vitro organoids 

to model diseases and test new therapies. 

All of this could also be accomplished using human embryonic stem cells (hESCs), but the 

relative policy is strict and it leads to ethical issues. Thus, hiPSCs represent a valuable 

alternative.  

 

1.3.1.1. iPS in regenerative medicine – stem cell therapies  

 

In the last decades, translational and clinical investigation have shown the enormous 

potential of iPSCs for therapeutic applications. Stem-cell-based therapies displayed 

remarkable clinical results, with alleviation or healing of specific diseases and validated 

therapies for cornea, retina, hematopoietic, bone and skin diseases are now a reality (De 

Luca et al., 2019). Some of these stem-cell therapies use iPSC-derived multipotent 
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progenitors, capable of generate different organ-specific cell types; at the same time, 

other therapies use multipotent precursor cells obtained directly from the adult 

organism, where they are usually quiescent.  

Takahasi group performed one of the first autologous iPSC-mediated stem-cell therapies 

in 2015. They transplanted a sheet of iPSC-derived retinal pigment epithelium (RPE) in the 

eye of a patient affected by neovascular age-related macular degeneration, which causes 

profound loss of central vision. One year after, even if the RPE patch was intact, there was 

no improvement in the patient condition, maybe due to the severe initial status of the 

disease (Mandai et al., 2017). Nevertheless, new studies are ongoing, using RPE directly 

derived from healthy donor, ESCs and IPSCs-derived RPE, and the first results obtained 

seem more promising (Zarbin et al., 2019)  

Gene therapy represents an interesting tool for editing genome and, combined with 

stem-cell therapies, can bring wonderful results. This has been well established in 

hematopoietic diseases, where, instead of starting from hiPSCs, hematopoietic stem cells 

(HSCs) can be directly mobilized from bone marrow, collected after blood purification, 

genetically modified and re-injected in the patient. This technique has allowed to fight 

several hematopoietic diseases. For example, thanks to stem-cell therapies, it has been 

possible to heal 27 patients of ADA-SCID, who do not show negative side effects in the 

last 16 years (2000-2016, until the last published control) (Cicalese et al., 2016). For the 

treatment of ADA-SCID, Strimvelis has been the first stem-cell therapy approved by 

Europe in 2016 (Schimmer and Breazzano, 2016). With a similar pipeline, other therapies 

were efficient for hematopoietic diseases, such as X-linked adrenoleukodystrophy, 

Wiskott-Aldrich Syndrome and β-thalassemia (Aiuti et al., 2013; Ferrua et al., 2019; 

Hacein-Bey Abina et al., 2015; Sessa et al., 2016; Thompson et al., 2018). 

iPSCs are currently being used for stem-cell therapies in pre-clinical studies and ongoing 

clinical studies, as the trial for iPSCs-based cell therapy in Parkinson Disease recently 

started in Takahashi lab (ID UNIM: UMIN000033564) 

 

1.3.1.2. iPSCs in disease modelling – a promise from organoids 

 

One of the challenges in the understanding of human diseases consists in the impossibility 

to genetically modulate in vivo samples. Even if mice models represent useful alternatives 

for many studies, species differences could be the origin of misleading results. For 

example, numerous rodent models has been derived for the study of Alzheimer disease, 

but no one can completely recapitulate the effects observed in humans, in particular the 
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decrease in neurons numbers (Onos et al., 2016). There is an evident demand to develop 

human platforms for a better and more direct study. Human iPSCs represent an 

interesting opportunity, with the idea to develop in vitro organoids recapitulating the 

molecular signature and functionality of the correspondent human organs. iPSCs can be 

induced to re-differentiate into 3D structures which mimic normal tissues, called 

organoids (Kadoshima et al., 2013; Mariani and Vaccarino, 2019). Many studies have been 

conducted in the last decade using organoids to dissect human diseases. For example, 

thanks to brain organoids (also known as mini-brain) it has been possible to identify an 

excess in neuronal production and a decrease of the non-neuronal populations in the 

mini-brains of macrocephalia patients (Mariani et al., 2015). Nevertheless, a big challenge 

in the domain consists in developing more complex organoids to recapitulate as much as 

possible human organs. In this context, absence of vascularisation is a main problem 

limiting the growth and maturation of these organoids. Interestingly, Xia lab has recently 

developed a new model of vascularized 3D kidney organoids, thanks to the precise tuning 

of Wnt signalling, which induces the emergence of a DR+ subpopulation, that starts to 

express CD31 and VEGFA, indicating vascular maturation (Low et al., 2019). Another issue 

consists in variability between different organoids coming from the same iPSC line. Arlota 

lab has lately derived dorsal forebrain organoids which recapitulate the complex diversity 

of human brain, but, at the same time, single-cell profiling shows that 95% of the 

produced organoids give rise to a similar neuronal repertoire, even with organoids 

generated from different lines, showing reproducible neuronal heterogeneity (Velasco et 

al., 2019). 

 

1.3.1.3. iPSCs in drug discovery  

 

iPSCs constitute also an important tool for the discovery of new drugs. Indeed, they allow 

to develop cellular models to perform large-scale screening of new molecules, with the 

aim to test efficiency and toxicity on the designed cells. This represents a relevant and 

less expensive platform to observe immediate phenotypes and test side effects on the 

cell type of interest. iPSC-derived models can correspond to 2D culture: for example, iPSCs 

can be mutated for the Tar DNA binding protein-43 (TDP-43) and induced into motor 

neurons, with the aim to mimic amyotrophic lateral sclerosis (ALS). A screening 

performed on these iPSC-derived neurons showed that the acetyltransferase inhibitor 

Anacardic acid rescues the negative phenotype of the mutated motor neurons (Egawa et 

al., 2012). Another IPSC-derived model used for drug discovery is “organs on a chip”, 
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engineered tissues designed with the aim of mimicking the minimal functional unit of an 

organ (Ronaldson-Bouchard and Vunjak-Novakovic, 2018). Finally, it is also possible to use 

organoids to perform drug discovery in a more complex set. For example, in the organoid 

model for achondroplasia, iPSCs mutated for the Fgfr3 receptor have defects in 

differentiation towards cartilage tissue. Using this system, molecules previously 

described for regulating Fgf3 signalling or chondrocyte differentiation have been 

screened. Data showed that the statin family rescues the defects in cartilage formation 

(Yamashita et al., 2014). 

 

Giving the importance of iPSCs as promising means for medicine and development 

studies, it is important to understand the mechanisms of their generation to ensure 

proper iPSCs derivation. 
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2. FIRST PHD PROJECT: 
 

PLURIPOTENT AND MALIGNANT REPROGRAMMING: ROUTES TOWARDS iPSCs 
GENERATION AND CANCER DEVELOPMENT 

 

As introduced in the previous part, development is not a unidirectional process, but we can identify 

changes in cellular identity of differentiated cells, characterized by loss of somatic identity and in many 

cases reacquisition of cellular plasticity.  

For my first PhD project, I have been particularly interested in the early steps of cellular reprogramming, 

asking how a cell loses its identity in the very beginning of cell conversion and which elements can 

constitute a roadblock towards reprogramming and trans-differentiation processes. 

We decided to analyze more than one system of reprogramming, with the aim to identify global 

characteristics related to loss of somatic identity in different scenarios, and not specific features of one 

reprogramming. 

We chose to work principally on the initial steps of iPSC generation and malignant transformation, as far 

as the two processes, despite the different outputs, share interesting analogies. 

In particular, we focused our attention on studying the early processes which bring a cell to lose its 

somatic identity and become more sensible to OSKM action and oncogenic stimuli, the pluripotent and 

the malignant reprogramming (Ischenko et al., 2013; Takahashi and Yamanaka, 2006). 

 

In this chapter, I will present some essential knowledge about iPSCs generation, malignant 

transformation and I will highlight the similarities of the two processes, which led us to choose 

pluripotent and malignant reprogramming as our model of study. 
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2.1. Pluripotent reprogramming and iPSCs generation 

 

2.1.1. Before Yamanaka: Seminal experiments towards induced pluripotency 

 

There had been many important studies that traced the route for the ground-breaking work of 

Takahashi and Yamanaka. In figure 13, it is possible to observe a timeline of these discoveries. 

One of the first findings showed that nuclei of differentiated cells are able to erase their 

epigenetic memory and act in an equivalent way of nuclei of pluripotent cells. It was achieved 

by somatic cell nuclear transfer (SCNT) in amphibians: in 1950s and ‘60s, Briggs and King and 

later Gordon showed that nuclei obtained from Xenopus blastulae or intestinal epithelial cells 

were able to sustain cleavage and blastula development when injected in an enucleated egg 

(Briggs and King, 1952; Gurdon, n.d.).  

This showed that, at a genetic level, a more differentiated cell is still competent to carry on 

early development. Hence, considering that the genome corresponds to the molecular basis of 

a cell, it suggests also that differentiated cells have intrinsically the possibility to switch back to 

pluripotency.  

Another important contribution towards the discovery of iPSCs has been the establishment of 

pluripotent cell lines. In particular, this was started with studies on carcinoma-derived cell lines. 

Teratocarcinoma are benign tumor formed by chaotic arrays of differentiated tissues. 

Kleinsmith and Pierce in 1964 derived cellular lines form these teratocarcinoma. This and later 

studies showed that these embryonic carcinoma (ECs) lines, when injected in vivo in 

subcutaneous mice, formed teratocarinoma, tumors containing the three germ layers, and 

injected in blastocyst they could give rise to germ-line chimaeras (Bradley et al., 1984; 

Kleinsmith and Pierce, 1964). These experiments showed that adult tissues have still the 

competence of being pluripotent.  

A third fundamental discovery was the pluripotent tetraploid hybrid cells formation. In the first 

application, Miller and Ruddle in 1976 fused pluripotent carcinoma cells with differentiated 

thymocytes, with the aim to understand which is the predominant fate between the 

pluripotent and somatic program. In vivo injections of these cells gave rise to tumors containing 

several differentiated tissues, reminiscent of teratocarcinoma derived tissues (Miller and 

Ruddle, 1976). These experiments not only demonstrated that the pluripotent program is 

dominant on the somatic one, but also that a differentiated cell can be modified to reprogram 

to an induced-pluripotent cell. 
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But what could mediate this pluripotent conversion? Further studies highlighted that TFs could 

play an important role in the process: for example, it was shown that somatic fusion of ESCs 

with neurosphere cells activated the expression of the transcription factor Oct4 (Do and 

Schöler, 2004). More evidences came from transdifferentiation experiments, which showed 

that TFs as Myod and Cebpα can drive cell conversion (Davis et al., 1987; Xie et al., 2004). 

 

Taken together, these evidences showed that somatic cell has the intrinsic possibility to revert 

to pluripotency and that transcription factors play capital roles in changes of cellular identity. 

These studies posed the basis for the discovery of pluripotent reprogramming. 

 

 
Figure 13: Timeline of fundamental studies that traced the path to iPSCs discovery. 

 

2.1.2. Takahashi and Yamanaka, 2006:    

 

All the seminal experiments listed in the previous part constituted the base of Yamanaka and 

Takahashi work on iPSCs generation. 

In the study, they selected 24 genes which are expressed in ESCs and during blastocyst 

development and could potentially convert a somatic MEF to a pluripotent cell (Takahashi and 

Yamanaka, 2006).  

To screen these factors, they developed a strategy based on geneticin resistance under the 

control of the Fbx15 promoter. Fbx15 is an ESCs marker not expressed in MEF, but not essential 

nor for pre-implantation development neither ESCs maintenance. Thus, its knock-out, applied 
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to insert in the Fbx15 locus the geneticin resistance βgeo cassette, is not detrimental to attend 

pluripotency. In this way, cells characterized by pluripotent features will activate the Fbx15 

promoter, express the geneticin resistance and survive upon antibiotics treatment. 

After the development of Fbx15βgeo/βgeo MEF, they screened the 24 candidates: MEFs infected 

with retroviral plasmids for the 24 candidates, infected one by one, did not generate any Fbx15 

positive colony, suggesting that each factor alone cannot induce iPSCs formation, while the 

cocktail of the 24 factors together induced formation of G418-resistant colonies. 

To determine which factors are required for iPSCs formation, they withdrew one by one the 24 

factors. They identified 10 candidates whose absence was detrimental for iPSCs generation. 

With the same mechanism, starting from the 10 candidates, they isolated a combination of four 

factors which gave the higher reprogramming efficiencies: Oct4, Sox2, Klf4 and c-Myc. They 

were also able to obtain iPSCs with the OSKM cocktail starting with adult cells, the tail tip 

fibroblasts (TTPs). 

Analysis performed on iPSCs showed radical similarities with ESCs: they express the same 

pluripotent markers, they are able to create teratoma once injected in vivo and some colonies 

showed proper karyotype. However, they were not able to obtain chimaera competence with 

the two tested colonies. 

One year later, the same team succeeded in inducing human fibroblasts to reprogram into 

human induced pluripotent stem cells (hISPCs), which showed the same characteristics of 

human ESCs, like antigene profile, gene expression, epigenetic status and telomerase activity 

(Takahashi et al., 2007). 

 

 

2.1.3. Technical development after 2006:  

 

After these extraordinary discoveries, many studies were conducted, with the aim to produce 

iPSC of better quality suitable for regenerative medicine. 

One of the major problems of Yamanaka study was the inability of iPSC to contribute to 

chimaera pups. Subsequent studies showed that Fbx15-based screening was not a perfectly 

reliable strategy, because it allowed isolating colonies which had proper morphology, Fbx15 

expression but without an established pluripotency network. These colonies were called pre-

IPSCs and they did not show the same characteristics as true-iPSCs and ESCs described before. 

Further studies took advantage of systems based on the Oct4 or Nanog promoters, more 

stringent than the Fbx1 one. Same studies also showed that a delay in the timing of OSKM 

induction gave rise to more faithful iPSCs colonies, more similar to ESCs at a molecular and 
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epigenetic level. These cells have a transcriptional pattern similar to ESCs, re-activation of the 

X chromosome, similar histone marks, DNA demethylation at Nanog and Oct4 loci and, 

importantly, are capable of giving rise to chimaera and are germ-line competent (Maherali et 

al., 2007; Wernig et al., 2007). 

Another problem in Yamanaka experiments was related to the delivery system used for OSKM 

expression: retroviruses. Indeed, even if this class of viruses is usually silenced in ESCs and iPSCs 

(Jähner et al., 1982; Park et al., 2008; Stewart et al., 1982), the silencing may not always be 

completely efficient, leading to viral expression of OSKM TFs in iPSCs, something uncanny for 

regenerative medicine. Moreover, retroviruses infect only proliferating cells, limiting drastically 

the number of initial cell types available to reprogram. Another drawback consists in integrating 

at high frequency in the genome, increasing the possibility of integration in coding sequences 

or regulatory elements. 

A first technical advance was represented by the use of lentivirus instead of retrovirus. In this 

way, it has been possible to obtain iPSCs starting from an higher number of somatic cells (Yu et 

al., 2007). Moreover, polycistronic vectors were derived to reduce the number of insertions, 

compared to the initial Yamanaka study where OSKM were separately delivered (Carey et al., 

2009). Then, to solve the problem of random insertion in the genome, non-integrative delivery 

systems were derived. These methods comprise viral and non-viral techniques and they could 

represent a better perspective for regenerative medicine. In the first cases, virus that do not 

integrate in the genome, like adenovirus or Sendai viruses (SeV), were applied. However, in the 

case of adenoviruses, the strategy requires multiple infections, the process of virus production 

is laborious and the reprogramming efficiency is lower compared to integrative strategies (Zhou 

and Freed, 2009). In the second case, the Sendai RNA-viruses are very efficient in transfection 

(in the form of negative-strand single-strand RNA), but due to their constitutive replication, 

they may be difficult to degrade in the final iPSCs. They were thus engineered to be degraded 

by arising the culture temperature to 39°C. A new generation of Sendai viruses consists in SeV 

dp, which are replication-defective and erasable by siRNA administration, so more suitable for 

a medical use (Nishimura et al., 2011).  

 

Another possibility is represented by non-integrative non-viral systems, like episomal vectors. 

These plasmids do not integrate in DNA but they are nevertheless actively replicated and 

transcribed (Okita et al., 2008). However, as for adenovirus, multiple infections are required, 

and reprogramming is less efficient.  

It is also possible to administrate synthetic OSKM mRNA directly to the cells. Even if the RNA-

based technique is the most efficient between the non-integrative possibilities, multiple 
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transfections are needed and it is highly immunogenic (Brouwer et al., 2016; Warren et al., 

2010). 

Furthermore, iPSCs generation has been performed in absence of OSKM induction, by 

reprogramming MEFs with seven small molecules, which mimics the Yamanaka cocktail effects: 

VPA, CHIR99021, E616452, Tranylcypromine, Forskolin, 3-deazaneplanocin A (DZNep), and 

PD0325901 (Hou et al., 2013). 

Another alternative is represented by transgenic mice expressing OSKM in a Tet-on inducible 

strategy. Cells derived with this secondary system reprogram with higher efficiency compared 

to retrovirus infections (25- to 50-fold) and allows to induce OSKM expression upon doxycycline 

administration (Wernig et al., 2008a). 

 

 

2.1.4. Phases of pluripotent reprogramming:  

 

During reprogramming, MEFs go through profound remodelling induced by OSKM ectopic 

expression. We can distinguish principally three phases in the process. An initiation phase, in 

which most cells are subjected to the wide effects of OSKM action and undergo changes at 

morphological, molecular and epigenetic levels. A second phase, the maturation phase, in 

which only a small fraction of cells will acquire pluripotency features. And a third and last phase, 

the stabilization phase, which consists in the establishment of stable iPSC lines (Fig.14). During 

the first phase, the majority of cells respond to OSKM input, thus whole-population studies 

were used to study the initiation phase. On the contrary, during maturation and stabilization, 

only a tiny percentage of cells reprogram to pluripotency, thus studies have been focused on 

describing reprogramming intermediates by cell surface markers, single-cells RNASeq or tracing 

clonally-derived cells (see later for a more detailed explanation) (Golipour et al., 2012; Nefzger 

et al., 2014; Polo et al., 2012).    

 

2.1.4.1. Initiation phase 

 

This first phase is characterised by a rapid loss of expression of somatic markers,  increase 

in cellular proliferation and decrease in cell size, consistent with the upregulation of c-

Myc (Mikkelsen et al., 2008a; Smith et al., 2010). These really first modifications are 

followed by a change in the cellular morphology, called mesenchymal-to-epithelial 

transition (MET). Indeed, fibroblasts are elongated cells with typical mesenchymal 

shapes. On the contrary, iPSCs and ESCs form small cell clusters, tightly packed into 
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colonies, consistent with their epithelial status. Indeed, in MEFs, OSKM mediate this 

transition from a mesenchymal to an epithelial state by inhibiting Tgfβ pathway and in 

cooperation with Bmp, repressing Snail, Zeb and other mesenchymal factors and 

upregulating epithelial markers like E-Caderin and Epcam  (Li et al., 2010; Samavarchi-

Tehrani et al., 2010). MET is a first step of PR only if the departing cells are mesenchymal. 

Epithelial cells do not go through initial morphological changes. The requirement of the 

epithelial morphology is also highlighted by the fact that epithelial cells like keratinocytes 

reprogram at higher efficiencies compared to mesenchymal cells, such as MEFs (Aasen et 

al., 2008). 

 

Interestingly, even if the transcriptional response to OSKM is wide, only a fraction of cells 

start to reprogram towards pluripotency (Smith et al., 2010). The other cells undergo 

apoptosis, senescence or cell-cycle arrest. These processes are induced as defence 

mechanisms counteracting the OSKM reprogramming action and constitute the principal 

reasons why so many cells are unable to generate iPSCs, explaining the poor efficiency of 

the PR. 

In the cells prone to reprogram, OSKM play a fundamental role in inhibiting these 

physiological responses, in line with important regulators of these defence mechanisms 

(such as  p53, p21 and the Ink4a/Arf locus) downregulated during reprogramming. 

Moreover, deletion of these regulators before the onset of reprogramming enhances its 

efficiency (Banito et al., 2009; Li et al., 2009, p. 4; Marión et al., 2009; Utikal et al., 2009).  

 

Another change observed during the initiation phase is the beginning of a switch in the 

metabolic activity of cells. While MEFs are characterized by a strong impact of oxidative 

phosphorylation (OxPhos) on the cellular metabolism, in iPSCs the metabolism relies 

more on the glycolysis, reflecting the in vivo pre-implantation pluripotent cells, which are 

subjected to low dose of oxygen (Mohyeldin et al., 2010). Moreover, the glycolytic 

pathway is more suitable for self-renewing cells due to the enhanced speed of metabolite 

production compared to OxPhos. Thus, together with enhanced proliferation and 

morphological changes, we can observe from the beginning of reprogramming a gradual 

decrease in OxPhos and increase in glycolysis (Mathieu and Ruohola-Baker, 2017; 

Prigione et al., 2014). 

On a molecular level, we can observe a large arrangement of transcriptome expression to 

support these various processes, involving genes necessary for proliferation, metabolism, 

cytoskeletal organization and developmental processes (Mikkelsen et al., 2008a). These 



 
56 

 

profound changes are mediated by a remodelling of the chromatin mediated by OSKM. 

Upon the four TFs induction, promoters of somatic genes starts to lose the active mark 

H3K4me2 and they are rapidly downregulated (Polo et al., 2012). It is also possible to 

observe an increasing depletion of the repressive mark H3K27me3 at the loci important 

for reprogramming. In parallel, in these loci, there is a new wave of H3K4me2 deposition, 

an epigenetic mark associated to transcription-factor binding. Indeed, this mark becomes 

particularly present at the promoters of pluripotency genes which contain Oct4 and Sox2 

binding regions, but interestingly it does not co-occupy these sites with the activating 

mark H3K36me3, suggesting that these loci are ready for transcriptional activation but 

still not expressed (Koche et al., 2011). This is in line with the expression of pluripotent 

genes only starting at the later maturation phase.  

 

2.1.4.2. Maturation phase  

 

This second phase is characterized by the onset of the first pluripotency-associated genes 

expression, as Fbxo15, Sall4 and endogenous Oct4, followed by the naïve markers Nanog 

and Esrrb (Buganim et al., 2012). Overexpression of these early pluripotency markers 

enhances reprogramming efficiency, highlighting the importance of their activation (Han 

et al., 2010; Heng et al., 2010). We can also observe a reduction in the level of proteins 

related to electron chain transport system and a concomitant glycolytic enzymes 

upregulation, suggesting a gradual process of metabolic switch along the two first phases 

(Hansson et al., 2012; Zhang et al., 2012).  

At the end of this phase, a key element for the transition to the stabilization phase is the 

silencing of the exogenous OSKM expression and the reliability of the newly re-activated 

pluripotency network (Polo et al., 2012).  

On a molecular level, surprisingly, pluripotency factors are not the only factors driving 

transition to the last phase: a combination of pluripotent (Esrrb, Utf1, Lin28 and Dppa2), 

germline (Mnd1, Mutyh, Rad54b) and cytoskeletal (Tuba3a, Pdzk1, Itgb7, Kirrel2) genes 

mediates the exit from the maturation phase (Buganim et al., 2012; Golipour et al., 2012).  

 

2.1.4.3. Stabilization phase 

 

In this last phase, the establishment of stable iPSC lines is achieved.  

Cells do not rely anymore on exogenous OSKM expression, but they are sustained by the 

endogenous molecular signature typical of the pluripotent state (Brambrink et al., 2008; 



 
57 

 

Wernig et al., 2007). They also undergo high-scale epigenetic modifications. For example, 

newly formed iPSCs are characterized by telomerase activation, which leads to telomeric 

elongation (Stadtfeld et al., 2008). At the same time, female iPSCs reactivate the inactive 

X chromosome. In ESCs, both X chromosome are active and, at the onset of 

differentiation, female ESCs silence one of the two chromosome in a process mediated 

by the long non coding RNA Xist, known as X chromosome inactivation (XCI) (Payer and 

Lee, 2008). In the last phase of pluripotent reprogramming, cells reactivate the inhibited 

X chromosome (Xi) and reset its heterochromatin state to equal levels of the activated X 

chromosome (Xa), leading to XaXa pattern, such as ESCs. This enables a random silencing 

of one of the two Xa chromosomes if iPSCs are induced to re-differentiate (Maherali et 

al., 2007). 

In the stabilization phase, we can also observe a wave of DNA methylation 

rearrangement. This process is mediated by the reactivation of enzymes like AID, TETs 

and DNMTs (Polo et al., 2012). Modifications in methylation level are related to the 

erasing of the epigenetic memory observed at the end of reprogramming. During 

reprogramming, there is a reset of the epigenetic landscape present in the initial cells. If 

the reset is not complete, it can bias the differentiation potential of iPSCs (Kim et al., 

2011) . Indeed, modification of DNA methylation obtained with cells passaging or using 

the 5-aza methylase inhibitor has been associated to a full epigenetic memory erasing 

(Ohi et al., 2011, p. 201). Moreover, AID has been shown to promote actively the 

epigenetic reset (Kumar et al., 2013). 
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13: (Adapted from David et Polo, 2013) The three phases of pluripotent reprogramming, 

initiation, maturation and stabilization. They are displayed with the principal events and markers 

for each step. 

 

2.1.5.   Stochastic or deterministic? 

 

During reprogramming, we can distinguish both a stochastic and a hierarchical pattern. In the 

first stochastic part, even if most cells acquire and express OSKM, only few of them will become 

iPSCs. Also reprogramming intermediates, more enriched to generate iPSCs compared to the 

total population, do not represent a pure population entirely generating iPSCs (Stadtfeld et al., 

2008). Until now, it has not been possible to determine a specific subset of cells in the beginning 

of reprogramming that will become iPSCs, as it is proposed by the “elite” model. Following this 

theory, in the heterogeneous initial population, a group of cells possess stem properties and 

already harbour the potential to generate iPSCs. However, iPSCs were derived from terminally 

differentiated cell types, as B cells and T cells, excluding the requirement of a stem pool in the 

initial steps (Seki et al., 2010; Stadtfeld et al., 2012). Moreover, clonal experiments on B cells 

showed that more than 90% of cells can give rise to daughter cells that have the potential to 

become iPSCs (Hanna et al., 2009b). Furthermore, highlighting the stochasticity component, 

single-cell analyses showed that every cell from the same clone reach pluripotency at different 

kinetics and this stochastic emergence has an epigenetic base, with the Nurd/Mbd3 complex 

causing the delay in reprogramming (Buganim et al., 2012; Rais et al., 2013). From these 

evidences, it seems that the process is characterized by an initial stochastic pattern.  

Initiation Maturation Stabilization

• Loss of somatic identity
• Enhanced proliferation
• MET
• Apoptiosis and 

senescence inhibition

• Pluripotency network 
onset

• Preparation to OSKM 
independece

• OSKM independence
• X- reactivation
• Telomerase activity
• DNA demethylation

PR
 h

al
lm

ar
ks

M
ar

ke
rs

• Alpl
• Fbx15
• Cdh1
• Ep-Cam

• Nanog
• Oct4
• Essrb
• ICAM1

• Sox2
• Dppa4
• Pecam

MEF

iPSC

Early
passage

iPSCs

Late 
passage

iPSCs
Late 

intermediates
Early

intermediates



 
59 

 

However, the slight percentage of cells that undergo reprogramming enter a second phase of 

hierarchical organisation, which begins with the activation of the endogenous Sox2. The 

activation of this transcription factor induces the expression of other pluripotency initiating 

factors (PIFs) that stabilize the iPSCs pluripotency network. The precise hierarchy of this second 

phase is highlighted by the fact that single-cell analysis, performed on cells coming from the 

same clone, shows a deep decrease in transcript heterogeneity after the onset of PIFs 

expression compared to the precedent phase (Buganim et al., 2012; Hanna et al., 2009b). The 

deterministic nature of the second part of reprogramming is also noticeable in the stabilization 

phase, when iPSCs go through precise processes such as late-pluripotency genes activation and 

many epigenetic rearrangements saw before to give rise to established iPSC lines (Mikkelsen et 

al., 2008a). 

 

2.1.6.  Capturing reprogramming heterogeneity in intermediates stages 

 

As told before, the better way to study the maturation and stabilization phases does not consist 

in whole population studies, as far as most of the cells are blocked due to apoptosis, senescence 

and other reprogramming roadblocks. On the contrary, it is important to focus on the few cells 

that will become pluripotent, the intermediates prone to reprogram.  

One of the first methods used to study them consisted in time-lapse microscopy (Araki et al., 

2009; Smith et al., 2010). However, this approach gives information on morphological changes, 

but it does not give any knowledge about the molecular characteristics of the intermediates.  

Another method allows to discriminate between refractory and reprogramming intermediates 

thanks to cell surface markers. This has been combined with the use of fluorescent reporter for 

early pluripotency markers, such as Pou5f1:GFP or Nanog:GFP, with the aim to capture their 

activation during reprogramming. 

In this way, it has been possible to trace reprogramming maps following expression of cell 

surface markers and activation of endogenous pluripotency genes. For example, the 

Hochedlinger lab identified subpopulations where loss of the cell surface marker Thy1 and 

acquisition of SSEA1 lead to an enrichment in iPSCs formation, compared to the whole 

population. In the same study, they also showed that this rearrangement of cell surface 

markers consists in an early step of reprogramming, compared to expression of endogenous 

Sox2, telomerase and X chromosome reactivation, that they tracked thanks to GFP fluorescent 

reporters. All these data allowed them to create one of the first roadmaps of intermediates 

populations towards pluripotency (Stadtfeld et al., 2008). A later study of the lab used these 

identified intermediates to perform micro-array analysis, and identified two major waves of 
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changes in gene expression during reprogramming, which culminated with around 1’500 genes 

differentially expressed at day 12 of reprogramming (Polo et al., 2012). In parallel, Kaji lab 

developed another roadmap to follow reprogramming cells. In this study, they showed that 

decrease of the cell surface marker CD44 and upregulation of Icam are early event compared 

to the Nanog endogenous expression onset, measured with a GFP reporter. Using RNA-

sequencing analysis they showed again this double wave of gene expression changes (O’Malley 

et al., 2013). Even if the roadmaps for MEF reprogramming are the most studied, attempts 

were performed to characterize pluripotent trajectories starting from other cellular types, as 

keratinocytes and neutrophils. Comparison between the transcriptome data obtained from the 

intermediates from the different cellular types highlighted that the two transcriptomic waves 

were shared among the three reprogramming types, while transient activation of 

developmental genes was specific of the cellular type (Nefzger et al., 2017). 

Finally, the most recent roadmaps take advantage of single-cell RNASeq (sc-RNASeq) analyses, 

which allow to model single cell trajectories of reprogramming. This approach led to individuate 

non-reprogramming (NR) branches during PR. Within these NR branches, a disequilibrium 

between Klf4 and Sox2 exogenous expression leads to a Cd34+/Fxyd5+/Psca+ keratinocyte-like 

NR state (Guo et al., 2019). Other non-reprogramming branches comprise terminal stromal, 

neural and extra-embryonic fates (Schiebinger et al., 2019).  Single cell analysis led also to the 

discovery of a first stochastic and later hierarchical phase during reprogramming (Buganim et 

al., 2012). 
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2.2. Malignant reprogramming and malignant transformation 

 

2.2.1. Malignant transformation and cancer initiation 

 

Organs development follows specific patterns and rules, in a process called morphogenesis. 

During morphogenesis, cells proliferate and differentiate in a precise manner to form tissues 

and organs. The plasticity conferred to pluripotent cells to differentiate into several tissues is 

underlined by the presence in each cell of a complete genome, containing the information 

required to generate a whole organism. Thus, the precise identity of a cell, determined by the 

genes expressed in it, is tightly regulated at a molecular and epigenetic level intracellularly but 

also by morphogens, signalling cues and mechanical forces at the intercellular level (Heisenberg 

and Bellaïche, 2013; Recasens-Alvarez et al., 2017; Tabata, 2004). 

Thanks to this tight regulation, during development, multipotent cells receive precise temporal 

and spatial information that regulate their proliferation and the fate of their daughter cells. 

Even if the majority of cells lose this proliferation potential in the adult age, many organs keep 

pools of adult stem cells, that, in case of injury or for the normal turnover of the organ, can be 

activated, proliferate and generate new cells (Wagers and Weissman, 2004).  

Thus, the processes driving morphogenesis and tissue repair are always tightly controlled to 

avoid atypical cell behaviours, primarily cellular hyperproliferation and formation of aspecific 

cell types. Otherwise, the versatility and autonomy of each cell, conferred by carrying a full-

potential genome, can be detrimental. 

One of the major risks is represented by mutations of the genome. Indeed, modifications to the 

DNA sequence by insertions, deletions, point-mutations or aberrant translocations, can 

potentially cause deregulation of gene expression with uncontrolled effects (Loewe and Hill, 

2010). These mutations can arise following errors in DNA replication or can be induced by 

environmental factors, called mutagens. These mutagens can be of physical and chemical 

origin, for example UV radiations and cigarette chemical compounds (Godtfredsen, 2005; 

Green et al., 2011).    

Indeed, malignant transformation begins with the accumulation of these mutations. Genes 

harbouring mutations which facilitate cancer development are classified as oncogenes, while 

genes whose mutation causes the loss of mechanisms acting against cancer are called onco-

suppressors. Oncogenes and onco-suppressors are, thus, the major actors of malignant 

transformation  (Bailey et al., 2018).  
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The accumulation of different mutations on oncogenes and onco-suppressors leads to the 

malignant transformation and cancer development. This characteristic of cancer shed light on 

two important characteristics of malignant transformation. Firstly, it is a multi-step process: 

the consequential accumulation of mutations during the organism life is fundamental for the 

development of the disease. 

Second, this multi-step development pattern suggests that cancer has a partial stochastic 

origin. Mutations consist in stochastic events depending on cell proliferation or environmental 

factors (Tomasetti and Vogelstein, 2015).  Moreover, the same mutagenic insults do not induce 

precise mutations on DNA in a systematic manner, but two different neighbour cells can be 

differentially affected from the same mutagen. 

 

In the next part, we will focus on the hallmarks of cancer, which are responsible for cancer 

growth and escape from the control mechanisms active in normal cells. 

 

2.2.2. Hallmarks of cancer 

 

2.2.2.1. Inducing sustained proliferation 

 

Normal cell proliferation is regulated by several growth factors in a precise manner to avoid 

hyperproliferation and deregulation of organ homeostasis. On the contrary, cancer cells are 

characterized by an uncontrolled proliferation (Preston-Martin et al., 1990). 

One of the main ways of cancer cells to promote their continuous proliferation is ensuring a 

constant signalling of growth factor. There are many mechanisms that enable this continuous 

signalization in malignant cells. 

Firstly, cancer cells can produce growth ligands in an autocrine way or can induce stromal cells 

forming the tumor microenvironment to produce similar signals, from which they can also take 

advantage (Zhang et al., 2010) 

Deregulation of receptors can also induce constitutively the pathway activation: receptors in 

cancer cells can be overexpressed to sensitise cells and react at decreased levels of ligands, or 

their binding or intracellular domain can be mutated to induce a constitutive signalling. This in 

the case of the epithelial growth factor (Egf) receptor, which is overexpressed in many types of 

cancer, but it can also be mutated by a truncation of the ectodomain. In both cases, this leads 

to a sustained signalling of the Egf pathway (Sigismund et al., 2018).   

Moreover, many oncogenes codify for growth pathway effectors. Mutations on these proteins 

induce signalling in a stable manner or avoid the negative feedback mechanisms that normally 
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tune pathways. For example, in Mapk and PI3k signalling pathways, the kinases B-Raf and PI3K 

are mutated to render the pathways active even in absence of their ligands (Holderfield et al., 

2014; Jiang and Liu, 2009). 

Concerning the disruption of negative feedbacks, the most known example consists in the 

Kristen-Ras (K-Ras), a member of the small GTPase superfamily, mutated in more than 90% of 

human pancreatic cancers (Collins et al., 2012). The proteins of this family are GTPase who bind 

and hydrolyse GTP to GDP. In normal conditions, the GTP-bound form of Ras can bind and 

locate to the membrane Raf, the first kinase of the Mapk pathway, for its activation. This 

induces the Mapk pathway, which leads to several phenotypes, such as cell proliferation. Once 

Ras had hydrolysed the GTP to GDP, the GDP-bound form of Ras cannot efficiently bind Raf, 

which is released in the cytoplasm, no longer activated, leading to the inhibition of the pathway. 

K-Ras GTP/GDP turnover constitutes a negative feedback regulating the Mapk pathway 

(Marshall, 1995). However, the mutation K-RasG12D on the twelfth aminoacid of K-Ras, which 

leads to a substitution of glycine to aspartate, leads to the loss of the hydrolysis activity of K-

Ras. This induces a constitutive GTP-bound K-Ras, a constant recruitment of Raf to the 

membrane and MAPK signalling, which finally leads to stable cell proliferation (Vasan et al., 

2014). 

In a parallel way, as cancer cells need to maintain growth positive signals, they also must 

counteract the action of growth suppressor signals. Indeed, many of the genes controlling these 

proliferation mechanisms are veritable onco-suppressors. 

The most known onco-suppressors involved are Rb and p53, they both control two 

complementary circuits which determine if cells proliferate or enter senescence and apoptosis.  

Concerning its ability of cell-cycle checkpoint, Rb plays its role in G1 phase of cell cycle by the 

inhibition of the E2F transcription factors, essential factors of the G1 to S phase transition 

(Weinberg, 1995). Additionally, it can associate with the cell-cycle inhibitor p27 via the APC 

complex to arrest cells in G1 (Ji et al., 2004, p. 2). Due to these characteristics, loss of Rb activity 

leads to cell cycle re-entry in quiescent stem cells and in post-mitotic differentiated cells (Sage, 

2012). 

In a complementary manner, p53 acts as an inner sensor of the cell and, in case of negative 

stress, it induces an arrest of cell cycle. In case of DNA damages or other types of stress, such 

as the decrease of important macromolecules and growth-promoting signals, p53 arrests cell 

cycle in G1 phase, driving the expression of the cell-cycle inhibitor p21 (Wade Harper, 1993). 

However, if the cell is too damaged and the time given by cycle arrest to fix the problem is not 

sufficient, p53 drives the cell towards senescence or apoptosis (Clarke et al., 1993; Serrano et 

al., 1997).  
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Loss of Rb and p53 finally leads to a decrease of the mechanisms safeguarding cellular 

homeostasis and strongly enhanced cellular proliferation. This, together with the increased 

signalling of growth pathways, leads to the hyperproliferation associated to cancer 

development.  

 

Moreover, loss of these two factors induces a decrease in the control of DNA integrity, and an 

increased genome instability: for this reason p53 is also known as the guardian of genome 

(Lane, 1992). Together with an inflammation microenvironment, genome instability is one of 

the most important conditions for malignant transformation.  

But why is genome instability so important for malignant transformation? As we will see in this 

chapter, cancer must bypass different obstacles to ensure its expansion. It needs to hijack 

growth suppressor, circumvent cellular programmes such as senescence and apoptosis and it 

also needs to escape immune system surveillance (Hanahan and Weinberg, 2011). Genome 

instability is fundamental for all of these activities: high rates in DNA mutations in the 

developing cancer give rise to a genetically high heterogeneous cell population, similarly to an 

accelerated Darwinian evolution (Salk et al., 2010). Among the several clones with differences 

in the mutations pattern, some of them will acquire advantageous mutations that allow them 

to bypass the multiple cellular barriers. In this way, we can look at the development of cancer 

as a history of continuous clonal expansions. At each barrier hijacked, the genome instability 

ensures new heterogeneity among the daughter cells of the winning clones, giving rise to new 

subclonal populations. Thus, at the next obstacle, some of the newly formed clones will own 

the advantageous mutations that permit them to bypass the next cellular barrier. 

But how can this genome instability be achieved? Through the mutations of the care-takers of 

genome, genes of the DNA-maintenance machinery that codify for proteins important for 

genome integrity, involved in detecting DNA damages, repairing them or signalling towards 

senescence or acting in the deactivation of molecules potentially damaging DNA (Kinzler and 

Vogelstein, 1997).  

 

Another characteristic related to cell proliferation in cancer is the loss of contact inhibition: as 

easily observed in in vitro culture, when normal primary cells reach confluence, they avoid 

formation of multiple cell layers and their proliferation is blocked by different signals, which 

give rise to the so-called “contact inhibition”. 

On the contrary, this inhibition is lost in malignant transformation. One of the mechanisms 

responsible for this phenomenon consists in the loss-of-function mutations or deletion of the 
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onco-suppressor NF2 (Petrilli and Fernández-Valle, 2016). When NF2 is expressed, it mediates 

cell-inhibition by connecting cell-surface adhesion marker E-cadherin to growth EGF receptor, 

inhibiting EGFR internalisation and activation through the actomyosin cytoskeleton (Chiasson-

MacKenzie et al., 2015). This leads to a decrease in cellular proliferation when cells are too 

dense. Thus, when the NF2 gene is mutated, the connection between E-Cadherin and EGFR is 

lost, and growth pathways are no longer under the negative regulation of adhesion proteins. 

 

2.2.2.2. Erasing cell defence barriers to reach immortalization 

 

To ensure strong proliferation and tumor growth, malignant cells rely on several mechanisms. 

Firstly, as seen before, they can enhance growth pathways and avoid their negative regulation. 

Moreover, malignant cells become able to counteract and hijack the cellular processes that 

constrain the uncontrolled proliferation, namely apoptosis and senescence. The ability to block 

these cellular responses is an essential feature of malignant transformation, considering that 

the cancer-associated genome instability is the cause of the activation of these cell defence 

mechanisms (Bartkova et al., 2006; Halazonetis et al., 2008; Lowe et al., 2004).   

Concerning apoptosis, Bcl-2 proteins play an important role in the onset of this process. We 

can distinguish two different classes of Bcl-2 proteins: anti-apoptotic factor, as Bcl-2, Bcl-x(L), 

Bcl-w, Mcl-1 and A1, and pro-apoptotic Bcl2, as Bax and Bak. When cells receive apoptosis 

signals, Bax and Bak, usually inhibited to avoid an aberrant cell death, are not repressed 

anymore by the anti-apoptotic factors and induce the permeabilization of the mitochondrial 

outer membrane (MOMP). This phenomenon leads to the secretion of the mitochondrial 

cytochrome c in the cytoplasm, which activates a cascade of caspases, the proteases which act 

as principal effectors of apoptosis (Green, 2004). During malignant transformation, tumor cells 

avoid apoptosis in several ways, most importantly by p53 loss of function. Indeed, in a normal 

context, p53 can induce apoptosis upregulating the expression of the pro-apoptotic factors 

Noxa and Puma. Alternatively, cancer can bypass apoptosis thanks to upregulation of anti-

apoptotic signals or downregulating mutations in pro-apoptotic signals (Adams and Cory, 

2007). 

Replicative potential of a normal cell is associated with two consecutive barriers: senescence, 

which drives cells to a non-proliferative but still viable condition, and crisis, in which most of 

the cells die. 

During the first phase, cells that enter senescence are in a long-term cell cycle arrest. Thus, 

they are insensible to growth signals. Furthermore, they change their morphology, acquiring a 

large and flat shape, are characterize by telomeres shortening, DNA damages accumulation 
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and, at a molecular level, they strongly activate the CDKN2A locus, which encodes INK4A and 

ARF genes. Indeed, these two genes are two important tumor suppressors, respectively 

upstream to Rb and p53 (Lukas et al., 1995; Ouelle et al., 1995).  

The second phase, the crisis, is strictly related to the status of telomeres in cells. At each round 

of amplification, daughter cells inherit chromosomes characterized by shorter telomeres 

compared to the mother cell. Cells which undergo several rounds of amplification, acquire 

shorter and shorter telomeres at each cell cycle. The cells that can bypass the first senescence 

barrier continue to proliferate until telomeres are so eroded that they cannot cover properly 

the chromosomes ends. This telomere attrition triggers the enter in the crisis phase, until 

autophagic death (Nassour et al., 2019). 

However, during malignant transformation, cells can hijack these two barriers thanks to 

reactivation of telomerases. These enzymes, initially active during early development and 

almost absent in differentiated cells, are re-expressed in malignant cells and mediate 

telomeres elongation (Blasco, 2005).  The action of the telomerases, thus, induces cancer cells 

to bypass both senescence and crisis, leading to an unlimited proliferation potential, known as 

immortalization.  

 

2.2.2.3. Adapting to the environment 

 

There are other additional characteristics that are required for tumor growth and expansion. 

Indeed, tumor needs nutriments and oxygen to sustain neoplastic massive growth. Thus, an 

important feature of cancer is the induction of new and aberrant angiogenesis. In organs 

homeostasis, angiogenesis is transiently activated for slow endothelial turn-over or for precise 

and controlled functions, such as female reproductive cycle. On the contrary, in cancer, 

angiogenesis becomes a constitutive trait, with continuous sprout of new vessels to irrigate the 

expanding tumor. The process is mediated by different mechanisms: the oncogenic-mediated 

activation of the angiogenesis inducer vascular endothelial growth factor-A (Vegf-A) (Carmeliet, 

2005); the chronical upregulation of proangiogenic signals like fibroblast growth factor (Fgf) 

(Casanovas et al., 2005); and, depending on the state of the tumor, the precise regulation of 

the angiogenesis inhibitor thrombospondin-1 (TSP-1) (Kazerounian et al., 2008).   

In this way, thanks to constant angiogenesis, cancer is always provided by new oxygen and 

nutrients. Considering the massive cell growth and division typical of malignant transformation, 

developing tumors must quickly re-employee nutrients received from the newly formed 

vessels, and transform them in energy and metabolite for cell growth and amplification. For 

this reason, in cancer we can observe an adaptation of metabolism, a switch from a metabolism 
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based on oxidative phosphorylation (OxPhos) towards glycolysis, a phenomenon known as 

Warburg effect (Warburg, 1956). The choice of glycolysis seems apparently inefficient, 

considering that glycolysis, compared to OxPhos, provides eighteen-fold less ATP molecules, 

the principal energetic source for the cells. However, high proliferating cells need many 

metabolites to create the several macromolecules and organelles required for cell division and 

the daughter cells. In this light, glycolysis seems a better option, because at the same time it 

creates ATP and generates different metabolic intermediates, that can be used in other 

biosynthetic pathways to produce the required macromolecules, including nucleotides and 

amino acids (Vander Heiden et al., 2009). Moreover, to counterbalance the deficit in ATP 

production, cancers develop alternative ways to increase the glucose uptake, such as enhanced 

expression of the glucose transporter Glut1 mediated by the c-Myc oncogene (Osthus et al., 

2000). 

 

All these characteristics are necessary for the cancer growth. However, if we forget the intrinsic 

aetiology of cancer and consider this disease as an independent being, it lives in a parasitism 

condition with its host. Indeed, as we saw before, the host tries to abolish this neoplastic 

growth by many cellular defence mechanisms. One of these essential barriers consists in the 

organism immunosurveillance. Another fundamental feature of cancer is the ability to evade 

the host immunosurveillance (Beatty and Gladney, 2015). In the beginning of cancer 

development, many cancer cells are erased by CD8+ cytotoxic T lymphocytes (CTLs) and natural 

killers (NK) cells. However, the immune suppression leads to selection of particularly resistant 

cancer clones derived from advantageous mutagenic patterns. These clones escape the 

immunosurveillance and grow undisturbed. 

Nevertheless, even if immune system plays a fundamental role on contrasting expansion, the 

inflammation set off by immunosurveillance is favourable to cancer development. Indeed, 

together with genome instability, inflammation is one of the two conditions for malignant 

transformation (Hanahan and Weinberg, 2011a). Inflammation provides cancer of many 

molecules fundamental for its development: growth factors, survival factors, pro-angiogenic 

factors, cytokines, ROS which increase DNA damage of cancer genome and other molecules 

facilitating cancer development (Grivennikov et al., 2010). 

 

2.2.2.4. Forming secondary tumors 

 

Finally, the initial tumor can also migrate and colonize secondary organs, creating secondary 

tumors, called metastasis. Indeed, the metastasis is the most common cause of cancer death 
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(Mehlen and Puisieux, 2006). Cancer cells need to go through strong morphological adaptations 

to achieve metastasis formation. The majority of tumors are carcinoma, cancer composed by 

epithelial cells. During the metastatic process, malignant cells must abandon the crowded 

epithelia context of the primary tumor, enter in the flux of blood and lymphatic vessels and 

later extravasate in a second area to generate the secondary tumor. To enter the flux and 

migrate in the vessels, epithelial cancer cells need to acquire a more dynamic, spindly and 

fibroblastic shape, through acquisition of mesenchymal features, in a process called epithelial-

to-mesenchymal transition or EMT. Thanks to the mesenchymal shape, cells can easily migrate 

into the vessels from the primary district and survive better under peristalsis and blood 

pressure. At a molecular level, EMT is characterized by downregulation of epithelial markers, 

as E-cadherin, and upregulation of mesenchymal transcription factors, EMT-TFs, as Snail, Slug 

and Twist (Yang and Weinberg, 2008). On the contrary, when cells extravasate to the 

parenchyma of secondary epithelia area, they need to perform a mirror process, the 

mesenchymal-to-epithelial transition or MET (Hugo et al., 2007). Indeed, repression of the 

transient mesenchymal phenotype is necessary for the accomplishment of metastasis and E-

cadherin has been shown to be required in metastasis formation: even if its downregulation 

increases the initial malignant invasion, its depletion also induces defects in cellular 

proliferation, cancer survival, metastasis seeding and outgrowth (Padmanaban et al., 2019). 

After extravagations, cancer cells can give rise to small nodules known as micro-metastasis and, 

with different delays, start to proliferate and form new secondary tumors (Fidler, 2003).  

 

Interestingly, an intermediate state, where cells express both epithelial and mesenchymal 

markers, has been associated with the higher degree of aggressivity, called partial EMT. In 

breast cancer, partial EMT leads to mammosphere formation independently of the tumor 

subtype and promotes stemness compared to mesenchymal cells (Grosse-Wilde et al., 2015). 

In a subset of ovarian cancer, cells co-expressing epithelial and mesenchymal markers drive 

tumor growth, giving rise to both epithelial-only and hybrid cells (Strauss et al., 2011). 

Partial EMT was also associated with a poor patient survival and resistance to chemotherapy 

(Smith and Bhowmick, 2016; Thomas et al., 1999) 

 

2.2.2.5. Hierarchical structure of tumors 

 

The ability of switching from epithelial to mesenchymal morphology correlates in time with 

another important feature of cancer cells: cancer plasticity and emergence of cancer stem cells 

(CSC). 



 
69 

 

Indeed, in the high heterogeneity of the tumor mass, it is possible to identify few cells that 

display peculiar characteristic compared to the rest of the population, the CSC (Clevers, 2011).  

These cells constitute the core of cancer: they are the primary cause of therapy resistance and 

tumor recurrence, being able to self-renew and re-create the malignant mass after treatments. 

Another characteristic that explain their stem status is their ability to activate many 

differentiation pathways to reconstitute, after therapy, the original tumor heterogeneity (Al-

Hajj et al., 2003; Lapidot et al., 1994; Singh et al., 2004). Surprisingly, this heterogeneity is not 

limited to the production of malignant cells, but CSCs can also generate non-tumor cells of the 

microenvironment in a process known as vascular mimicry. For example, in glioblastoma and 

breast cancer, tumor cells can transdifferentiate and give rise to pericytes and endothelial cells, 

which contribute to sustain neovascularization and consequently tumor growth (Cheng et al., 

2013; Wagenblast et al., 2015; Wang et al., 2010).  

On a molecular level, Aldh1 activity and Cd34, Cd133, Cd44, Cd166 and Cd24 expression can 

be used to identify CSCs from solid tumors, but each CSC coming from a different tumor has 

its own peculiar expression profile (Visvader and Lindeman, 2012). Embryonic stem cell 

markers are also partially re-acquired, for example Oct4 is aberrantly expressed in breast, 

thyroid, oesophagus and prostate cancer (de Resende et al., 2013; Madjd et al., 2009; Zhou et 

al., 2011), or Sox2 in lung, oesophagus, brain and breast cancers and Ewing sarcoma  (Y. Chen 

et al., 2008; Riggi et al., 2014; Sarkar and Hochedlinger, 2013)  

Indeed, the emergence of CSCs is correlated to the capacity of cancer cells to form metastasis: 

in different malignant contexts, upregulation of EMT-TFs leads to an increase of tumor-

initiating potential (Mani et al., 2008; Wellner et al., 2009). However, this is not an universal 

rule, as far as, on the contrary, in prostate and bladder cancer the EMT-TF Snail induces EMT 

but at the same time decreases CSC properties (Celià-Terrassa et al., 2012). Moreover, in mice 

squamous cell carcinoma different levels of Twist1 correlate separately to stem cell properties 

or EMT induction (Beck et al., 2015). Considering all this information together, it seems that 

stemness correlates more with the acquisition of cellular morphological and phenotypical 

plasticity, more than expression of mesenchymal genes, important for migration and the 

beginning of the metastatic process. 
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2.2.3. Cancer: a reprogramming disease 

 

For a long period, cancer has been considered a proliferation disease where driver mutations in 

important oncogenes and onco-supressors lead to the emergence of clonal populations that 

acquire major adaptative and proliferative advantages (Puisieux et al., 2018).  

However, considering cancer development in its whole complexity, we can observe that not every 

feature derives directly from an increased proliferation or adaptation. This is, for example, the case 

for metastasis, in which a different characteristic, the morphological plasticity between epithelial 

and mesenchymal state, is required. The rapid loss of identity and acquisition of new features 

indicate the existence of a certain cellular plasticity associated to malignant development, a 

distinctive trait which is highlighted by the existence of the aforementioned CSCs. Furthermore, 

processes of dedifferentiation in cancer has been associated to enhanced metastasis potential and 

chemoresistance (Gupta et al., 2009; Mani et al., 2008). 

Taking in account these evidences, the traditional idea of proliferation and adaptation as the main 

principles driving cancer development should be reformulated, considering that cellular plasticity 

may play an important role in cancer development. But what is the extent of this cellular plasticity? 

Does it play a role just in EMT/MET switch and in the transdifferentiation potential of CSCs or can 

it be observed in other and earlier steps of cancer development? 

More importantly, can cellular plasticity work in parallel, or in substitution, to mutations to drive 

proliferation and cancer development? As said before, the traditional model of tumor formation is 

based on the stepwise accumulation of mutations, which induces genome instability and malignant 

transformation. In a practical way, Campbella and colleagues showed that the minimal number of 

driving mutations to cancer onset corresponds on average to four coding substitution 

(Martincorena et al., 2017).  However, this model does not take in account pediatric cancers, where 

diseases arise too rapidly to be explained with a stepwise mutations model. Indeed, these cancers 

are characterized by one or few driving mutations sufficient for malignant onset (Vogelstein et al., 

2013). This is the case of retinoblastoma, atypical teratoid/rhabdoid tumor (AT/RT) and 

neuroblastoma, where biallelic inactivation of RB1, of SMARCB1 and genomic amplification of 

NMYC are necessary and sufficient to drive malignant transformation (Han et al., 2016; Weiss, 1997; 

X. L. Xu et al., 2014).  

How can we explain such aggressive cancers with so few mutations? How can we reconciliate the 

classical view of cancer with these developmental cancers? 

The explanation probably resides in the initial differentiation grade of the cancer cell of origin. 

During development, chromatin is more permissive than in the adult, in line with the requirement 

of rapid responses to signalling cues driving organ development. On the contrary, in the adult 
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organs, most cells are differentiated, and the chromatin is closer, to avoid aberrant gene 

expression. For this reason, the chromatin plasticity of developing cells renders them sensitive to 

few oncogenic insults, while, in the adult, the differentiated status requires many mutations to 

render the cell more responsive to cancer development. (Puisieux et al., 2018).  

This is highlighted by studies showing that, in the same organ, normal stem cells are more prone to 

give rise to malignant transformation compared to the differentiated cells (Barker et al., 2009). 

Indeed, a new concept is emerging in the field, proposed the first time by Dyer and colleagues: the 

concept of pliancy, an intrinsic sensibility of cells to react to oncogenic insult leading to malignant 

transformation depending on their degree of differentiation (X. Chen et al., 2015) . Furthermore, 

the path towards malignancy can differ depending on the level of pliancy of the cell of origin, as it 

has been recently shown by Puisieux lab. Taking advantage of subpopulations of normal epithelial 

mammary cells coming from the same mammoplasties, they showed that normal cells respond 

differently to oncogenic insults depending on their pliancy degree: mammary stem cells express 

the EMT-TF Zeb1, which protects this subpopulation from oncogenes-induced DNA damage, 

activating an antioxidant program. As a result, tumorigenesis is induced without high genomic 

instability. On the contrary, Zeb1 is absent from luminal progenitors and differentiated epithelial 

cells, which accumulate high DNA damages upon oncogenic insult and develop tumors 

characterized by chromosomal instability (Morel et al., 2017).     

To sum up, the plasticity, characteristic of the developing embryo, creates an environment suitable 

for oncogenic insult and malignant transformation. But what about the adult? How does the 

differentiation state influence cancer development in mature tissues? Many cancers come from 

adult stem cells, as intestinal cancer and leukaemia (Barker et al., 2009; George et al., 2016). 

However, this is not the case of every cancer: lineage tracing experiments have shown that 

differentiated cells can initiate malignant transformation (Van Keymeulen et al., 2015). Moreover, 

in some cases, differentiated cells and the correspondent stem cell pool are equally permissive 

towards tumorigenesis, as is the case of glioblastoma (Bachoo et al., 2002). Pluripotent 

reprogramming towards iPSCs showed that a differentiated cell can lose its somatic identity and 

reacquire pluripotent features. In the oncogenic context, can we observe reacquisition of plasticity 

before malignant transformation? Not a full pluripotency, like in iPSCs, but a dedifferentiation 

process, which renders the cell more sensitive to oncogenic insult? 

In this direction, different studies showed that, before cancer onset, differentiated cells can 

reprogram thanks to the action of oncogenes or other stress sources to a less differentiated state 

and become more sensible to malignant transformation (Roy and Hebrok, 2015). This 

reprogramming process includes a first step of dedifferentiation and loss of somatic identifiers and 

a second step of acquisition of new cellular markers, called transdifferentiation or, if the conversion 
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happens at the level of the entire tissue, metaplasia. The physiological role of metaplasia consists 

in a protective function, when cellular replacement is needed after chronic damage or to limit the 

advance of a negative condition. This is the case, for example, of Barret’s esophagus, a chronic 

inflammation where esophagus squamous epithelial cells convert into intestine-like columnar cells, 

with the aim to defend the organ from the chronic gastroesophageal reflux (Spechler and Souza, 

2014). However, this process has also been described in esophageal adenocarcinoma as an initial 

key event of malignant transformation (Hvid-Jensen et al., 2011). 

Another important example of dedifferentiation and transdifferentiation at the onset of malignant 

transformation is represented by pancreatic ductal adenocarcinoma (PDAC). This cancer can arise 

from different types of pre-tumoral lesions, among which the most common are the pancreatic 

intraepithelial neoplasia (PanIN) (Hezel et al., 2006). Different cell types have been described as 

cell-of origin of these lesions. Considering the localization of PanIN, in contact with the pancreatic 

ductal tree, the most probable candidate as cell-of-origin was considered the pancreatic duct cells 

(PDCs). However, evidences suggest that PDCs are incapable to give rise to complete PanIN (Lee 

and Bar-Sagi, 2010; Pylayeva-Gupta et al., 2012; Ray et al., 2011) On the contrary, PanIN are 

initiated by acinar cells, which go through a conversion into ductal cells before forming PanIN, as 

demonstrated by lineage tracing experiments (Carriere et al., 2007). In the same direction, it was 

shown that induction of the oncogenic K-Ras specifically in acinar cells gives rise to lesions 

recapitulating the ones observed when K-Ras is activated in the whole pancreatic epithelium (De La 

O et al., 2008; Friedlander et al., 2009). Indeed, the process requires a first step, in which acinar 

cells, upon various insults, lose their somatic identity and enter a state of dedifferentiation, 

characterized by a loss of acinar markers Nr5a2, Mist1 and Ptf1a (von Figura et al., 2014). This state 

provides them with a plasticity required for the second step, the transdifferentiation towards ductal 

cells, known as ADM (acinar to ductal metaplasia) (De La O et al., 2008; Habbe et al., 2008; Shi et 

al., 2013), where expression of ductal markers such as Sox9 and Hnf6 arises (Krah et al., 2015; Pin 

et al., 2001). ADM can lead to premalignant lesions, as observed when acinar cells receive 

oncogenic insults orchestrated by EGFR, TGF-α, SV-40 T-antigen or K-RasG12D (Bockman and 

Merlino, 1992; Ornitz et al., 1987; Sandgren et al., 1990; Tuveson et al., 2006; Wagner et al., 1998).   

Dedifferentiation and reprogramming can be detected in many cases of malignant transformation. 

Loss of tumor-suppressors p53 and Nf1 in differentiated neuron and astrocytes leads to 

dedifferentiation and formation of gliobastomas. Indeed, these tumors are principally composed of 

Sox2 and Nestin positive cells, two markers of neural stem cells, and molecular characterization of 

this process shows an initial loss of differentiated markers followed by increase of Nestin expression 

(Friedmann-Morvinski et al., 2012).  
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Furthermore, in malignant transformation, we can also observe events of reprogramming of 

somatic cells into cancer stem cells. For example, in human basal breast cancer, non-CSCs can 

reprogram to CSC thanks to the action of ZEB1, which is stalled at bivalent promoters and induces 

gene activation depending on microenvironment signals (for example TGFβ inducing EMT) (Chaffer 

et al., 2013). Always in mammary context, in vitro analysis using transformed human mammary 

epithelial cells (HMEC) showed that a subpopulation of Cd44- non CSC can autonomously convert 

to Cd44+ cancer stem cells, capable to give rise to mammospheres in vitro and tumor in NOD/SCID 

mice in vivo (Chaffer et al., 2011). This cellular plasticity can also explain the failure of cancer 

therapies targeting specifically CSCs to avoid disease relapse (Saygin et al., 2019) 

Interestingly, in an opposite fashion, malignant cells can be differentiated into somatic, non-

proliferating cells. This was shown in acute promyelitic leukemia (APML), where a reciprocal 

translocation of the chromosome 15 and 17 leads to the formation of the oncoprotein PML-RARa, 

a driver of malignant transformation, formed by the fusion of the protomyelocytic leukemia gene 

(PML) with the retinoic acid receptor gene RAR-a (Borrow et al., 1990). Interestingly, it has been 

shown that retinoic acid (RA) is essential for proper embryonic differentiation (Ross et al., 2000). In 

a similar manner, treating APML cells with all-trans retinoic acid can induce cancer cell 

differentiation leading sometimes to curative responses in patients (Breitman et al., 1981; Warrell 

et al., 1991).   

Considering these many observations, even if dedifferentiation alone cannot account for the whole 

malignant transformation, it can provide an essential starting point. Oncogenic insults can follow 

dedifferentiation to induce malignant transformation. Indeed, in this model of cancer development, 

the precise combination of oncogenic insult and cell-of-origin is required for cancer development. 

For example, combined action of K-Ras and Sox9 in pancreatic acinar cells is required to give rise to 

PDAC pre-lesions, while K-Ras cooperates with the loss of Pten to drive intraductal papillary 

mucinous neoplasia starting from pancreatic ductal cells (Kopp et al., 2018, 2012).     

Notably, Petrenko group developed an in vitro model of plasticity induced by oncogenic insult: in 

the study, they showed that the combined action of c-Myc and K-RasG12D can induce differentiated 

MEFs towards a rapid malignant transformation, independent of cell proliferation and mutation 

accumulation. In this multi-step process, K-RasG12D mediates a morphological reprogramming, 

characterized by the loss of MEF markers Thy1 and Sca1 and the generation of a double-negative 

(DN) non-tumorigenic cell population. The following co-operation with c-Myc drives DN cells into 

malignant transformation (Ischenko et al., 2013). 

From these evidences, we can conclude that cancer is not just an evolution of clonal expansions 

mediated by proliferation and adaptation, but dedifferentiation and cellular plasticity influences 
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tumor initiation and progression. Interestingly, different levels of pliancy are associated to different 

roads to tumorigenesis. 

It becomes prerogative to study which mechanisms drives the loss of somatic identity and leads to 

higher pliant state where cells become sensitive to oncogenic insults.  
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2.3. Similarities between pluripotent reprogramming and malignant transformation 

 

Based on what have been described above, iPSCs generation and malignant transformation share 

many remarkable characteristics. They are both stochastic, heterogeneous and multi-step processes  

(Buganim et al., 2012; Dagogo-Jack and Shaw, 2018; Manian et al., 2015; Tomasetti and Vogelstein, 

2015). Loss of somatic identity and reacquisition of developmental features have been described in 

both scenario (Mikkelsen et al., 2008b; Roy and Hebrok, 2015).  

Moreover, several biological processes take place during both iPSC generation and malignant 

transformation, such as increase in proliferation, morphological changes (MET/EMT), metabolic 

switch, apoptosis and senescence inhibition and telomerase reactivation (David and Polo, 2014; 

Hanahan and Weinberg, 2011b). 

Furthermore, we can observe an interplay between the factors determining PR and MR: PR-drivers 

Oct4, Sox2, Klf4 and c-Myc can act as bona fide oncogenes (Dang, 2012; de Jong and Looijenga, 2006; 

Herreros-Villanueva et al., 2013; Yu et al., 2011). On the contrary, known onco-suppressors such as 

Rb and p53 constitute a roadblock for iPSCs generation (Kareta et al., 2015; Kawamura et al., 2009). 

Same epigenetics events happen in both processes, such as DNA methylation remodelling and 

activity of chromatin regulators as Suv39h1, Setdb1, Ezh2 and Bmi1 (Suva et al., 2013).  

The analogy between the two scenarios is also appreciable in vivo. Firstly described in Serrano lab, 

induction of in vivo reprogramming in OSKM doxycyline-inducible mice led to teratoma formation. 

The continuous induction for 15 days causes the emergence of these benign tumour, a veritable 

marker of in vivo pluripotency (Abad et al., 2013). Even if cyclic administration leads to amelioration 

of aging phenotypes, a partial reprogramming (7 days of OSKM expression) drives formation of 

carcinoma resembling the Wilms tumor, an aggressive pediatric kidney cancer (Ocampo et al., 2016; 

Ohnishi et al., 2014).  

 

Studies in the lab also highlight similarities between these two processes (see appendix for the 

corresponding submitted manuscript, for which I am second author). We compared iPSCs 

generation and malignant transformation focusing on their early steps: pluripotent reprogramming 

(PR) and malignant reprogramming (MR) (using the model proposed by Petrenko group (Ischenko 

et al., 2013)). In both models, Thy1 is an interesting marker to trace reprogramming routes: this 

membrane protein, widely expressed in MEFs, is lost at early steps of the two processes, specifically 

in reprogramming intermediates prone to iPSCs generation and malignant transformation.  

Since the reprogramming efficiency of the Thy1low subpopulation is still very low for both PR and 

MR, we performed transcriptomic analyses to identify additional MEF markers commonly 

downregulated during PR and MR. We identified 55 genes commonly regulated in PR- and MR- 
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Thy1low subpopulations. We selected the zinc finger TF Bcl11b, previously described as a cellular 

identity gatekeeper in T cells (Wakabayashi et al., 2003). Using a reporter line for Bcl11b (Bcl11b: 

tomato), we showed that Thy1lowBcl11blow subpopulations reprogram towards pluripotency and 

malignancy better than the single Thy1low cells. Moreover, thanks to the combined analysis of the 

two proteins, it has been possible to identify a new roadmap of iPSCs generation and malignant 

transformation based on these reprogramming markers. We characterized reprogramming 

intermediates on an epigenomic and transcriptomic level. This characterization led us to identify 

other regulators of cellular identity that modulates PR and MR, Bcl11a and Fosl1. 

 

Together with the previous results described in literature, our data highlight a similarity between 

the two reprogramming processes. Moreover, our study describes, for the first time, a comparative 

molecular roadmap of cellular identity lost during iPSCs generation and malignant transformation.  

 

To go further in the description of these common characteristics, during my PhD I focused on the 

transcription factors c-Myc, extensively described in malignant transformation and iPSCs generation 

and present in both pluripotent and malignant reprogramming cocktails. 
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2.4.  C-Myc 

 

2.4.1. General characteristics 

 

c-Myc is a basic helix loop helix (bHLH) transcription factor, a protein family described for its 

role during development. It belongs to the bHLH leucine-zipper (bHLHZ) subfamily, together 

with other members n-Myc and l-Myc. l-Myc function is poorly described and the n-Myc 

function is tissue-specific, for example regulating neurodevelopment (Knoepfler, 2002). On the 

contrary, c-Myc is widely expressed and acts as a cellular sensor, mediating pleiotropic effects 

on different cellular processes as proliferation, cell growth, apoptosis, energetic metabolism 

and biosynthetic pathways (Eilers and Eisenman, 2008). It also works as a node of many growth-

promoting signals and is a commonly regulated effector of numerous biological pathways. Myc 

proteins were firstly discovered in chicken, where the oncogenic retrovirus v-Myc drives 

emergence of fulminant tumors known as myelocytomatosis (Duesberg and Vogt, 1979; 

Sheiness and Bishop, 1979).  

 

2.4.2. c-Myc structure  

 

c-Myc is formed by a large unstructured N-terminal region containing the MBI and MBII Myc 

boxes, followed by a middle region composed of MBIII, MBIV and a nuclear localization 

sequence rich in PEST (proline, glutamic acid, serine and threonine) residues. Finally, at the C-

terminal, it displays a 100-amminoacid region comprising the bHLHZ domain, important for 

heterodimerization with other bHLH proteins and DNA binding (Carabet et al., 2019) (Fig. 14). 

In normal conditions, c-Myc does not form homodimers, but creates heterodimers interacting 

with the bHLHZ Max (Amati et al., 1993; Blackwood and Eisenman, 1991). Once the 

heterodimer is formed, it can bind the DNA through the basic regions contained in the 

heterodimer, capable of opening the DNA double helix at the level of the major groove to allow 

the insertion of the heterodimer helixes (Ferré-D’Amaré et al., 1994, 1993). 

While the bHLHZ domain is required for heterodimerization with Max and DNA binding, the 

Myc boxes are important for c-Myc regulation and interaction with other protein partners. MBI 

plays a key role for c-Myc stability and it is involved in the ubiquitylation and its proteasomal 

degradation. Many ubiquitin ligases involved in c-Myc regulation have been described, for 

example FBW7 (Yada et al., 2004).  

MBII accounts for interaction with different proteins to mediate c-Myc principal functions 

(Stone et al., 1987). This includes components of the histone acetyltransferase (HAT) 
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complexes, as TRAPP-GCN5, Tip60 and Tip48, important for c-Myc role in histone acetylation 

and gene activation (McMahon et al., 1998). MBII also plays a role in c-Myc protein stability, 

binding at its site the E3 ligase SKP2, involved in c-Myc degradation (von der Lehr et al., 2003). 

Moreover, the loop region between MBI and MBII is also important for interaction with other 

effectors of Myc activity, as BRD4 and P-TEFb (Eberhardy and Farnham, 2002; Wu et al., 2013). 

MBIII is responsible for c-Myc mediated gene repression: it gives a docking site to histone 

deacetylase repressor complexes, such as SIN3 and HDAC3 (Garcia-Sanz et al., 2014, p. 3; 

Kurland and Tansey, 2008). 

As MBII, MBIV is also important for c-Myc transcriptional activity. It also contains the 

interaction sites of p27, a c-Myc inhibitor, which phosphorylates the residue S62, inducing c-

Myc degradation (Hydbring et al., 2017).   

Apart from the control at the level of c-Myc protein stability, this TF is tightly regulated at the 

transcriptional level by different signalling pathways, transcription factors, chromatin 

regulators and cis-regulatory elements (Wierstra and Alves, 2008). 

 

Figure 14: (Adapted from Conacci-Sorrell et al., 2014) Proteic structure of the bHLHZ c-Myc. 

Functional (blue) and regulation (red) domains are represented. On the bottom of the image, 

representation of a non-exhaustive list of factors involved in Myc degradation (green) and activity 

(orange). 

 

2.4.3. Max interaction and mechanism of action 

 

The principal interactor of c-Myc is Max. c-Myc and Max form preferably heterodimers, as far 

as the homodimers Max-Max associates more rarely and bind DNA with lower efficiency. 

Moreover, Max phosphorylation interferes with homodimer formation without impacting 

negatively heterodimerization (Berberich and Cole, 1992).  

Interestingly, c-Myc-Max binding is not always associated to changes in transcriptional output 

of the bound regions. Coupled Chip-Seq and RNA-Seq analysis have shown that only a small 
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percentage of the bound regions undergoes transcriptional modifications (Perna et al., 2012; 

Seitz et al., 2011; Zeller et al., 2006). The discrepancy is due to the requirement of co-factors to 

induce changes in gene expression. 

The c-Myc-Max heterodimer binds active chromatin sites characterized by histone marks 

H3K4me3 or H3K27ac (Guccione et al., 2006). The binding itself is mediated by H3K4me3-

associated chromatin remodellers, such as Wdr5 and Bptf (Caforio et al., 2018; Thomas et al., 

2015, p. 5). Together with its binding to DNA, c-Myc recruits Trapp via its MBII domain 

(McMahon et al., 1998). Trapp in turn interacts with HATs like Gcn5 and Tip60 to promote gene 

activation. Open chromatin is thus bound by bromodomain-containing proteins, such as Brd4, 

and other co-activators of bromodomain, which recruits the positive transcription elongation 

factor P-TEFb, with both Brd4 and P-TEFb interacting with c-Myc on the loop between MBI and 

MBII (Eberhardy and Farnham, 2002; Wu et al., 2013). Transcription activators recruited in the 

complex can then activate the kinase activity of P-TEFb, which phosphorylates the C-terminal 

of RNAPolII, causing its release and transcriptional elongation (Itzen et al., 2014, p. 4) (Fig. 15).  

c-Myc does not mediate only transcriptional activation, but also repression. To induce 

transcriptional repression, c-Myc-Max complex can interact with other transcription factors, 

such as the Myc-interacting zinc finger protein 1, Miz1 (Seoane et al., 2001; Staller et al., 2001).  

The complex formed with Miz1 leads principally to transcriptional repression, due to the 

recruitment of co-repressors, such as the DNA methyltransferase Dnmt3a (Brenner et al., 

2005). Moreover, Miz1 plays a role in stabilizing c-Myc protein by inhibition of its ubiquitin-

dependent degradation (Salghetti, 1999). 

 

Figure 15: (Adapted from Dang et al., 2012) Mechanism of action of c-Myc mediating 

transcriptional activation. C-Myc upregulation drives RNAPolII-mediated transcriptional 

activation 
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2.4.4. Myc function 

 

Myc covers different functions, principally acting as a sensor to signals, inducing cell 

proliferation and growth. This is well displayed in cancer, where malignant cells rely on c-Myc 

strong activity to ensure the energetic need linked to a massive proliferation (Pelengaris et al., 

2002; Shachaf et al., 2004). On the contrary, an opposite example is provided by developmental 

diapause, an embryonic state, typical of many invertebrates and vertebrates, in which the 

development of the embryo is temporarily blocked before implantation, in case of 

disadvantageous environmental conditions (Hondo and Stewart, 2004; Renfree and Shaw, 

2000). In this situation, the blastocyst enters a dormant phase characterized by proliferative 

and metabolic quiescence. In line with c-Myc function, it is not unexpected that c-Myc is 

strongly downregulated in vivo during mouse diapause. Moreover, inhibition of c-Myc and n-

Myc in ESCs leads to in vitro dormancy similar to embryonic diapause (Scognamiglio et al., 

2016).  

To exploit its sensor activity and link growth signals to cellular responses, c-Myc modulates the 

transcription and production of key components of almost every biosynthetic pathway (Dang, 

2013). This comprises control of DNA replication, cell cycle, ribosome biogenesis and protein 

synthesis, anabolites production and energy production. 

 

2.4.4.1. c-Myc function in iPS generation 

 

During iPSCs generation, c-Myc plays an essential role in the initial steps of pluripotent 

reprogramming. Its activity leads to the downregulation of somatic identity markers, as Snai1 

and Snai2, de-differentiation and increase of proliferation and cell cycle, as highlighted by 

enhanced expression of Rfc4, Mcm5, Ccnd1, Ccnd2 (Mikkelsen et al., 2008a).  

Moreover, during pluripotent reprogramming, it orchestrates a different function compared to 

the other Yamanaka factors. Oct4, Sox2 and Klf4 act as pioneer factors, binding together to 

closed regions of DNA to induce their transcriptional activation, preferentially acting on distal 

elements. On the contrary, c-Myc targets chromatin regions already opened in the somatic cell, 

binds at promoter sequences and drives direct changes in gene expression. In the first days of 

reprogramming, it binds promoter of somatic genes and induces the erasure of the epigenetic 

mark H3K4me2, associated with active transcription. Moreover, c-Myc recruits OSK in a fraction 

of its binding sites and can also work as an enhancer for OSK binding to inaccessible chromatin, 

resulting in the existence of “OSKM”, “OSK” and “only M” bound sites (Soufi et al., 2012). As 

expected for its described functions, genes associated with c-Myc binding (“M only” and 



 
81 

 

“OSKM”) are involved in translation control, RNA splicing, cell cycle and energy production 

(Sridharan et al., 2009). It has been shown that c-Myc drives a similar regulatory network 

between ESCs and cancer cells, but the function of this c-Myc module is independent from the 

core pluripotency network, highlighting the difference between OSK and c-Myc (Kim et al., 

2010). This suggests that c-Myc plays an important role both in reprogramming and 

pluripotency, but a different function compared to pluripotency factors (Kim et al., 2010)  

Despite the c-Myc-associated functions in the beginning of PR, contrasting views were 

proposed for c-Myc requirement during iPSCs generation. It was shown that c-Myc presence in 

reprogramming cocktail is dispensable (Wernig et al., 2008b) and many variations of PR 

generate iPSCs through reprogramming cocktails, in which c-Myc is absent and can be 

substituted by HDAC inhibitors (Araki et al., 2011; Huangfu et al., 2008). However, the quality 

of OSK-derived iPSCs was questioned, as far as they show defects in re-differentiation ability, 

with less high-grade chimaera formation and defects in neuronal differentiation (Araki et al., 

2011; Löhle et al., 2012). Indeed, recent studies have shown the necessity of c-Myc in 

pluripotent reprogramming concerning activation of glycolytic flux and induction of a hybrid 

energetic program, DNA synthesis, proliferation, DNA repair and chromatin reorganization 

(Prieto et al., 2018; Zviran et al., 2019). Moreover, highlighting the importance of endogenous 

c-Myc, in a study aimed to compare the transdifferentiation and the pluripotent 

reprogramming potential of pre-B cells, cells harbouring low levels of c-Myc transdifferentiate 

rapidly into macrophages, but fail to accomplish pluripotent reprogramming, while c-Myc-high 

pre-B cells reprogram efficiently to iPSCs (Francesconi et al., 2019).  

 

2.4.4.2. c-Myc in malignant transformation 

 

c-Myc is one of the most known oncogenes, contributing to more than 75% human cancers, 

such as prostate, breast, colon, cervical cancers, myeloid leukemia, lymphomas and small-cell 

lung carcinomas (Carabet et al., 2018). Also its paralog genes, n-Myc and l-Myc have been 

described to being mutated and acting as oncogenes for neuroblastoma and lung cancer 

respectively (Brodeur et al., 1984; Nau et al., 1985).  

The first evidence of c-Myc oncogene function came from the Burkitt lymphoma, where it is 

always found altered due to chromosome translocation into the immunoglobulin alpha switch 

region (Taub et al., 1982). However, c-Myc is not only translocated, but can also be found 

amplified, mutated or upregulated as a downstream effect of the action of other oncogenes 

(Beroukhim et al., 2010; He, 1998; Shou et al., 2000). Stabilization of its mRNA in cancer is also 
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observed, with an elongated half-life, as well as alterations of its turnover rate (Kalkat et al., 

2017). All these events lead to an increase expression and/or activity of the c-Myc protein.  

Its function as oncogene has been shown in different in vivo models (Adams et al., 1985; Leder 

et al., 1986). However, even if c-Myc is associated to a broad range of tumors, it always works 

in cooperation with other oncogenes and onco-suppressors to drive malignant transformation: 

for example, c-Myc activity in mammary carcinoma leads to spontaneous mutations of K-Ras, 

and c-Myc-induced lymphoma lack onco-suppressors such as p53 or Arf (D’Cruz et al., 2001; 

Eischen et al., 1999). Moreover, in combination with other oncogenes, it can transform primary 

MEFs (Land et al., 1983).  

It seems so that c-Myc is a mediator of tumor initiation and promotion, without being sufficient 

alone or strictly necessary. However, on the contrary, c-Myc expression is essential for 

progression of many tumors and its inhibition is detrimental for tumor growth, leading to 

blockage in cellular proliferation and induction of apoptosis (Pelengaris et al., 2002; Wang et 

al., 2008). Indeed, many tumor model regress once c-Myc expression is depleted, suggesting 

the existence of a tumoral addiction phenomenon to c-Myc (Gabay et al., 2014).  Interestingly, 

c-Myc addiction takes places even when the cancer initiation is not driven by this bHLH TF, but 

from other oncogenes, like KrasG12D and SV40 viral antigens (Sodir et al., 2011; Soucek et al., 

2008). Additionally, tumors addicted to c-Myc are also dependent on nutrients supply: glucose 

and glutamine withdrawal in c-Myc overexpressing malignant cells leads to their apoptosis 

(Shim et al., 1998; Yuneva et al., 2007). This can be associated to c-Myc role in biomass 

accumulation, with the deregulated growth induced by c-Myc causing this nutrient sensitivity. 

Moreover, c-Myc is important also in late steps of cancer development, where it triggers 

metastasis formation by miR-9 mediated targeting of E-cadherin during EMT. Moreover it 

transactivates the polycomb complex protein Bmi-1, which induces EMT through repression of 

the onco-suppressor Pten (Ma et al., 2010, p. 9; Song et al., 2009). 

 

2.4.5. c-Myc is a basic Helix-Loop-Helix transcription factor 

 

c-Myc belongs to the family of basic helix-loop-helix protein (bHLH). This protein class has 

previously been described to play several functions during development and many genes of 

this class constitute veritable onco-suppressors and oncogenes (Bersten et al., 2013; Sun et al., 

2007).  

The proteins of this family are characterized by two high conserved domains that together form 

a region of 60 ammino-acids, the basic and the helix-loop-helix domains.  
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The basic domain mediates the DNA binding at the E-box consensus sequence (CANNTG), with 

the two central nucleotides and the surrounding ones giving the specificity of the binding. The 

HLH domain is composed by two alpha-helices connected by a non-conserved loop region and 

facilitates the interactions with other subunits to form homo- or hetero-dimers (Murre et al., 

1989). bHLH TFs can hetero-dimerize with many partners and the multiple combination of the 

interactions, together with the differential specificity of the E-boxes, determine how bHLH TF 

complexes control different functions through transcriptional regulation (Fairman et al., 1993).  

Among the bHLH family, we can distinguish two major classes: class II bHLH TFs are tissue-

specific and define DNA-binding specificity, while the class I bHLH TFs, also called E-proteins 

(such as E2A, HEB and E2-2), are constitutively expressed and help the first group to achieve 

DNA binding and transcriptional regulation (Berkes and Tapscott, 2005; Bertrand et al., 2002; 

Sun and Baltimore, 1991, p. 12). We can also identify a group of bHLH TFs, the Id proteins, 

which lack the DNA binding domain and act merely as antagonist of class II bHLH for the binding 

with E-proteins. Thus, they work as DNA-binding inhibitors of class II bHLH (Wang and Baker, 

2015).  

 

bHLH TFs play a fundamental role in neurodevelopment, where they mediate NPCs self-

renewal and neuron, astrocytes and oligodendrocytes differentiation (Ross et al., 2003). NPCs 

maintenance rely on Hes factors (Hes1, Hes3 and Hes5): these bHLH TFs show their repressive 

action forming homodimers and binding DNA to repress expression of their target genes (Sasai 

et al., 1992). They maintain the precursor identity by inhibiting pro-neural genes such as Ascl1 

and Neurog2 at different regulation levels: they can repress their expression and, at a post-

transcriptional level, they can antagonise pro-neural bHLH TF activity physically interacting with 

them and displacing them by their canonical targets (Giagtzoglou, 2003; Imayoshi et al., 2008). 

They can also perturb heterodimers formed by pro-neural bHLH TFs and E-proteins: this is the 

case of Hes1, which binds E47 and avoids its recruitment by Ascl1, necessary for the formation 

of the heterodimer Ascl1-E47 and its DNA binding (Sasai et al., 1992). Similar function is 

accomplished also by Id TFs, which recruit E-proteins to avoid their interaction with pro-neural 

bHLH TFs, resulting in Ids acting as anti-differentiation dominant-negative antagonists of 

proneural bHLH transcription factors. Moreover, Id TFs block the auto-regulative negative loop 

formed by Hes1 on its own expression (Bai et al., 2007).     

However, not all Hes genes are anti-differentiation factors: on the contrary, Hes6 interacts with 

Hes1 avoiding both its transcriptional repression activity and its ability to perturb the formation 

of the Ascl1-E47 pro-neural heterodimer (Bae et al., 2000) (Fig.16). 
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On the other hand, a second group of bHLH TFs drives the differentiation of neural precursor 

cells (NPCs) into the different neural cell types (Bertrand et al., 2002). During neuronal 

differentiation, Ngn1, Ngn2 and Ascl1 interact with bHLH E-proteins to form hetero-dimer 

complexes which transactivate expression of target genes, involved in cell-cycle exit, 

neurotransmitter biosynthesis and neurite outgrowth (Castro et al., 2011). While Olig1 and 

Olig2 have been described as the bHLH TFs mediating differentiation towards 

oligodendrocytes, for astrocytes a precise master regulator has not been yet described (Meijer 

et al., 2012).   

 

Figure 16: bHLH interactions during neural precursor cells (NPCs) differentiation. Left: Hes1 blocks 

differentiation in NPCs. Right: Hes6 repression activity on Hes1 induces pro-neural genes 

expression. 

 

To sum-up, in neurodevelopment we can distinguish two different functions of bHLH TFs. On 

one end, they drive changes of cellular identity, like Ascl1 or Olig factors during the 

differentiation processes. On the other hand, they prevent cellular identity conversion and 

safeguard initial cellular identity, such as Hes1 in NPCs. Moreover, as mentioned above, bHLH 

TFs can obstacle one with each other at different levels, as it has been shown for the repression 

of Hes6 on Hes1 activity (Bae et al., 2000).  

 

Interestingly, in our reprograming system, c-Myc has already been proposed as a bHLH TF 

driving loss of cellular identity and fate conversion during iPSCs generation and malignant 

transformation (Ischenko et al., 2013; Mikkelsen et al., 2008a) 

We thus wonder if it could exist one or more bHLH TFs antagonising c-Myc activity, avoiding 

cellular identity reprogramming and behaving as gatekeepers of the somatic identity.  

 

As described in the results section, a bHLH TFs screening identified Atoh8 as a protector of 

cellular identity and an obstacle towards reprogramming processes. 
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2.5. Atoh8 

 

2.5.1. General characteristics 

 

The atonal bHLH superfamily contains eight families: NeuroD, Neurogenin, Atonal, Oligo, Beta3, 

Mist and NET (Chen et al., 2011, p. 8). Within the group of the atonal bHLH TFs, Atoh8, also 

called Math6, is the sole mammalian member of the Net group (Rawnsley et al., 2013). Firstly 

described in neurodevelopment, following studies have shown that its expression is broadly 

distributed in the embryo after the beginning of gastrulation and that it is fundamental for 

many developmental processes. Being identified in 2001, there are few studies (around thirty) 

published on this bHLH TF. Thus, much information regarding its precise regulation, 

mechanisms and functions are still missing.   

 

2.5.2. Expression pattern 

 

In the central nervous system (CNS), Atoh8 is initially widely expressed between E12.5 and 16.5 

in the pro-neural precursors of the ventricular zone, in the cortical plate and other regions of 

the brain, in the spinal cord and the dorsal root ganglia. Its expression is gradually restricted 

during neural differentiation to a subset of adult mature neurons present in the hippocampus, 

in the Purkinje cells of the cerebellum and weakly expressed in the adult retina (Inoue et al., 

2001). 

However, Atoh8 expression is not restricted to the CNS, but at different stages of development 

it is expressed in somitic muscles, kidney, heart, blood and vascular progenitors, lung, liver, 

pancreas, intestine, spleen and vascular smooth muscles (Balakrishnan-Renuka et al., 2014; 

Ejarque et al., 2013; Fang et al., 2014; Kautz et al., 2008; Lynn et al., 2008; Rawnsley et al., 2013; 

Ross et al., 2006; Yao et al., 2010). 

For example, Atoh8 expression is observed in the developing kidney, where it is constantly 

expressed from E14.5 to birth (day 0); after birth, its expression in kidney arises and reaches its 

maximal level at day 7 post-birth. By day 13, its expression begins to decline and by day 40 low 

levels persist in adulthood, where Atoh8 is specifically expressed in the subset population of 

podocytes (Ross et al., 2006, p. 6). 

Moreover, its expression is not limited to embryonic tissues: indeed, Atoh8 is strongly 

expressed in placenta at E8.5, it is still present at E10.5, while its level decreases at E13.5 and 

it is expressed in a subset of cells of the decidua region at E18.5 (Böing et al., 2018). 
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According to these expression patterns, it seems that Atoh8 is broadly expressed in several 

differentiating tissues, while its presence is restricted to specific cellular types in more mature 

tissues. This suggest that this bHLH TF could possibly play a double role during development: 

an initial role of general promoter of differentiation and a second role specific of precise cell 

subsets within several adult organs.  

 

2.5.3. Structure 

 

The structure of this bHLH TF is quite peculiar compared to the other Atoh bHLH TFs. It has a 

distant structural homology with the Drosophila atonal gene, thus it shows only 43-57% of 

homology in the bHLH domain with the other mammalian atonal genes, such as Neurog1, 

NeuroD1 and Atoh1. However, even if Atoh8 diverges from these atonal factors, all these genes 

are more similar compared to the non-atonal Mash1, classifying Atoh8 in the atonal family 

(Inoue et al., 2001). (Fig.17) 

While the Atoh8 bHLH domain presents a 100% homology among many species, the N-terminal 

region of Atoh8 differs highly upon different evolutionary lineages (Chen et al., 2011, p. 8; Inoue 

et al., 2001).  

 

 
Figure 17: (Adapted from Inoue et al., 2001) Philogenetic tree of mouse atonal homologues. 

Atoh8/Math6 is more similar to other atonal factors than to Mash1  

 

The peculiarity of this bHLH TF is also conferred by its exon-intron structure: while all the others 

atonal proteins are characterized by a sole exon, Atoh8 is composed of two long introns (the 

first one of around 11Kb and the second one longer than 12Kb) and three different exons, with 

two long exons 1 and 2, plus a third exon encoding just for one glutamic acid (Chen et al., 2011; 

Inoue et al., 2001). 

In the N-terminal part of the protein, after the first one hundred amino acids, we can find a 

proline rich (Pro-rich) domain required for transcriptional repression (Ejarque et al., 2013). It is 
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followed by a serine rich (Ser-rich) domain and a predicted nuclear localization signal (NLS). In 

the C-terminal domain we can find the basic and the HLH domain, typical of the bHLH 

transcription factors (Chen et al., 2016) (Fig.18). 

 

 

Figure 18: Protein structure of the bHLH Atoh8. The Pro-rich domain is important for Atoh8 gene 

repression, the basic and HLH domain for its DNA binding and dimerization.   

 

2.5.4. Regulation 

 

The 5’-UTR of Atoh8 constitutes a GC-rich element (72%) and is highly structured, suggesting 

that it can play an important role in Atoh8 regulation. The 1.0 Kb region upstream its coding 

sequence contains the basal promoter of the gene. This fragment contains four E-boxes, 

suggesting that its expression can be modulated by other bHLH TFs, as it has been described 

for the Neurog3 binding to the third E-box (Pujadas et al., 2011).   

One of the major features of Atoh8 regulation consists in its bivalent promoter. Atoh8 is 

situated in a CpG island of 1.9Kb, which starts 0,7kb upstream its TSS (Pujadas et al., 2011). 

Indeed, a class of CpG-rich promoter consists in bivalent promoters, firstly described in ESCs 

(Bernstein et al., 2006). This chromatin configuration is mainly found at developmental genes 

that are quickly activated after ESCs differentiation and is characterized by two methylation 

marks with opposite effects: H3K4me2/3 and H3K27me3. While in ESCs the bivalent 

methylation maintains the promoter silenced, at the onset of differentiation, the loss of 

H3K27me3 drives a quick activation.     

In the case of Atoh8, few factors have been described to induce the H3K27me3-mediated 

repression and these mechanisms are strongly activated in cancer. For example, long non-

coding RNA PDZD7 mediates activation of EZH2, a methyltransferase that drives the H3K27me3 

methylation of Atoh8 and its silencing (Zhang et al., 2019). In a similar way, the EBV-encoded 

latent membrane protein LMP1 overexpression, observed in nasopharyngeal carcinoma, 

impairs the H3K4me3 activating mark, enhancing the occupancy of the repressive H3K27me3 

(Wang et al., 2016, p. 8). 

On the contrary, Neurog3 binding on Atoh8 promoter mediates removal of the repressive 

H3K27me3 mark and activation of Atoh8 expression (Pujadas et al., 2011). 
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On a signalling level, Atoh8 seems to be a target gene of the Tgfβ superfamily, as it has been 

shown regulated by Gdf5 during retinal development and Bmp4 in the liver (Kautz et al., 2008; 

Li et al., 2019, p. 8).  

 

2.5.5. Function 

 

The lacking information on Atoh8 presented in the published studies do not allow to describe 

a unifying function of this bHLH TF. This could be related to the paucity of information on this 

protein, but Atoh8 could also play different roles in several organs, depending on other co-

factors present in a tissue-specific manner.   

 

First studies on Atoh8 showed a contribution of this factor in neurodevelopment: in the first 

seminal study, Inoue and colleagues showed that over-expression of Atoh8 in retinal explants 

at E17.5 biases the differentiation towards a neural fate against a glial fate, proposing Atoh8 as 

a neuronal differentiation factor (Inoue et al., 2001).  

However, an opposite study, performed in chicken, showed that Atoh8 is expressed in the stem 

cell progenitors of the peripheral region of the retina, the ciliary marginal zone (CMZ), where it 

negatively regulates retinal ganglion cells differentiation (Kubo and Nakagawa, 2010), 

confusing the current knowledge on the Atoh8 role during neural development. The observed 

differences could be related to the molecular structure of the avian Atoh8, which lacks a large 

portion of the N-terminal (Chen et al., 2011, p. 8). Furthermore, a recent study confirmed the 

role in retina differentiation, as far as GDF5 signalling induces differentiation of retinal stem 

cells into neurons in an Atoh8-mediated manner (Li et al., 2019, p. 8). 

 

Atoh8 plays important functions also outside of the CNS, identifying this protein as a pleiotropic 

factor, compared to many other bHLH TF which are tissue specific. Particularly, it plays an 

important role in development of mesoderm-derived organs, where it contributes to the onset 

of differentiation in the vascular system, the hypaxial myotome of the trunk, the heart and the 

skeletal chondrocytes (Balakrishnan-Renuka et al., 2014; Fang et al., 2014; Rawnsley et al., 

2013; Schroeder et al., 2019). 

 

Considering the pleiotropic effects accomplished by this molecule, the spontaneous question 

about its requirement during development has been arisen. Currently, there are opposing 

views on the necessity of Atoh8 during embryonic development. While a first group showed 

that this TF is fundamental during development and its deletions leads to lethality around 
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gastrulation, a second group showed no severe developmental defects in an Atoh8 KO mice 

(Böing et al., 2018; Lynn et al., 2008). This could be related to the different techniques used to 

knock-out the Atoh8 gene, as far as in the first study the KO was achieved by deletion of exon1, 

intron 1 and exon2, while the second group deleted the first exon (which contain 257 of the 

overall 322 amino acids). To date, Atoh8 requirement during development is still an open 

question.  

 

Taking in account the broad expression during embryonic development, the bivalent structure 

of its promoter and the several functions described, the literature displays Atoh8 as a broad 

inducer of cellular differentiation. 

 

2.5.6. Atoh8: cancer and stemness 

 

Atoh8 is broadly lost in the major part of tumors (for example, hepatocellular carcinoma, 

nasopharyngeal carcinoma, and bladder cancer, oligodendroglioma) (Ducray et al., 2008; Freire 

et al., 2008; Song et al., 2015, p. 8; Wang et al., 2016; Ye et al., 2017; Zaravinos et al., 2011).  

In hepatocellular carcinoma (HCC), Atoh8 has been largely described as an onco-supressor. 

Moreover, its downregulation leads to the acquisition of CSC features. 

In cancer lines derived from this tumor, it has been shown that, when expressed, Atoh8 inhibits 

proliferation, tumor growth, invasive and migratory abilities. However, upon its depletion, 

expression of stemness- and CSC-associated genes like Oct4, Nanog, Sox2 and Cd133 is 

enhanced, suggesting acquisition of stem cells features. In particular, loss of Atoh8 expression 

increases the number of Cd133+ cells, which constitute the cancer stem cell population of HCC, 

leading to an enhanced aggressiveness, self-renewal capability and chemoresistance (Song et 

al., 2015, p. 8).  

 

The study identifies Atoh8 not only as an obstacle to cancer development, but it constitutes 

also a roadblock to acquisition of cancer stem properties. This could suggest a possible role of 

this factor as a cellular gatekeeper acting against cellular identity conversion. 
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Abstract 

Restriction of cellular plasticity and determination of somatic identity are two fundamental processes during 

organism development. These events are reversed during pluripotent reprogramming (PR), when a 

differentiated cell loses its identity to reacquire pluripotent features and generate induced pluripotent stem 

cells (iPSCs), thanks to the combined action of Oct4, Sox2, Klf4 and c-Myc (OSKM). Loss of somatic identity 

and partial reacquisition of cellular plasticity are elements characterizing also the first steps of malignant 

transformation, where perturbation of cellular identity anticipates oncogenic insult, in a process called 

malignant reprogramming (MR). We propose to consider pluripotent and malignant reprogramming as two 

models to study the initial dedifferentiation and loss of somatic identity iPSCs generation and malignant 

transformation. Indeed, these two processes share valuable similarities: OSKM can act as bona fide 

oncogenes and known onco-suppressors constitute roadblocks to pluripotent reprogramming. Moreover, 

the same biological responses, such as apoptosis and senescence, obstacle iPSCs generation and malignant 

transformation.  

We analysed the role of c-Myc in these scenarios. Indeed, this basic Helix Loop Helix transcription factor 

(bHLH TF) has already been shown to be veritable oncogene and is fundamental for pluripotent 

reprogramming. bHLH transcription factors represent a family of TFs initially identified for their role in 

development and cell differentiation. They are known to form heterodimeric complexes and to promote or 

antagonise each other activity. In this study, we identified a new bHLH TF antagonising c-Myc action during 

malignant transformation and iPSCs generation, Atoh8. Indeed, depletion of this bHLH TF enhance both PR 

and MR. Interestingly, we showed that c-Myc can directly repress the expression of Atoh8, and this repression 

leads to an activation of Wnt pathway, responsible for the phenotypes observed in iPSCs generation and 

malignant transformation. 

 

Highlights 

- The basic Helix-Hoop-Helix (bHLH) transcription factor c-Myc endogenous levels are fundamental to ensure 

iPSCs generation and malignant transformation 

- A comprehensive bHLH transcription factor screening identifies Atoh8 as a novel obstacle towards iPSC 

formation and tumorigenesis 

- Depletion of Atoh8 in the somatic cell before oncogenic insult results in a more aggressive malignant 

transformation correlated to a partial EMT state. 

-  Atoh8 is a broad gatekeeper of cellular identity antagonising to multiple reprogramming processes. 

-  c-Myc-mediated Atoh8 repression induces Wnt pathway activation.  
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Introduction: 

 

Establishing and safeguarding cellular identity is a key objective for multicellular organisms. During 

development, embryonic stem cells (ESCs) differentiate into the three germ layers, where precursor stem 

cells give rise to tissues and organs (Bedzhov et al., 2014). Lineage segregation in the early embryo is 

accompanied by the progressive restriction of cellular plasticity and specialisation into different somatic 

identities (Patel and Hobert, 2017). Adult cells maintain their somatic identity thanks to precise molecular 

mechanisms that determine their specific cellular type and differentiation state. 

However, somatic adult cells can dedifferentiate, losing their somatic identity and reacquiring  cellular 

plasticity, to generate induced pluripotent stem cells (iPSCs), in a process known as pluripotent 

reprogramming (PR) (Takahashi and Yamanaka, 2006). The first phase of this process consists in an immediate 

response of downregulation of cell-specific genes and enhanced proliferation, leading to loss of somatic 

identity (Mikkelsen et al., 2008). 

Loss of somatic identity is a characteristic of pluripotent reprogramming shared with malignant 

transformation. For a long period, cancer has been considered a merely proliferative disease, where 

advantageous mutational events promote expansion of clonal populations characterized by enhanced 

proliferation and survival advantages (Hahn and Weinberg, 2002). However, in the last years, cellular 

dedifferentiation has emerged as an important initial phase to render cells sensitive to oncogenes action (Roy 

and Hebrok, 2015; Yuan et al., 2019). This has been widely shown in several types of cancer, where a first 

phase of loss of somatic characteristics, known as transdifferentiation or metaplasia (depending if the 

process concerns some cells or the entire organ), leads to changes in the cellular identity that prepare cells 

to malignant transformation. In pancreatic ductal adenocarcinoma (PDAC), normal acinar cells loose 

expression of acinar markers before entering acinar to ductal metaplasia (ADM), where oncogenic insults 

initiates adenocarcinoma (De La O et al., 2008; Shi et al., 2013; von Figura et al., 2014). In Barret’s esophagus, 

conversion of somatic identity from normal squamous epithelial cells to columnar epithelial cells consists in 

a first step towards esophageal adenocarcinoma (Hvid-Jensen et al., 2011). Moreover, loss of 

tumorsuppressors p53 and Nf1 in neurons and astrocytes leads to cellular dedifferentiation and formation 

of glioblastoma composed largely by cells expressing Sox2 and Nestin, typical markers of neural stem cells 

(Friedmann-Morvinski et al., 2012).  These examples show that the loss of somatic markers is one of the first 

steps in tumorigenesis and, thus, mechanisms safeguarding somatic identity could represent a first obstacle 

towards malignant transformation.  

In this context, the action of mutated K-Ras (K-RasG12D) and c-Myc oncogenes, combined with the loss of 

the oncosuppressor p53 (KMP cocktail), have been recently shown to trigger reprogramming and malignant 

transformation in somatic cells (Ischenko et al., 2013). This process, called malignant reprogramming (MR), 
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is emerging as a novel determinant of cancer development, acting at the early stage of the process, but its 

characterization is very limited. 

Deciphering the regulatory networks that triggers the conversion of a somatic cell to a dedifferentiated state 

prone to tumorigenesis is crucial to broaden our knowledge of cancer initiation.  

Interestingly, pluripotent reprogramming shares key features with malignant transformation: (i) the four 

pluripotent reprogramming factors OSKM represent independently bona fide oncogenes (Dang, 2012; de 

Jong and Looijenga, 2006; Herreros-Villanueva et al., 2013; Yu et al., 2011). (ii) tumor suppressors, such as 

p53 and Rb, act also as reprogramming roadblocks (Kareta et al., 2015; Kawamura et al., 2009). (iii) same 

cellular processes, such as senescence and apoptosis, constitute significant barriers to both PR and OR (Li et 

al., 2009; Sherr, 2001; Utikal et al., 2009). (iv) the premature termination of pluripotent reprogramming in 

vivo leads to tumorigenesis (Ohnishi et al., 2014). These evidences suggest that, among malignant 

transformation and iPSC generation, common events could render a cell susceptible to dedifferentiate and  

receive pluripotent induction or oncogenic insult.  

We are particularly interested in deciphering the function of basic Helix-loop-Helix transcription factors 

(bHLH TFs) in the context of pluripotent reprogramming and malignant transformation. This family of 

transcription factors was initially identified for their role in development, where many bHLH TFs are 

fundamental for the processes of cell identity conversion and differentiation (Bertrand et al., 2002; Fujii et 

al., 2006; Gradwohl et al., 2000). In particular, we focused on the bHLH TF c-Myc function in these two 

reprogramming scenario, being c-Myc a well described oncogene and one factor of the Yamanaka 

reprogramming cocktail (Dang, 2012; Takahashi and Yamanaka, 2006). Indeed, c-Myc function in pluripotent 

reprogramming is debated and its endogenous requirement in pluripotent reprogramming and malignant 

transformation is unclear (Araki et al., 2011; Löhle et al., 2012; Wernig et al., 2008).  

As well described in neurodevelopment, bHLH can have opposite roles antagonizing each other action (Bae 

et al., 2000; Imayoshi and Kageyama, 2014; Sasai et al., 1992).  

In this study, with the aim to find bHLH TFs competing with c-Myc to safeguard somatic cellular identity, a 

systematic screening of bHLH TF expression kinetics during iPSC generation and malignant transformation 

led to identify the transcription factor Atoh8. We showed that its depletion renders cells more prone to both 

reprogramming processes, showing its novel role as an obstacle towards loss of somatic identity during iPSC 

generation and oncogenesis. We thus characterized the effects of Atoh8 depletion in iPSCs and transformed 

cells obtained at the end of reprogramming. While iPSCs are not negatively impacted by the initial Atoh8 

downregulation, transformed cells derived in an Atoh8-null background are more aggressive and display a 

partial EMT state. Furthermore, we showed that Atoh8 plays a broader role as a general barrier to 

dedifferentiation and reprogramming in several scenarios. Moreover, c-Myc drive Atoh8 repression acting 

directly on its promoter. Finally, we demonstrated that Atoh8 depletion induces Wnt signalling activation, 

which accounts for the observed enhanced efficiencies in malignant transformation and iPSCs generation. 
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Results:  

c-Myc function in iPS cells generation and malignant transformation 

Somatic cells can be reprogrammed towards pluripotency thanks to the combined overexpression of the four 

transcription factors, Oct4, Sox2, Klf4 and c-Myc (Takahashi and Yamanaka, 2006). However, it was shown 

that fibroblasts can be reprogrammed to iPSCs through the exogenous expression of Oct4, Sox2 and Klf4 

alone. In this perspective, c-Myc effect should be limited to an increased acceleration of the process and c-

Myc presence in reprogramming cocktail would be dispensable (Wernig et al., 2008). However, further 

studies questioned the differentiation potential of OSK-derived iPSCs and showed that c-Myc low expression 

levels are detrimental to pluripotent reprogramming efficacy (Araki et al., 2011; Francesconi et al., 2019; 

Löhle et al., 2012). We revisited c-Myc function during iPS cells generation from mouse embryonic fibroblasts 

(MEF). In contrast to Oct4 and Sox2, c-Myc and Klf4 were found expressed in MEF (Fig1A). We therefore 

wondered whether c-Myc was found dispensable for iPS cells generation because its endogenous levels is 

sufficient to trigger the reactivation of the pluripotent program.  

To assess the function of endogenous c-Myc in iPS cells generation, MEFs were infected with sh#c-Myc 

lentiviral particles (Fig. S1A) prior to OSK transduction (Fig 1B). In this setting, we found that c-Myc 

downregulation severely hindered the efficiency of alkaline phosphatase positive (AP+) iPSC colonies 

formation, demonstrating a critical function for endogenous c-Myc during PR (Fig 1C-D).  

c-Myc has also been shown to cover an important role in malignant transformation. Not only it cooperates 

with other oncogenic events to induce tumor initiation, but established tumors also rely on its strong 

expression due to the advantages of cell growth and proliferation that it brings (Dang, 2012). Since c-Myc 

exogenous expression has been found to trigger malignant reprogramming (MR) (Ischenko et al., 2013), we 

next assessed whether, similarly as during iPSC formation, its endogenous expression critically regulates MR. 

In this context, c-Myc is already present in MEFs and its level increases during malignant transformation (Fig 

1E). MEF harboring a Lox-Stop-Lox (LSL)-KRasG12D cassette were transduced with sh#c-Myc lentiviral 

particles prior to Cre and sh#p53 infection. We assessed the ability of MEFs to form immortalized foci using 

cresyl-violet staining 30 days after infection (Fig1F). Similarly to PR, downregulation of the endogenous c-

Myc severely reduced the efficiency of foci formation, indicating that endogenous c-Myc levels control loss 

of contact inhibition during malignant transformation (Fig1G-H). Of note, similar results were obtained when 

c-Myc function was blocked using CAS403811-55-2, an inhibitor that avoids c-Myc heterodimerization with 

its partner Max and abolishes c-Myc transcriptional effects. (FigS1B-C). Altogether, the results demonstrate 

a driving role of endogenous c-Myc in iPSC generation and immortalization of MEFs.  

Identification of BHLH transcription factors concomitantly downregulated during iPS cells formation and 

malignant transformation 
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c-Myc belongs to the family of basic Helix-Loop-Helix (bHLH) transcription factors (TFs) that have been shown 

to mediate reciprocal regulation, especially in neurodevelopment (Imayoshi and Kageyama, 2014). They can 

be divided into two groups with contrasting roles: drivers of cellular identity changes or gatekeepers of 

cellular identity. These factors can be expressed in equilibrium in many cell types and the imbalance of the 

expression of one or few of these factors can drive changes in cellular fate decision (Imayoshi and Kageyama, 

2014). Due to the key function played by c-Myc in induced pluripotency and malignant transformation as a 

bHLH TF inducing identity changes, we next assessed whether it was possible to identify other bHLH 

antagonizing c-Myc reprogramming function and safeguarding MEF identity.  

An exhaustive screening was performed on the bHLH TFs described so far. Starting from the 111 factors 

identified in literature, 49 were found expressed in the MEF using RNA-seq data (Fig S1E). Among those, in 

order to isolate candidates downregulated specifically in reprogramming intermediates, we took advantage 

of the cell surface marker Thy1 (Ischenko et al., 2013; Stadtfeld et al., 2008). Broadly expressed in initial MEF, 

thy1 is specifically downregulated in the early days of iPS cells generation by a subset of cells (Thy1Low) that 

harbors high reprogramming efficiency when compared with cells maintaining thy1 (Thy1High) (Stadtfeld et 

al., 2008). Interestingly, Thy1 is also downregulated in MEF undertaking transformation, with Thy1Low 

subpopulation more prone to give rise to in vivo tumor compared to the refractory Thy1High (Ischenko et al., 

2013).  

Thy1Low and Thy1High cells were FACS sorted at day 3 of PR and MR and subjected to RNASeq analysis (FigS1D, 

Huyghe et al., manuscript submitted). We clustered the 49 bHLH TFs based on the ratio of their expression 

between Thy1Low and Thy1High in both reprogramming scenarios using bioinformatic software to perform 

supervised hierarchical clustering of the 49 bHLH TFs with Thy1 (Fig 1I, S1E). This approach allowed us to 

identify three bHLH TFs, namely Atoh8, Id4 and Twist2, that exhibited a specific downregulation in Thy1Low 

reprogramming intermediates during both PR and MR. Interestingly, unlike Id4 and Twist2, Atoh8 was the 

only factor found downregulated in both Thy1Low subpopulations by Western blot, and the sole factor 

completely silenced in iPSC cells and malignant cells generated from MEFs (Fig 1J-K). We therefore selected 

this candidate for further investigation. 

Interrogation of publicly available resources confirmed Atoh8 transcript expression in MEFs and its 

progressive downregulation during rodent iPSC cells generation (Fig1M, FigS1G, FigS1J) (Knaupp et al., 2017; 

Nefzger et al., 2017; Polo et al., 2012), in agreement with its lack of expression in mESCs or in the in vivo 

pluripotent embryonic compartment until post-implantation epiblast (embryonic day 5.5) (FigS2C) (Boroviak 

et al., 2015). Of note, Atoh8 expression is also downregulated during human iPS cells generation from 

immortalized secondary fibroblasts (FigS2D) (Cacchiarelli et al., 2015), in contrast with a recent published 

study (Divvela et al., 2019). Altogether, these data reinforce the view that Atoh8 could safeguard MEFs 

identity and act as a putative obstacle to PR. 
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We next assessed the Atoh8 expression level in malignant tissues compared to the somatic counterparts. 

Public database analyses were performed taking advantage of TGCA data for lung (LUSC, LUAD), breast 

(BRCA) and prostate (PRAD) cancers. Of note, Atoh8 is lost in several cancers when compared with healthy 

tissues, highlighting its potential role as a tumor suppressor (Fig 1L, S1F).          

Together, these results showed that c-Myc endogenous level is fundamental for the proper occurrence of 

iPSCs generation and malignant transformation. Moreover, a bHLH TFs screening based on the Thy1 marker 

identified Atoh8 as a putative obstacle of the two reprogramming processes, possibly harboring opposite 

effects compared to the reprogramming role of c-Myc. 

  

Atoh8 regulates the efficiency and the pace of iPS cells generation. 

To assess whether Atoh8 regulates reprogramming efficiency, loss-of-function strategy were developed (Fig. 

S2A-B). MEFs harboring a doxycycline-inducible system for OSKM expression were used. Upon sh#Atoh8 

lentiviral transduction, OSKM was induced by doxycycline treatment and iPSC colony number was assessed 

by AP+ staining after 15 days of reprogramming (Fig2A). The RNAi-mediated knockdown of Atoh8 (Fig S2B, 

77,7% of KD on average) led to a 4.4-fold increase of reprogramming efficiency (Fig 2B-C), evaluated by AP+ 

colonies counting, indicating that Atoh8 constrains iPS cells generation. Of note, similar results were obtained 

using OSKM-doxycycline inducible Pou5F1-GFP reporter MEFs, counting the number of the GFP-positive 

colonies at the end of reprogramming (Fig 2D-F). Moreover, resembling results were obtained by targeting 

Atoh8 locus with 2 independent CRISPR guides (FigS2C), demonstrating that the bHLH TF Atoh8 limits 

pluripotent reprogramming efficiency (Fig2G-H, FigS2C-D). 

Because Atoh8 is rapidly downregulated during iPS cells generation, we wondered whether it hinders the 

process in its early days. We therefore tracked the emergence of Pou5f1-GFP positive cells by FACS during 

iPS cells generation in presence or absence of Atoh8. As depicted in figure 2I-J, we noticed an increase of 

GFP+ cells in the sh#Atoh8 condition already at day 4 of reprogramming, indicating that Atoh8 depletion 

triggers an early phenotype during iPS cells generation.  

We next wondered whether Atoh8 depletion could accelerate iPS cells generation. In the route towards 

pluripotency, reprogramming cells switch on the endogenous pluripotency network and become 

independent of the OSKM transgenes expression. We therefore assessed whether Atoh8 downregulation 

could accelerate the formation of transgene-independent cells. We again took advantage of OSKM-inducible 

Pou5f1-GFP reporter MEFs. Fibroblasts were exposed to OSKM induction for six days before doxycycline 

withdrawal and the reprogramming was carried on until day 15 without further OSKM transgene expression  

(Fig2K). In contrast to control cells, Atoh8-depleted cells became transgene independent as early as day 6 

and, even upon doxycycline withdrawal, they could form AP+ colonies (Fig 2L-M). 
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Furthermore, when Pou5f1+ cells were FACS sorted at day 6 from the Atoh8-downregulated condition and 

put back in culture, they were able to give rise to Pou5f1+ iPSC colonies (FigS3F), that could be amplified for 

more than 10 passages and expressed pluripotency markers (Fig 2N-O). 

The results obtained show that depletion of Atoh8 in MEFs induces an increase in the efficiency and pace of 

pluripotent reprogramming, demonstrating the role of Atoh8 as a somatic roadblock during iPSC generation. 

 

Atoh8 loss increases the efficiency and accelerate malignant transformation 

We next wondered if Atoh8 can safeguard somatic identity and interfere with the onset of malignant 

transformation. In tumorigenesis, a first step is represented by cellular immortalization, when cells bypass 

the proliferation limit imposed by telomeres shortening and acquire an aberrant enhanced proliferation 

(Bodnar, 1998). Immortalization is followed by transformation, the capability to give rise to aggressive 

tumors. To assess if Atoh8 acts as a roadblock of malignant transformation, we depleted Atoh8 and induced 

malignant reprogramming (MR) through c-Myc and Ras overexpression coupled to p53 shRNA-

downregulation. We thus observed how Atoh8 depletion affects the two properties associated to the 

malignant state, immortalization and transformation.  

To determine the effects of Atoh8 knock-down on immortalization, lentiviral sh#Atoh8 particles were 

transduced in MEFs prior to MR induction. Foci formation tests were then performed to assess immortalized 

cells anchorage-dependent growth. Immortalized foci were stained after 30 days with cresyl-violet staining 

(Fig3A). Notably, Atoh8 depletion induces a strong increase (10-fold) in the number of immortalization events 

(Fig3B-C). 

We next investigated Atoh8 downregulation effects on acquisition of transformation characteristics. With 

this aim, we performed soft agar colonies tests, to estimate anchorage-independent growth of transformed 

cells: after Atoh8 depletion and induction of MR, cells were splitted for three passages before starting soft 

agar experiments. Transformed soft agar colonies were stained with cresyl-violet after 30 days (Fig3D). Data 

obtained showed that Atoh8 loss increases the frequency of transformation events (Fig3E-F). 

Furthermore, we obtained comparable results using the two independent CRISPR/Cas9 guides, 

demonstrating that the bHLH TF Atoh8 limits immortalization and transformation in tumorigenesis (Fig3G-H, 

FigS2G-H). 

Since Atoh8 loss leads to an increase in the pace of pluripotent reprogramming, in a parallel way we assessed 

whether its depletion could accelerate the acquisition of the malignant properties.  

Control and Atoh8 depleted cells were transduced with c-Myc, Ras and sh#p53 lentiviral particles and 

subjected to soft agar assays as early as day 6 post transduction (Fig 3I). In these stringent settings, where 

the time given to cells to accumulate malignant properties was shortened, control cells nearly failed to form 

colonies. In contrast, Atoh8 depleted cells were already able to form colonies, demonstrating that those cells 
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require fewer days to acquire malignant properties, thus showing that Atoh8 depletion accelerate the 

malignant transformation (3J-K). 

 

Consequences of Atoh8 depletion on the acquisition of pluripotent and malignant features  

Modifying the initial state of a somatic cell could hinder the formation of bona fide iPSC or alter the sensitivity 

of somatic cells before malignant transformation. We next investigated whether Atoh8 downregulation 

induces differences in iPSC and cancer cell generated from pluripotent and malignant reprogramming.  

In order to assess whether Atoh8 depletion prior to reprogramming modulates the acquisition of pluripotent 

features, two control and two sh#Atoh8 iPSC clones were isolated, amplified and biobanked. We did not 

detect significant changes in the expression of the pluripotency markers Oct4, Sox2, Nanog and SSEA1 

between the four cell lines (Fig4A-B). In line with this, both control and sh#Atoh8 lines were able to 

differentiate into the three germ layers both in vitro in EBs (Fig S3A) and in vivo in teratoma (Fig 4C). 

Altogether, these results indicate that the early Atoh8 loss does not significantly impact the pluripotency 

network establishment and the differentiation potential of iPS cells. 

In a similar manner, we determined whether Atoh8 early depletion could trigger differences in the stepwise 

acquisition of malignant features. After control and sh#Atoh8 lentiviral particles infection, MR was induced 

as described above. Polyclonal cell lines were established after more than 10 passages upon MR induction.  

Cancer cell lines were obtained and tested for immortalization and transformation properties. Notably, 

sh#Atoh8 depleted cells were more prone to grow in adherent and non-adherent conditions, as shown by 

foci formation and soft agar experiments (Fig 4D-G).  

Based on these results, we next assessed the tumorigenic potential of the derived cancer cell lines in vivo. 

Cancer cells for control and sh#Atoh8 conditions were injected subcutaneously in immune-depressed mice. 

Consequently, tumor growth and survival rate of the injected mice were followed for 15 days after cell 

injections. Mice injected with sh#Atoh8 cancer cells developed tumor more quickly and of bigger size 

compared to the control mice, and showed a reduced overall survival (Fig4H, FigS3B). Histological analyses 

of the derived tumors showed that, as expected, they contained malignant proliferative cells giving rise to 

neoplastic hyperproliferative tissues (FigS4C). Proliferation rate for control and sh#Atoh8 lines showed 

significant but minor proliferation differences ruling out the possibility that the observed in vivo phenotype 

are merely associated to an enhanced proliferation (FigS4D). 

To gain insight on the higher aggressiveness of sh#Atoh8 cancer cells, RNA-Seq was performed on control 

and sh#Atoh8 cancer cell established lines (FigS4E). Gene ontology for molecular function was performed 

using statistical overrepresentation test by Panther DB. GO results showed that the first most enriched gene 

family correspond to cell adhesion molecules (Fig4I). Indeed, as highlighted by phalloidin staining, sh#Atoh8 

cancer cells formed dense and compact colonies compared to the more elongated and less clustered control 

line, suggesting a switch from a mesenchymal to a more epithelial state (Fig4J). Recent studies suggested 
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that a partial EMT state is strongly associated to an increased aggressiveness in cancer (Pastushenko et al., 

2018). With this aim, we analyzed the expression of epithelial and mesenchymal markers in control and 

sh#Atoh8 lines. As expected, an increase of epithelial markers was observed in the sh#Atoh8 condition. 

However, interestingly, there was no decrease in mesenchymal markers expression, whose expression and 

protein level showed similar levels compared to the control (Fig4K, S4F). To avoid the possibility that data 

obtained were due to a specific clonal expansion in the polyclonal population, more polyclonal cell lines were 

derived upon two independent MR inductions. In vitro aggressiveness and EMT partial state were tested and 

results consistently recapitulated the data observed with the first polyclonal lines (FigS4G-I). To assess the 

kinetics of the acquisition of the epithelial characteristics, we performed Western blot analysis respectively 

after 1, 3 and 5 passages (p1, p3 and p5) upon MR induction (Fig4L). The epithelial marker E-cadherin was 

found increased in Atoh8-depleted cancer cells after 6 days (p1) only of malignant reprogramming and the 

differences became more and more pronounced at p3 and p5, showing that partial EMT status is a 

characteristic acquired in the beginning of malignant transformation (Fig4L).  

Collectively, the data obtained showed that Atoh8 depletion in MEFs, not only enhances the efficiency of 

malignant transformation, but has also profound effects on the stepwise acquisition of malignant properties, 

resulting in transformed cells with different features. Indeed, cancer cells generated from Atoh8-depleted 

MEFs acquire a partial EMT phenotype and consistently become more aggressive, as tested both in vitro and 

in vivo. 

 

Atoh8 is a broad-range gatekeeper of cellular identity  

We next wondered if Atoh8 can act as a more general cellular reprogramming barrier in other contexts. To 

test another scenario of iPSC generation, we took advantage of human pluripotent reprogramming, due to 

the promising profile observed in published data, where Atoh8 is classified as an early somatic gene and its 

expression is quickly lost in the first phase of reprogramming (FigS1I) (Cacchiarelli et al., 2015). Upon 

sg#Atoh8 targeting, human dermal fibroblasts (HDF) were transduced with OSKM Sendai viruses to induced 

reprogramming. IPSC colonies were determined by AP+ staining or SSEA4 live immunofluorescence (Fig5A). 

Data obtained showed that downregulation of Atoh8 leads to a significant increase of efficiency in human 

reprogramming (2.23-fold and 3.05-fold respectively for AP+ staining and SSEA4 IF) (Fig5B-E).  

To exclude the possibility that Atoh8 downregulation has negative impacts on derived hIPS, one control and 

sg#Atoh8 monoclones were isolated, amplified in culture for more than 10 passages and tested for 

pluripotency marker expression and differentiation potential. Atoh8 depletion did not showed negative 

effects on derived hIPSC, as both monoclones expressed comparable levels of pluripotency markers and 

could differentiate into the three germ layers in a similar manner (FigS5A-C). 

We then tested Atoh8 role in a direct reprogramming process, the MEF to neuron transdifferentation, 

accomplished by the combined action of Brn2, Ascl1 and Myt1 (BAM) (Vierbuchen et al., 2010). After 
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sh#Atoh8 lentiviral particles transduction, MEF were infected with doxycycline-inducible BAM lentiviruses 

and neuron formation was determined by MAP2 immunofluorescence after eight days of reprogramming 

(Fig5F). Atoh8-depletion leads to a 3.1-fold increase in MAP2+ induced neurons formation (Fig5G-H), 

suggesting that Atoh8 acts as a roadblock of this transdifferentiation process.  

 

Finally, we investigated if Atoh8 could act as an obstacle in other scenarios of malignancy, precisely in the 

transition from immortalization to transformation. To address this question, we took advantage of NIH3T3 

immortalized cell line. NIH3T3 can give rise to immortalized foci, but they are not tumorigenic and cannot 

form transformed soft agar colonies. However, oncogenes induction can induce transformation in this cell 

line (Moscatelli, 1989; Wang et al., 2017). Transformation of NIH3T3 was induced thanks to c-Myc 

upregulation (FigS5D). We wondered if downregulation of Atoh8 in NIH3T3 could sensitize the cells to c-Myc 

action and increase the efficiency of the transformation. Upon sh#Atoh8 lentiviral infection, c-Myc was 

overexpressed in NIH3T3 through retroviral particles. Soft agar experiments were started at the third cell 

splitting and soft agar colonies were stained by cresyl-violet 30 days after (Fig5I). Interestingly, Atoh8 

depletion before oncogenic insult drives the increase in the frequency of soft agar emergence, indicating 

again that Atoh8 acts as an obstacle for the acquisition of transformed properties (Fig5J-K). 

 

Altogether these data show that Atoh8 plays a role of roadblock towards different types of 

transdifferentiation and reprogramming, reinforcing the identification of Atoh8 as somatic identity guardian 

bHLH TF. 

 

c-Myc driven Atoh8 repression leads to Wnt pathway activation 

As described in neurodevelopment, bHLH acting in an antagonising way can regulate their reciprocal 

expression and action (Bae et al., 2000; Imayoshi and Kageyama, 2014). We next wondered if in our system 

c-Myc and Atoh8 can regulate each other expression to drive pluripotent and malignant reprogramming. 

Indeed, during PR and MR, c-Myc is consistently upregulated in both reprogramming cocktails. We wondered 

if the observed downregulation of Atoh8 in reprogramming intermediates and final products could be 

mediated by c-Myc upregulation. Retroviral upregulation of c-Myc in MEFs led to gradual decrease of Atoh8 

protein level (Fig6A). We wondered if c-Myc could act at a transcriptional level to drive Atoh8 

downregulation. Indeed, data obtained showed that c-Myc directly binds Atoh8 promoter and decreases its 

expression (Fig6B-C). To test the specificity of c-Myc induced downregulation among other reprogramming 

factors, single factors of PR and MR cocktails were induced in the initial MEFs by viral infection and Atoh8 

transcript was quantified (FigS5A). Only KRasG12D mutation could induce Atoh8 downregulation, consistent 

with c-Myc being downstream to the MAPK pathway (Kerkhoff et al., 1998; Vaseva et al., 2018). Interestingly, 

Atoh8 depletion slightly increased the level of c-Myc at both RNA and protein level, suggesting the existence 
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of a feedback loop tuning the expression of these two bHLH TFs (Fig6D, S5B). Altogether, data obtained show 

that c-Myc mediates the Atoh8 repression observed in PR and MR. 

We next aimed to understand why Atoh8 depletion increases MR and PR efficiencies. We depleted Atoh8 in 

the initial MEF and performed whole transcriptome analysis, to identify Atoh8 function in MEFs and assess if 

the loss of this function could explain the enhanced PR and MR efficiencies. We performed RNA-Seq on 

samples collected 5 days upon Atoh8 downregulation. PCA components showed that control and sh#Atoh8 

samples clustered separately (Fig6E). 299 genes were differentially expressed between the two conditions 

(Fig6F). Panther DB analysis showed a strong enrichment in gene families correlated with Wnt pathway 

(Fig6G, S5C). To test a potential role of Atoh8 in Wnt pathway regulation, we depleted the bHLH TF and 

estimated levels of the active form of -Catenin, the major effector of Wnt pathway, and of Phospho-Gsk3 

(P-Gsk3), the Wnt inhibitor that, when phosphorylated, is degraded. Results obtained showed that Atoh8 

knock-down led to active -Catenin and P-Gsk3 protein levels increase, consistent with Wnt pathway 

induction (Fig 6H). Furthermore, to test the extent of Wnt induction, we performed Atoh8 depletion with 

concomitant chemical treatment with CHIR99021, a GSK3 inhibitor that leads to Wnt activation. Data 

obtained do not show an additional effect of Atoh8 knock-down and the CHIR99021 treatment, compared to 

the only depletion of Atoh8, suggesting that Atoh8 downregulation alone is sufficient to induce strongly Wnt 

pathway activation (Fig 6H). 

We next wondered which genes of the Wnt pathway are directly affected by Atoh8 downregulation. Analysis 

of RNA-seq data showed that Atoh8 depletion leads to decrease in expression of Wnt inhibitors Dkk2, Tle2, 

Sfrp1 and Sfrp2 and increase in expression of Wnt effectors and activators c-Myc, Lef1, Wnt9a and Tcf7, 

highlighting again the function of Atoh8 as a Wnt pathway inhibitor (Fig6I). Identified Wnt target genes were 

validate at RNA and protein level (Fig6J, FigS5D). 

We next investigated if Wnt activation could account for the increase of PR and MR efficiencies observed 

upon Atoh8 depletion. We chose to focus our attention on Wnt inhibitors with the aim to assess if their 

downregulation can mimic reprogramming phenotypes observed upon Atoh8 knock-down. shRNAs targeting 

Wnt candidates were designed and validated (FigS5E). Upon shRNA lentiviral particles transduction, PR and 

MR were induced as described before and evaluated respectively by AP+ staining at day 15 and immortalized 

foci formation at day 30.  

sh#Dkk2 lentiviral transduction was incompatible with MEF survival. However, Tle2, Sfrp1 and Sfrp2 

depletion induced an increase in iPSC generation efficiency (1.93-, 2.92- and 2.27-fold respectively for Tle2, 

Sfrp1, and Sfrp2) (Fig6K,M). Interestingly, Sfrp1 and Sfrp2 depletion induced also an increase in malignant 

transformation efficiency (2.73- and 3.05-fold for Sfrp1 and Sfrp2) (Fig6L,N). 

Altogether our results showed that Atoh8 fine-tunes the degree of Wnt activation in MEFs. Its 

downregulation, mediated by c-Myc overexpression, leads to Wnt pathway induction, which brings to an 

increase in iPS generation and malignant transformation (Fig7). 
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Discussion: 

 

In this study, we found that Atoh8 can act as a somatic barrier towards MR, PR and other processes of 

reprogramming, transdifferentiation and transformation. Indeed, increase in MR and PR efficiencies upon 

Atoh8 downregulation are consistent with (1) a general loss of this bHLH TF in many types of cancer compared 

to their respective normal tissue and (2) the absence of its expression in mouse and human IPSCs and ESCs. 

However, Atoh8 does not act directly as an oncosuppressor, but is more probably one of the first barrier 

erased during malignancy. To this end, Atoh8 is rarely mutated in cancer, while it is usually downregulated. 

Consistently, its downregulation alone in NIH3T3 is not sufficient to induce transformation (data not shown), 

while its depletion before c-Myc oncogenic insult leads to a strong increase in the oncogenic-induced 

transformation, highlighting its barrier role. Interestingly, its barrier action is independent from cell 

immortalization, suggesting again that the cellular plasticity obtain by Atoh8 downregulation is independent 

from the hyper-proliferation associated with immortalization and underlying again the multifactorial etiology 

of cancers as proliferation and plasticity driven diseases.  

Atoh8 has been initially proposed as a key factor for neurodevelopment (Inoue et al., 2001). Unexpectedly, 

downregulation of Atoh8 leads to an increase in the efficiency of MEF to neuron transdifferentiation. 

However, Atoh8 seems to have a broader role during embryonic development (Lynn et al., 2008; Rawnsley 

et al., 2013; Ross et al., 2006; Yao et al., 2010), and, in neurodevelopment, a specific role in maturation of 

precise neuronal populations (Li et al., 2019). Moreover, published RNA-Seq data showed that Atoh8 is not 

specifically expressed in neuron compared to other brain cell type (Zhang et al., 2014), suggesting that, 

despite its first description, it does not act as a major neural commitment factor, but more likely plays a broad 

role duringdifferentiation. 

We thus asked what the more general function of Atoh8 during embryonic development could be. Our results 

revealed a novel unexpected role of Atoh8 as a Wnt inhibitor. Wnt signaling is required at different stages of 

development (Sato et al., 2004; Takada et al., 1994; ten Berge et al., 2011), and it is fundamental during 

gastrulation (Haegel et al., 1995), where Wnt plays an important role for the proper antero-posterior axis 

patterning (Huelsken et al., 2000). Interestingly, Atoh8 KO mice are not viable, because of developmental 

defects accumulated at the onset or during gastrulation (Lynn et al., 2008). We speculate that the loss of 

Atoh8 induces a sustained Wnt signalling which, not modulated anymore, leads to defects during 

gastrulation. It would be interesting to develop in vivo model to assess it.  

Notably, a correlation between Atoh1 and Wnt was highlighted in colorectal cancer (Tsuchiya et al., 2007), 

where Wnt drives tumorigenesis (Groden et al., 1991) while Atoh1 was described to play a role in 

counteracting malignancy (Leow et al., 2004). It would be interesting to study Atoh8 function in this type of 

cancer and assess its interplay with Wnt signaling. 
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We showed that c-Myc upregulation in MEFs leads to Atoh8 downregulation. On the contrary, upregulation 

of Atoh8 did not induce a decrease in c-Myc levels, suggesting that the regulation is unidirectional (data not 

shown). It would be interesting to know if Atoh8 and c-Myc share the same gene targets and if c-Myc can 

bind sites usually bound by Atoh8 in the case of c-Myc upregulation and consequent Atoh8 decrease. 

bHLH TFs are described to interact with each-other to create heterodimers for DNA binding (Imayoshi and 

Kageyama, 2014). bHLH TFs can also bind other family members to sequestrate them and avoid their DNA 

binding or cooperation with other bHLH TFs (Sasai et al., 1992). Interestingly, a sequestering role has already 

been described for Atoh8 during pancreas development, where it binds E47, avoiding its interaction with 

Neurog3 (Ejarque et al., 2013). It would be interesting to investigate if Atoh8 can sequestrate other bHLH TF 

during pluripotent and malignant reprogramming, for example destabilize the c-Myc-Max complex. 

In cancer biology, a crucial issue is to estimate the level of pliancy of a cell, to assess at which degree it is 

susceptible to become tumorigenic (Chen et al., 2015; Puisieux et al., 2018). A capital example of this concept 

can be observed in the gut, where, depending on the differentiation levels of intestinal cells, the oncogenic 

insult orchestrated by APC mutation has completely different output in cancer development (Barker et al., 

2009). Interestingly, our data showed that the downregulation of Atoh8 alone 48 hours before the oncogenic 

insult is enough to increase drastically the pliancy of the cell. This can be easily observed analysing the 

obtained transformed cells which, even if coming from the same cell type of the control, show a strongly 

increased degree of malignancy and differences in the genomic expression.  

In summary, our results described the fundamental requirement of c-Myc during pluripotent and malignant 

reprogramming. We also identified Atoh8 as a new bHLH TF counteracting c-Myc reprogramming role in PR 

and MR and acting as a somatic barrier in different scenarios. Notably, tumorigenic cells obtained in absence 

of Atoh8 are drastically more aggressive. We also showed that the observed phenotype in PR and MR are 

associated to a Wnt pathway activation induced upon c-Myc-mediated Atoh8 downregulation. 
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Methods: 

Mice genotyping and MEFs derivation 

R26rtTA;Col1a14F2A (21), LSL-K-rasG12D (22), R26-CREERT2, Oct4-EGFP, mice were housed under french 

national guidelines and crossed to obtained the genotypes of interest. 
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Genotyping was carried out upon genomic DNA extraction from adult tails and embryonic heads using the 

DirectPCR Lysis Reagent (102-T, Viagen Biotech). Genotypes PCR were performed with EconoTaq Plus Green 

2X Master Mix (Lucigen). Primers used are listed in Table 1. 

MEFs were isolated from E13.5 embryos after removal of ectodermal and endoderm tissues (head and 

bowels). The remaining tissues were dissociated with cutters and further with trypsin at 37°C for 10 min. 

Derived cells were resuspended in MEF medium. 

Histology 

Teratoma and xenograft were fixed in 10% buffered formalin and afterwards embedded in paraffin. 200 μm-

thick tissue slices were obtained from paraffin-embedded tissue according to conventional procedures. 

Hematoxylin-eosin staining was performed on prepared sections and examined under a light microscope. 

Immunohistochemistry was carried out thanks to an automated immunostainer (Ventana Discovery XT, 

Roche, Meylan, France) using the Omnimap DAB Kit following manufacturer’s instructions. Sections were 

incubated with a rabbit anti-Ki67 (F/RM-9106, Thermo Fisher Scientific) and later with an anti-rabbit HRP, 

followed by DAB solution with 3,3ʹ-diaminobenzidine as a chromogenic substrate. Slides were scanned via 

the panoramic scan II (3D Histech) and the image analysis was performed with the CaseViewer software.  

Teratoma 

Teratoma formation assays were carried out by injection of 1x106 iPS cells into both testes of 7-week-old 

immunodeficient (SCID) mice (CB17/SCID, Charles River). Mice were sacrified 3-4 weeks after injection and 

teratoma were surgically extracted. Teratomas were incubated in 4% paraformaldehyde fix solution and 

sectioned for histological staining. 

Xenografts 

Xenograft assays were carried out by injection 3x106 immortalized cells resuspended in PBS and matrigel 

(1:1) and injected subcutaneously into SCID mice (N = 6 for each group). The volume of the tumor was 

measured every 3 days until day 16. Upon sacrifice, xenograft were fixed in 4% paraformaldehyde and 

sectioned for histological staining. 

Plasmids and constructs 

pMXS-Oct4, pMXS-Sox2, pMXS-Klf4, pMXS-Myc, pLKO.1, Tet-O-FUW-Brn2, Tet-O-FUW-Ascl1, Tet-O-FUW-

Myt1l and FUdeltaGW-rtTA plasmids were purchased from Addgene. shRNAs against Atoh8, Dkk2, Tle2, 

Sfrp1, Sfrp2 and Trp53 were developed using the MISSION shRNA library from Sigma-Aldrich and cloned using 

the Rapid DNA ligation kit (Sigma-Aldrich) into the pLKO.1 vector digested with AgeI and EcoRI. shRNA 

sequences are listed in Table 1. Single guide RNA targeting Atoh8 were designed with UCSC genome browser 

and CRISPOR program and inserted into the lentiCRISPRv2 plasmid upon BsmBI restriction.  

Cell culture and viral production 
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MEFs, TCs, PlatE and 293FT were cultivated in MEF medium, prepared adding to DMEM high glucose: 10% 

fetal bovine serum (FBS), 100 U/mL penicillin / streptomycin (PS), 1 mM sodium pyruvate, 2 mM L-glutamine, 

0.1 mM Non Essential Amino Acids (NEAA) and 0.1 mM -mercaptoethanol. 

Mouse iPSCs were cultivated in to DMEM high glucose: 15% knock-out serum (KSR), 100 U/mL penicillin / 

streptomycin (PS), 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM Non Essential Amino Acids (NEAA) 

and 0.1 mM -mercaptoethanol and home-made LIF. 

Human iPSCs were cultivated in TeSRTM-E8TM medium (STEMCELLS technologies). 

Induced neurons were cultivated in DMEM/F12 complemented with 25 μg/ml Insulin, 50 μg/ml Transferrin, 

30nM Sodium Selenite, 20nM Progesterone and 100mM Putrescine. 

293FT cells and were used to produce pLKO.1-derived and FUW-derived lentiviral particles. Calcium 

phosphate transfection of the pLKO.1 vectors, together with VSV-G envelope and Gag-Pol plasmids, was 

performed using the CalPhos Mammalian Transfection kit (Ozyme). After 7 hours of incubation, medium was 

changed with 10 mL of fresh MEF medium. Medium was than collected after 48 hours and stored at -80°c or 

directly used to infect MEFs. pMXs-based retroviral particles were similarly generated with Plat-E cells (a 

packaging cell line constitutively expressing gag, pol and env genes). 

Pluripotent reprogramming experiments 

Reprogrammable R26rtTA;Col1a14F2A; Oct4-EGFP MEFs within three passages after derivation were plated 

in six-well plates at 60,000 cells per well. The day after, cells were infected overnight with lentiviral shRNA 

particles in the presence of 8 μg/ml Polybrene, and medium was then replaced by fresh medium. The 

following day, medium was additioned with 2 μg/ml doxycycline to induce OSKM expression. After 72 hours 

in MEF medium + Dox, MEFs were reseeded on 0.1% gelatin coated plates in iPSC medium. Medium was 

replaced or supplemented with Dox-containing fresh medium for 15 days. OCT4-GFP+ colonies were counted 

under an Axiovert 200 M microscope, while alkaline phosphatase (AP) staining was performed with the 

Leukocyte Alkaline Phosphatase kit (Sigma-Aldrich).  

For OSK reprogramming, showed in figure 1, wild-type MEF were used and the Doxycyline treatment was 

substituted with an infection of retroviral particles for OSK overexpression.  

Malignant reprogramming experiments 

For MR, the LSL-K-RasG12D;R26-CreErt2 MEFs were similarly infected overnight with lentiviral shRNA 

particles in the presence of 8 μg/mL polybrene. 48 h later the cells MR was induced by co-infection overnight 

with sh#p53- and Myc-carrying viruses together with 4-hydroxitamoxifen treatment (1 μM) to induce K-

RasG12D expression. 72 hours later, MEFs were replated in six-well plates at low density (500, 1,000 or 2,000 

cells per well) in low-serum MEF medium (MEF medium with 5% FBS) for the foci formation assay. Medium 

was changed every 4 days for 30 days. 



 
112 

 

For soft-agar analysis, 72 hours after MR induction, cells were reseeded at normal concentrations and, after 

1-3 passages, soft agar assays were performed: cells were plated at a density of 25,000-50,000 cells per well 

on an agarose-MEF medium layers. 

Foci and soft agar colonies were stained between day 25 and 30 with a 0.5% cresyl violet solution in 20% 

methanol. 

Immunofluorescence 

Cells were fixed with 4% paraformaldehyde for 10 min at room temperature (RT°C), washed 3 times for 10 

minutes with PBS, permeabilized with 0.1% Triton X-100 for 30 min at RT°C and blocked with 1% bovine 

serum albumin (BSA) for 1 h. After incubation with primary antibodies diluted in BSA over-night at 4°C, cells 

were washed 3 times, incubated with fluorophore-labeled secondary antibodies (Life technologies), washed 

again 3 times and stained with 2μg/ml Hoechst 33242 (H1399, Termofisher). Used primary antibodies were: 

Nanog (mouse: RCAB002P, Reprocell; human: AF1997, R D), Ssea1 (sc-101462, Santa Cruz), Oct4 (sc-5279, 

Santa Cruz), Sox2 (ab97959, Abcam), Map2 (M4403, Sigma). Phalloidin staining was performed using GFP-

coupled Phalloidin-Atto 488 (49409, Sigma-Aldrich). Live SSEA4 immunostaining was carried out with the 

GloLIVE Human Pluripotent Stem Cell Live Cell Imaging Kit (SC023B, R D). 

RNA extraction and RT-qPCR 

RNA extraction was performed using Trizol reagent and 1 μg of RNA was reverse-transcribed with the 

RevertAid H Minus First Strand cDNA Synthesis kit (Life Technologies). RT-qPCR was performed with the 

LightCycler 480 SYBR Green I Master mix (Roche) on the LightCycler 96 machine (Roche). Gapdh and Actin 

were used as housekeeping genes. Used qPCR primers are listed in Table 1. 

Protein extraction and Western blot 

Cells were scrapped in RIPA buffer (150 mM NaCl, 1% Triton, 0.5% deoxycholate, 0.1% SDS and 50 mM Tris, 

pH 8.0) supplemented with protease inhibitor and phosphatase inhibitors. Scrapped cells were incubated 30 

min on ice, lysed by sonication, and centrifugated for 10 min at 15,000g. Supernatants were collected and 

proteins were denatured 10 min at 95 °C in Laemmli sample buffer, separated on 4-15% or 12% 

polyacrylamide gels, and transferred onto a nitrocellulose membrane with the TransBlot Turbo Transfer 

System (Biorad). The membrane was blocked with 5% milk in T-BST (Tris-buffered saline, 0.1% Tween 20) for 

1 h, incubated with primary antibody at 4°C overnight and secondary antibodies for 1 h at RT°C. Antigens 

were detected using ECL reagents. The following antibodies were used: mouse anti-Oct4 (sc-5279, Santa 

Cruz, 1:1,000), rabbit anti-Sox2 (ab97959, Abcam, 1:1,000), goat anti-Klf4 (AF3158, R D, 1:1,000), mouse 

anti-c-Myc (sc-42, Santa-Cruz, 1:200), rabbit anti-K-Ras (8955, Cell signaling, 1:1000), rabbit anti-K-RasG12D 

(14429, Cell signaling, 1:1000),  mouse anti-p53 (sc-126, Santa-Cruz, 1:200), rabbit-anti Atoh8 (PA5-20710, 

Termofisher, 1:1000), rabbit anti-Id4 (BCH-9/82-12, BioCheck, 1:1000), mouse anti-Twist2 (HOO7581-M01, 

Abnova, 1:250), rabbit anti-Nanog (RCAB002P, Reprocell,1:1000), mouse anti-Ssea1 (sc-101462, Santa Cruz, 

1:1000), mouse anti-Cdh1 (610181, BD, 1:1000), rabbit anti-Snail (C15D3, Cell signaling, 1:1000), rabbit anti-
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Vim (R28, Cell signaling, 1:1000), mouse anti-Twist1 (ab50887, Abcam, 1:250), goat anti-hSox2 (AF2018, R D, 

1:1000), rabbit anti-hNanog (3580, Cell signaling, 1:1000), mouse anti-Active -Catenin (8E7, Millipore, 

1:1000), mouse anti- -Catenin (sc-7963, Santa-Cruz, 1:1000), rabbit anti-P-Gsk3a/b (9331, Cell signaling, 

1:1000), rabbit anti-Gsk3b (9315, Cell signaling, 1:1000), mouse anti-Tle2 (sc-374226, Santa-Cruz, 1:500), 

rabbit anti-Lef1 (2230, Cell signaling, 1:1000), rabbit anti-Gapdh (sc-25778, Santa-Cruz, 1:4000)  horse radish 

peroxidase (HRP)-conjugated anti-ACTIN (Sigma Aldrich, A3854, 1:10,000), HRP-conjugated goat anti-rabbit 

(Interchim, 111-035-144, 1:5,000), HRP-conjugated goat anti-mouse (Interchim, 115-035-075, 1:5,000),  and 

HRP-conjugated goat anti-rat (Interchim, 112-035-143, 1:5,000). 

FACS 

Flow cytometry analysis were performed with the FACS Canto II (BD). The following antibody was used: anti-

mouse CD90.2 (Thy-1.2) APC (eBioscience, 17-0902). FACS Sorting was performed on a BD FACS Aria.  

NGS analyses 

RNA quality was analysed using a Bioanalyser (Agilent). Libraries were constructed and sequenced on an 

illumina Hiseq 2000 by the cancer genomics platform on site.  

Statistical analyses 

All data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism software. 

Student t tests were used for paired comparisons. Two-tales P-values are indicated on each graph. 

 

Genotyping primers  
  

    
Transge

ne Primer 1 Primer 2 Primer 3 

Col1a14F

2A 
CCCTCCATGTGTGACCAAGG TTGCTCAGCGGTGCTGTCCA 

GCACAGCATTGCGGACAT

G 

R26rtTA 
GCGAAGAGTTTGTCCTCAACC AAAGTCGCTCTGAGTTGTTAT 

GGAGCGGGAGAAATGGA

TATG 

LSL-K-

rasG12D 

CCTTTACAAGCGCACGCAGACT

GTAGA 

AGCTAGCCACCATGGCTTGAGTAAG

TCTGCA 
  

R26-

CREERT2  
TGCCACGACCAAGTGACAGC  CCAGGTTACGGATATAGTTCATG   

OCT4-

EGFP 
CAAGGCAAGGGAGGTAGACA TGCCAGACAATGGCTATGAG 

CCAAAAGACGGCAATAT

GGT 
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shRNA sequences 

   

 
Forward sequence 

 
sh#p53 CCCACTACAAGTACATGTGTAA 

 
sh#Atoh8 CGTCAATTTCACACGTAATTT 

 
sh#Tle2 AGAGCTGGATCAGGGATTTAC 

 
sh#Sfrp1 ACTGGCCCGAGATGCTCAAAT 

 
sh#Sfrp2 CGGCATCGAGTACCAGAACAT 

 
   
   
   
Guide CRISPR sequences  

 
   

 
Forward sequence Reverse sequence 

sg#Atoh8_1 CACCGGAAGCACATCCCGGTCCTCG AAACCGAGGACCGGGATGTGCTTCC 

sg#Atoh8_2 CACCGCCGGGATGTGCTTCATGGCG AAACCGCCATGAAGCACATCCCGGC 
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qPCR 

primers   
  

   

 
Forward primer Reverse primer 

Gapdh CATGGCCTTCCGTGTTCCTA GCCTGCTTCACCACCTTCTT 

Actin GCTGTATTCCCCTCCATCGTG CACGGTTGGCCTTAGGGTTCAG 

Atoh8 CCTCAGCTTCTCCGAGTGTG CAGGTCACTCCTTCCGTTTCT 

c-Myc CGCCCAGTGAGGATATCTGG GTAGCGACCGCAACATAGGA 

Cdh1 TGTATGTGTGTGGGTGCTGAT GAGAACGGTTTCAATGGCTTACC 

EPCam GGCTGAGATAAAGGAGATGGGTG CCCTTCGCAGGTCTTCATCT 

Krt8 CGGCTACTCAGGAGGACT CAGCTTCCCATCTCGGGTTT 

Vim AGACCAGAGATGGACAGGTGA TTGCGCTCCTGAAAAACTGC 

Snail GTCCAGCTGTAACCATGCCT TGTCACCAGGACAAATGGGG 

h_Brachury CAGGTCCCGAAAGATGCAGT GTGCTCCTCCACTGCTTTGA 

h_Eomes AGCCATGTTTGCCCTAGTCC GCTTGCTCTCTCCTGAGTCC 

h_Gata4 TACATGTCTCTCCCCTGGCA GAACGAAGGGTCTGCAGTGA 

h_Sox17 TGGACCGCACGGAATTTGAA GGACACCACCGAGGAAATGG 

Dkk GCTGTAGGGGGCATTTCCTT TCCCTGTTCTTCAGCGTTCC 

Tle2 CATCTGCTGCCTTTTCAGAGTG TTGGTAAAGCCCACACCAGG 

Sfrp1 GGAAGCCTCTAAGCCCCAAG CATCCTCAGTGCAAACTCGC 

Sfrp2 GTGTCCGAAAGGGACCTGAA TGACCAGATACGGAGCGTTG 

Lef1 CCAAGCAAGGCATGTCCAGA GAAGTGTCGCCTGACAGTGA 
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Figure 1: Identification of a new obstacle towards c-Myc reprogramming activity. (a) Western blot showing 

expression levels of Oct4, Sox2, Klf4 and c-Myc in MEFs and iPSCs. (b) Scheme depicting pluripotent 

reprogramming in presence and absence of c-Myc endogenous expression. Cells were infected with lentiviral 

shRNA particles targeting control and c-Myc coding sequences. 48 hours later, retroviral particles were 

infected to induce Oct4, Sox2 and Klf4 over-expression. iPSC colonies were scored at day 15 by AP+ staining. 

(c) Picture representing AP+ colonies on the different conditions, representative of three independent 

experiments. (d) colony counting. Data are the mean ± s.d. (n=3 independent experiments). Student's t-test 

was used, and two-sided p-values are indicated (e) Western blot showing expression levels of c-Myc, K-

RasG12D, K-Ras and p53 in MEFs and TCs. (f) Scheme depicting MR immortalization in presence and absence 

of c-Myc endogenous expression. Cells were infected with lentiviral particles targeting control and c-Myc 

coding sequences. 48 hours later, malignant reprogramming was induced by 4-OHT treatment (to induce K-

RasG12D expression) and lentiviral shRNA particles targeting p53. Immortalized foci were scored at day 30 

by Cresyl-violet staining. (g) Picture representing Cresyl-violet foci on the different conditions, representative 

of three independent experiments. (h) colony counting. Data are the mean ± s.d. (n=3 independent 

experiments). Student's t-test was used, and two-sided p-values are indicated. (i) Supervised hierarchical 

clustering, showing Thy1 and the 49 bHLH TFs expressed in MEF, based on transcript levels represented in 

Thy1-/Thy1+ expression ratio at day 3 of PR and MR. (j) Western blot showing expression level of Atoh8, Id4 

and Twist2 in MEFs, Thy1- and Thy+ subpopulations at day 3 of PR and MR. (k) Western blot showing 

expression levels of Atoh8, Id4 and Twist2 in MEFs, IPSCs and TCs. (l) Histogram depicting Atoh8 transcript 

levels in LUSC and BRCA patients. Data are presented as a log2 of the ratio of Atoh8 FPKMs between 

malignant and healthy tissues. (m) Atoh8 (red) and Nanog (green) expression levels in MEF, PR intermediates 

and mIPSCs. Data, extracted from Nefzger. et al., 2017, present Atoh8 and Nanog transcripts level in log2 of 

FPKM. 
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Figure 2: Atoh8 as a novel barrier towards pluripotent reprogramming. (a) Scheme depicting pluripotent 

reprogramming upon shRNA Atoh8 downregulation. Cells were infected with lentiviral shRNA particles 

targeting control or Atoh8 coding sequences. 48 hours later, pluripotent reprogramming was started by 

doxycycline treatment to induce the expression of the OSKM cocktail. iPSC colonies were scored at day 15 by 

AP+ staining. (b) Picture representing AP+ colonies at day 15 of PR in sh#control and sh#Atoh8 conditions, 

representative of three independent experiments. (c) AP+ iPSCs colony counting. Data are the mean ± s.d. 

(n=3 independent experiments). Student's t-test was used, and two-sided p-values are indicated. (d) Scheme 

depicting pluripotent reprogramming upon shRNA Atoh8 downregulation. Pou5f1-GFP reporter MEFs cells 

were were infected with lentiviral shRNA particles targeting control or Atoh8 coding sequences. Pluripotent 

reprogramming was induced as described in Fig. 2A. iPS colonies were scored at day 15 by GFP+ staining. (e) 

Picture representing Pou5f1-GFP+ colonies at day 15 of PR in sh#control and sh#Atoh8 conditions, 

representative of three independent experiments. (f) colony counting. Data are the mean ± s.d. (n=3 

independent experiments). Student's t-test was used, and two-sided p-values are indicated. (g) Picture 

representing AP+ colonies at day 15 of PR upon Atoh8 downregulation using two different CRISPR guides, 

representative of two independent experiments.  (h) colony counting. Data are the mean ± s.d. (n=2 

independent experiments). Student's t-test was used, and two-sided p-values are indicated. (i) FACS analysis 

showing Pou5f1-GFP profile from day 3 to day 6 of pluripotent reprogramming perfomed in sh#Control and 

sh#Atoh8 background (j) Graph depicting Pou5f1-GFP+ percentage of cells in function of reprogramming day 

(from day 3 to day 6). Squares correspond to sh#control, circles to sh#Atoh8. Data are the mean ± s.d. (n=3 

independent experiments). Student's t-test was used, and two-sided p-values are indicated (k) Scheme 

depicting acceleration test in pluripotent reprogramming. Cells were were infected with lentiviral shRNA 

particles targeting control or Atoh8 coding sequences. Pluripotent reprogramming was induced by 

doxycycline-mediated OSKM induction for 6 days, than cells were harvested in KSR+Lif medium without 

doxycycline for the remaining 9 days. iPSC colonies were scored at day 15 by AP+ staining. (l) Picture 

representing AP+ colonies at day 15 of PR in sh#control and sh#Atoh8 conditions, representative of three 

independent experiments. (m) colony counting. Data are the mean ± s.d. (n=2 independent experiments). 

Student's t-test was used, and two-sided p-values are indicated. (n) Western blot showing expression level 

of Ssea1, Sox2, Nanog and Oct4 in monoclonal lines obtained from full-15 days-reprogramming (iPS) and 

accelerated-6 days-reprogramming (Clone 1 and 2). (o) Nanog immunofluorescence of monoclonal lines 

obtained from full-15 days-reprogramming (iPS) and accelerated-6 days-reprogramming (Clone 1 and 2). 
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Figure 3: Atoh8 as a novel barrier towards malignant reprogramming. (a) Scheme depicting MR 

immortalization upon Atoh8 downregulation. Cells were infected with lentiviral particles targeting control 

and c-Myc coding sequences. 48 hours later, malignant reprogramming was induced by 4-OHT treatment (to 

induce K-RasG12D expression), lentiviral shRNA particles targeting p53 and retroviral particles for induce c-

Myc over-expression. Immortalized foci were scored at day 30 by Cresyl-violet staining. (b) Picture 

representing Cresyl-violet foci at day 30 of MR immortalization in sh#control and sh#Atoh8 conditions, 

representative of three independent experiments. (c) colony counting. Data are the mean ± s.d. (n=3 

independent experiments). Student's t-test was used, and two-sided p-values are indicated. (d) Scheme 

depicting MR transformation upon Atoh8 downregulation. Cells were infected with lentiviral particles 

targeting control and c-Myc coding sequences. 48 hours later, malignant reprogramming was induced as 

described in Fig. 3A. Cells were then splitted three times before starting soft-agar tests. Transformed soft-

agar colonies were scored at day 30 by Cresyl-violet staining. (e) Picture representing Cresyl-violet soft-agar 

colonies at day 30 of MR transformation in sh#control and sh#Atoh8 conditions, representative of three 

independent experiments. (f) colony counting. Data are the mean ± s.d. (n=3 independent experiments). 

Student's t-test was used, and two-sided p-values are indicated. (g) Picture representing Cresyl-violet 

immortalized foci at day 30 of MR immortalization upon Atoh8 downregulation using two different CRISPR 

guides. (h) colony counting. Data are the mean ± s.d. (n=2 independent experiments). Student's t-test was 

used, and two-sided p-values are indicated. (i) Scheme depicting acceleration test in malignant 

reprogramming Cells were infected with lentiviral particles targeting control and c-Myc coding sequences. 48 

hours later, malignant reprogramming was induced as described in Fig. 3A. Cells were then splitted only once 

before starting soft-agar tests. Transformed soft-agar colonies were scored at day 30 by Cresyl-violet staining. 

(j) Picture representing Cresyl-violet soft-agar colonies at day 30 of MR transformation in sh#control and 

sh#Atoh8 conditions, representative of three independent experiments. (k) colony counting. Data are the 

mean ± s.d. (n=3 independent experiments). Student's t-test was used, and two-sided p-values are indicated. 
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Figure 4: Atoh8 downregulation effects on PR and MR products, iPSCs and TCs: (a) Western blot showing 

expression levels of Oct4, Nanog and Sox2 in iPSC monoclonal lines obtained in sh#control and sh#Atoh8 

background. (b) Immunofluorescence for Oct4, Nanog, Ssea4, Sox2 in iPS monoclonal lines obtained in 

sh#control and sh#Atoh8 background. (c) Picture depicts histological analysis of teratomas derived from 

sh#control and sh#Atoh8 iPSC monoclonal lines. 2 independent teratoma were analyzed per cell line. Triangle 

= ectodermal tissue; circle = mesodermal tissues; square = endodermal tissue. (d) Picture representing Cresyl-

violet immortalized foci at day 30 of foci formation assay starting from TC polyclonal lines derived in 

sh#Control and sh#Atoh8 background. (e) colony counting. Data are the mean ± s.d. (n=3 independent 

experiments). Student's t-test was used, and two-sided p-values are indicated. (f) Picture representing Cresyl-

violet transformed colonies at day 30 of soft-agar assay starting from TC polyclonal lines derived in sh#Control 

and sh#Atoh8 background. (g) colony counting. Data are the mean ± s.d. (n=2 independent experiments). 

Student's t-test was used, and two-sided p-values are indicated. (h) Xenograft tumor volume over time after 

injection of sh#control and sh#Atoh8 TCs. 6 independent mice per condition were analysed. Data are the 

mean ± s.d. (n=6 independent mice). Student's t-test was used, and two-sided p-values are indicated (i) 

Statistical overrepresentation analysis. The Panther DB tool was used to detect overrepresented family genes 

within the genes differentially expressed in sh#control and sh#Atoh8 TCs. A Fisher's exact two-sided test was 

used to calculate p-values. (j) Phalloidin immunofluorescence of TCs obtained in sh#control and sh#Atoh8 

background. (k) Western blot showing expression level of Cdh1, Snail, Vim and Twist1 in sh#control and 

sh#Atoh8 polyclonal TCs. (l) Western blot showing expression level of Cdh1 in sh#control and sh#Atoh8 

conditions at passage 1, 3 and 5 during malignant reprogramming. 
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Figure 5: Atoh8 acts a general roadblock during cellular identity changes. (a) Scheme depicting human 

pluripotent reprogramming. Cells were infected with lentiviral sg#control and sg#Atoh8 particles. 48 hours 

later, pluripotent reprogramming was induced with OSKM Sendai viruses and iPSC colonies were scored at 

day 26 by AP+ staining or live SSEA4+ imaging. (b) Picture representing AP+ colonies at day 26 of human PR 

in sg#control and sg#Atoh8 conditions, representative of three independent experiments. (c) colony 

counting. Data are the mean ± s.d. (n=3 independent experiments). Student's t-test was used, and two-sided 

p-values are indicated. (d) Picture representing SSEA4+ colonies at day 26 of human PR in sg#control and 

sg#Atoh8 conditions, representative of two independent experiments. (e) colony counting. Data are the 

mean ± s.d. (n=2 independent experiments). Student's t-test was used, and two-sided p-values are indicated. 

(f) Scheme depicting MEF to neuron transdifferentiation. Cells were infected with lentiviral sh#control and 

sh#Atoh8 particles. 48 hours later, MEF to neuron reprogramming was induced through lentiviral infection 

of Brn2, Ascl1 and Mtyl1. Cells were changed from MEF to N3 medium at day 3 and induced neurons iNs 

scored at day 8 by MAP2 immunofluorescence. (g) Immunofluorescence for Map2 in induced neurons 

obtained in sh#control and sh#Atoh8 background, representative of two independent experiments. (h) iNS 

counting per field. Data are the mean ± s.d. (n=2 independent experiments). Student's t-test was used, and 

two-sided p-values are indicated. (i) Scheme depicting NIH3T3 transformation. Cells were infected with 

lentiviral sh#control and sh#Atoh8 particles. 48 hours later, NIH3T3 reprogramming was induced through 

retroviral infection of c-Myc. Cells were splitted for three passages before starting soft-agar experiments and 

transformed colonies were revealed after 30 additional days by Cresyl-violet staining. (j) Picture representing 

transformed soft-agar colonies at day 30 of NIH3T3 transformation in sh# control and sh#Atoh8 conditions, 

representative of three independent experiments. (k) colony counting. Data are the mean ± s.d. (n=3 

independent experiments). Student's t-test was used, and two-sided p-values are indicated. 
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Figure 6: c-Myc driven Atoh8 repression leads to Wnt pathway activation. (a) Western blot showing 

expression levels of c-Myc and Atoh8 in MEFs subjected to increasing doses of c-Myc. (b) q-RTPCR showing 

levels of Atoh8 DNA immunoprecipitated with control IggM or Myc antibody in control or c-Myc-

overexpressing conditions. Data, represented as a percentage of Atoh8 DNA levels in ChiP input, are the 

mean +/- sd of 2 independent experiments. Student T-test was used, and two-sided p-values are indicated. 

(c) q-RTPCR showing Atoh8 expression levels upon c-Myc overexpression.  Data, normalized to control vector, 

are the mean +/- sd of 3 independent experiments. Student T-test was used, and two-sided p-values are 

indicated. (d) Western blot showing expression level of c-Myc and Atoh8 in MEFs subjected to sh#-induced 

Atoh8 downregulation. (e) Principal component analysis of RNA-sequencing of two samples of MEFs wild-

type after 5 days upon infection of lentiviral sh#control and of sh#Atoh8 particles. (f) Dendrogram presenting 

RNA-sequencing data of the 299 differentially expressed genes in sh#control and Atoh8#conditions. FPKM 

values are normalized to z-score and presented as Log2 values. Color scale is provided in the image. (g) 

Graphic depicting fold enrichment of statistical overrepresentation analysis. The Panther DB tool was used 

to detect overrepresented family genes within the genes differentially expressed in sh#control and sh#Atoh8 

MEFs. A Fisher's exact two-sided test was used to calculate p-values.  (h) Western blot showing expression 

level of Wnt pathway factors in MEFs upon 5 days of sh#control and sh#Atoh8 downregulation and treated 

for the last 48 hours with DMSO or Chir99021 inhibitor. (i) Dendrogram presenting RNA-sequencing data of 

the eight differentially expressed genes involved in Wnt pathway activation in sh#control and sh#Atoh8 

conditions. FPKM values are presented as Log2 values. Color scale is provided. (j) Western blot showing 

expression levels of Tle2 and Lef1 after 5 days upon sh#control and sh#Atoh8 targeting. (k) Picture 

representing AP+ colonies at day 15 of PR in sh#control, sh#Tle2, sh#Sfrp1 and sh#Sfrp2 conditions, 

representative of two independent experiments. (l) colony counting. Data are the mean ± s.d. (n=2 

independent experiments). Student's t-test was used, and two-sided p-values are indicated. (m) Picture 

representing Cresyl-violet foci formation colonies at day 30 of MR immortalization in sh#control, sh#Tle2, 

sh#Sfrp1 and sh#Sfrp2 conditions, representative of three independent experiments. (f) colony counting. 

Data are the mean ± s.d. (n=3 independent experiments). Student's t-test was used, and two-sided p-values 

are indicated. 
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Supplementary Figure 1: Atoh8 expression in pluripotent reprogramming and malignant transformation. 

(a) Knockdown efficiency of c-Myc in MEFs. Western blot showing c-Myc expression level upon 

downregulation with two independent shRNA (sh Myc1 and sh Myc2). (b) Picture representing AP+ colonies 

(upper panels) and Cresyl-violet immortalized foci (lower panels) derived upon PR and MR in DMSO or c-Myc 

inhibitor conditions, representative of two independent experiments. (c) AP+ iPS colonies and Cresyl-violet 

immortalized foci countings. Data are the mean ± s.d. (n=2 independent experiments). Student's t-test was 

used, and two-sided p-values are indicated. (d) FACS profile showing gating strategy for Thy1 sorting. Thy 

profiles corresponding to MEF (black), day 3 of PR (red) and day 3 of MR (blue). (e) Histogram depicting Atoh8 

transcript levels in LUAD and PRAD patients. Data are presented as a log2 of the ratio of Atoh8 FPKMs 

between malignant and healthy tissues. (f) Atoh8 (red) and Nanog (green) expression levels in MEF, PR 

intermediates and mIPSCs. Data, extracted from Knaupp. et al., 2017, present Atoh8 and Nanog transcripts 

level in FPKM. (g) Atoh8 (red) and Nanog (green) expression levels in embryonic stem cells (ESCs) and in vivo 

totipotent and pluripotent compartments. Data, extracted from Boroviak. et al., 2015, present Atoh8 and 

Nanog transcripts level in FPKM. (h) Atoh8 (red) and Nanog (green) expression levels in human fibroblasts, 

human PR intermediates and hIPSCs. Data, extracted from Chacchiarelli. et al., 2015, present Atoh8 and 

Nanog transcripts level in FPKM. (i) Left panel: Atoh8 expression levels in MEF, PR intermediates and iPSCs in 

prone (red) and refractory (black) populations. Data, extracted from Polo. et al., 2012, are presented as a 

log2 of Atoh8 transcripts levels in microarray analysis. Right panel: H3K4m3 (red) and H3K27me3 (green) 

methylation profile in MEFs, PR intermediates and iPSCs extracted from Polo. et al., 2012. 
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Supplementary Figure 2: Atoh8 as a novel barrier towards pluripotent and malignant reprogramming. (a-

b) sh#Atoh8 knockdown efficiency in MEFs. (a) Western blot showing Atoh8 expression level upon infection 

with lentiviral shRNA particles targeting control and Atoh8 coding sequences. (b)  q-RTPCR showing Atoh8 

expression levels upon downregulation with sh#Atoh8.  Data, normalized to sh#control, are the mean +/- sd 

of 3 independent experiments. Student T-test was used, and two-sided p-values are indicated. (c) sg#Atoh8 

targeting efficiency of Atoh8 in MEFs. Western blot showing Atoh8 expression level upon downregulation 

with two different sgRNA targeting Atoh8 (sg Atoh8-1 and sg Atoh8-2). (d) Picture representing Pou5f1-GFP+ 

colonies at day 15 of PR upon Atoh8 downregulation using two different CRISPR guides, representative of 

two independent experiments. (e) colony counting. Data are the mean ± s.d. (n=2 independent experiments). 

Student's t-test was used, and two-sided p-values are indicated. (f)  Epifluorescence microscope images 

showing iPSCs Pou5f1-GFP+ colonies derived from a partia-6-days pluripotent reprogramming. Brightfield 

and GFP represented. (g) Picture representing Cresyl-violet transformed soft-agar colonies at day 30 of MR 

transformation upon Atoh8 downregulation using two different CRISPR guides. (h) colony counting. Data are 

the mean ± s.d. (n=2 independent experiments). Student's t-test was used, and two-sided p-values are 

indicated.   
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Supplementary Figure 3: Effects on final iPSCs and TCs upon initial Atoh8 knock-down. (a) q-RTPCR 

showing three germ layers markers Foxa2, Nestin and Brachury expression levels after 7 days of 

differentiation of sh#control and sh#Atoh8 iPSC monoclonals lines into embryonic-bodies. Data, normalized 

to day0 of differentiation, are the representation of 1 experiment. (b) Survival growth of mice injected with 

sh#control and sh#Atoh8 TCs to perform xenografts described in figure 4H. Data are the mean ± s.d. (n=6 

independent mice). Student's t-test was used, and two-sided p-values are indicated. (c) Picture depicts 

hematoxylin-eosin and KI67 staining histological analysis of xenograft derived from sh#control and sh#Atoh8 

TC polyclonal lines.  (d) Proliferation curve of sh#control and sh#Atoh8 TCs over time. Data are the mean ± 

s.d. (n=3 independent experiments). Student's t-test was used, and two-sided p-values are indicated. (e) 

Principal compontent analysis of RNA-sequencing of three samples of sh#control and of sh#Atoh8 TCs 

samples. (f) q-RTPCR showing Cdh1, EpCam, Krt8, Vim and Snail expression in sh#control and sh#Atoh8 TCs.  

Data, normalized to sh#control, are the mean ± sd (n=3 independent experiments). Student's t-test was used, 

and two-sided p-values are indicated. (g) Picture representing Cresyl-violet immortalized foci at day 30 of foci 

formation assay starting from TC polyclonal lines 2 and 3 obtained in sh#control and sh#Atoh8 background. 

(h) colony counting. Data are the mean ± s.d. (n=3 independent experiments). Student's t-test was used, and 

two-sided p-values are indicated. (i) Western blot showing expression level of Cdh1, Vim and Twist1 in 

sh#control and sh#Atoh8 TC polyclonal lines 2 and 3. 
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Figure 4 Supplementary: Characterization of hIPS monoclonal line obtained upon Atoh8 downregulation. 

(a) Western blot showing expression level of Sox2, Nanog and Oct4 in hiPS monoclonal lines obtained in a 

sg#control and sg#Atoh8 background. (b) Immunofluorescence for Oct4 and Nanog in hiPS sg#control and 

sg#Atoh8 monoclonal lines. (c) q-RTPCR showing three germ layers markers Foxa2, Nestin and Brachury 

expression levels after 11 days of sg#control and sg#Atoh8 monoclonal lines differentiation to embryonic-

bodies. Data, normalized to day 0 of differentiation, are the mean +/- sd of 3 independent experiments. 

Student T-test was used, and two-sided p-values are indicated. (e) Picture representing immortalized foci and 

transformed soft-agar colonies obtained from NIH3T3. First panel: immortalized foci obtained after 15 days 

of foci formation test in control conditions, stained with Cresyl-violet. Second panel: Cresyl-violet staining 

after 30 days of soft agar experiment in control conditions: no detectable transformed colonies. Third panel: 

transformed colonies obtained after 30 days of soft agar experiment in c-Myc overexpressing conditions, 

stained with Cresyl-violet. 
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Supplementary Figure 5: Atoh8 c-Myc driven inhibition activates Wnt pathway. (a) q-RTPCR showing Atoh8 

expression levels after 3 days of Oct4, Sox2, Klf4 over-expression, p53 downregulation or KRasG12D induction 

in MEF.  Data, normalized to control, are the mean +/- sd of 3 independent experiments. Student T-test was 

used, and two-sided p-values are indicated. (b) q-RTPCR showing c-Myc expression levels after 5 days of 

Atoh8 downregulation in MEF.  Data, normalized to control, are the mean +/- sd of 3 independent 

experiments. Student T-test was used, and two-sided p-values are indicated. (c) Graphic depicting statistical 

significance of fold enrichment observed in statistical overrepresentation analysis. The Panther DB tool was 

used to detect overrepresented family genes within the genes differentially expressed in sh#control and 

sh#Atoh8 MEFs. A Fisher's exact two-sided test was used to calculate p-values. (d) q-RTPCR showing Dkk2, 

Tle2, Sfrp1, Sfrp2 and Lef1 expression levels after 5 days of Atoh8 downregulation in MEF.  Data, normalized 

to control, are the mean +/- sd of 3 independent experiments. Student T-test was used, and two-sided p-

values are indicated. (e) q-RTPCR showing Tle2, Sfrp1 and Sfrp2 expression levels upon downregulation with 

sh#Tle2, sh#Sfrp1 and sh#Sfrp2.  Data, normalized to sh#control, are the mean +/- sd of 3 independent 

experiments. Student T-test was used, and two-sided p-values are indicated. 
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4. SECOND PHD PROJECT: 

 

NETRIN-1 SIGNALLING MODULATION PROVIDES A NON-CHEMICAL 

ALTERNATIVE TO 2i EMPLOYMENT IN THE CONTROL OF NAÏVE PLURIPOTENCY 
 

Combined activation of Wnt pathway and reduction of Fgf signalling through 2i (GSK3 and MEK) inhibitors 

constituted a powerful tool for theorical and practical advances in the pluripotency field. The culture of 

ESCs in 2i+Lif conditions leads to homogenized naïve in vitro cultures. This has allowed to produce ESCs 

with greater differentiation potential, higher chimaera formation and more efficient CRISPR gene editing 

(Wray et al., 2010). Among the different advantages provided by 2i, the use of these inhibitors, in 

combination with Lif, led to a better comprehension of circuits regulating ESCs maintenance, an 

enhanced knowledge of Wnt and Fgf effectors in pluripotency and promoted the derivation of ESC lines 

from rats and recalcitrant mice strain, as the non-obese diabetic (NOD) mice (Buehr et al., 2008; Dunn et 

al., 2014; Li et al., 2008; Martello et al., 2012; Jennifer Nichols et al., 2009).  

However, 2i employment presents a considerable drawback. When cultivated for long periods in 2i+Lif 

conditions, ESCs presents genomic integrity defects, which lead to developmental potential impairment  

(Choi et al., 2017). 

Alternatives to the 2i use have been proposed: combined action of Lif, Mek inhibitor and the atypical 

protein kinase C (aPKCi) inhibitor can be used to derive rat ESCs in a more efficient way compared to the 

2i+Lif conditions (Shimizu et al., 2012). However, this second cocktail again contains Mek inhibitor, which 

has been identified as the responsible for the observed epigenetic alterations (Choi et al., 2017).  

 

It thus becomes relevant to think to alternative strategies that brings the same advantages offered by 

2i+Lif, without the genomic alterations that cause developmental defects (Choi et al., 2017). 

 

A recent work of the lab showed that the axon guidance Netrin-1 regulates pluripotent reprogramming 

through apoptosis blockage (Ozmadenci et al., 2015). We next wondered if this secreted ligand could 

play a role in pluripotency maintenance, particularly focusing our attention on a possible induction of a 

homogeneous naïve state. 
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4.1. Netrin discovery 

 

Netrins form a family of ligands firstly described for their involvement in the axon guidance, the 

process by which neurons extend their axons towards their target regions (Stoeckli, 2018).  

The first form of Netrin, named Uncoordinated-6 (Unc-6), was discovered in C. elegans following a 

screening performed to identify key factors of neuronal migration and axon guidance (Hedgecock et 

al., 1990). The first vertebrate homologues discovered were the chicken Netrin-1 and Netrin-2, 

which promote and guide the out-growth of the commissural axons of the spinal cord (Serafini et 

al., 1994). 

In mammals, we can find six forms of Netrin. Four of them constitute a group of secreted proteins, 

Netrin-1, -3, -4 and -5, while the other two, Netrin-G1 and -G2, are sequestered to the membrane 

through a GPI anchor (Nakashiba et al., 2002; Serafini et al., 1994; Wang et al., 1999; Yamagishi et 

al., 2015; Yin et al., 2000). 

 

4.2. Netrins structure 

 

Netrins constitute a family of extracellular proteins who belong structurally to the laminin family. 

Laminins are heterotrimeric proteins composed by three aminoacidic chains, (α-,β-, and γ-chain) 

essential for the composition of the extracellular matrix (ECM), (Timpl et al., 1979). 

With a molecular weight of about 70KDa, netrins are formed by three distinct domains: the N-

terminal globular domain, called domain VI, the central domain constituted by the EGF repeats (V1, 

V2 and V3) called domain V, and the C-terminal domain, called domain C for the secreted Netrins 

and C’ for the GPI-anchored (Cirulli and Yebra, 2007). An exception is represented by Netrin-5, which 

does not present a VI domain and contains just two EGF repetitions in the central domain (Yamagishi 

et al., 2015) (Fig.19) 

Compared to laminins, domains VI and V of netrins are respectively homologous to the domains VI 

and V of these secreted proteins, with Netrin-1, -3 similar to laminin γ-chain and Netrin-4, -G1 and 

-G2 to laminin β-chain. On the other hand, netrins C-terminal domains do not show any homology 

with laminins (Rajasekharan and Kennedy, 2009). Highly enriched in positive-charged amminoacids, 

C domains constitute a possible platform for interactions with extracellular heparan-sulphate 

(Kappler et al., 2000).  
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Figure 19: Netrins family structures. In the Netrins family, we can find four secreted molecules (Netrin-1,-2,-

3,-4) and two GPI-anchored members. They are principally formed by an N-terminal globular domain 

(red/green), a central domain containing EGFs repeats (blue) and a “domain C” C-terminal domain 

(yellow/purple). 

 

The most studied member of the family is Netrin-1. This pleiotropic molecule is expressed in the 

developing embryo and in a large spectrum of adult tissues and organs, in particular highly 

expressed in the central nervous system (CNS) (Alcántara et al., 2000). Interestingly, the average 

expression observed in the adult results decreased compared to the levels observed in the embryo, 

suggesting a relevance of the ligand in embryonic development.  

 

4.3. Netrin-1 and its receptors 

 

Netrin-1 has been showed to bind several receptors in different models. Interestingly, depending 

on the selected receptor, Netrin-1 can signal through different pathways and express distinct facets 

of its pleiotropic function. Its most described receptors are Dcc, Neogenin and the Unc family, but 

Netrin-1 can bind also less studied membrane receptors, as Dscam, A2b and some integrines (α6β4 

and α3β1) (Fig.20).  

 

4.3.1. DCC: Deleted in Colorectal Cancer 

 

Dcc was described for the first time in human by a screening aimed to identify genes present 

in the region of the chromosome 18q21 that show a loss of heterozygosity in 70% of colorectal 

cancers (Fearon et al., 1990). 

First evidences of the interaction of Netrin with Dcc comes from the first studies on C. Elegans, 

where Hedgecock and colleagues showed that the same defects in ventral and dorsal axonal 
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projections observed in the Unc-6 mutant (homologous on Netrin-1) were recapitulated in Unc-

40 and Unc-5, respectively corresponding to the vertebrates Dcc and Unc-5 family (Chan et al., 

1996, p. 40). Moreover, Dcc is expressed in the developing embryo in the commissural neurons 

of the spinal cord, where their axon projections respond to the Netrin-1 presence. Indeed, in 

this model, an antibody blocking Dcc receptor activity erases the effects of Netrin-1 on axon 

out-growth (Keino-Masu et al., 1996; Serafini et al., 1996). Furthermore, knock-out mice for 

Netrin-1 and Dcc show the same phenotype, with pups dying few hours after birth (Dominici et 

al., 2017; Fazeli et al., 1997; Yung et al., 2015).   

 

As Netrin-1, during embryonic development, Dcc is mainly and strongly expressed in the CNS, 

but its expression is observed also in the peripheric nervous system (Gad et al., 1997, p. 199; 

Jiang et al., 2003). On the contrary, in the adult the expression of Dcc is relatively low, still 

observed in the CNS, but in a smaller number of neural structures compared to the developing 

embryo (Gad et al., 1997; Osborne et al., 2005, p. 200). 

 

At the molecular level, the Dcc receptor belongs to the Immunoglobulin superfamily. 

Composed of around 175-190 KDa, depending on its isoform, it is formed by a long extracellular 

N-terminal domain, organized in four immunoglobulin domains and six type III fibronectin 

domains, and a shorter intarcellular C-terminal domain, constituted by three domains with no 

homology recognized with other described proteins, the domains P1, P2 and P3, fundamental 

for Dcc signalling transduction (Finci et al., 2015). The fourth and fifth fibronectin domain 

represent the binding site for Netrin-1 interaction (Geisbrecht et al., 2003; K. Xu et al., 2014). 

 

The signalling of Netrin-1 through Dcc was principally described in the axonal growth cones, 

mobile structures formed at the extremity of axons which drive their expansion. Here, Netrin-

1 bind the extracellular portion of Dcc inducing its heterodimerization through the internal P3 

domain (Stein, 2001). The heterodimerization of the receptor enables its interaction with 

several intracellular proteins, as the tyrosine kinases FAK and Fyn, the scaffold protein Nck1 

and actin-binding proteins Ena/Vasp and N-WASP (Lebrand et al., 2004; Li et al., 2004, 2002, p. 

1; Shekarabi, 2005). The recruitment of these proteins leads to several signalling pathways that 

mediates cytoskeletal reorganization to promote axonal growth, as the Rho GTPase and the 

MAPK/Mek/Erk pathways (Forcet et al., 2002; Shekarabi and Kennedy, 2002).    
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4.3.2. Neogenin 

 

After Dcc, Neogenin (Neo-1) has been the second vertebrate homologous identified for the C. 

Elegans gene Unc-40. Belonging too to the immunoglobuline superfamily, Neo-1 share the 50% 

of homology with the Dcc gene and displays a similar secondary structure (Vielmetter, 1994).  

 

Unlike Dcc and Netrin-1 KO, which present neural defects that lead to perinatal death, KO mice 

for Neo-1 do not present alteration in neuronal axon guidance and are perfectly viable, with 

slight defects in myogenic differentiation (Bae et al., 2009). 

During the embryonic development, contrary to Dcc, Neo-1 has been described to be expressed 

in different organs, as gut, pancreas, lung and kidney, usually restricted to precise tissues, 

possibly playing a role during organogenesis (Fitzgerald et al., 2006). Neo-1 is also expressed in 

several adult tissues (Gad et al., 1997; Keeling et al., 1997). In the CNS, Neo-1 is principally 

present in regions of neuronal maturation, which host processes of axogenesis and dendritic 

arborization (Gad et al., 1997). Interestingly, the axon guidance process orchestrated by Neo-1 

in these structures is not mediated by Netrin-1, but by another Neogenin ligand, ten-fold more 

efficient than Netrin-1, Repulsive Guidance Molecule a (or RGMa) (Rajagopalan et al., 2004). 

 

Like Dcc, Neo-1 contains an extracellular domain organized in four immunoglobulin and six 

fibronectin domains, particularly conserved with Dcc aminoacidic sequence. On the other hand, 

the intracellular domain is divergent compared to Dcc, a part from the P1-3 domains which are 

conserved across all vertebrates (Cole et al., 2007).  

The interaction with Netrin-1 is mediated by the binding between the domains VI and V of 

Netrin-1 and the fourth and fifth fibronectin domain of Neo-1 (Keino-Masu et al., 1996). Even 

if it shows the same binding of the Netrin-1/Dcc interaction, the Netrin-1/Neo-1 binding is 

characterized by distinct structural and stochiometric features (K. Xu et al., 2014).  

 

Signalling of Netrin-1 through Neo-1 has been less studied compared to the homologous Dcc 

and little is known about this pathway. However, it has been shown that Neo-1, as Dcc, can 

interact with FAK and PTP-α, suggesting a possible redundancy in their function (Ren et al., 

2004).  

In this direction, Netrin-1 induces chemioattractive migration inside and outside the CNS, 

determinates cell adhesion and mediate differentiation through Neo-1  (Kang et al., 2004; Park 

et al., 2004; Srinivasan et al., 2003; Wilson and Key, 2006).  

4.3.3. Unc-5 family 
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As anticipated before, the same screening which led to the identification of Unc-6 and Unc-40 

(Netrin and Dcc) showed that the C. Elegans Unc-5, coding for the Unc-5 family in vertebrates, 

is fundamental for proper axon guidance (Hedgecock et al., 1990). Considering that the Unc-5 

mutant recapitulated the phenotype of Unc-6 mutant, it was hypothesized that Unc-5 is a 

Netrin-1 receptor involved in the neuronal migration and axon projection in regions far from 

the Netrin-1 source.  

Interestingly, the same study showed opposite effects of Netrin-1 depending on the bound 

receptor: while Netrin-1 have an attractive effect for axons of neurons expressing Dcc, it plays 

a repulsive role for axonal branching of neurons expressing Unc-5. This bifunctionality, 

dependent on the engaged receptor, was soon after demonstrated also in vertebrates 

(Colamarino and Tessier-Lavigne, 1995).  

 

Four Unc-5 homologous has been identified in vertebrates: Unc5-a, -b, -c and -d. During the 

embryonic development, they are all particularly expressed in the developing CNS (Leonardo 

et al., 1997). However, while expression of Unc5-a is merely restricted to the CNS, Unc5-b, -c 

and -d are present in other embryonic tissues, during blood vessel formation, retina 

development, bud limp and mammary gland patterning (Engelkamp, 2002). Regarding their 

requirement during development, while Unc5-a and -d KO mice are vital, Unc5-b KO showed 

embryonic lethality at E12.5 and Unc5-c KO mice in the few hours after birth (Burgess, 2006; 

Lu et al., 2004; Williams et al., 2006; Zhu et al., 2013).  

In the adult, Unc5-a and -c are strongly expressed in the spinal cord, while, outside the CNS 

their expression, of Unc5-b in particular, seem to be more ubiquitous (Manitt et al., 2004; 

Thiebault et al., 2003). 

 

On a structural level, members of the Unc5 family are type I transmembrane receptors. 

Containing around 110KDa, they belong too to the superfamily of Immunoglobulins.  

Their N-terminal extracellular region contains two Immunoglobulin domains followed by two 

type I Thrombospondines domains, while the C-terminal intracellular portion is formed by three 

different components: a ZU-5 domain (Zona Occludens-1/Unc5 homology domain), 

homologous to the ones found in the tight junctions-associated zona occludens proteins, an 

UPA domain (Unc-Pidd-Ankyrins) capable of interacting with the intercellular Dcc domain P3, 

and finally a Death domain (DD), homologous to the ones found in the death receptor family 

Tnf (Grandin et al., 2016). 
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The interaction with Netrin-1 concerns the IV and V Netrin-1 domain and the two Ig domains 

of Unc5.  

 

In the CNS, Netrin signalling through the Unc5 receptors drives a repulsive effect for neuronal 

axon guidance (Colamarino and Tessier-Lavigne, 1995). The process of repulsion mediated by 

the Netrin-1/Unc-5 axis is unclear: only the tyrosine phosphatase Shp2 has been identified in 

the process, and Unc5 receptors phosphorylation on the ZU-5 domains is required for its 

recruitment. At a functional level, it is hypothesized that the recruited Shp2 could interact with 

Rho GTPases and induce cytoskeletal reorganisation (Tong et al., 2001). Repulsive roles of the 

Netrin-1/Unc5-b signalling has been shown also outside the CNS, where the signalling hinders 

inappropriate lateral branching during lung morphogenesis, constitutes a repulsive cue in 

angiogenesis pathfinding and promotes placental vascularization (Liu et al., 2004; Lu et al., 

2004; Navankasattusas et al., 2008). 

 
 

Figure 20: Netrins receptors structures. Netrins can bind different receptors to mediate different functions. In 

the figure, the most described receptors are illustrated, with a legend depicting the structural domains 

composing them.  

 

 

 

 

 

Dscam

Neogenin
Dcc

Unc5A-D

A2b

α6β4 and α3β1 integrins 

P1

P2
P3 α

β

Immunoglobuline domain

Type III fibronectin domain

P domain

Thrombospondin domain

ZU-5 domain

UPA domain

Death domain

Cystein-rich domain



 
143 

 

4.4. Netrin-1 function  

 

During embryonic development, Netrin-1 and its receptors are strongly expressed in many regions 

in the CNS, where they play important roles. However, Netrin-1 is a pleiotropic molecule covering 

essential functions in many aspects of development and adult homeostasis. Moreover, Netrin-1 and 

its receptors have also been shown to be involved in cancer development through the model of 

dependence receptors 

 

4.4.1. Netrin-1 as a driver of axon guidance. 

 

During spinal cord development, Netrin-1 is particularly expressed in a medio-ventral structure 

known as floor plate and in the neuronal progenitors, which are situated in the medial centro-

ventral zone of the spinal cord and whose radial axons take contact with the dorsal surface of 

the spinal cord, the pia mater (Serafini et al., 1996). 

In this structure, Netrin-1 plays a fundamental role in the proper formation of the dorso-ventral 

projections of commissural neurons (Serafini et al., 1996). During this process, commissural 

axons from neurons present in the dorsal region of the spinal cord project towards the ventral 

floor plate, where they cross the median line and expand towards the anterior and posterior 

directions of the spinal cord (Wentworth, 1984). Particularly, the Netrin-1/Dcc axis mediates 

the first step of the process, where it guides the projections towards the floor plate thanks to 

is chemoattraction properties (Keino-Masu et al., 1996). Indeed, organisms deficient for Netrin-

1 and Dcc present major defects in axonal growth and in projections of commissural axons 

(Dominici et al., 2017; Fazeli et al., 1997; Serafini et al., 1996). Unexpectedly, the Netrin-1 

required for this chemoattraction is not produced by the floor plate, but by the neuronal 

progenitors (Dominici et al., 2017; Varadarajan et al., 2017).  

 

Notably, like other axon guidance ephrines, Netrin-1 is a bifunctional molecule: while it can 

mediate chemoattraction via signalling through the Dcc receptor, it plays a repulsive role in 

certain neurons expressing the Unc5 receptors (Alcántara et al., 2000). Moreover, interestingly, 

while the short-distance repulsion requires signalling through the Unc5 receptors, Dcc is 

required in addition for long-distance repulsion, suggesting that different stoichiometry and 

composition of receptor complexes mediate opposite effects of the Netrin-1 signalling (Hong 

et al., 1999; Varela-Echavarría et al., 1997). 

 

 



 
144 

 

4.4.2. Netrin-1 as a driver of neuronal migration 

 

Neuronal migration is indispensable for the correct positioning of neurons during development 

to ensure a functional neuronal circuit. Produced at the level of the ventricular zone (VZ), new-

born neurons migrate towards their correct position through radial or tangential migration. 

Netrin-1 is involved specifically in tangential migration, where neurons migrate perpendicularly 

to the direction of radial glial projections thanks to the action of attractive or repulsive signals 

(Nadarajah and Parnavelas, 2002). Netrin-1/Dcc signalling mediates tangential migration of a 

set of dorsal interneurons of the spinal cord, while signalling through Integrin α3β1 is required 

for cortical interneurons (Junge et al., 2016; Stanco et al., 2009). Indeed, Netrin-1 KO leads to 

several defects in neuronal migration, as absent formation of pontine nuceli, responsible for 

the connection between cortex and cerebellum (Serafini et al., 1996; Yee et al., 1999). 

 

4.4.3. Netrin-1 functions outside the CNS 

 

Outside the CNS, Netrin-1 has many pleiotropic effects with different functions depending on 

the bound receptor. 

During embryonic development, Netrin-1 participates to morphogenesis of several organs. For 

example, the Netrin-1/Unc5-b axis regulates lung morphogenesis by inhibiting formation of 

aberrant alveolar budding, while in the inner ear Netrin-1 is required in the optic epithelium 

for the formation of semi-circular canals possibly through interaction with Integrin α3β1 (Liu et 

al., 2004; Matilainen et al., 2007; Salminen et al., 2000).  

Netrin-1 regulates also cellular adhesion through Neogenin signalling in the developing 

mammary gland. The combined action of the ligand-receptor improves the stabilization of the 

precise interaction between the prelumenal cells and the cap cells of the terminal end buds 

(Srinivasan et al., 2003).  

The role of Netrin-1 in migration and cellular adhesion has been shown also during the 

embryonic development of pancreas. Indeed, cells composing the pancreatic epithelium 

expressing the Integrins α3β1 and α6β4 migrate in the direction of cells secreting Netrin-1. 

Thanks to this attraction, they can adhere to the basal membrane (Yebra et al., 2003).  

Netrin-1 has been shown to regulate cellular proliferation in the adult kidney via its receptor 

Unc5-b, while in in vitro culture of mesenchymal stem cells, derived from the umbilical cord, 

the effects on proliferation seem to be mediated by Integrin α6β4 (Lee et al., 2016; Wang et 

al., 2009). 
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Moreover, the Netrin-1/Unc5-b couple seems to modulate angiogenesis. However, the data on 

this function are contrasting, with some studies proposing a pro-angiogenic role and other an 

anti-angiogenic effect (Castets et al., 2009; Larrivee et al., 2007; Lu et al., 2004; Park et al., 

2004).  

 

 

4.4.4. Netrin-1 in cancer 

 

Netrin-1 has been described to accomplish a role also in cancer biology. The action of Netrin-1 

and its receptor Dcc represents the first example of the model of dependence receptors 

(Goldschneider and Mehlen, 2010). According to this theory, some receptors can induce 

distinct pathways depending on the presence or absence of their ligands in the extracellular 

environment. In the presence of the ligand, receptors induce their canonical positive pathways, 

including for the aforementioned cases regulation of cellular migration, cellular adhesion, 

proliferation, etc… On the other hand, when the ligand is absent in the extracellular space, the 

same receptors can induce their negative pathways, actively driving apoptotic cell death. 

Following this model, these receptors are called dependence receptors, being the cells 

dependent to the ligand presence for their survival (Mehlen et al., 1998). 

 

Nowadays, the family of dependence receptor corresponds to a functional family composed by 

many receptors. This family encloses many Netrin-1 receptors, as Dcc (the first described), Unc5 

receptors, and Neogenin (even if, in this case, responding to the RGMa ligand), and other 

known receptors as Notch-3 and c-Kit (Lin et al., 2017; Llambi, 2001; Matsunaga et al., 2004; 

Wang et al., 2018).  

 

Thanks to their characteristics, dependence receptors constitute a valid mechanism of anti-

tumoral surveillance. The negative pathways of these receptors can induce apoptosis in 

aberrantly proliferating cells where the ligand quantity become insufficient, controlling, in this 

way, the cell number in the tissues where the receptors are expressed.  

Cancer cells can bypass these barriers in several ways: by upregulating the ligands production 

or by downregulating or mutating receptors and effectors of the negative pathways to abolish 

their onco-suppressor activity.  

In line with this idea, Netrin-1 expression has been found increased in several types of breast, 

prostate, lung, pancreas, gastric cancers, glioblastomas and neuroblastomas (Bernet and 

Fitamant, 2008; Delloye-Bourgeois et al., 2009; Fitamant et al., 2008; Kefeli et al., 2017; Latil et 
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al., 2003). In the same way, Netrin-1 receptors has been found downregulated in cancer, for 

example Dcc and Unc5-b, lost in colorectal, prostate, breast and ovary cancers (Bernet et al., 

2007; Fearon et al., 1990; Thiebault et al., 2003). 

 

4.4.5. Netrin in reprogramming and stemness 

 

Among the different functions orchestrated by this pleiotropic molecule, Netrin-1 has been recently 

proposed to play a fundamental role in iPSCs generation and cancer plasticity (Ozmadenci et al., 

2015; Sung et al., 2019). 

 

In our lab, it has been recently shown that, during pluripotent reprogramming, Netrin-1 is expressed 

in a biphasic fashion, transiently downregulated during the early steps of the process and 

upregulated after day 6. This peculiar expression was further analysed at a functional level: 

Ozmadenci and colleagues showed that RNAi-induced downregulation of Netrin-1 expression 

impairs drastically the efficiency of iPSCs generation. Furthermore, in a mirror way, treatment with 

recombinant Netrin-1 induces an increase in the efficiencies of both mouse and human pluripotent 

reprogramming. Notably, the enhanced iPSCs generation is due to the presence of recombinant 

Netrin-1 in the first days of reprogramming, which is capable to limit the apoptosis induced by the 

activation of Dcc negative pathway observed during the transient decrease of Netrin-1 expression. 

Indeed, during the first days of reprogramming, while Netrin-1 level decreases, Dcc level remains 

steady. The decrease of ligand leads to Dcc negative pathway induction and consequent cell death, 

particularly in the reprogramming intermediates more prone to generate iPSCs.  

 

Association of Netrin-1 with increased stemness has also been showed in the context of cancer (Sung 

et al., 2019). Indeed, in human colorectal cancer Netrin-1 and Unc5-b expression have been 

associated to a stromal signature, more precisely a cancer associated fibroblast (CAF) signature. 

Indeed, when co-cultured with colon and lung cancer cells, CAFs showed a strong increase of both 

Netrin-1 and Unc5-b expression. Moreover, the inhibition of Netrin-1 signalling, mediated by a 

blocking antibody that avoids Netrin-1 interaction with Unc5-b, led to a downregulation of cancer 

stem cell markers Nanog, Oct4 and ALDH1A1, and decreased the in vitro clonogenicity and in vivo 

engraftment of cancer cells. Sung et colleagues furtherly showed that Netrin-1 regulates the 

acquisition of stem cell features by increasing levels of secreted cues previously described as cancer 

stem cells mediators, Il6 and Il8 (L. Chen et al., 2015; Kim et al., 2013). 
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Abstract: 

In mouse embryonic stem cells (mESCs), the chemical blockade of Gsk3α/β and Mek1/2 (2i) instructs a self-

renewing ground state whose endogenous inducers are unknown. Here we showed that the axon guidance 

cue netrin-1 promotes naive pluripotency by triggering signalling, transcriptomic and epigenetic changes 

partially overlapping with 2i. Furthermore, we demonstrated that netrin-1 can substitute 2i to sustain mESCs 

self-renewal in combination with Lif and regulates the formation of the pluripotent epiblast in vivo. 

Mechanistically, we revealed how netrin-1 and the balance of its receptors Neo1 and Unc5B co-regulate Wnt 

and Mapk pathways in both mouse and human ESCs. Netrin-1 signalling (i) induces Fak kinase to inactivate 

Gsk3α/β and stabilize β-Catenin and (ii) increases the phosphatase activity of a PR55γ-containing PP2A 

complex to reduce Erk1/2 activity. Collectively, this work identifies netrin-1 as a regulator of in vitro and in vivo 

pluripotent features and reveals that a unique ligand can mediate different effects in stem cells depending on 

its receptors dosage, opening perspectives for balancing self-renewal and lineage commitment. 

 

Keywords: netrin-1, Neo1, Unc5B, ground state, pluripotency, Pp2A, Gsk3α/β, Wnt, Mapk. 
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IIntroduction: 

 

Mouse embryonic stem cells (mESC) are endowed with unlimited self-renewal and characterized by a 

regulatory circuitry composed of a few key transcription factors, mainly regulated by four signaling cues1-3. Lif4, 

Wnt3a5 and Bmp46 sustain self-renewal while Fgf4 is the primary signal to exit self-renewal and acquire 

competence to differentiate via Erk1/2 activation7. Conventional culture conditions require Lif and serum/KSR 

(referred hereafter as serum/Lif) to maintain a self-renewing state. In this setting, the Fgf/Mapk and the 

repressive Gsk3α/β/Tcf7l1 pathways remain active, leading to a heterogeneous cell population. These 

metastable mESCs exhibit fluctuating expression of pluripotency factors such as Nanog and detectable levels 

of early lineage genes8. The concomitant suppression of Mapk signalling, via Mek1/2 blockade, and activation 

of the Wnt pathway, via Gsk3α/β blockade (described as 2i), supports mESCs self-renewal and instructs cells 

toward a ground state of pluripotency9,8,10. The 2i mESCs display relatively uniform expression of pluripotency 

factors and negligible levels of most lineage-affiliated genes, therefore resembling the naive epiblast. This 

finding of a pluripotent ground state has led to conceptual and practical advances, including the establishment 

of germline-competent ESCs from recalcitrant mouse strains and from rat11,12. However, the prolonged 

chemical blockade of Mek1/2 and the resulting global DNA hypomethylation have recently been shown to 

compromise the genomic stability of mESCs, calling into question the use of these inhibitors13. Hence, the 

identification of endogenous signalling pathway(s) controlling self-renewal and ground state pluripotency is 

not only crucial to advance our understanding of early embryonic development but also for best developing 

strategies to generate stable human naive pluripotent stem cells. 

Netrins are secreted proteins initially described for their crucial role in axon guidance during the development 

of the nervous system14,15. Netrin-1, purified by Tessier-Lavigne and colleagues as a soluble laminin-related 

molecule able to elicit the growth of commissural axons, is now considered as a pleiotropic ligand involved in 

development and pathologies14,16,17. Most of netrin-1 functions are mediated by signalling through the 

receptors deleted in colorectal carcinoma (Dcc) and Unc5-homologs (Unc5h, i.e., Unc5A, Unc5B, Unc5C, 

Unc5D), though Neogenin (Neo1) also constitutes an effective receptor for netrin-118-20. Mechanistically, the 

characterization of this repertoire led to identify netrin-1 as a bifunctional molecule able to exert opposite 

effects - attracting or repulsing - neurons, endothelial or immune cells depending on the receptors it 

engages21,22,23. Our recent work showed that netrin-1 constrains apoptosis early during somatic cell 

reprogramming24 yet the precise function of this pathway in stem cells self-renewal and lineage commitment 

remains unknown. 

In this study, we revealed an early developmental function for the axon guidance cue netrin-1 in the control 

of naive pluripotency. By combining embryo and cellular models with signalling, transcriptomic and 

epigenomic analyses, we found that netrin-1 and its receptors Neo1 and Unc5B activate a complex signalling 

cascade to control Wnt and Mapk in mESCs and support self-renewal in combination with Lif. In vivo, we 
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reported an early function for netrin-1 in the formation of the pluripotent compartment of pre-implantation 

embryos. Our findings shed light on a novel regulator of in vitro and in vivo pluripotent features and revealed 

that a unique ligand can have diverse effects in stem cells depending on its receptors balance.  

 

RResults: 

 

Netrin-1 is regulated by Wnt and Mapk signalling in mouse and human pluripotent stem cells.  

 

In order to identify regulator(s) of pluripotent features, we compared the transcriptomes of serum/Lif mESCs 

supplemented with inhibitors of Gsk3α/β (CHIR99021), Mek1/2 (PD0325901) or both (2i) for 48 hours. Among 

the transcripts affected by Wnt and Mapk signalling modulation, netrin-1 was induced by Gsk3α/β inhibition 

and 2i but repressed by Mek1/2 blockade at both transcript and protein levels (Fig. 1a-b), whereas other netrin 

family members (netrin 4, -5, and -G1 and -G2)25 remained unaffected (Supplementary Fig. 1a). Since netrin-1 

is expressed at basal levels in serum/Lif conditions but particularly elevated following Gsk3α/β inhibition (Fig. 

1a-b), we asked whether it constitutes a target of the Wnt pathway in pluripotent cells. Consistently, mESCs 

treated with recombinant Wnt3a elevated netrin-1 expression while treatment with Lif and Bmp4 had no 

significant effect (Fig. 1c). A similar netrin-1 induction was observed in human induced pluripotent stem (hiPS) 

cells in response to Gsk3α/β inhibition or Wnt3a (Supplementary Fig. 1b). Since canonical Wnt pathway 

stimulation, or Gsk3α/β inhibition, have been shown to stabilize pluripotency by alleviating the repressive 

effect of Tcf7l1 on the core pluripotency network26, we evaluated netrin-1 expression in Tcf7L1/Lef1 knockout 

mESCs (Zhang J. et al., manuscript in revision). netrin-1 expression was released in absence of TcF7l1 but 

drastically reduced if both Tcf7l1 and Lef1 are depleted, indicating that Tcf7l1 acts as a main repressor of 

netrin-1 activation by Lef1 (Supplementary Fig. 1c-d). Collectively, these results demonstrate that the ligand 

netrin-1, expressed at basal levels in serum/Lif conditions, is regulated by Wnt and Mapk signalling in 

pluripotent stem cells. 

 

The activation of the netrin-1/Neo1/Unc5B signalling axis sustains Nanog and mESC undifferentiated state. 

 

The distribution of naive pluripotency factors such as Nanog is heterogeneous in serum/Lif mESCs and 

becomes homogeneous in 2i9. To characterize netrin-1 expression, we derived mESCs from netrin-1 βgeo 

knock-in reporter blastocysts27. We found that netrin-1 is heterogeneously expressed and confined to 8% of 

serum/Lif mESCs, confirming its basal expression in this setting. This βgal-positive fraction increased to 26 and 

23% in presence of Gsk3α/β inhibitor and 2i, respectively (Fig. 1d). Exploration of single-cell transcriptomic 

data28 provided similar results on netrin-1 transcript heterogeneity (Supplementary Fig. 1e) but also revealed 

that the mean netrin-1 expression level per cell is significantly higher in 2i (Supplementary Fig. 1f).  
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Due to its strong induction in 2i, we asked whether netrin-1 could actively instruct ground state pluripotency 

features. Most netrin-1 functions are mediated by the receptors Dcc, Neo1 and Unc5A, B, C and D18-20. In 

serum/Lif mESCs and miPSCs as well as in pre-implantation embryos, Dcc was absent but Unc5B and Neo1 

were detected (Supplementary Fig. 2a-b). We therefore generated mESCs exogenously expressing different 

HA-tagged netrin-1 forms from cre-excisable transgenes (Fig. 1e), wild-type (netrin-1WT) or mutated on 

residues known to be critical for its interaction with Dcc/Neo1 (netrin-1Neo1-mut) or Unc5B (netrin-1Unc5B-mut) (Fig. 

1f-g)17,20. We established mESC monoclones expressing the netrin-1 versions at similar levels (Supplementary 

Fig. 2c), comparable to its endogenous levels in 2i (Supplementary Fig. 2d). Strikingly, FACS analysis showed 

that the size and granulometry of netrin-1WT cells became homogeneous with a prominent contribution of the 

receptor Unc5B (Supplementary Fig. 2e). Similarly to 2i, we next showed that Nanog heterogeneity was 

drastically reduced in netrin-1WT mESCs grown in serum/Lif, as shown by immunofluorescence and 

quantification of the Nanog/Oct4 ratio (Fig. 1h-i). This observation was correlated with elevated levels of Esrrb 

and Sox2 while Oct4 remained constant (Fig. 1j). Importantly, both netrin-1 mutants fail to confer the same 

profile, highlighting the complementary roles of Neo1 and Unc5B (Fig. 1h-j). Interrogation of transcriptomic 

data of single mESCs grown in serum/Lif revealed a significant correlation between netrin-1 and Esrrb levels 

(Supplementary Fig. 2f).  

We next assessed whether netrin-1 signalling activation, by sustaining Nanog, safeguards the undifferentiated 

state. When cells were grown without Lif for 7 days and replated for 7 days with Lif (Fig. 1k), we found that 

netrin-1WT conferred strong resistance to differentiation while both mutants failed, reinforcing the 

involvement of both Neo1 and Unc5B in netrin-1 function (Fig. 1l-m). As expected, TAT-Cre-mediated excision 

of the netrin-1 transgene led to the abrogation of this ability in revertant cells (Fig. 1n-o). We next generated 

netrin-1 dox-inducible mESCs that also presented enhanced resistance to differentiation upon Dox addition 

(Supplementary Fig. 2g-i), confirming netrin-1 effect on pluripotency. 

We next demonstrated that sustained expression of netrin-1 severely impairs mESCs differentiation both in 

vitro and in vivo. We first evaluated whether netrin-1 maintains the expression of naive pluripotency markers 

in differentiation conditions. Nanog and Esrrb were still expressed in netrin-1WT mESCs after 6 days in N2B27-

Lif while it was extinguished in control cells (Fig. 1p). Immunofluorescence showed that, in contrast to control 

cells, a significant amount of netrin-1WT mESCs sustains Nanog and Esrrb expression in differentiation-

promoting conditions (Fig. 1q-r). Similarly, after 7 days in non-adherent culture conditions, EBs derived from 

netrin-1WT mESCs failed to repress Nanog and Esrrb (Fig. 1s) or to induce the differentiation genes Wnt3, Mixl1, 

Foxa2, Amn, Nes and Cdh2 (Supplementary Fig. 2j). Teratoma generated with control or netrin-1WT cells were 

analysed 6 weeks after injection in the testis of immunocompromised mice and revealed a severe 

differentiation defect caused by netrin-1 sustained expression (Fig. 1t). Finally, when control and netrin-1WT 

mESCs were grown at clonal density on laminin in N2B27+Lif for 5 passages, we found that netrin-1 expression 

increased significantly mESC self-renewal ability, as indicated by AP+ colonies counting (Fig. 1u-v). Collectively, 
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these data showed that the netrin-1/Neo1/Unc5B signalling axis sustains Nanog and protects mESCs from in 

vitro and in vivo differentiation. 

 

The activation of the netrin-1/Neo1/Unc5B signalling axis induces transcriptomic and epigenetic changes 

partially overlapping with 2i 

 

To gain insight into netrin-1 function, we compared the transcriptomes of control and netrin-1WT mESCs grown 

in serum/Lif by RNA-seq. Netrin-1WT expression impacted 434 genes (fc >1.5 or <-1.5 at adjusted p-value<0.05), 

with a striking repression of differentiation genes such as Gata6 and Gata4 (Fig. 2a). Functional annotation 

clustering of differentially expressed genes by gene ontology (GO) Panther (protein analysis through 

evolutionary relationships) analysis revealed strong association with "embryo development", "endoderm 

development" and "regulation of Mapk cascade" (Fig. 2b). Significant differences were also apparent for genes 

related to cell proliferation, in agreement with the slightly accelerated growth of netrin-1WT mESCs without 

differences in cell cycle features (Supplementary Fig. 2k-l). Because similar GO terms are modulated in 2i 

mESCs8, we wondered whether netrin-1 triggered the acquisition of ground state pluripotency features. We 

compared the transcriptomes of control and netrin-1WT mESCs grown in serum/Lif to previously published 

datasets (see Methods)29,30. While serum/Lif and control samples clustered together as expected, the 

transcriptome of netrin-1WT cells acquired limited but significant similarities with 2i mESCs (Fig. 2c). To evaluate 

the respective role of the receptors Neo1 and Unc5B in netrin-1 function, we next compared the 

transcriptomic effects of the wild-type form of netrin-1 and its mutants by RNA-seq (Fig. 2d-e). Both mutant 

forms failed at conferring the full transcriptomic signature, reinforcing that netrin-1 ability to interact with 

both Neo1 and Unc5B is required to modulate mESCs physiology.  

We next assessed whether netrin-1 signalling also instructs ground state-related epigenomic modifications, in 

particular enhancers activity, histone and DNA methylation landscapes. We found that netrin-1WT mESCs 

displayed increased activity of the naïve Oct4 distal enhancer (DE), Jarid2 and Prdm14 enhancers, described 

to be induced in 2i (Fig. 2f)31. ChIP-seq analyses revealed a global decrease in both H3K4me3 and H3K27me3 

histone marks in netrin-1WT mESCs compared with control cells (global enrichment for H3K27me3 ctrl=3.729 

versus netrin-1=2.12 and Fig. 2g-h for H3K4me3), similarly to 2i8. Enriched H3K4me3 was however detected 

at pluripotency genes such as Nanog and Sox2 (Fig. 2i), in agreement with their induction in netrin-1WT mESCs. 

In addition, we showed that H3K27me3 was significantly reduced at bivalent domains (Fig. 2j-k), as reported 

for 2i8. In 2i, the reduction of the expression of the de novo methyltransferases Dnmt3A, B and L by Mek1/2 

inhibition, coupled with the reduction of the Uhrf1 protein, triggers genome-wide DNA hypomethylation in 

male ESC32,10,13,33. In striking contrast to 2i, restricted representation bisulphite sequencing (RRBS) revealed 

that netrin-1WT mESCs (grown for >30 passsages in presence of the transgene) display similar DNA methylation 

levels to control cells (mean = 0.25+/-0.003 and 0.24+/-0.004 respectively) (Fig. 2l and Supplementary Fig. 2m). 
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In addition, even if Dnmt3A level was found slightly reduced in netrin-1WT mESCs (Supplementary Fig. 2n), 

Uhrf1 protein level was rather induced (Fig. 2m). Other critical differences were found between netrin-1WT and 

2i mESCs. While 2i mESCs are characterized by a repression of early differentiation genes of the three germ 

layers8, we did not detect downregulation of early ectodermal genes in netrin-1WT mESCs grown in serum/Lif, 

suggesting that spontaneous differentiation toward ectoderm is not repressed (Fig. 2n). Collectively, these 

results indicate that the netrin-1/Neo1/Unc5B signalling axis induces profound transcriptomic and epigenomic 

changes in mESC. The resulting configuration shares some features with 2i such as enhancer activity but also 

severely differs on some aspects such as global DNA methylation.  

 

Netrin-1 controls Wnt and Mapk signalling by modulating Gsk3α/β and Erk1/2 activities in mouse and human 

pluripotent stem cells.  

 

We next dissected molecularly how netrin-1 instructs pluripotency features partially related to the ground 

state. With 2i, the chemical blockade of Gsk3α/β leads to Wnt pathway activation while Mek1/2 inhibition 

suppresses Mapk signalling9. We detected a strong activation of the Wnt pathway in netrin-1WT mESCs, as 

illustrated by accumulation of active β-catenin, dephosphorylated on Ser37 and Thr41 and therefore no longer 

targeted for destruction (Fig. 3a). Of note, point mutants showed that netrin-1 interactions with both Neo1 

and Unc5B are required for β-catenin stabilization (Fig. 3a). When we assessed the level of the β-catenin 

destruction complex members in netrin-1WT mESCs, Gsk3α/β activity was severely reduced, as revealed by 

elevated levels of its inactive form, phosphorylated on Ser21 and Ser934 (p-Gsk3α/β)(Fig. 3a). In addition, we 

showed that the p-Gsk3α/β level reached in netrin-1WT mESCs is equivalent to control cells treated with 

recombinant Wnt3a, and can not be significantly elevated by Wnt3a addition (Fig. 3b). 

Netrin-1 has been linked to different kinases such as Fak, Dapk35, Fyn36,37, Pka38 and c-Jnk139 that could be 

involved in Gsk3α/β phosphorylation. Among those, we found increased levels of active Fak (phosphorylated 

on Tyr 397) in netrin-1WT mESCs (Fig. 3c). The fact that Fak has been shown to phosphorylate Gsk3α/β40 

prompted us to investigate whether netrin-1 promoting effect on Wnt is mediated by Fak. RNAi-mediated 

depletion of Fak in netrin-1WT mESCs (>80%, Supplementary Fig. 3a) reduced p-Gsk3α/β, therefore diminishing 

Wnt pathway activation, as shown by β-catenin (Fig. 3d). 

We next showed that netrin-1WT mESCs harbour reduced phospho-Erk1/2 (p-Erk1/2) levels while p-Mek1/2 

remained constant (Fig. 3e), and this decrease required both Neo1 and Unc5B, as revealed by the point 

mutants. Because Mapk is controlled by Lif and Fgf, we next determined whether netrin-1 signalling modulated 

mESCs sensitivity to these cytokines. Deprivation/stimulation experiments indicated that the responsiveness 

to Fgf4 was significantly reduced in netrin-1WT mESCs, as illustrated by p-Erk1/2 (Fig. 3f). In contrast, in similar 

settings, Lif-mediated p-Erk1/2 and p-Stat3 inductions were not affected (Supplementary Fig. 3b). The link 

between Unc5B and the phosphatase complex Pp2a35 next prompted us to investigate whether it is involved 
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in p-Erk1/2 decrease in mESC. Pp2a is a heterotrimeric complex comprising scaffolding, regulatory and 

catalytic subunits41. We demonstrated first by immunoprecipitation of the catalytic subunit Pp2acα that 

netrin-1 signalling activation led to a significant increase of its phosphatase activity (Fig. 3g). In line with the 

fact that the qualitative composition of the complex has been shown to modulate its activity42, we noticed an 

induction of the regulatory subunit PR55γ in netrin-1WT mESCs (Fig. 3h). To evaluate whether the Pp2a complex 

is responsible for Mapk signalling attenuation, we attempted to rescue p-Erk1/2 levels by RNAi-mediated 

depletion of the catalytic Pp2acα or the regulatory PR55γ subunits. Using 2 independent siRNA, we showed 

that the efficient knockdown (>80%, Supplementary Fig. 3c) of both subunits solely rescued p-Erk1/2 level 

while leaving p-Mek1/2 and p-Gsk3α/β steady (Fig. 3i).  

We next developed other strategies to deliver netrin-1. First, we generated netrin-1 dox-inducible mESCs that 

showed similar and dose-dependent changes in Wnt and Mapk signalling following dox addition (Fig. 3j). 

Netrin-1 dox-inducible feeder line was next generated by stable transfection. When mESCs were plated on 

these irradiated feeders, treated or not with dox, we noticed that netrin-1 triggers similar signalling changes, 

indicating that netrin-1 can act in a paracrine manner on pluripotency (Fig. 3k).  

Finally, the generation of human iPS cells expressing exogenously netrin-1 revealed that the activation of the 

pathway triggers similar effects in human pluripotent stem cells - elevation of Wnt activity triggered by 

Gsk3α/β inactivation and reduction of Mapk by Erk1/2 dephosphorylation - but it was not sufficient to elevate 

the expression of naive pluripotency factors such as Nanog (Fig. 3l).  

Collectively, we showed that netrin-1 signalling activation promotes Wnt signalling by activating Fak kinase 

that triggers Gsk3α/β inactivation and β-catenin stabilization. Netrin-1 also modifies Pp2a complex activity that 

triggers Erk1/2 dephosphorylation. 

 

Netrin-1 supports mESC self-renewal in combination with Lif 

 

To compare the magnitude of the changes induced by netrin-1 and 2i, control and netrin-1WT mESCs were 

subjected to 2i treatment for 48 hours in serum/Lif (Fig. 4a). The basal levels of p-Gsk3α/β, Nanog and Esrrb 

in serum/Lif netrin-1WT mESCs was nearly comparable to 2i-treated mESCs. However, Mapk alleviation was 

significantly lower, as evidenced by 30% decrease of Erk1/2 (Fig. 4a). As expected, Mapk activity was still 

responsive to 2i treatment, confirming that netrin-1 only partially mimicks signalling changes induced by 2i.  

We next assessed whether recombinant netrin-1 (r-netrin-1 - see methods for production) triggers similar 

changes as transgenes in mESCs. First, we showed that a 48 hrs treatment of mESCs with increasing doses of 

r-netrin-1 led to gradual Nanog induction, demonstrating a paracrine effect of r-netrin-1 on the pluripotent 

network (Fig. 4b-c). This treatment also led to dose-dependent changes of β-catenin, p-Gsk3α/β and p-Erk1/2 

levels, confirming the effect of netrin-1 on those pathways (Fig. 4d). In order to decipher the sequence of 

events triggered by r-netrin-1, we performed a time-course analysis by treating mESCs for 24 and 48 hours. 
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The changes on signalling appeared with different kinetics - pErk1/2 decrease was detectable at 24h while β-

catenin induction was observed at 48 hours (Fig. 4e). Paralleled transcriptomic analyses allowed to define a 

heatmap clustering early and late responders to r-netrin-1 (Fig. 4f). At 24h, within a very limited response to 

netrin-1 (35 genes differentially expressed genes (DEGs), log2 fold change <1 or >1 and adjusted p-value 

<0.05), significant downregulations were detected for the pluripotency genes c-Myc and Utf1, as described in 

2i. Differentiation genes such as Hand1 and Fgf targets Etv4, Spry4 and Dusp6 were also repressed, in 

agreement with the rapid changes of p-Erk1/2. At 48h, a larger transcriptomic response was evident (193 

DEGs), encompassing Tfap2c, Prdm14 and Dppa3 upregulations. Of note, most of the early endoderm and 

mesoderm genes repressed in netrin-1WT mESCs (Fig. 2n) were not repressed at these early time points, 

suggesting that netrin-1 induces signalling changes prior to repress differentiation.   

We next asked whether r-netrin-1 can support mESCs self-renewal in combination with Lif, as reported for 2i. 

The mESCs were grown at clonal density on laminin in N2B27+Lif with r-netrin-1 or 2i for 6 passages (18 days) 

(Fig. 4g-h). Colony formation assays, performed at various passages, confirmed that Lif is not sufficient to 

maintain self-renewal in serum-free media (Fig. 4g-h). However, the sole addition of r-netrin-1 to Lif allowed 

to sustain self-renewal as 2i (Fig. 4g-h). When replated in serum/Lif after 5 passages in N2B27+Lif+r-netrin-1 

or N2B27+Lif+2i, mESCs harboured similar Nanog and Esrrb levels (Fig. 4i). Altogether, these data showed that 

r-netrin-1 can be used to co-regulate Wnt/Mapk and to sustain mESC self-renewal, in combination with Lif. 

 

The Neo1 and Unc5b receptors are required for endogenous netrin-1 function in mESCs 

 

Because netrin-1 is also expressed at basal levels in serum/Lif conditions (Fig. 1b), we assessed its endogenous 

function in pluripotent cells. We generated netrin-1 conditional knockout mESCs by crossing netrin-1fl/fl 43 and 

Rosa26 CreERT2 mice (Fig. 5a). Because feeder cells secrete netrin-1, netrin-1fl/fl mESCs were adapted onto 

gelatin surfaces and netrin-1 depletion confirmed after TAM treatment (Supplementary Fig. 4a). After 48 hrs, 

netrin-1 deletion induces changes on signalling and pluripotency that mainly mirrored gain-of-function. Wnt 

pathway activation, as evidenced by β-catenin, was reduced while Mapk activity was induced via p-Erk1/2 (Fig. 

5b). Nanog and Esrrb levels were also reduced (Fig. 5b), confirming netrin-1 action on those signalling 

pathways in vitro. However, the expression of epiblast (Fgf5, Otx2) or primitive endoderm (Gata4, Gata6) 

transcripts was not significantly induced (Supplementary Fig. 4b). Of note, netrin-1 acute deletion also led to 

a significant decrease of mESC self-renewal ability (Fig. 5c-d) with no significant changes of proliferation and 

cell death (Supplementary Fig. 4c-d). Importantly, these defects, observed in the first days following netrin-1 

deletion, were rapidly compensated and netrin-1Δ/Δ mESCs could be maintained at high density for >20 

passages (Supplementary Fig. 4e).  

To decipher the respective contribution of each receptor to netrin-1 function, we generated netrin-1, Neo1 

and Unc5B KO mESCs by Crispr/Cas9 genome editing using 2 independent sgRNA (Fig. 5e and Supplementary 
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Fig. 4f-g). Crispr/Cas9-mediated netrin-1 loss led to similar changes in p-Erk1/2 and β-catenin levels as the 

conditional KO strategy (Fig. 5f), and these changes were partially rescued by r-netrin-1 treatment of netrin-

1KO mESCs (Fig. 5g). Netrin-1 loss triggered a self-renewal defect (Fig. 5h-i), and this effect was compensated 

when cells were grown in 2i, in agreement with netrin-1 mode of action on Wnt and Mapk signalling 

(Supplementary Fig. 4h). Importantly, in serum/Lif conditions, Unc5B and Neo1 single KO induced signalling 

and clonogenicity changes that largely mimicked netrin-1 loss (Fig. 5f-i), indicating that a tight dosage of the 

receptors is required to co-regulate Wnt/Mapk and therefore self-renewal.  

 

Netrin-1 regulates cell fate allocation in pre-implantating embryos 

Netrin-1 depletion was reported to cause embryonic lethality at E14.544 but no function has been reported in 

pre-implantating embryos. Due to the unexpected function we described in mESCs, we assessed whether this 

axon guidance cue could be expressed and play an earlier function than previously thought. In vivo, the naive 

pluripotent compartment gradually develops within the mouse inner cell mass (ICM) between E3.5 and E4.5 

and becomes separated from the primitive endoderm (PrE) progenitors. netrin-1/Oct4 in situ hybridization 

revealed a confined netrin-1 expression in the naive epiblast while no signal was detected in the adjacent PrE 

(Fig. 6a). Interrogation of published single-cell transcriptomic data confirmed a significantly higher netrin-1 

expression in epiblastic cells than in PrE in E4.5 embryos45 (Supplementary Fig. 4i). The use of netrin-1 βgeo 

embryos also showed a specific βgal activity in the epiblast of blastocysts, indicating that netrin-1 is expressed 

in pluripotent blastomeres in vivo (Fig. 6b).  

Due to its specific expression in pluripotent blastomeres, we next examined whether netrin-1 regulates the 

formation of the epiblast. To assess the consequences of netrin-1 depletion, we analysed E3.75 and E4.5 (E3.75 

grown in vitro for 24 hrs) embryos from intercrosses between netrin-1fl/fl males and netrin-1fl/wt ; EIIa-cre+/- 

females (Fig. 6c). This experimental strategy was selected because EIIa-cre has been shown to be active at the 

1 cell-stage and offsprings inheriting EIIa-cre maternally was shown to exhibit a widespread reporter 

expression46. Netrin-1 depletion led to a significant reduction of the number of ICM cells, defined as Dapi 

positive/Cdx2 negative, in E3.75 embryos, indicating a function for netrin-1 in the homeostasis of the ICM (Fig. 

6d-e). This defect was compensated when embryos were grown in vitro and analysed 24hrs later, in 

adequation with the fact that netrin-1 is not absolutely required at these embryonic stages (Fig. 6f-g).  

We finally assessed whether netrin-1 controls mESCs derivation efficiency. Starting from blastocysts obtained 

through netrin-1+/βgeo mice crosses27 (Fig. 6h), 18 expanded blastocysts outgrowths were subsequently 

amplified and netrin-1 status analysed. Among those, a single netrin-1βgeo/βgeo mESC line was detected (Fig. 6i), 

shedding light on a significant deviation from the 1:2:1 expected genotype frequency. Similar derivations 

performed in presence of r-netrin-1 allowed to rescue the genotype deviation (Fig. 6i), indicating that netrin-

1 controls optimal pluripotency capture. Altogether, these approaches revealed an unexpected function for 

netrin-1 during pre-implantation development. 
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Netrin-1 exerts different effects in mESCs depending on the Neo1/Unc5B stoichiometry. 

 

netrin-1 has been shown to trigger opposite responses depending on its receptors dosage in neurons, 

endothelial or immune cells21,22,23. We therefore asked whether netrin-1 can also exert different functions 

depending on the Neo1/Unc5B stoichiometry in mESCs and differentiated derivatives. Interestingly, while 

netrin-1 and both receptors are expressed in mESCs, EB differentiation induces netrin-1 and affected the 

dosage toward a Neo1low/Unc5Bhigh ratio (Fig. 7a). Of note, Unc5b inductions was already detected when 

mESCs were converted in an epiblast-like (EpiLC) state47 (Supplementary Fig. 5a). To alter experimentally the 

ligand and receptors ratio, we engineered control and netrin-1WT mESCs to express Neo1 or Unc5B upon dox 

addition (Fig. 7b). We found that p-Erk1/2 decrease triggered by netrin-1 is even more pronounced when Neo1 

is exogenously expressed (Fig. 7c). On the contrary, when the receptors ratio is switched toward 

Neo1low/Unc5Bhigh by inducing Unc5B, p-Erk1/2 is significantly increased by netrin-1, indicating that the ligand 

has different effects on Mapk depending on its receptors balance (Fig. 7d). In line with p-Erk1/2 function in 

lineage commitment, we found that this experimental setting (netrin-1high/Neo1low/Unc5Bhigh) triggered Nanog 

and Esrrb downregulation (Fig. 7e) and a severe reduction of mESCs resistance to differentiation (Fig. 7f-g). In 

line with this view, by subjecting mESCs expressing solely Unc5B (Neo1KO) or Neo1 (Unc5BKO) to differentiation 

in N2B27-Lif, we found that mESCs expressing Unc5B presented an enhanced induction of the differentiation 

genes Nestin and βIII-tubulin when compared with control or Neo1-expressing cells (Fig. 7h). Collectively, these 

data indicate that netrin-1 effect on self-renewal is tightly regulated by its receptors balance.  

 

Netrin-1 coordinates differentiation in vitro and in vivo. 

 

Loss of a pro-self-renewal signal in mESCs leads to their accelerated differentiation, as shown for Lif4, Wnt48 

and Bmp6. However, because we found that netrin-1 can repress or induce p-Erk1/2, we assessed whether 

and how its loss impacted mESC differentiation in vitro and in vivo. We subjected netrin-1fl/fl mESCs, treated or 

not with TAM, to various differentiation assays. In EBs, netrin-1 deletion led to a delay, rather than an 

acceleration, in the induction of early differentiation genes of the 3 germ layers (Fig. 7i), indicating that netrin-

1 contributes to coordinated differentiation. In line with this, netrin-1 depleted cells generated smaller-size 

teratomas than control cells (Supplementary Fig. 5b). To assess whether these defects were associated with 

differentiation and/or proliferation and/or cell death, we performed guided neural differentiation in N2B27-

Lif. In this setting, netrin-1 is induced and a similar switch of receptors as in EBs occurs (Fig. 7j). After 8 days, 

we observed a reduced induction of the differentiation transcripts Nestin and βIII-tubulin in absence of netrin-

1 (Supplementary Fig. 5c). This difference was accompanied by a reduction of proliferation observed as early 

as day2 (Fig. 7k) but no significant difference of cell death (Supplementary Fig. 5d), indicating that netrin-1 
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controls differentiation and proliferation in vitro. In vivo, when injected into blastocysts, netrin-1-depleted 

mESCs harboured a reduced ability to give rise to color-coated chimera (Fig. 7l-m). To better characterize this 

defect, GFP-labelled netrin-1fl/fl mESCs, treated or not with TAM, were aggregated with morulas. 

Immunofluorescence analyses for GFP and cleaved Caspase3 conducted on late blastocysts revealed a 

significant increase in the number of apoptotic cells in embryos injected with netrin-1 depleted cells, 

suggesting that netrin-1 promotes cell survival, as described previously (Fig. 7n-o). Altogether, these results 

demonstrate that netrin-1 deregulation induces differentiation, proliferation and survival defects.  

 

DDiscussion: 

 

In this study, we document that the neuronal guidance cue netrin-1, expressed in the epiblast and in mESCs, 

is an autocrine/paracrine factor that promotes pluripotent features. In particular, netrin-1 controls mESCs self-

renewal and trigger signaling, transcriptomic and epigenetic features that partially overlaps with the ground 

state of pluripotency (Fig. 8)9. Even if we showed that netrin-1 signalling acts by reducing Mapk and promoting 

Wnt in a similar manner than 2i, it targets a different effector of the Mapk pathway - namely Erk1/2 - via Pp2a. 

In line with this difference and in contrast to prolonged Mek1/2 blockade, we did not observe a global DNA 

hypomethylation in netrin-1WT mESCs13. Due to the facts that the use of a Src inhibitor also preserves mESCs 

epigenetic integrity, and that Src and Fak are interconnected49, it will be interesting to assess whether Src 

inhibition triggers a similar cascade as described here.  

We revealed that netrin-1 signalling co-regulates Mapk and Wnt signalling in both mouse and human 

pluripotent stem cells (PSC). Even if netrin-1 exogenous expression is solely not sufficient to confer naive 

properties to human PSCs (Fig. 3l), subsequent developments should investigate whether the combination of 

recently described protocols with netrin-1 signalling modulation could help in deriving and/or sustaining naive 

human pluripotent stem cells.  

Using genetic models, we revealed that this signalling pathway influences cell fate allocation during pre-

implantation development (Fig. 6). Despite such effect, mouse embryos lacking zygotic netrin-1 expression 

develop normally through the epiblast stage and die at embryonic day 14.5 (E14.5)44. The cause of the 

embryonic death is currently unknown, but it coincides with the embryonic lethality of mice null for Unc5B23. 

It remains to be investigated whether, as with gp130 stimulation, such role may be accentuated in the context 

of delayed implantation50. 

Self-renewal and lineage commitment are classically triggered by distinct signalling molecules in a given stem 

cell type. Murine ESC self-renewal is sustained by Lif4, Wnt3a5 and Bmp46 while Fgf4 is considered as the 

primary signal to exit self-renewal and differentiate7. A pro-differentiation function has been suggested for 

Bmp4 during mESCs differentiation but seems to reflect a late suppression of neural fate rather than an active 

mesodermal induction7,51. Here, we showed that netrin-1 can exert different effects on Mapk depending on 
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the Neo1/Unc5B dosage. In particular, we showed that the repressive activity of netrin-1 on Mapk cascade is 

converted into a promoting one by Unc5B induction but some questions remain to be answered. First, the 

factors responsible for Unc5B induction during lineage priming remain to be identified. Interrogation of 

publically available resources52 indicated that transcription factors associated with primed pluripotency such 

as Otx2 or with differentiated derivatives such as Cdx2, MyoD and Gata3 trigger Unc5B transcript induction 

when exogenously expressed in mESCs (GEO accession number GSE31381). Second, the molecular 

mechanisms responsible for the differential effect of netrin-1 on p-Erk1/2 remain to be dissected. Because we 

showed that these effects are mediated by the Pp2a subunit PR55γ, and that its paralogues PR55α and PR55δ 

have been shown to affect the Nodal pathway in opposite ways42, it will be interesting to assess whether Pp2a 

subunits composition is also responsible for netrin-1 opposite effect on Mapk in mESCs. Finally, while netrin-

1 has been shown to mediate different responses - attracting or repelling neurons, endothelial or immune 

cells21,22, our study suggests that this ability of netrin-1 reflects a fundamental characteristic of this protein, 

which manifests earlier in development than previously proposed, and which might govern other cellular 

responses than cell migration such as cell fate decisions.  

Collectively, our work positions netrin-1 as a crucial signalling pathway that feedback loops with Wnt and Mapk 

in pluripotent cells in vitro and in vivo, and demonstrates that a unique ligand can trigger different effects in 

stem cells depending on its receptors stoichiometry, opening fascinating perspectives for regenerative 

medicine and cancer biology.  
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Methods: 

Cell culture and embryos. Netrin-1βgeo reporter27 and netrin-1 conditional knockout (netrin-1fl/fl)43 mice were 

derived from C57/bl6 mixed background in N2B27/2i+Lif on feeders for 5 days and then transferred in 

serum/LIF.  Netrin-1 depletion in netrin-1fl/fl mESCs is induced by treatment with 4'OH-tamoxifen (TAM) at 

0.2μM for 48 hours. Cgr8 and E14Tg2a ES cells were cultured on gelatin as previously described24. Control, 

netrin-1, netrin-1Unc5B-mut and netrin-1Neo1-mut were established from the same starting Cgr8 population. The 

netrin-1KO, Neo1KO and Unc5BKO and netrin-1 dox-inducible mESCs were generated by stable transfection of 

Cgr8 mESCs using FugeneHD reagent (Promega) or lipofectamine 2000 (Life technologies). Netrin-1 revertant 

mESCs were obtained by treating cells with 100 units TAT-Cre (SCR-508, Millipore) for 24 hours followed by 

FACS cell sorting of GFP expressing cells. Control Neo1-doxi, netrin-1 Neo1-doxi, control Unc5B-doxi and 

netrin-1 Unc5B-doxi mESCs were generated by infecting control and netrin-1 mESCs with dox-inducible 

plasmids (kind gift from Mehlen lab). The siRNA (Dharmacon) were reverse transfected in Cgr8 ES cells at a 

final concentration of 30nM using lipofectamine 2000. Silenced Negative Control siRNA (Life technologies) was 

used as negative control for siRNA transfection. Cells were harvested 2-3 days post transfection. siRNA 

sequences are detailed in supplementary table 1. The hiPS cells, generated using Sendai viruses, were cultured 

in complete TeSR-E8 medium on Vitronectin-coated plates (StemCell Technologies). Medium was changed 
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daily and cells were chemically passaged once a week in the presence of 10μM ROCK inhibitor Y-27632 (Sigma-

Aldrich) with Ultra-Pure EDTA solution (Invitrogen). All cell lines used in the study were tested mycoplasma-

free (Mycoalert kit). The following recombinant proteins were used as follows: Mouse Wnt3a (R&D Systems, 

1324-WN) 50ng/ml, Human Fgf4 (Peprotech, 100-31) 10ng/ml, Human Activin (Invitrogen, PHG9014). 293T 

and plat-E cells were grown in DMEM supplemented with 10% FCS and penicillin/streptomycin. PD0325901 

(Millipore, 444968) and CHIR99021 (Millipore, 361571) were purchased from Merck Millipore. Luciferase 

assays were performed using dual luciferase reporter assay system (Promega E1910). Wild type netrin-1 from 

Gallus gallus lacking the C-terminal domain (NP_990750, aa: 26-458) was cloned into a modified PCEP vector 

with an C-terminal Strep-II tag. HEK293 cells were stably transfected and secreted netrin-1 purified by 

Streptavidin chromatography (IBA) followed by the removal of the tag by thrombin digestion. Purified netrin-

1 was then dialyzed against PBS and passed through a sterile filter. Protein concentration was corrected by 

the calculated extinction coefficients for netrin-1 (ProtParam utility available on the ExPaSy server). Embryos 

were flushed in M2 medium (Sigma) and grown ON in KSOM (Sigma) or sequential blast (Origio) media. 

Genotyping of netrin-1fl/fl embryos was performed as previously described43. X-gal was detected in blastocysts 

using secondary antibodies coupled with biotin and the vectastain ABC kit and DAB (vector system). 

  

Self-renewal and exit from pluripotency assays. For colony formation assay, mESCs are plated at clonal density 

(60-100 cells per cm2 depending on the strain) in serum/LIF on gelatin-coated plates. Media was changed every 

day during 7 days before detection of alkaline phosphatase positive colonies detection (AP0100-1KT, Sigma). 

For exit from pluripotency assays, mESCs were grown for 7 days in serum minus LIF on gelatin, then split and 

replated for 7 additional days in serum/LIF. For self-renewal assays (Fig. 4), E14Tg2a mESCs were plated at 

clonal density on laminin-coated dishes and split every 3 days. 

Differentiation assays in vitro and in vivo.  

Serum deprivation/stimulation experiments were conducted by growing mESCs overnight in N2B27 media 

without cytokines followed by exposure to the appropriate molecules for the times indicated in the figures.  

Control Neo1-doxi and netrin-1 Neo1-doxi mESCs were grown in N2B27+dox media for 24h prior to collection 

and Embryoid body (EB) formation assays were carried out by growing mESCs in non adherent culture 

conditions in non-treated plastic plates for the indicated times.  Epiblast-like (EpiLC) induction was performed 

as previously described18. Teratoma formation assays were performed by injecting 1x106 mESCs in the testis 

of 7-week-old severe combined immunodeficient (SCID) mice (CB17/SCID, Charles River). After 3-4 weeks, the 

mice were euthanized and lesions were surgically removed and fixed in formol or in 4% paraformaldehyde for 

sections. For blastocyst injections, netrin-1fl/fl, treated or not with Tamoxifen (TAM) for 48 hours, were injected 

into BALB/cANRj blastocysts. The day before injection, frozen BALB/cANRj morulas from Quickblasto (JANVIER, 

France) were thawed according to the manufacturer's instructions and incubated overnight in KSOM medium 

(millipore, France) at 37°C, 5% CO2. Between 5 and 15 cells were injected into expanded blastocysts in M2 



 
165 

 

medium (Sigma) using standard blastocyst injection techniques. Blastocysts were then allowed to recover for 

a period of 1–3 hours prior to being implanted into pseudo pregnant females. All animal procedures were 

performed in accordance with institutional guidelines (French ceccapp project 01369.01).  

 

CConstructs. To perform in situ hybridization on mouse embryos, a netrin-1 probe was cloned from mESC cDNA 

into pGEMTeasy (Promega) (sequence available on request) and in situ hybridization performed as previously 

described. Point mutations were introduced into the pcagg-netrin-1-ires-puro vector to generate netrin-1 

mutant versions using the quick site directed mutagenesis kit (Agilent). CRISPR KO plasmids were engineered 

using the backbone pSpCas9 (BB)-2A-Puro and the protocol from the Zhang lab (Ran et al., 2013). The small 

guides (sg) were designed using the UCSC genome browser and CRISPOR (Haeussler et al., 2016) websites. 

Guides are detailed in supplementary table 1. Neo1 and Unc5B Dox inductible pITR vectors are kind gifts from 

Mehlen lab.  

 

Antibodies, Q-RTPCR and biochemical assays. Primary antibodies used in this study are detailed in 

supplementary table 1. The main antibodies were validated using gain- and loss-of-function approaches. 

Membrane Fractionation was performed by using  Mem-PER Plus Membrane Protein Extraction Kit 

(Thermofisher 89842). Nuclear and cytoplasmic extraction was performed with the NE-PER Nuclear and 

Cytoplasmic Extraction Reagents Kit (Thermofisher 78833). Pp2a activity was measured using an 

immunoprecipitation-based method (Millipore 17-313). Q-RTPCR, immunofluorescence and western blot 

were performed as previously described24. Primers are available upon request. 

 

Deep-sequencing. RNA quality was analysed using a Bioanalyser (Agilent). Libraries were constructed and 

sequenced on an illumina Hiseq 2000 by the Beckman Coulter Genomics and Genewiz companies. ChIP-seq 

experiments were performed as previously described31. For ChIP-seq analysis, BWA was used for alignment of 

data to the mm9 genome with de-duplication performed using Picard tools, followed by peak calling using 

macs2 with narrow peak settings. To compare between control and netrin-1 conditions, homer 

annotatePeaks.pl was used with size = 2000, hist = 10 and –ghist used to generate read enrichments from both 

the control and netrin-1 sample using the control macs2 peaks. Data was then plotted in R using custom 

scripts. For analysis of RRBS data, UCSC liftOver was used to convert co-ordinates from mm10 to mm9 and the 

two replicates for control and netrin-1 samples were averaged at matching CpGs. For comparison to 2i 

conditions, WGBS data from GSM1027572 was used. Control, netrin-1 and 2i data were then merged so that 

only matched CpGs with coverage of at least 5X (for control and netrin-1) and 1X (2i) were used. Violin plots 

were generated in R using the library ‘Vioplot’ V0.2 and heatmaps were made using custom scripts in R. 

BedTools V2.25.0 was used to intersect CpGs with the following genomic features: high CpG promoters (HCP), 

CpG islands (CGI), low CpG promoters (LCP), CGI shores, exons, introns, long interspersed nuclear elements53, 
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short interspersed nuclear elements (SINE), long terminal repeats  and intracisternal A-particle elements, with 

all annotation downloaded from UCSC with the exception of CGI and LCP/HCP which were computationally 

assigned. For any CpGs located within these features, mean methylation was calculated and plotted in R. NGS 

data are deposited on GEO (record number series GSE102831, secure token for reviewers access 

ybgpggqmxfublid). 

  

HHierarchical clustering. Control and netrin-1 mESCs datasets were processed as follows.  The “primary 

assembly” Mus musculus genome sequence (release GRCm38.p5) and transcriptome annotations (Ensembl 

release 87) were downloaded from the GENCODE website. Raw read data (fastq files) were mapped to these 

sequences using STAR (with parameters --outFilterType BySJout, --outSAMtype BAM Unsorted, and --

quantMode GeneCounts). This last parameter allows direct conversion of the mappings into gene counts. 

These gene counts were transformed into FPKM and combined with the table provided by ref. 7. Only gene 

names present in both datasets were kept. The following process was applied: 1. keep genes with at least an 

average FPKM of 10 in at least one cell type (resulting in, as reported, 9639 genes); 2. normalize between 

datasets by subtracting, for each gene, the average log2 (FPKM + 1) in each dataset from this gene log2 (FPKM 

+ 1) in the corresponding samples (geometric mean); 3. compute a dissimilarity matrix between samples by 

using the 1 − Spearman correlation between samples; 4. generate a hierarchical clustering using the “average” 

agglomeration method. 

 

FACS. Analysis was performed on a BD LSRFortessa. Sorting was performed on a BD FACSDiVa. Cells were 

sorted, washed immediately and centrifuged before being plated directly in fresh medium or frozen for RNA 

extraction and gene expression analysis. 

 

Quantifications and Statistics. Western blot quantifications were performed with ImageJ. Statistical analyses of 

mean and variance were performed with Prism 6 (GraphPad Software) and Student's t-test or Wilcoxon tests 

when indicated.  
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FFigures: 

 

 

 



 
168 

 

FFigure 1. netrin-1 signalling controls pluripotency features. (a) Dendogram depicting netrin-1 and pluripotency 

transcript level in serum/Lif mESCs supplemented with Mek1/2-inh, Gsk3α/β-inh or both (2i) for 48 hours. 

Data are log2 FPKM values normalized to serum/Lif mESCs. (b) Western blot showing netrin-1 level in similar 

settings. 3 independent experiments gave similar results. (c) Western blot for netrin-1 level in mESCs grown in 

serum treated for 24 hours with the indicated molecules. 3 independent experiments gave similar results. (d) 

Representative brightfield pictures of netrin-1 βgeo mESCs grown in serum/Lif or with inhibitors for 48h. Bars, 

250μm. Percentages of positive cells are indicated. n= total number of cells counted. (e) Schematic of the 

transgenic approach to express netrin-1 in mESCs. TAT-cre treatment excises netrin-1 transgene and turns on 

GFP expression. (f) netrin-1 protein structure depicting residues critical for the interaction with Unc5B and 

Dcc/Neo1. LN: Laminin-like domain; LE: EGF repeats. (g) Representation of the different netrin-1 mESC models. 

netrin-1Neo1-mut express a netrin-1 version carrying the L111E mutation while netrin-1Unc5B-mut express a netrin-

1 version carrying R348A-R349A-R351A mutations. (h) Immunofluorescence for Nanog and Oct4 in control, 

netrin-1WT, netrin-1Neo1-mut and netrin-1Unc5B-mut mESCs grown in serum/Lif. Bars: 50 μm. (i) Quantification of 

the Nanog/Oct4 ratio intensity in single cells of the different populations. n corresponds to the number of 

cells. The line that divides the box into 2 parts represents the median of the data. The end of the box shows 

the upper and lower quartiles. The extreme lines show the highest and lowest value excluding outliers. T-test 

was used, two-tailed p-value is indicated. (j) Western blot of pluripotent factors level in cell lines from (g). 3 

independent experiments gave similar results. (k) Scheme depicting exit from pluripotency assays. Cells were 

plated at clonal density (60-100 cells/cm2), grown for 7 days without Lif, split and replated at clonal density for 

6 additional days, before scoring AP+ colonies. (l) Colony counting. Data are the mean ± s.d. (n=3 independent 

experiments). Student's t-test was used. Two-tailed p-value is indicated. (m) Pictures of a single experiment 

representative of three independent ones. Colonies were stained for alkaline phosphatase (AP) activity. (n) 

Pictures of a single experiment representative of two independent ones performed with netrin-1 revertant 

mESCs. Similar settings as (k). (o) Colony countings. Data are the mean ± s.d. (n=3 independent experiments). 

Student's t-test was used, two-tailed p-value is indicated. (p) Western blot for Nanog and Esrrb during N2B27-

Lif differentiation of control and netrin-1WT mESCs. 3 independent experiments gave similar results. (q-r) 

Nanog and Esrrb immunofluorescence after 6 days in N2B27-Lif. (q) Representative pictures. Bars: 50 μm. (r) 

Countings of Nanog and Esrrb positive cells. Data are the mean ± s.d. (n=3 independent experiments) of Nanog 

and Esrrb positive cells. Student's t-test was used, two-tailed p-values are indicated. 488 control and 416 

netrin-1WT mESCs were counted. (s) Embryoid body formation. Western blot on control and netrin-1WT mESCs 

at day0 and day7 of EB formation. 3 independent experiments gave similar results. (t) Teratoma formation. 

Picture depicts histological analysis of teratomas derived from control and netrin-1WT mESCs. Bars = 0,2mm. 4 

independent teratoma were analysed per cell line. (u-v) Long-term self-renewal assays. (u) Colony counting. 

After each passage, cells were plated at clonal density in serum/Lif and AP colonies scored. Value 1 is given to 

the number of colonies formed by control cells, for each passage (red dotted line). (v) Pictures of a single 
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experiment representative of two independent ones. Colonies were stained for alkaline phosphatase (AP) 

activity. 
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FFigure 2. netrin-1 signalling triggers transcriptomic and epigenetic changes in mESCs. (a) Volcano plot comparing 

the transcriptomes of control and netrin-1WT mESCs. Each dot corresponds to a transcript. n=3 independent 

samples. Benjamini-Hochberg adjusted p-values of the comparisons were computed using the limma-voom 

workflow. (b) Statistical overrepresentation analysis. The Panther DB tool was used to detect overrepresented 

GO within the genes differentially expressed in control and netrin-1WT mESCs. A Fisher's exact two-sided test 



 
171 

 

was used to calculate p-values. (c) Hierarchical clustering of control and netrin-1WT transcriptomes with 

serum/Lif and 2i mESCs published datasets. Datasets from Bulut-karslioglu. et al., 2016, are used (see methods 

for details). (d-e) Plot comparing netrin-1WT and netrin-1Unc5B-mut (d) or netrin-1Neo1-mut (e) effects on mESCs 

transcriptome. Each dot corresponds to a transcript. n=3 independent samples. Benjamini-Hochberg adjusted 

p-values of the comparisons were computed using the limma-voom workflow. (f) Specific enhancer activity 

characterizes netrin-1WT mESCs. Luciferase data are normalized to Renilla activity and expressed as the mean 

± s.d. (n=4 independent experiments). Student's t-test was used and 2-sided p-values are indicated. (g-k) 

H3K4Me3 and H3K27Me3 distribution in control and netrin-1WT mESCs. Data representative of 2 independent 

experiments. (g) Heatmap displaying the H3K4me3 ChIP read enrichment for control and netrin-1WT mESCs for 

regions defined as H3K4me3 peaks in control cells. For every peak, the summit (at 0) +/- 1000 bp is shown. 

Only peaks with q-value < 0.01 and mean enrichment for the region in the top third quantile are displayed (n 

= 11,131). The read enrichment is described by the color key to the right. Peaks were called using MACS2, 

which uses a Poisson test and the Benjamini-Hochberg model to derive q-values. (h) For all significant (qvalue 

< 0.01) H3K4me3 peaks in control cells (n = 44,486), the H3K4me3 ChIP read enrichment is displayed for 

control and netrin-1WT mESCs. (p= 0.0044; t.test). q-values were derived from MACS2. (i) Representative 

browser shots of H3K4me3 enrichment at Nanog and Sox2 loci. (j) H3K4Me3 and H3K27Me3 enrichment at 

bivalent domains in control and netrin-1WT mESCs. (k) Representative browser shots of H3K27me3 enrichment 

at bivalent loci. (l) Heatmap displays methylation levels for 1.3M matched CpGs in control, netrin-1WT mESCs 

grown in serum/Lif and 2i mESCs. Each horizontal line is one CpG. n=2 independent experiments. (m) Western 

blot for Uhrf1 in indicated mESCs grown in serum/Lif. 3 independent experiments gave similar results. (n) 

Differentiation-related genes expression in control, 2i and netrin-1WT mESCs. Dendogram presents RNA-seq 

data. FPKM values are normalised to control mESCs and presented as Log2 values. Color scale is provided.  
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Figure 3: netrin-1 regulates Gsk3α/β and Erk1/2 activities in mouse and human pluripotent stem cells. (a) Effect 

of netrin-1 signalling on the Wnt pathway. Western blot of Wnt pathway members levels in control and netrin-

1 expressing (WT or mutant) mESCs grown in serum/Lif. 3 independent experiments gave similar results. (b) 

Effect of netrin-1 signalling on Wnt3a sensitivity. Control and netrin-1WT mESCs serum starved ON and 



 
173 

 

stimulated with recombinant Wnt3a for 6 hours prior to samples collection. 3 independent experiments gave 

similar results. (c) Effect of netrin-1 signalling on Fak kinase. Western blot of phospho- (active) and total Fak 

levels in control and netrin-1WT mESCs. 3 independent experiments gave similar results. (d) Fak silencing 

rescues Wnt activity in netrin-1WT mESCs. Western blot of netrin-1WT mESCs transfected with control siRNA or 

2 independent siRNA targeting Fak. 3 independent experiments gave similar results. (e)  Effect of netrin-1 

signalling on Mapk status. Western blot of Mapk members levels in control and netrin-1 expressing (WT or 

mutant) mESCs grown in serum/Lif. 3 independent experiments gave similar results. (f) Effect of netrin-1 on 

Fgf4 sensitivity. Control and netrin-1WT mESCs were serum starved ON and stimulated with recombinant Fgf4 

for 20 mins prior to samples collection. 3 independent experiments gave similar results. (g) Modulation of 

Pp2a activity by netrin-1 signalling in mESCs. Top panel - The phosphatase activity of the complex is assessed 

in control and netrin-1 expressing mESCs following immunoprecipitation of Pp2acα (or control IgG). Data are 

the mean ± s.d. (n=3 independent experiments). T-test was used and two-sided p-values are indicated. Bottom 

panel - western blot depicts Pp2acα levels in the corresponding mESC populations. 3 independent experiments 

gave similar results. (h) Dendogram depicting Pp2a subunits transcript level in control and netrin-1WT mESCs. 

The raw FPKM data are normalized to control mESCs and presented as log2. n=3 independent samples. (i) 

Pp2a subunits silencing rescue p-Erk1/2 levels in netrin-1WT mESCs. Western blot of p-Erk1/2 levels in netrin-

1WT mESCs transfected with control siRNA or 2 independent siRNA targeting Pp2acα or PR55γ. 3 independent 

experiments gave similar results. (j) Western blot depicting Wnt and Mapk activation levels in netrin-1 dox-

inducible mESCs. Dox is added at the indicated concentrations for 48 hrs. 3 independent experiments gave 

similar results. (k) Netrin-1-expressing feeder triggers similar signalling changes in mESCs. The irradiated 

feeder was plated and treated or not with dox for 24 hours at 2μg/mL. The next day, mESCs were plated on 

those feeders and grown for 3 days before collection for WB. 3 independent experiments gave similar results. 

(l) Netrin-1 signalling function in human pluripotent stem cells. Western blot of Wnt and Mapk members in 

control and netrin-1WT human iPS cells. 3 independent experiments gave similar results.  
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FFigure 4: Recombinant netrin-1 supports mESC self-renewal in combination with LIF. (a) Western blot comparing 

signalling and pluripotency changes induced by netrin-1 and 2i. Control and netrin-1WT mESCs are grown in 

serum/Lif and treated with 2i for 2 days. 3 independent experiments gave similar results. (b) Western blot 

depicts Nanog levels in response to increasing doses of r-netrin-1. Cells are treated with indicated 

concentrations for 48 hrs. 3 independent experiments gave similar results. (c) Quantification of the 

Nanog/Oct4 ratio intensity in single cells of the different populations. n corresponds to the number of cells. 

The line that divides the box into 2 parts represents the median of the data. The end of the box shows the 

upper and lower quartiles. The extreme lines show the highest and lowest value excluding outliers. T-test was 

used, two-tailed p-value is indicated. (d) Western blot for Wnt and Mapk members in similar settings as (b). 

Similar results were obtained from 3 independent experiments. (e) Western blot of pluripotency and signalling 

changes occurring after 24 and 48 hrs of r-netrin-1 treatment at 20μg/mL. 3 independent experiments gave 

similar results. (f) Heatmap presenting differentially expressed genes. RNA-seq is performed on mESCs treated 

or not with r-netrin-1. n=4 independent samples. A two-sided wald test was used for p-value calculation and 

a two-sided Benjamini-Hochberg for adjustement. (g) Self-renewal assays. E14Tg2a mESCs are maintained for 

6 passages in the indicated conditions. After splitting at p2, 3, 5 and 6, cells are counted and similar numbers 

are plated at clonal density in serum/Lif for 7 days and the number of AP+ colonies counted to evaluate the 

self-renewal potential of the cells. Data present a single experiment representative of 2 independent ones. (h) 
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Pictures presenting the self-renewal abilities of mESCs grown in the indicated conditions for 3 and 5 passages. 

Similar results were obtained from 3 independent experiments. (i) Western blot of pluripotency factors. mESCs 

grown in N2B27+Lif+2i or N2B27+Lif+r-netrin-1 for 5 passages (15 days) are grown in serum/Lif for 7 days 

before collection. 3 independent experiments gave similar results.   
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Figure 5: Endogenous netrin-1 controls pluripotency. (a) Schematic of the netrin-1 conditional allele. KO, 

knockout. (b) Western blot for Wnt and Mapk members in netrin-1fl/fl mESCs treated ON or not with tamoxifen 

(TAM) in N2B27+Lif for 48 hrs before collection. 3 independent experiments gave similar results. (c) Colony 

formation assays. Similar results were obtained from 3 independent experiments. (d) Colony countings. Data 

are expressed as the mean ± s.d. (n=3 independent experiments). T-test was used and two-sided p-value is 

indicated. (e) Scheme depicting the netrin-1KO, Neo1KO, Unc5BKO mESCs generated by crispr/cas9. (f) Effect of 

netrin-1, Neo1 and Unc5B depletion on Wnt and Mapk pathways by western blot. 3 independent experiments 

gave similar results. (g) Western blot for Wnt and Mapk members. Netrin-1KO mESCs were treated for 48hrs 

with r-netrin-1 (20μg/mL) before collection. 3 independent experiments gave similar results. (h-i) Effect of 

ligand/receptors depletion on mESC self-renewal ability. Cell lines from (e) were subjected to colony formation 

assay. (h) Brightfield pictures of a single experiment representative of three independent ones. (i) Colony 

counting. Data are the mean ± s.d. (n=3 independent experiments). Student's t-test was used and two-sided 

p-values are indicated.  
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Figure 6: Netrin-1 regulates cell fate allocation in pre-implantating embryos. (a) Netrin-1/Oct4 in situ 

hybridization on E4.5 embryo. n=17 E4.5-E4.75 embryos from 3 independent experiments. (b) X-gal activity in 

blastocyst-stage embryos. netrin-1-βgeo reporter embryos were flushed at E3.5 and grown in vitro for 24 hrs 

before fixation. n=9 embryos from 3 independent experiments. (c) Scheme depicting the intercrosses. (d) 

Picture of control and netrin-1 KO E3.75 embryos. Immunofluorescence for Cdx2 marks trophectoderm cells. 

Arrows indicate ICM cells. n=4 independent experiments. (e) Countings. The graph depicts the average number 

of ICM cells per embryo and sd: ((Dapi+ cells) - (Cdx2+ cells)). n=number of embryos analysed. Ctrl: netrin-1+/+ 

and netrin-1+/- embryos. KO: netrin-1-/- embryos. The p-values of a two-sided non-parametrical wilcoxon test 

are indicated. (f) Picture of control and netrin-1 KO E3.75 embryos grown for 24 additional hours in vitro. 

Immunofluorescence for Tcfap2C marks trophectoderm cells. Arrows indicate epiblast cells. n=3 independent 

experiments. (g) Counting. The graph depicts the average number of ICM cells per embryo and sd: ((Dapi+ 

cells) - (Tcfap2c+ cells)). n=number of embryos analysed. Ctrl: netrin-1+/+ and netrin-1+/- embryos. KO: netrin-

1-/- embryos. The p-values of a two-sided non parametrical wilcoxon test are indicated. (h) Scheme of the 

intercrosses. (i) Graph depicting the percentage of netrin-1βgeo/βgeo mESCs lines obtained from netrin-

1+/βgeo heterozygous crosses. n=number of lines generated. Embryos were flushed at E3.5, grown on feeders 

in N2B27+Lif+2i for 3 days and then in serum/Lif. Netrin-1 status was evaluated by Western blot. 
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Figure 7: netrin-1 exerts different effects in mESCs depending on its receptors balance. (a) Western blot in 

mESCs and day4 EBs. 3 independent experiments gave similar results. (b) Schematic of the generation of 

control, control Neo1-doxi, netrin-1 Neo1-doxi, control Unc5B-doxi and netrin-1 Unc5B-doxi mESCs. (c) Neo1 

exogenous expression reduces p-Erk1/2 in presence of netrin-1. 3 independent experiments gave similar 

results. (d) Unc5B exogenous expression induces p-Erk1/2 in presence of netrin-1. 3 independent experiments 

gave similar results. (e) Unc5B exogenous expression reduces pluripotency factor level in presence of netrin-

1. 3 independent experiments gave similar results. (f-g) Unc5B reduces resistance to differentiation in 

presence of high netrin-1 level. Exit from pluripotency assays are performed with control Unc5B-doxi and 

netrin-1 Unc5B-doxi mESCs treated or not with doxycycline. (f) Representative pictures of a single experiment 
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representative of three independent ones. (g) Colony counting. Data are the mean ± s.d. (n=3 independent 

experiments). Student's t-test was used and two-sided p-values are indicated. (h) Q-RTPCR depicts Nestin and 

βIII-tubulin levels at day 8 of differentiation in N2B27-Lif. Data are normalized to housekeeping genes and 

value 1 is given to day8 Ctrl mESCs. Data are the mean ± s.d. (n=3 independent experiments). Student's T test 

was used and two-sided p-values are indicated. (i) Q-RTPCR depicts Wnt3a, Mixl1, Foxa2, Amn, Cdh2 and Cer1 

transcript level in day7 EBs generated with netrin-1fl/fl mESCs treated or not with TAM. Data are the mean ± 

s.d. (n=3 independent experiments) and value 1 is given to -TAM mESCs. Student's T test was used and two-

sided p-values are indicated. (j) Netrin-1, Unc5b and Neo1 expression during neural differentiation. 3 

independent experiments gave similar results. (k) Netrin-1 depletion triggers a proliferation defect during 

differentiation. The netrin-1fl/fl mESCs, treated or not with TAM, are grown for 2 days in N2B27-Lif and cell 

number counted. Data are the mean ± s.d. (n=3 independent experiments). Two-sided p-values of a student's 

t-test are indicated. (l-m) netrin-1 depletion impairs mESCs developmental potential. Blastocyst injections 

were performed with netrin-1fl/fl mESCs treated or not with TAM prior to injection. (l) Example of color-coated 

chimera obtained following injection of netrin-1fl/fl mESCs. (m) Percentage of chimera obtained are shown, 

n=number of live pups obtained. (n) Picture of representative embryos immunostained for GFP and cleaved 

Caspase 3. Morulas are aggregated with 5-10 netrin-1fl/fl mESCs treated or not with TAM and blastocysts fixed 

36hrs post-aggregation. Asterisks mark apoptotic cells. 3 independent experiments gave similar results. (o) 

Countings. Cleaved Caspase 3 positive cells are scored. Data are the mean ± s.d. (3 independent experiments). 

n=number of embryos analysed. T-test was used and two-sided p-values are indicated. 

  

 

 

Figure 8: Graphical summary of the results. The binding of netrin-1 to its receptors Neo1 and Unc5B modifies 

the composition and the activity of the Pp2a complex with a strong induction of the regulatory PR55γ subunit, 



 
180 

 

leading to Erk1/2 dephosphorylation and Mapk signalling attenuation. Activated Fak kinase triggers Gsk3α/β 

inactivation by phosphorylation, leading to β-Catenin stabilization and Wnt signalling promotion. The 

combined promotion of Wnt and alleviation of Mapk triggers the acquisition of naive pluripotency features 

partially overlapping with the ground state.  
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SSupplementary information: 

 

Supplementary Figure 1. netrin-1 is expressed in naive pluripotent cells in vitro. (a) Data present FPKM values 

for netrin-1, Ntn4, Ntn5, NtnG1 and NtnG2 in serum/Lif mESCs treated or not with Mek1/2-inh (PD), Gsk3α/β-

inh (CHIR) or both (2i). (b)  Western blot depicting netrin-1 levels in human iPS cells treated similarly as (a). 3 

independent experiments gave similar results. (c) Netrin-1 and Oct4 transcripts level in indicated mESCs. Q-

RTPCR data are expressed relative to mESCs as the mean ± s.d. (n=3 independent experiments). Student's t-

test was used and two-tailed p-values are indicated. (d) Netrin-1 western blot in indicated mESCs. 3 

independent experiments gave similar results. (e) Netrin-1 expression in single mESCs in Serum/Lif and 2i. 

Single-cell transcriptomic data are extracted from Kumar et al., 2014. n=number of cells analysed in each 

condition. (f) Netrin-1 mean expression in single mESCs. Data are extracted from Kumar et al., 2014 n=number 

of cells analysed in each condition. The bar represents the mean ± s.d. of netrin-1 expression in the 2 

conditions. Student t-test was used and two-sided p-value is indicated.   
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SSupplementary Figure 2. netrin-1 triggers pluripotency features partially overlapping with the ground state. (a) 

Graph of netrin-1 receptors transcript levels in mouse ES and iPS cells. RNA-seq data are presented as FPKM 

values and expressed as the mean ± s.d. (n=3 independent experiments). (b) netrin-1 receptors expression 
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during early mouse development. Data, extracted from Boroviak. et al., 2015, present transcripts level in 

FPKM.  Data are presented as the mean ± s.d. (n=3 independent experiments). (c) Western blot depicts 

exogenous netrin-1 (HA) levels in control, netrin-1WT, netrin-1Unc5B-mut and netrin-1Neo1-mut mESCs. 3 

independent experiments gave similar results. (d) Western blot depicts netrin-1 levels in control mESCs 

supplemented with Mek1/2-inh, Gsk3α/β-inh or 2i alongside netrin-1WT mESCs grown in serum/LIF. 3 

independent experiments gave similar results. (e) FACS analysis (FSC/SSC) of the different populations grown 

in serum/Lif. 3 independent experiments gave similar results. (f) netrin-1 expression in ES cells subpopulations. 

Data are extracted from Guo et al. 2016. Esrrb expression is used to distinguish quartiles of Esrrbhigh (>Q1) and 

Esrrblow (<Q1) cells. netrin-1 expression is analysed in the corresponding quartile. 48 total cells were analysed, 

12 cells for <Q1 and 36 cells for >Q1. Student's t-test was used and two-tailed p-value is indicated. (g) Scheme 

depicting exit from pluripotency assays. (h) Pictures of a single experiment representative of three 

independent ones. Cells were plated and induced with or without Dox for 7 days. They were then plated at 

clonal density (60-100 cells/cm2), grown for 7 days without Lif and replating at similar density for 7 additional 

days, before scoring AP+ colonies. (i) Colony counting. Data are the mean ± s.d. (n=3 independent 

experiments). Student's t-test was used and two-sided p-values are indicated. (j) Q-RTPCR depicts mesoderm 

(Wnt3a and Mixl1), endoderm (FoxA2 and Amn) and ectoderm (Nes and Cdh2) transcript level in mESCs and 

day4 and day7 EBs generated with control or netrin-1WT mESCs. Data are the mean ± s.d. (n=3 independent 

experiments). (k) Control and netrin-1WT mESCs proliferation curves. Data are the mean ± s.d. of 2 independent 

experiments. (l) Cell cycle features of control and netrin-1WT mESCs. Data are the mean ± s.d. (n=2 independent 

experiments).  (m) Violin plots displaying methylation levels for control, netrin-1WT and 2i mESCs for 1.3M 

matched CpGs. Bold line indicates 25-75th percentile, white dot indicates median. (n) Dnmt3A and Dnmt3B 

expression levels in netrin-1WT mESCs. Data are the mean ± s.d. (n=3 independent experiments) of normalized 

counts. Student's T test was used and two-sided p-values are indicated. 
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Supplementary Figure 3. Molecular cascade downstream of netrin-1 in mESCs. (a) Knockdown efficiency of Fak 

in mESCs. Q-RTPCR depicts Fak transcript level following transfection of netrin-1 mESCs with independent 

siRNA. Data, normalised to si#control mESCs, are the mean +/- sd of 3 independent experiments. Student T-

test was used and two-sided p-values are indicated. (b) Effect of netrin-1 signalling on Lif sensitivity. Control 

and netrin-1WT mESCs were serum starved ON and stimulated with Lif for 10 mins prior to samples collection. 

3 independent experiments gave similar results. (c) Knockdown efficiency of Pp2acα and PR55γ in mESCs. 

Similar settings as (a).  
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Supplementary Figure 4. Endogenous netrin-1 controls pluripotency features. (a) Western blot for netrin-1 in 

netrin-1fl/fl mESCs treated or not with 4'OH-tamoxifen (TAM) for 3 days before collection. 4 independent 

experiments gave similar results. (b) Effect of netrin-1 depletion on differentiation genes. Q-RTPCR depicts 

Fgf5, Otx2, Gata4 and Gata6 transcript level following netrin-1 depletion in mESCs. Data are the mean +/- sd 

of 3 independent experiments. Student T-test was used and two-sided p-values are indicated. (c) netrin-1fl/fl 

mESCs proliferation curves. The netrin-1fl/fl mESCs, treated or not with TAM, were counted at each passage in 
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serum/Lif. Data are the mean +/- sd of 3 independent experiments. (d) Cell death analysis. The netrin-1fl/fl 

mESCs, treated or not with TAM, were grown for 2 days in N2B27+Lif before PI-AnnexinV staining was 

performed. The left panel presents a representative FACS profile and the right panel a graph of mean data ± 

s.d. (n=3 independent experiments). Value 100% is given to the percentage of live cells in untreated netrin-

1fl/fl mESCs. (e) Brightfiled pictures of netrin-1fl/fl mESCs treated or not with 4'OH-tamoxifen and subsequently 

maintained in culture for 22 passages. Bars: 50 μm. (f) Scheme depicting the position of the guides used to 

target netrin-1, Unc5B and Neo1 loci by crispr/cas9. The grey boxes correspond to exons, and pink arrows 

indicate the 2 independent guides for each locus. (g) Western blot of netrin-1, Unc5B and Neo1 levels in the 

corresponding mESC lines. 3 independent experiments gave similar results. (h) Self-renewal assay. Control and 

netrin-1KO mESCs are plated at clonal density in serum+Lif (left panel) or serum+Lif+2i (right panel) for 7 days 

before AP positive colonies was scored. Data are the mean ± s.d. (n=3 independent experiments). Student's t-

test was used and two-sided p-values are indicated. (i) Netrin-1, Nanog and Gata6 expression in single 

blastomeres. Data, extracted from Nakamura et al., 2016, correspond to FPKM values for 9 nanog positive cells 

and 12 gata6 positive blastomeres. Each dot corresponds to a cell, the bar is the mean ± s.d. Student T-test 

was used and two-sided p-values are indicated. 
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SSupplementary Figure 5. netrin-1 controls coordinated differentiation. (a) Neo1 and Unc5B expression in 

epiblast-like cells (EpiLC). Q-RTPCR data are expressed relative to mESCs as the mean ± s.d. (n=3 independent 

experiments). (b) Pictures of teratoma obtained following injection of netrin-1fl/fl mESCs treated (right panel) 

or not (left panel) with TAM 24 hours prior to injection. 4 independent teratoma per condition were analysed. 

(c) Q-RTPCR depicts Nestin and βIII-tubulin levels at day 8 of differentiation in N2B27-Lif. Data are normalized 

to housekeeping genes and value 1 is given to day8 Ctrl mESCs. Data are the mean ± s.d. (n=3 independent 

experiments). Student's t-test was used and two-sided p-values are indicated. (d) Cell death analysis. The 

netrin-1fl/fl mESCs, treated or not with TAM ON, were grown for 2 days in N2B27-Lif before PI-AnnexinV staining 

was performed. The left panel present a representative FACS profile and the right panel a graph of mean data 

± s.d. (n=3 independent experiments). Value 100% is given to the percentage of live cells in untreated netrin-

1fl/fl mESCs. 
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SSupplementary Table 1 

siRNA  

siGENOME Mouse Ptk2 (14083) D-041099-01-0002 

siGENOME Mouse Ptk2 (14083) D-041099-02-0002 

siGENOME Mouse Dapk1 (69635) D-040260-01-0002 

siGENOME Mouse Dapk1 (69635) D-040260-02-0002 

siGENOME Mouse Ppp2ca (19052) D-040657-01-0002 

siGENOME Mouse Ppp2ca (19052) D-040657-02-0002 

siGENOME Mouse Ppp2r2c (269643) D-055606-01-0002 

siGENOME Mouse Ppp2r2c (269643) D-055606-02-0002 

 

antibodies  

OCT4 Santa Cruz, sc5279 

NANOG Cosmobio, RCA B000 2P-F 

SOX2 Abcam, ab9759 

ESRRB R&D Systems, PP-H6705-00 

ACTIN Sigma, A3854 

NEO1 Cell signalling, 39447 

UNC5B Cell signalling, 13851  

netrin-1 R&D Systems, AF-6419 

p-ERK1/2 Cell Signaling, T202, Y204-9101 

total ERK1/2 Sigma, M5670 

p-STAT3 Cell Signalling, Tyr705-D3A7 

STAT3 Cell Signaling, 79D7 

β-CATENIN Millipore, 05-665 

TCF7L1 kind gift from B. Merrill lab 

H3K27Me3 Diagenode #C15410195-10 

H3K4Me3 Active Motif #61379 

GSK3 Cell signalling, 9315 

p-GSK3 (inactif) Cell signalling, 9331 

MEK1/2 Cell signalling, 9122  

p-MEK1/2 Cell signalling, 9121 

FAK Cell signalling, 3285 
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p-FAK Cell signalling, 3283 

pp2AC Millipore, 05-421, clone 1D6,  

GFP Abcam, ab13970 

X-gal Abcam, ab9361 

cleaved Caspase 3 Cell signalling, 9664 

  

sg sequences for crispr/cas9 targeting  

netrin-1 sg#1 CAGCATGATGCGCGCTGTGT 

netrin-1 sg#2 GCGCGCTGTGTGGGAGGCGC 

Neo1 sg#1 GGAGGTGCAGAGGAGTCGCC 

Neo1 sg#2 CTTACCTGCGGACTGCGGCG 

Unc5B sg#1 GAGCATGAGGGCCCGGAGCG 

Unc5B sg#2 GCTGGCGCTGCTGCTTTGCT 
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6. DISCUSSION AND FUTURE PERSPECTIVES

 

During my PhD, I have been interested in deciphering processes controlling cellular identity in different 

contexts. A first project was focused on deciphering the mechanisms that drive loss of somatic identity and 

dedifferentiation during malignant transformation and iPSCs generation. The results obtained allowed to us 

to identify a novel balance between two basic Helix Loop Helix transcription factors determining cellular 

reprogramming: while c-Myc drives iPSCs generation and malignant transformation, we identified Atoh8 as 

a novel roadblock of the two processes. 

A second study led us to explore changes in cellular identity among pluripotency. We identified Netrin-1 and 

its receptors Neo-1 and Unc5-b as new regulators of naïve pluripotency. We showed that the Netrin-1 

pathway converts heterogeneous ESCs to a homogeneous naïve state sharing partial homologies with the 2i-

induced ground state. 

In this last part, I will discuss separately the results obtained for the two projects and I will propose some 

ideas to continue the two studies. 

 
Figure 21: Recapitulative scheme of results obtained during the PhD. C-Myc is fundamental for pluripotent 

reprogramming and malignant transformation, while Atoh8 is an obstacle for both processes, highlighting the 

importance of bHLH TFs in regulating loss of somatic identity and reprogramming. 

The Netrin-1 ligand and its receptors Unc5-b and Neo-1 drives change of cellular identity in the heterogeneous ESCs 

population. Their action leads to homogeneous naïve ESCs, resembling for many aspects the ground state 2i-induced 

ESCs. 
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6.1. Atoh8 project 

 

Our data highlight the requirement for c-Myc during pluripotent and malignant reprogramming. 

Even if its exogenous expression is dispensable for iPSCs generation and malignant transformation, 

its endogenous level is fundamental for both processes accomplishment. This is in line with recent 

reports showing the importance of endogenous c-Myc in the early steps of pluripotent 

reprogramming (Prieto et al., 2018; Zviran et al., 2019). 

Interestingly, Klf4 is also expressed as c-Myc in the initial MEFs. However, the over-expression of 

Oct4, Sox2 and c-Myc in combination with the endogenous Klf4 is not sufficient to induce iPSCs 

generation, with cells senescing and dying few days after OSM infection (data not shown). Thus, it 

seems that, unlike c-Myc, Klf4 endogenous levels are not sufficient to mediate pluripotent 

reprogramming, suggesting different requirements in Yamanaka factor stoichiometry, as previously 

described (Carey et al., 2011). 

Our results have interesting repercussions also for cancer biology. Even if the combined action of K-

RasG12D and p53 loss are sufficient to drive malignant immortalization, their effect is erased by the 

depletion of the endogenous c-Myc (Bailey et al., 2016; O’Dell et al., 2012). These results show an 

important role of this factors in the first steps of malignant transformation. These evidences are also 

in line with the dependence of some tumors to c-Myc expression levels (Myc-addicted tumors) 

(Dang, 2012). 

C-Myc has been described as a target of K-Ras activity through Erk1/2 and Erk5 signalling (Vaseva et 

al., 2018). Moreover, our data show that induction of the K-RasG12D mutation in MEFs has the same 

effects of c-Myc over-expression on Atoh8 transcript levels (FigS5A, paper 1). It would be interesting 

to address which is the relevance of c-Myc as a K-Ras effector and at which level c-Myc endogenous 

depletion influences the effects of K-Ras in malignant transformation. 

 

We also described a new role for Atoh8 as an obstacle to iPSCs generation and malignant 

transformation. In the screening to isolate Atoh8, based on the Thy1 marker, Id4 and Twist2 were 

also identified. The same functional experiments to test Atoh8 role in PR and MR were carried out 

for these two candidates. Downregulation of Twist2 and Id4 did not show any increase in efficiency 

of iPSCs generation, we thus decided to focus on Atoh8. Cumulative effects were observed when 

Atoh8 was downregulated in combination with Id4, but the differences were not significant. 

However, we cannot completely exclude a combinatory effect, due to the difficulty to downregulate 

both genes at the same time with a significant efficiency (data not shown). 

However, depletion of Twist2 and Id4 induced an enhanced malignant transformation and over-

expression of c-Myc led to downregulation of Twist2 and Id4 at RNA and protein level (data not 
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shown). It would be interesting to investigate if c-Myc can play a role of master regulator of a bHLH 

network in the onset of malignant transformation. 

 

Atoh8 depletion increases also the efficiency of malignant transformation. Notably, the enhanced 

malignant reprogramming associated to the downregulation of this developmental gene highlights 

the link between developmental processes and malignant transformation. Interestingly, depletion 

of Atoh8 in the initial MEFs not only increases the efficiency of malignant transformation but have 

also profound effects on the subsequent acquisition of malignant properties and the final 

characteristics of the transformed cells, emerging at the end of the process: transformed cells 

obtained from Atoh8 depleted MEFs present a different EMT state and a more aggressive behaviour. 

Interestingly, the perturbation of the somatic MEF by depleting Atoh8, one of its somatic 

gatekeepers, has dramatic effects on malignant transformation. This is in line with the concept of 

pliancy, which postulates that diversity in the somatic state at the beginning of oncogenesis causes 

differences in the routes towards malignancy and in the final transformed cells (Puisieux et al., 

2018).  

In this context, we showed that the enhanced aggressiveness of transformed cells derived in an 

Atoh8-depleted background is related to a partial EMT state. It would be intriguing to explore the 

metastatic potential of these cells via in vitro migration experiments and in vivo tail vein injection 

tests. Changes in EMT state has been previously associated with cancer stemness and 

chemoresistance. Moreover, loss of Atoh8 in hepatocellular carcinoma leads to acquisition of CSC 

markers and enhanced chemoresistance (Song et al., 2015). It would be relevant to address the 

expression of stemness-associated markers also in our transformed cells. 

 

In the study, we propose to consider Atoh8 as a novel cellular gatekeeper against reprogramming 

phenomena. It would be important to assess which are the long-term effects of the downregulation 

of this bHLH TF on the MEF, without inducing reprogramming: if it is a veritable protector of the 

cellular identity, it is possible that its loss on the long term leads to a decrease of the cellular fitness. 

Analysis on cellular proliferation, apoptosis and cell cycle could give us some clues for this open 

question. 

 

Atoh8 plays an important obstacle role not only in iPSCs generation and malignant transformation, 

but also in other scenario of reprogramming (MEF-to-neuron transdifferentiation, human 

pluripotent reprogramming, NIH3T3 immortalization-to-transformation). Even if these data 

highlight a role of Atoh8 as a general roadblock, a limit of the actual work consists in the fact that 

the several reprogrammings tested were performed starting with fibroblasts. It would be interesting 
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to reprogram other cellular types to broaden the message, but Atoh8 is not expressed in the initial 

cells of many reprogramming scenarios (lymphocytes T, lymphocytes B, neutrophils and 

keratinocytes). This is in line with published data on Atoh8 broad expression during development 

and restriction to few cell types in the adult.  

 

Our data showed also show that c-Myc downregulates Atoh8 RNA and protein leves. c-Myc-

mediated repression of this bHLH TF is consistent with the action of c-Myc in the early steps of 

pluripotent reprogramming and the classification of Atoh8 as an early somatic marker lost in the 

beginning of iPSCs generation (Cacchiarelli et al., 2015; Mikkelsen et al., 2008a). Interestingly, bHLH 

TFs have been shown to interact in two ways to regulate each other function. In the case of negative 

regulation, as we observed in our case, bHLH TFs can bind promoters and repress the transcription 

of other bHLH factors. Alternatively, they can compete for the same proteins to form heterodimers, 

sequestrating co-factors to other members of the family to avoid their action (see introduction).  

In our case, we showed that c-Myc can bind Atoh8 promoter, and this binding leads to Atoh8 

transcriptional repression (Fig6B-C, paper 1). The mechanisms of this repression are still unknown 

and further experiments are needed to address this point. Interestingly, as described before, Atoh8 

has a bivalent promoter (Pujadas et al., 2011), which is silenced during reprogramming due the 

H3K27me3 methylation accumulation (Fig. S1, paper 1) (Wang et al., 2016; Zhang et al., 2019). It has 

been shown in other models that this repression is mediated by the PCR-component Ezh2 (Zhang et 

al., 2019). Notably, Ezh2 has been proposed as a c-Myc co-factor, essential for its transcriptional 

repression during pluripotent reprogramming (Rao et al., 2015, p. 2). It is important to test if the c-

Myc-mediated Atoh8 repression is correlated to an increase of the H3K27me3 mark deposited by 

the c-Myc/Ezh2 complex. 

Furthermore, c-Myc could also obstacle Atoh8 action by sequestrating other bHLH TFs that could 

potentially heterodimerize with Atoh8. An interaction of Atoh8 with the Class I bHLH TF E47 has 

been described (Ejarque et al., 2013). C-Myc could sequestrate this bHLH TF and avoid its interaction 

with Atoh8. Moreover, it could also directly mediate E47 repression, but differences in E47 

expression were not detectable upon c-Myc over-expression (data not shown).  

We also showed that, in a feed-back mechanism, Atoh8 downregulation increases the levels of c-

Myc RNA and protein, suggesting that Atoh8 negatively regulates it. Recently, precise functions for 

c-Myc in pluripotent reprogramming has been described, such as metabolic rewiring and tRNA 

codon usage (Prieto et al., 2018; Zviran et al., 2019). It would be interesting to test if sustained 

expression of Atoh8 can avoid these phenotypes associated to c-Myc action during reprogramming.  
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On a functional level, we showed that loss of Atoh8 induces Wnt activation by downregulating Wnt 

inhibitors expression (Dkk2, Tle2, Sfrp1 and Sfrp2). However, the mechanisms mediating this 

regulation are still unknown. It is now important to know if these Wnt inhibitors are direct targets 

of Atoh8 binding on their promoter or if their activation is indirect. In this direction, it is crucial to 

perform Chip-PCR experiments to test Atoh8 binding on their promoters.  

Moreover, consistent with our data, one of Atoh8 knock-out models shows major developmental 

defects at gastrulation (Ejarque et al., 2016). At this embryonic stage, precise tuning of Wnt 

signalling is fundamental for antero-posterior axis patterning (Haegel et al., 1995; Huelsken et al., 

2000). It would be fascinating to study the effects of Atoh8 downregulation during gastrulation, to 

see if the in vivo observed phenotypes of the Atoh8 KO are related to a deregulation of Wnt 

signalling, establishing a link between Atoh8 and Wnt also during embryonic development. 

  

To have a better understanding of how c-Myc antagonises Atoh8 somatic function, it would be 

crucial to assess if c-Myc can hinder Atoh8 activation of Wnt inhibitors. To address this issue, Chip-

PCR of Atoh8 on Wnt inhibitors promoters could be performed with increasing doses of c-Myc, with 

the aim to observe if c-Myc over-expression can disturb Atoh8 binding. More generally, it would be 

fascinating to see if c-Myc and Atoh8 can compete for the same binding domain at a broader level. 

With this aim, RNA-sequencing analyses should be performed upon c-Myc overexpression or Atoh8 

depletion, to identify genes commonly regulated by these two TFs. Moreover, thanks to Chip-Seq 

analysis, it would be possible to describe the distribution of these two factors. The data obtained 

from these analyses would be of great impact to address the mechanisms orchestrating Atoh8 and 

c-Myc antagonism. Focusing the attention on bHLH TFs, the same results could also give some 

indications for the hypothesis that proposes c-Myc as a master gene regulating a bHLH TFs network 

during iPSCs generation and malignant transformation.   
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6.2. Netrin project 

 

In this second project, we showed that Netrin-1 and its receptors Neo-1 and Unc5-b mediate a 

homogenous naïve pluripotent state, recapitulating some features of the 2i-induced ground state. 

 

Our data show that Netrin-1 induction in ESCs drives an increase and homogenization of naïve 

markers as Sox2, Nanog and Esrrb, which are usually expressed heterogeneously in the normal 

culture conditions (serum + LIF). We suggest that this increase is due to an activation of Wnt and 

repression of Mapk signalling, as shown by the induction of the active form of β-catenin and 

decrease of Erk phosphorylation. However, we cannot exclude that Netrin-1 enhances the 

expression of naïve markers via alternative pathways. It is important to test if we can observe the 

same phenotypes on naive markers even when effects on Wnt and Mapk pathways are inhibited 

(for example by silencing Pp2a and Fak).   

We showed that Netrin-1 expression changes in ground state: ChirON and 2i treatment increase the 

level of Netrin-1, while PD reduces it, identifying Netrin-1 as a target of both the Wnt and Fgf 

pathways (Fig1B, paper 2). The double regulation from Wnt and Fgf, the former related to 

pluripotency and the latter to commitment, matches the bipotent role of Netrin-1 in induction of 

naïve pluripotency and regulation of differentiation, as demonstrated by the fact that both over-

expressing cells and KO cells show differentiation defects (Fig1T, 7L-M, paper 2).  

 

Notably, Wnt activates Netrin-1 expression and Netrin-1 induces Wnt pathway, highlighting a 

positive interplay between these two factors. This is in line with the cooperation of Netrin-1 and 

Wnt signallings observed in axon guidance. In C. Elegans, Netrin-1 and Wnt work together to guide 

axon migration respectively on the dorso-vetral and antero-posterior axis. Moreover, it has been 

recently demonstrated that these two pathways act in a redundant way, working in parallel in the 

determination of the two axis (Levy-Strumpf and Culotti, 2014).  This redundancy is consistent with 

our data showing that Netrin-1 and Wnt3a induction do not show an additional effect on Wnt 

pathway activation (Fig3B, paper 2). It would be interesting to know if Wnt, in a mirror way, can also 

activate the Netrin-1/Unc5-b/Neo-1 pathway, but the Netrin-1 signalization is poorly understood 

and most of the effectors are unknown. Notably, it has been shown that Wnt activity through MOM-

5/Frizzled can regulate negatively Unc-5 expression (Levy-Strumpf et al., 2015).  

 

The link between Netrins and Fgf has been reported in many studies: both signalling pathways play 

determinant roles in angiogenesis and lymphangiogenesis (Larrieu-Lahargue et al., 2010; Park et al., 

2004). Moreover, on a molecular level, Dcc can activate Mapk signalling through a direct recruitment 
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and activation of Erk1/2 (Forcet et al., 2002). Also in our case, we observe an activation of the 

Mapk/Mek/Erk pathway and the effect is mediated by the Pp2a complex. The signalling through 

Pp2a could reflect differential mechanisms down-stream the Dcc and Neo-1 pathways.  

The Fgf regulation on Netrin-1, highlighted by the decreased expression of Netrin-1 upon PD 

treatment (Fig1B, paper 2), denotes the role of this ligand in ESCs differentiation. Indeed, Netrin-1 

levels are increased during differentiation. From these observations, we speculate that, while in 

pluripotency the expression of Netrin-1 is regulated majorly by Wnt activity, during the 

differentiation the increase in Fgf signalling drives the enhanced Netrin-1 expression. 

To test this hypothesis, we could inhibit Wnt signalling in ESCs and observe if Netrin-1 expression 

changes. If differences in expression are noticed, it would be interesting to study at a mechanistic 

level how the regulation of Netrin-1 by this pathway is orchestrated.  

Moreover, while Mapk has a positive effect on Netrin-1 expression in ESCs (as highlighted by Netrin-

1 decrease upon PD treatment), Netrin-1 mediates a repression of the Mapk signalling. This auto-

regulatory negative loop is maybe one of the mechanisms required to avoid differentiation of ESCs. 

During differentiation, both FGF activity and Netrin-1 expression increases: It would be interesting 

to assess if Netrin-1 plays this buffer role also after the onset of commitment.   

  

During differentiation, not only Netrin-1 levels increase, but we can also observe changes in 

stoichiometry of its receptors (increase of Unc5-b and decrease of Neo-1). This can explain the 

differential action of Netrin-1 as a pluripotent and differentiation factor (Fig 7A, 7J, paper 2). Indeed, 

combined over-expression of Netrin-1 and Unc5-b leads to a in induction of P-Erk, while the over-

expression of the ligand with Neo-1 reduced the levels of phosphorylation of this factor (Fig7C-D, 

paper 2).  

Thus, during differentiation, Unc5b and Neo1 receptors change their expression level and have an 

opposite effect. On the contrary, in pluripotency, where they are both expressed, both receptors 

are required for Wnt activation, Mapk inhibition and naive pluripotency maintenance. 

It thus seems that, depending on the stoichiometry of receptors, Netrin-1 can cover different 

functions. This model has already been proposed in axon guidance, where Dcc-mediated signalling 

induces chemoattraction, Unc-5 signalling chemorepulsion on short distances, while the 

combination of Dcc and Unc-5 drives long-distance chemorepulsion (Finci et al., 2015). It would be 

interesting in the future to identify specifically the stoichiometry of Netrin and its receptors in ESCs 

and during differentiation at a single cell level, to understand which configurations of 

ligand/receptor are associated to a naïve or to a differentiated state. Moreover, from our results, it 

emerges that the increase of Unc5-b levels is correlated to a switch in the Netrin role from 

pluripotency to differentiation regulator. In the study we did not focus on the regulation of receptors 
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expression, but it is crucial to understand what causes the enhanced expression of Unc5-b and the 

decrease in Neo-1 level at the onset of differentiation. 

 

In the study, we reported that Netrin-1 signalling mediates Wnt activation via Fak and Fgf decrease 

through Pp2a, as shown by inhibition of Fak and Pp2a experiments (Fig3D, 3I, paper 2). Indeed, it 

has been reported that the Netrin-1 axis can induce Fak to promote the Pp2a complex activity (An 

et al., 2016). Moreover, other studies showed Fak activation of Mapk pathway (Bechara et al., 2008; 

Webb et al., 2004). For having better insights on the precise order of the effectors of Netrin-1 

pathway, it would be crucial to assess if Fak modulation can induce differences also in Mapk 

signalling. 

Fak is a tyrosine kinase that has important cellular functions, primarily through regulation of the 

cytoskeleton. It has been shown that mechanotransduction mediated by Fak is a fundamental 

feature of Netrin-1-induced chemoattraction in axon guidance (Moore et al., 2012). Many 

extracellular proteins, such as Cochlin, R-spondin and IGFBP, have been reported to play important 

roles in maintaining stemness in ESCs and other multipotent stem cells (de Lau et al., 2011; Huynh 

et al., 2011; Zhang et al., 2013). It would be intriguing to explore the link between Netrin-1/FAK 

mechanotransduction and the maintenance of the pluripotent state in ESCs.  

Notably, nor FAK neither Pp2a could be detected co-immunoprecipitated with Unc5-b or Neo-1 

(data not shown). This makes us wonder which are the first effectors directly interacting with 

receptors at the beginning of the signalling pathway. To address this question, it would be important 

to perform mass spectrometry analysis to identify the factors directly interacting with the receptors 

and describe in a deep way the mechanisms of Netrin-1 pathway in ESCs. Moreover, it would be 

interesting to perform the same analyses during differentiation, to understand how the differences 

in receptors stoichiometry impact downstream pathways. 

 

Our data show that, as 2i, Netrin can activate Wnt pathway and repress Mapk signalling, driving a 

homogenous expression of naïve markers. However, the extent of Netrin-1 action does not 

recapitulate completely the effects of 2i. One of the major differences consists in the extent of Mapk 

repression, as far as 2i is more efficient than Netrin-1 to reduce P-Erk levels (Fig4A, paper 2). 

However, long-term ESCs culture in 2i has been correlated to DNA instability and decrease in 

chimaera generation potential due to an excessive repression of MEK (Choi et al., 2017). It would be 

interesting to test if long term cultures with recombinant Netrin-1 present the same phenotype or 

if the reduced repression on Mapk signalling can avoid the genome instability observed in 2i 

conditions. 
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Our data show that Netrin-1 expression can be activated by 2i and that Netrin-1 have similar effects 

of 2i, regarding pathway activation and stabilization of a homogenous naïve state. From these 

results, we wonder if Netrin-1 acts as an effector of 2i induction. In this optic, recombinant Netrin-

1 could be used in substitution to 2i, possibly avoiding the negative effects on DNA integrity.  

 

Thanks to the use of feeder-secreting Netrin-1 and the recombinant protein, we showed that Netrin-

1 can act in a paracrine way. It would be intriguing to address which is the extent of its paracrine 

effect on the distance range. Due to the absence of commercial antibody to detect efficiently Netrin-

1 by immunofluorescence in ESCs, it would be interesting to develop a reporter line for Netrin-1 

expression and perform IF for naïve markers, to observe if the cells adjacent to Netrin-1 expressing 

cells express naïve makers at higher levels. 

The paracrine effects observed with the treatment of recombinant Netrin-1 open interesting 

practical applications. In particular, it would be interesting to test if it can be used to derive ESCs 

from rat or mouse recalcitrant strains. 

 

Our data show that, in serum-deprived conditions, recombinant Netrin-1 and Lif treatment are 

sufficient for ESCs self-renewal along multiple lineages. It has been described that Lif mediates 

specific repression of mesodermal and endodermal differentiation. Interestingly, over-expression of 

Netrin-1 in ESCs induces a decrease in the level of the heterogeneous expression of mesodermal 

and endodermal markers, suggesting that Netrin-1 and Lif can block ESCs differentiation in similar 

way. Notably, the Lif KO mice do not present defects in the epiblast development, and Netrin-1 

depletion effects are compensated by other mechanisms (Fig6D-G, paper 2) (Stewart et al., 1992). 

It would be intriguing to test if Netrin-1 can compensate Lif absence in activating the Jak-Stat 

pathway. Moreover, it would be interesting to address the phenotype of the double KO for Netrin-

1 and Lif in the embryonic pluripotent compartment. 
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8. APPENDIX 1: 
 
 

The molecular roadmaps of reprogramming to pluripotency and malignancy 

identify Bcl11b as a broad-range regulator of cellular identity. 
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One-sentence summary: Comparative roadmaps of cellular identity loss during iPS cell generation and 

malignant transformation. 
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Abstract 

Loss of somatic cell identity during reprogramming is a critical step during both induced pluripotent stem 

(iPS) cell generation and malignant transformation. However, the molecular circuitries involved in both 

processes, and their degree of analogy, remain poorly characterized. In this study, we dissected the early 

cellular, transcriptomic and epigenomic changes occurring during pluripotent reprogramming (PR) - 

mediated by Oct4, Sox2, Klf4, c-Myc (OSKM) - and malignant reprogramming/transformation (MRT) - 

mediated by oncogenic K-Ras and c-Myc - in mouse embryonic fibroblasts (MEF). We demonstrated that 

loss of cellular identity during PR and MRT follows orderly sequences of intermediate stages, marked by 

changes in the cell surface marker Thy1 and the transcription factor (TF) Bcl11b. RNA- and ATAC-seq 

analyses of these reprogramming intermediates led to (i) defining shared but also specific transcriptomic 

and epigenomic features of PR/MRT and to (ii) identifying crucial regulators. Among them, we revealed 

antagonistic functions for the TFs Bcl11a and Bcl11b during both iPS cell generation and malignant 

transformation. Unexpectedly, we finally revealed that, upon an oncogenic insult, the initial susceptibility of 

MEF to lose identity has profound consequences on the subsequent acquisition of malignant properties in 

vitro and in vivo. Collectively, this comprehensive analysis enables the mapping of the reprogramming 

routes leading to iPS and malignant cells formation, and shed light on novel insights into reprogramming, 

induced pluripotency and cancer biology.  

 

Highlights 

-Molecular roadmaps of cellular identity loss during reprogramming to pluripotency and malignancy 

-Comparing the transcriptomic and epigenomic reconfigurations occurring during reprogramming toward 

pluripotency and malignancy reveals shared and specific features. 

-Bcl11a and Bcl11b regulate iPS cells generation and malignant transformation. 

-The initial susceptibility of MEF to lose identity and reprogram profoundly impacts the subsequent 

acquisition of malignant properties. 

-Cyclic OSKM expression constrains the development of K-Ras driven tumors in the lung. 
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Introduction 

During development, cells within multicellular organisms progressively differentiate into functionally and 

phenotypically distinct fates. These cellular identities, established by cell type-specific gene expression 

programs, are remarkably stable and can be sustained over many cell divisions throughout an organism's 

lifespan. However, this view of cellular identity as an irreversible state has been extensively challenged by 

the discovery of pluripotent reprogramming (PR). In their seminal report, Takahashi and Yamanaka 

demonstrated that differentiated cell identity can be fully converted to pluripotency by a defined set of 

transcription factors (TFs) (Oct4, Sox2, Klf4, and c-Myc; thereafter named OSKM) (1). Mechanistically, 

OSKM trigger an early and widespread reconfiguration of chromatin states and TFs occupancy to 

orchestrate somatic identity loss in mouse embryonic fibroblasts (MEF), while gradual activation of the 

pluripotency-related transcriptional network is observed later during the process of induced pluripotent 

stem (iPS) cell generation (2–5). Cellular reprogramming is therefore critical for induced pluripotency. 

Cellular reprogramming recently emerged as a critical regulator of malignant transformation. Cancer 

formation frequently relies on the activation of developmental signaling programs and the acquisition of 

self-renewal potential (6). Somatic stem cells have been considered to be relevant candidates of 

transformation due to their inherent self-renewing capacity and longevity, which would permit the 

acquisition of the combination of genetic and epigenetic aberrations sufficient for cell transformation (7). 

Nevertheless, recent studies demonstrated that, upon oncogenic alterations, progenitors or committed 

cells can act as tumor-initiating cells by reprogramming and re-acquiring stem cell-like traits (8, 9). Cellular 

reprogramming triggered by oncogenes has therefore emerged as an alternative route toward malignancy 

in vitro and in vivo (6, 10). In vitro, malignant transformation orchestrated by c-Myc and oncogenic K-Ras 

(K-RasG12D) in MEF is initiated by a malignant reprogramming process characterized by somatic identity loss, 

stochasticity and latency (11). In vivo, the concomitant activation of K-Ras and NF-κB in differentiated cells 

of the intestine induces their reprogramming and the initiation of tumors re-expressing the stem cell 

marker Lgr5 (9). In the adult pancreas, acinar cells have been shown to adopt an intermediate 

dedifferentiation state following an oncogenic insult. They then acquire ductal features through a 

reprogramming process, called acinar-to-ductal metaplasia, leading to premalignant lesions (12, 13). 

Altogether, these studies unveil that cellular reprogramming constitutes a critical step of malignant 

transformation in certain contexts.  

The processes of induced pluripotency and malignant transformation share some features. They are both 

constrained by oncogenic barriers, such as cell death and senescence, and are both considered to be 

stochastic and subjected to significant latencies (11, 14, 15). In line with this view, cyclic OSKM expression 

in vivo reduces hallmarks of aging (16) while prolonged OSKM induction induces teratoma formation (17) 

and fosters tumorigenesis (18, 19), in agreement with their genuine oncoprotein functions (20).  
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Despite the crucial role of cellular reprogramming in induced pluripotency and malignant transformation 

and the degree of analogy between both processes, the molecular circuitries and in particular the 

intermediate states controlling both programs have never been compared, yet their knowledge might have 

equally profound implications for regenerative medicine and cancer biology. In this study, we compared the 

early steps of PR - mediated by OSKM - and malignant reprogramming/transformation (MRT) - mediated by 

oncogenic Ras (K-RasG12D or H-RasG12V) and c-Myc. Transcriptomic analyses led to the identification of a set 

of somatic markers, namely Bcl11b and Thy1 (3, 11), that enabled us to compare the intermediate stages 

and define the reprogramming routes by which cells transit to lose their identity during PR and MRT. By 

characterizing the global reconfigurations of the transcriptome and of chromatin accessibility in these 

intermediates, we defined common and specific features of pluripotent and malignant reprogramming. We 

also identified a switch between the expression of the TFs Bcl11a and Bcl11b that critically controls both PR 

and MRT. Finally, we revealed  that the initial susceptibility of somatic cells to lose identity has unexpected 

and profound consequences on the subsequent acquisition of malignant properties, while OSKM cycles in 

vivo constrain the development of K-Ras driven tumors in the lung. 

 

Results 

 

A genetic strategy to compare iPS cell generation and malignant transformation.  

 

OSKM is the prototypical cocktail for iPS cell generation (1) and the cooperation between c-Myc and 

oncogenic K-Ras (K-RasG12D) has been reported to trigger malignant reprogramming and subsequent 

transformation (MRT) in MEF (11). To compare the early events of PR (induced by OSKM) and MRT (induced 

by c-Myc/K-RasG12D), MEF were derived from intercrosses between R26rtTA;Col1a14F2A (21) and LSL-K-

RasG12D;R26cre/ERT2 (22) mice (Fig. 1A). The treatment of these reprogrammable MEF with doxycycline (Dox) 

for 14 days led to the emergence of iPS colonies at an efficiency of 0,208 +/-0,102%. As expected, these 

cells expressed Nanog and Ssea1 (Fig. S1A) and were able to undergo in vivo multilineage differentiation 

(Fig. 1B). In contrast, MRT was achieved by the treatment of reprogrammable MEF with tamoxifen (TAM) to 

induce K-RasG12D expression (by excision of a Lox-Stop-Lox cassette) and by c-Myc exogenous expression 

(Fig. 1A). Under these conditions, 21 days were required for the generation of cells harbouring malignant 

features in vitro and in vivo. Foci formation assay illustrated the clonal loss of contact inhibition at an 

efficiency of 0.662 +/-0.327% (Fig. 1C) while soft agar formation assay showed the acquisition of 

anchorage-independent growth potential (Fig. 1D). Finally, the injection of these cells in nude mice led to 

the formation of "liposarcoma-like" tumors (Fig. 1E).  

Based on this genetic strategy, PR and MRT can be induced in the same population of reprogrammable 

MEF. We thus compared the early transcriptomic and cellular responses to the induction of each 
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reprogramming program (PR or MRT) and the combination of both (PR+MRT) (Fig. 1F). We conducted RNA-

seq analysis on MEF, untreated or undergoing 5 days of PR, MRT or PR+MRT. Principal component analysis 

(PCA) illustrated how the OSKM and K-RasG12D/c-Myc cocktails triggered different transcriptomic responses. 

Interestingly, the concomitant induction of PR and MRT seemed to have a cumulative effect on the MEF 

transcriptome (Fig. S1B). At the cellular level, MEF proliferation was increased by PR and MRT with different 

kinetics, and this effect was also found to be cumulative (Fig. 1G). In contrast, cell cycle features appeared 

to be specifically modified by MRT induction (Fig. S1C). We next evaluated DNA damage after short 

inductions (5 days) of reprogramming. MRT induction triggered the formation of H2AX phosphorylation 

( H2AX) foci in 45.1+/-10.0% of the cells (Fig. 1H-I). Of note, similar results were obtained with other 

oncogenic cocktails including p53 depletion and/or Cyclin E and H-RasG12V exogenous expression (Fig. S1D-

E). In contrast, Dox-induced OSKM expression did not significantly increase the number of H2AX foci 

(10.6+/-5.7% H2AX positive cells). Interestingly, when PR and MRT were both induced in MEF, we found 

that OSKM significantly prevented H2AX foci formation triggered by K-RasG12D and c-Myc (Fig. 1H-I). OSKM 

also prevented significantly apoptosis, as revealed by AnnexinV-PI staining (Fig. S1F-G). Altogether, these 

data indicate that PR and MRT trigger different transcriptomic and cellular responses in MEF and that 

OSKM unexpectedly prevent hallmarks of MRT-induced DNA damage and apoptosis.  

 

Identification of somatic markers commonly downregulated in the early steps of iPS cell generation and 

malignant transformation 

 

We next attempted to track MEF identity loss during iPS cell generation (PR) and malignant 

reprogramming/transformation (MRT). Because the early steps of both processes are highly inefficient (1, 

11), the design of a strategy to capture reprogramming intermediates (RI) on their way to pluripotency or 

malignancy was necessary. During PR, RI are tracked by combining markers of somatic identity loss (such as 

thy1) and markers of pluripotency network activation (such as SSEA1) (23, 24). Due to the fact that these 

pluripotent genes are not reactivated during MRT, we attempted to identify a set of somatic markers 

commonly downregulated during PR and MRT that could be used in combination to track RI. We initially 

FACS profiled cell surface markers described for PR (CD73, CD49d and Thy1) (23, 25) and MRT (Sca1, Thy1) 

(11, 26) (data not shown). Among those, thy1 was the sole factor being downregulated in a subset of cells 

at day 5 of PR and MRT (Fig. S2A). We next assessed whether the loss of thy1 correlated with enhanced 

reprogramming potential during both PR and MRT. For iPS cell generation, thy1low and thy1high 

subpopulations were FACS sorted at day 5 of PR and replated at similar densities in reprogramming 

conditions. In those conditions, thy1low cells formed 2-fold more alkaline phosphatase (AP) positive iPS 

colonies than thy1high cells, in adequation with previous reports (23) (Fig. S2B-C). For MRT, a similar FACS 

sorting strategy was conducted to subject thy1low and thy1high cells to foci formation assay. The thy1low cells 
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formed 4-fold more foci than thy1high cells, indicating that thy1low cells are more prone to lose contact 

inhibition (Fig. S2D-E), demonstrating that thy1 is a pertinent indicator of the reprogramming potential for 

PR and MRT.  

Since the reprograming efficiency of the thy1low subpopulation was still very low for both PR and MRT, we 

performed transcriptomic analyses to identify additional MEF markers commonly downregulated during PR 

and MRT. RNA-seq was conducted on untreated MEF, thy1low cells (prone) and thy1high cells (refractory) 

sorted by FACS at day5 of PR, MRT and PR+MRT (Fig. 2A). PCA showed a similar distribution of the samples 

as in Fig. S1B, based on the reprogramming program (Fig. 2B). Next, we compared, for each reprogramming 

scenario, untreated MEF and thy1low cells prone to reprogramming. We identified respectively 116 and 376 

genes modulated in thy1low cells during PR and MRT (adjusted p-value< 10^-10; log2 FC >2.5 or <-2.5) (Fig. 

2C). Statistical overrepresentation tests performed on the differentially expressed genes with Pantherdb 

revealed strong association of the PR-associated genes with "regulation of cell differentiation", "cell 

adhesion" and "cell-cell signalling", in agreement with the loss of MEF identity (Fig. 2D). For MRT-associated 

genes, we found enrichments for genes related to "muscle system process" and mesoderm identity but also 

"cell adhesion", similarly as PR. By overlapping both sets of genes, we identified 55 genes commonly 

regulated in PR- and MRT- thy1low cells (Fig. 2E). Among them, we noticed the presence of several genes 

implicated in cellular adhesion (Col7a1 (27), Ncam1 (28), Ctgf (29), Postn (30)), cancer progression (Podxl 

(31)) and embryonic morphogenesis (Grem2 (32)). We selected the zinc finger TF Bcl11b described as a 

cellular identity gatekeeper in T cells (33). We showed by Q-RTPCR and Western blot that Bcl11b expression 

is high in MEF, specifically decreased in thy1low cells during PR and MRT and silenced in iPS and malignant 

cells (Fig. 2F-G). Of interest, in both cases, Bcl11b expression was maintained or even induced in thy1high 

cells, refractory to reprogram. Next, to assess whether Bcl11b loss could be used as an indicator of the 

reprogramming potential of a cell, we derived MEF from Bcl11b-tdTomato reporter knock-in mice (34) (Fig. 

2H and S2F). FACS analysis confirmed that the majority (90%) of MEF expressed Bcl11b-tdTomato (Fig. 2I). 

In the absence of reprogramming, MEF stably maintained their Bcl11b distribution in culture (data not 

shown). After 5 days of PR or MRT, we noticed the emergence of a Bcl11blow subpopulation of cells 

representing 28% and 51% of the population, respectively (Fig. 2I). We subsequently assessed the capacity 

of these subpopulations to form iPS cells during PR and malignant cells during MRT. For PR, we showed that 

Bcl11blow cells, sorted by FACS at day 5 of reprogramming, formed 7-fold more AP+ iPS colonies than their 

Bcl11bhigh counterparts (Fig. 2J-K). For MRT, Bcl11blow cells formed foci at a 10-fold higher efficiency than 

Bcl11bhigh (Fig. 2L-M), demonstrating that the loss of Bcl11b was correlated with increased capacities to 

form pluripotent or malignant cells. Altogether, these results showed that Bcl11b is a MEF marker and that 

its downregulation is correlated with enhanced reprograming potential toward pluripotency and 

malignancy. 
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Sequential loss of identity during reprogramming toward pluripotency and malignancy 

 

The previous findings prompted us to investigate whether Bcl11b and thy1 could be used in combination to 

identify RI emerging during iPS cell generation and malignant transformation. To begin the experiments 

with an homogeneous population, Bcl11b-tdTomatohigh/thy1high MEF were FACS sorted to purity. In the 

absence of reprogramming induction, sorted MEF stably maintained a Bcl11b-tdtomatohigh/thy1high 

phenotype in culture (data not shown). Bcl11b/thy1 changes were next profiled during PR and MRT by 

FACS (Fig. 3A). By day 17, most of the cells displayed downregulation of both markers, similarly to iPS and 

malignant cells, as expected. Interestingly, the minor Bcl11blow/thy1low subpopulation that emerged by 

day5-7 of reprogramming harboured a strong reprogramming potential compared to the Bcl11bhigh/thy1high 

fraction. For PR, Bcl11blow/thy1low cells (hereafter entitled PRP for Pluripotent Reprogramming Prone) 

formed 13-fold higher iPS colonies than Bcl11bhigh/thy1high cells (hereafter entitled PRR for Pluripotent 

Reprogramming Refractory) (Fig. 3B-D). For MRT, Bcl11blow/thy1low cells (hereafter entitled MRP for 

Malignant Reprogramming Prone) formed foci at a 4-fold higher rate than Bcl11bhigh/thy1high cells (hereafter 

entitled MRR for Malignant Reprogramming Refractory) (Fig. 3E-G). These data indicate that the combined 

use of thy1 and Bcl11b allowed the isolation of early RI harboring a strong propensity to form pluripotent or 

malignant derivatives. 

We next sought to define an orderly sequence of events leading to Bcl11b and thy1 downregulation during 

iPS cells generation and malignant transformation. For PR, the 4 following subpopulations were FACS 

sorted at day7 of reprogramming: Bcl11bhigh/thy1high (PRR), Bcl11blow/thy1high (PR1 = Pluripotent 

Reprogramming Intermediate 1), Bcl11bhigh/thy1low (PR2 = Pluripotent Reprogramming Intermediate 2), 

Bcl11blow/thy1low (PRP) (Fig. 3H). To demonstrate that the Bcl11b/thy1 profile changes observed in Fig. 3A 

reflected the transition of individual cells from one stage to the next, and not merely the loss of one major 

population and expansion of another minor population, each fraction was sorted, replated in 

reprogramming conditions for 48 hours before FACS analysis (Fig. 3H). The progression of cellular fates and 

the corresponding transition rates revealed the routes of cellular identity loss triggered by OSKM. First, we 

observed that the PRP state, characterized by the common downregulation of Bcl11b and thy1, is stable. 

Indeed, cells that reached the PRP state did not transit efficiently into other states. Secondly, we found that 

the PRR and PR2 states generated PRP cells at very low rate while PR1 cells transit into PRP very efficiently 

(35%). This suggests that reaching the PR1 state, characterized by Bcl11b extinction, is a rate-limiting step 

of iPS cell generation. Importantly, these progressions were strongly correlated with the relative capacities 

of the corresponding populations to form AP-positive colonies (Fig. 3I-J). 

When a similar analysis was conducted with MRT, we observed that the MRP state is also quite stable (Fig. 

3K). However, unlike PR, the MRR and MR1 cells were poorly efficient at generating MRP while MR2 cells 
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did transit toward this state at high efficiency, indicating that the loss of thy1 could constitute a rate-

limiting step, in agreement with the relative ability of these subpopulations to form foci (Fig. 3L-M). 

On the basis of total cell numbers in each gate, we generated the reprogramming trajectories presented in 

Figure 3N. Owing to the Bcl11b/thy1-based strategy we developed, we revealed hierarchical steps and 

cellular transition states leading to MEF identity loss during reprogramming toward pluripotency or 

malignancy. 

 

Epigenomic and transcriptomic reconfigurations in pluripotent and malignant reprogramming 

intermediates  

 

To investigate the dynamics of chromatin accessibility and transcriptome in cells refractory or poised to 

become pluripotent or malignant, ATAC-seq and RNA-seq analyses were conducted on untreated MEF 

alongside PRP, MRP (both Bcl11blow/thy1low), PRR, MRR (both Bcl11bhigh/thy1high) at 5 days of 

reprogramming, and iPS and malignant cells (Fig. 4A). PCA performed on ATAC-seq data showed that PRP 

and MRP cells, prone to generate iPS and malignant cells, respectively, segregated together on the X-axis 

(dim1) (Fig. 4B and S3A), indicating the existence of common chromatin accessibility changes in these RI. 

We next classified the chromatin peaks in clusters defined by regions that (1) became accessible in both 

PRP/MRP over MEF (Cluster 1, n=3015); (2) were accessible in MEF but that exhibit loss of accessibility in 

both PRP/MRP over MEF (Cluster 2, n=4522); (3) were specifically gained in PRP over MEF and MRP (Cluster 

3, n=5464) or MRP over MEF and PRP (Cluster 4, n=17282); (4) were specifically lost in PRP over MEF and 

MRP (Cluster 5, n=3776) or MRP over MEF and PRP (Cluster 6, n=13245) (Fig. 4C). This clustering 

highlighted that the number of peak modifications shared by PRP and MRP (C1+C2=7537) is close to the 

PRP-specific modifications (C3+C5=9240) but lower than MRT-specific ones (C4+C6=30527). These results 

also indicated that the early steps of PR and MRT trigger similar and specific changes in chromatin 

accessibility.  

Analysis of DNA motif enrichment in the ATAC-seq clusters revealed different families of TF-binding motifs 

(Fig. 4D and S3B). Among those, we assessed whether the TF FosL1, present in different clusters, could 

potentially control PR and MRT efficiency.  Interestingly, FosL1 downregulation, prior to PR induction, led to 

a 6-fold increase in reprogramming efficiency, as revealed by AP+ staining (Fig. 4E-F). In contrast, when a 

similar approach was induced prior to MRT, FosL1 depletion led to a 4-fold reduction in the number of 

immortalized foci (Fig. 4G-H). Altogether, these data indicate that the TF FosL1 antagonistically regulates PR 

and MRT efficiency. 

We next conducted RNA-seq on similar samples (Fig. 4A). PCA revealed, similarly as ATAC-seq, that PRP and 

MRP segregated together on the X-axis (Fig. 4I). Volcano plot showed that 410 genes were differentially 

expressed between PRP (prone) and PRR (refractory) and 1389 genes between MRP (prone) and MRR 
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(refractory) (Fig. 4J). We therefore defined the common molecular signature of genes commonly regulated 

in PRP and MRP (Fig. 4K). GO analysis of this signature, comprising 301 genes (170 down and 131 up, 

adjusted p-value< 5.10^-2; log2 FC >1 or <-1), revealed enrichments in stem cell differentiation but also 

unexpectedly T cell activation and differentiation (Fig. 4L). In the latter category, we identified an induction 

of genes implicated in T cell migration (Dock8) (35), adhesion (Itgb2) (36) and activation (Clec4d, Ptprc and 

Lcp1) (37–39). Among these genes, we also noticed an induction of the Bcl11b paralog Bcl11a, involved in B 

lymphocyte differentiation, in the RI processing toward pluripotency and malignancy (40). Importantly, 

these genes were found silenced in both iPS and malignant cells (data not shown). Altogether, these data 

highlight the existence of specific and common reconfigurations of chromatin accessibility and 

transcriptome, encompassing a transient induction of a "T cell-like signature", in pluripotent and malignant 

RI. 

 

A Bcl11b/Bcl11a switch regulates cellular identity changes during PR  

 

The previous results revealed an induction of Bcl11a in RI prone to form iPS cells (PRP). Western blot 

analysis confirmed an inverse expression of Bcl11a and Bcl11b in cells prone (PRP) or refractory (PRR) to 

form iPS cells (Fig. 5A). In addition, profiling Bcl11a changes during iPS cells generation revealed that its 

induction is a transient event preceding its downregulation in iPS cells (Fig. S4A). Interrogation of publically 

available RNA-seq resources broadened the occurrence of Bcl11b loss and Bcl11a transient induction to the 

reprogramming of other murine somatic cells such as neutrophils and keratinocytes (41) (Fig. 5B).  

To assess whether Bcl11a and Bcl11b functionally regulate iPS cell generation, gain- and loss-of-function 

approaches were conducted in MEF, prior to PR inductions. Bcl11b knockdown (Fig. S4B) improved 

significantly the efficiency of generation of AP+ iPS colonies, demonstrating its role as a MEF identity 

gatekeeper (Fig. 5C-D). Of note, Bcl11b-KD iPS cell lines were capable of in vivo differentiation into the 

three germ layers in teratoma (Fig. 5E), showing that Bcl11b loss does not deeply interfere with the 

acquisition of pluripotent features. Similar results were obtained by genetically depleting Bcl11b in 

conditional KO MEF (Fig. S4C-D). However, exogenous Bcl11b expression did not significantly impact PR 

efficiency (Fig. 5C-D and S4E). In striking contrast, when Bcl11a was depleted (Fig. S4F), we observed a 

significant reduction of iPS cell generation efficiency (Fig. 5F-G), demonstrating that the transient 

expression of Bcl11a that we observed (Fig. 5A) positively regulates PR.  

These inverse effects of Bcl11a and Bcl11b on PR were even more pronounced when Oct4-GFP reporter 

MEF were used. Under these conditions, the loss of Bcl11b led to a 4-fold induction, and Bcl11a depletion 

to a 9-fold reduction, in the number of Oct4-GFP+ iPS colonies (Fig. 5H). Altogether, these data indicate 

opposite functions for the TFs Bcl11a and Bcl11b in iPS cell generation. 
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Next, we wondered whether Bcl11b controls iPS cell generation from other mouse somatic cells-of-origin. 

Because Bcl11b is expressed in T Lymphocytes (33), we isolated T cells from Bcl11b conditional KO mice 

(Fig. 5I-J). T-cell reprogramming into iPS cells was next performed in the presence or absence of Bcl11b. 

Bcl11b loss led to the formation of 2-3 fold more iPS colonies generated from T cells, as revealed by AP 

staining (Fig. 5K), broadening the role of Bcl11b as a reprogramming barrier. Altogether, these findings 

demonstrate antagonistic functions for the transcription factors Bcl11a and Bcl11b during various 

pluripotent and malignant reprogramming scenarii.  

 

A Bcl11b/Bcl11a switch regulates cellular identity changes during malignant transformation  

 

The previous findings revealed an induction of Bcl11a in RI prone to form malignant cells (MRP) that was 

confirmed by Western blot (Fig. 5L). Profiling Bcl11a changes during MEF malignant transformation 

revealed a similar transient induction of Bcl11a transcript than during iPS cell formation (Fig. S4G). We 

therefore investigated whether these TFs played similar roles during MRT. Bcl11b loss, triggered by RNAi or 

genetic depletion, significantly increased the efficiency of foci formation while its exogenous expression 

severely hindered the process, indicating that a tight level of Bcl11b safeguards MEF identity from MRT (Fig. 

5M-N and S4H-I). In contrast, Bcl11a loss significantly hindered foci formation while its exogenous 

expression had no effect on MRT efficiency (Fig. 5O-P). The consequences of Bcl11a/b deletion on the 

acquisition of malignant properties were next examined. To do so, Control, Bcl11b and Bcl11a KD polyclonal 

cell lines were established and subjected to soft agar assays. In this context, we showed that Bcl11b loss 

enhanced, while Bcl11a limited, the ability to form colonies (Fig. 5Q-R).  

The impact of Bcl11b on the epigenome during MRT was assessed by performing ATAC-seq on crispr 

sg#control and sg#Bcl11b MEF after 5 days of MRT (Fig. 5S). Bioinformatic analyses led to the identification 

of 20266 upregulated and 14866 downregulated peaks in the absence of Bcl11b (Fig. S4J). Analysis of DNA 

motif enrichment in the ATAC-seq clusters revealed different families of TF-binding motifs (Fig. 5T) such as 

the TFs Tead1, 3 and 4. The TEAD family of transcription factors plays a key role in the Hippo signaling 

pathway, a pathway involved in organ size control and tumor suppression by restricting proliferation and 

promoting apoptosis (42). Altogether, these data indicate that Bcl11b acts as a gatekeeper of MEF identity 

while the transient induction of its paralogue Bcl11a promotes reprogramming and the acquisition of 

malignant properties.   

 

The initial susceptibility of MEF to lose Bcl11b and thy1 impacts the acquisition of malignant properties  

 

It has been shown that cells respond differently to an oncogenic insult depending on their differentiation 

status (7, 10). Here, using the Bcl11b/thy1-based strategy we developed, we questioned whether the early 
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propensity of somatic cells to lose their identity impacted the subsequent acquisition of malignant features. 

To do so, MEF were induced for MRT combining H-RasG12V, c-Myc expression and p53 knockdown. After 7 

days, MRR (refractory to reprogram) and MRP (prone to reprogram) cells were FACS sorted, replated at 

similar densities and independent polyclonal cell lines established after >5 passages (Fig. 6A). Of note, these 

MRR- and MRP-derived cell lines did not express Bcl11b and thy1 and presented similar growth curves in 

2D cultures (Fig. S5A). However, we found that the 3 independent MRP-derived cell lines formed colonies in 

soft agar at a 7-fold higher efficiency than the MRR-derived ones, indicating a higher potential for 

anchorage-independent growth (Fig. 6B-C).  

RNA-seq analyses of the MRP- and MRR-derived cell lines showed that 1149 genes (adjusted p-value<0.05, 

log2 FC <-1 or >1) genes were expressed differentially, demonstrating that the initial susceptibility of 

somatic cells triggers profound transcriptomic changes in the transformed population (Fig. 6D). Statistical 

overrepresentation assays performed with Panther db showed enrichment for genes related to "cell 

migration" and "cell adhesion" in MRP-derived cells (Fig. 6E). In line with this view, the transcripts of the 

cell migration-related genes Sema4d (43) and Pdgfb (44) were significantly upregulated in MRP-derived 

cells while the cell adhesion-related transcripts Itga4 (45) and Cdh11 (46) were downregulated (Fig. 6F). We 

therefore assessed whether the aggressiveness of these cells was different in vivo. We employed the chick 

chorioallantoic membrane (CAM) assay as an in vivo model of tumor development (Fig. 6G). GFP-labelled 

MRR- and MRP-cells were seeded on the upper CAM of day11 chick embryos and the surface area of the 

primary tumors calculated 7 days later. The size of the GFP+ tumors generated with MRP-derived cells was 

more than 2-fold higher than those generated with MRR-derived cells (Fig. 6H-I and S5B), indicating an 

accelerated tumor growth in vivo. To strengthen this finding, we performed xenograft assays by injecting 

MRR- and MRP-derived cells into immunocompromised mice (Fig 6J). We found that the tumor growth of 

MRP-derived cells was significantly faster than MRR-derived cells (Fig. 6K) and the mice survival rate 

significantly reduced (Fig. 6L). Collectively, these results showed that the early propensity of somatic cells 

to lose identity via Bcl11b and thy1 expression has a profound impact on the subsequent acquisition of 

tumorigenic properties. 

 

Cyclic OSKM expression constrains Erk1/2 activation and tumor development triggered by K-Ras in the lung. 

 

Having assessed the effects of PR and MRT separately in MEFs, we finally explored their potential 

interaction in vivo. OSKM expression in vivo has already been shown to induce teratoma (17), trigger 

tumorigenesis (18) and facilitate K-Ras induced cancer development in the pancreas (19). However, cyclic 

OSKM expression triggers a partial reprogramming that has been shown to alleviate hallmarks of 

aging without triggering tumorigenesis (16). As short OSKM expression appeared to protect cells from DNA 

damage and apoptosis induced by oncogenic K-Ras (Fig. 1L), we wondered whether cycles of partial 
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reprogramming could constrain the development of K-Ras driven tumors in the lung, an organ described as 

refractory to OSKM-mediated teratoma formation (47). To do so, we crossed OSKM Dox-inducible mice 

(R26rtTA;Col1a14F2A) (21) with KrasLA2/+ mice (48) that carry an activable oncogenic K-Ras allele and are 

highly predisposed to developing lung cancer. Groups of 8 weeks-old mice were subjected or not to cycles 

of OSKM induction (2 days ON/5 days OFF) by addition of Dox in the drinking water (Fig. 7A). Of note, Dox 

treatment could not be induced earlier because it triggered a high rate of morbidity in younger mice (data 

not shown). Histopathological analysis of 18 weeks-old mice showed a significant reduction in the number 

(Fig. 7B-C) and in the size (Fig. 7D-E) of tumors of the Dox-treated group, indicating that OSKM cycles hinder 

tumor development. A similar decrease in the size of tumors was observed by live in vivo monitoring of 

lung tumors using X-ray tomography (Fig. S5C-D) but these effects were not correlated with a significant 

difference in overall survival (Fig. S5E). It has been demonstrated that genetic alterations that affect the 

MAPK upstream components such as Ras, observed in many cancers, frequently involve Erk1/2 pathway 

impairment (49). Furthermore, it has been shown that short OSKM expression in pancreatic cells of K-Ras 

mutant mice induces the rapid formation of pancreatic ductal adenocarcinoma by a persistent activation of 

Erk1/2 (19). To further investigate the effects of cycles of partial reprogramming on tumorigenesis, we 

evaluated Erk1/2 activation degree in the lung tumors by immunostaining and revealed a significant 

reduction in the dox-treated group (Fig. 7F). Altogether, these data showed that cycles of partial 

reprogramming constrain p-Erk1/2 activation and the subsequent emergence and proliferation of K-ras 

driven tumors in the lung. 

 

Discussion 

 

Despite the critical function of cellular reprogramming in both induced pluripotency and cancer 

development, the associated molecular circuitries and their degree of analogy remain poorly characterized, 

yet their knowledge might have equally profound implications for regenerative medicine and cancer 

biology. Characterization of bulk populations has provided some insights, but as most cells fail to generate 

iPS or malignant cells, those analyses are necessarily biased toward measurement of unproductive 

reprogramming events. The heterogeneous and asynchronous nature of reprogramming required the 

identification of accurate markers or reporters to isolate pure populations of dedifferentiating cells. Here 

we developed a Bcl11b/thy1-based strategy to trace molecular route maps of cellular identity loss during 

reprogramming toward pluripotency and malignancy, a critical step toward the elucidation of the precise 

molecular mechanisms triggering specifically, or commonly, both processes. As an example of such 

potential, epigenomic analyses of pluripotent and malignant RI led to the identification of opposite 

functions for the TF FosL1 (50), hindering PR but facilitating MRT. In this sense, our study paves the way to 

design strategies aiming at promoting the direct induction of pluripotent reprogramming (PR) in vivo while 
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limiting malignant transformation. In addition, because the rare intermediate stages we isolated using the 

Bcl11b/thy1 strategy probably still exhibit some degree of heterogeneity, it will be of great interest to 

conduct high-resolution single cell level analyses on those RI to predict the trajectories employed by 

somatic cells during reprogramming toward pluripotency or malignancy. 

Epigenome analyses allowed us to identify a T-cell signature, comprising the Clec4d, Lcp1, Ptprp and Itgb2 

genes, that is transiently induced in both pluripotent and malignant RI. In a similar manner, Kaji and 

colleagues reported the existence of a transient epidermis signature during PR (24). This result challenged 

the dogmatic view of reprogramming as a two-step process and demonstrated the existence of 

intermediate and transient phases sharing analogies during iPS cell generation and malignant 

transformation.  

We identified a transient switch between the expression of the TFs Bcl11a and Bcl11b that controls both PR 

and MRT. Due to the fact that Bcl11a and Bcl11b have recently been identified as part of the SWI/SNF 

chromatin remodeling complex (51), it will be of great interest to assess whether their stoichiometry 

controls the proper function of this complex during iPS cell generation and malignant transformation.     

The differentiation status of a somatic cell is an important determinant of the phenotype of its 

reprogrammed or transformed derivatives (52, 53). Adult stem cells generate iPS cells more efficiently than 

terminally differentiated cells (54, 55) while several lines of evidence demonstrated that malignant cells 

originating from adult stem cells are more aggressive than from differentiated cells in the same genetic 

context (7, 56–58). Here we demonstrated that, within the same population, the initial propensity of 

somatic cells to reprogram has profound consequences on the subsequent acquisition of malignant 

properties. Using the Bcl11b/thy1-based strategy to isolate RI, we showed that cells with an early 

propensity to reprogramming generate highly aggressive malignant cell lines while cells initially refractory 

to reprogramming form poorly aggressive ones. It will be of upmost importance to decipher the molecular 

and epigenetic determinants allowing somatic cells, within the same population, to engage toward 

different routes to malignancy depending on their initial propensity to reprogram. 

Finally we also showed that cyclic OSKM expression constrains tumor development and p-Erk1/2 activation 

triggered by K-ras in the lung. To better apprehend OSKM function in lung cancer development, it remains 

to be investigated whether the observed phenotype resulted from lung-specific or systemic expression 

using cre-specific promoters driving OSKM expression. 

By deciphering molecular routes of the loss of cellular identity during iPS cell generation and malignant 

transformation, our work opens fascinating perspectives for regenerative medicine and cancer biology.  
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Methods 

 

Mice and MEFs 

R26rtTA;Col1a14F2A (21), LSL-K-rasG12D (22), K-rasLA2 (48), R26-CREERT2, Oct4-EGFP, Bcl11b-tdTomato (34) and 

Bcl11bflox/flox (34) mice were housed under standard conditions and bred in accordance with french national 

guidelines. 

Genotyping was carried out on genomic DNA derived from adult and embryonic tails using the DirectPCR 

Lysis Reagent (102-T, Viagen Biotech) and EconoTaq Plus Green 2X Master Mix (Lucigen). Primers used are 

listed in Table 1. 

MEFs were isolated from E13.5 embryos after removal of the head and internal organs. The remaining 

tissues were physically dissociated and incubated in trypsin at 37°C for 10 min after which cells were 

resuspended in MEF medium. 

Doxycycline (Dox) was given to the R26rtTA;Col1a14F2A;K-rasLA2 mice in the drinking water at 0.2 mg/ml 

starting at 8 weeks of age. The cycles of treatment consisted of 2 days with doxycycline and 5 days without. 
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The mice were analysed after 10 weeks of treatment or until the limit time point was achieved. 

(APAFIS#10379-2017022514315224 v5). 

The in vivo monitoring of the lung tumors were performed by X-ray tomography (Quantum FX, Perkin 

Elmer). 

 

Histology 

For histological examination, lungs were fixed in 10% buffered formalin and embedded in paraffin. 200 μm-

thick tissue sections of formalin-fixed, paraffin-embedded tissue were prepared according to conventional 

procedures. Sections were then stained with hematoxylin and eosin and examined under a light 

microscope. Immunohistochemistry was performed on an automated immunostainer (Ventana Discovery 

XT, Roche, Meylan, France) using the Omnimap DAB Kit according to the manufacturer’s instructions. 

Sections were incubated with a rabbit anti-Ki67 (F/RM-9106, Thermo Fisher Scientific) and pERK1/2 (4370, 

Cell Signaling Technology) prior to adding an anti-rabbit HRP. Staining was visualized with DAB solution with 

3,3ʹ-diaminobenzidine as a chromogenic substrate. Finally, the sections were counterstained with 

Gill’s  hematoxylin. The slides were scanned using the panoramic scan II (3D Histech) and the images were 

analyzed with the CaseViewer software and halo image analysis platform (Indica Labs).  

 

Teratoma 

Teratoma formation assays were performed by injecting 1x106 iPS cells into the testes of 7-week-old severe 

combined immunodeficient (SCID) mice (CB17/SCID, Charles River). After 3-4 weeks, the mice were 

euthanized and lesions were surgically removed and fixed in 4% paraformaldehyde for sectioning and 

hematoxylin-eosin staining. 

 

Plasmids and constructs 

pMXS-Oct4, pMXS-Sox2, pMXS-Klf4, pMXS-Myc, pLKO.1 and MSCV plasmids were purchased from 

Addgene. shRNAs against Bcl11a, Bcl11b,Trp53 and FosL1 were designed using the MISSION shRNA library 

from Sigma-Aldrich and ligated using the Rapid DNA ligation kit (Sigma-Aldrich) into the pLKO.1 vector 

digested with AgeI and EcoRI. shRNA sequences are listed in Table 1. Bcl11a and Bcl11b cDNA were 

amplified from MEFs and cloned into the MSCV expression vector at Pac1 and Sal1 restriction sites. Single 

guide RNA targeting Bcl11b (designed with CRISPOR program) were cloned into the lentiCRISPRv2 plasmid 

at a BsmBI restriction site. pWPIR Hras G12V and cyclinE plasmids were kindly supplied by A. Puisieux’s lab. 

Tet-O-FUW-Brn2, Tet-O-FUW-Ascl1, Tet-O-FUW-Myt1l and FUdeltaGW-rtTA plasmids were purchased from 

Addgene. 
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Cell culture and viral production 

MEF medium consists of DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin / 

streptomycin (PS), 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM Non Essential Amino Acids (NEAA) 

and 0.1 mM -mercaptoethanol. 

293FT cells, grown in MEF medium, were used to produce pLKO.1-derived and HrasG12V-carrying lentiviral 

particles. Briefly, calcium phosphate transfection of the pLKO.1 vectors, along with plasmids encoding the 

envelope G glycoprotein of the vesicular stomatitis virus (VSV-G) and Gag-Pol, was performed with the 

CalPhos Mammalian Transfection kit (Ozyme) in 10-cm dishes. Medium was changed with 10 mL of MEF 

medium after 7 h of incubation. The lentivirus-containing supernatants were collected 48 h later and stored 

at -80 °C. pMXs- and MSCV-based retroviral vectors were similarly generated with Plat-E cells (a retroviral 

packaging cell line constitutively expressing gag, pol and env genes). 

Pluripotent reprogramming experiments 

For Dox-induced PR, reprogrammable R26rtTA;Col1a14F2A; Oct4-EGFP MEFs within three passages were 

plated in six-well plates at 80,000-100,000 cells per well in MEF medium. The following day, cells were 

infected overnight with shRNA-carrying lentiviral stocks in the presence of 8 μg/ml polybrene, and medium 

was then replaced by fresh medium with 2 μg/ml Dox. MEFs were reseeded 72 h after infection on 0.1% 

gelatin coated plates in iPSC medium (DMEM containing 15% KnockOut Serum Replacement, 1,000 U/mL 

leukemia inhibitory factor, 100 U/mL PS, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM NEAA and 0.1 

mM -mercaptoethanol, at equal densities for each condition to normalize potential effect of differential 

MEF proliferation on reprogramming efficiency. Several densities were tested (15,000-68,000 cells per 

cm2). Every day, medium was either replaced by or supplemented with Dox-containing fresh medium. Once 

iPS colonies were macroscopically visible, OCT4-GFP+ colonies were counted under an Axiovert 200 M 

microscope, and alkaline phosphatase (AP) staining was performed using the Leukocyte Alkaline 

Phosphatase kit (Sigma-Aldrich). Alternatively, MEFs were coinfected with OSKM retroviral vectors 48 h 

after lentiviral infections and cultured identically thereafter. 

T lymphocytes from the spleen of Bcl11b-cKO mice were isolated using the Pan T cell isolation kit (Miltenyi 

Biotech) according to the manufacter’s instructions after removal of red blood cells by NH4Cl treatment. T 

cells were grown in RPMI medium supplemented with 10% FBS, 100 U/mL penicillin / streptomycin (PS), 1 

mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM Non Essential Amino Acids (NEAA), 10 mM Hepes, 0.1 

mM -mercaptoethanol, 10 ng/mL IL-2 and anti-CD3/CD28. T cells were infected with OSKM retroviral 

vectors in the presence of 8 μg/mL polybrene the day after isolation for two consecutive days. 4 h after 

infection the medium was replaced by fresh T cell medium. 3 days after the second infection the cells were 

plated onto irradiated MEFs. The day after the medium was replaced with iPSC medium supplemented with 

10 ng/mL IL-2 and Dynabeads Human T-Activator CD3/CD28 (Life Technologies). The medium was changed 

every other day. 



 
253 

 

Malignant reprogramming/transformation experiments 

 

For MRT, the LSL-K-rasG12D;R26-CREERT2 MEFs were similarly infected overnight with shRNA-carrying 

lentiviral stocks in the presence of 8 μg/mL polybrene. 48 h later the cells were co-infected overnight with 

shTrp53- and Myc-carrying viruses concomitantly with 4-hyfroxitamoxifen treatment (1 μM) to induce K-

rasG12D expression. Alternatively, the co-infection of shTrp53-, Myc- and HrasG12V-carrying viruses was used 

in WT MEFs to initiate MRT. MEFs were reseeded 48 h post-infection in six-well plates at low density (500, 

1,000 or 2,000 cells per well) in focus medium (MEF medium with 5% FBS) for the foci formation assay. 

Medium was then changed twice a week. After several passages of the cells derived from MRT, soft agar 

assays were performed. Transformed cells were plated on an agarose-containing MEF medium layer at a 

density of 25,000-50,000 cells per six-well plate. Foci and soft agar colonies were stained 25-30 days later 

with a 0.5% cresyl violet solution in 20% methanol. 

 

Immunofluorescence 

Cells were fixed with 4% paraformaldehyde for 10 min at room temperature (RT°C), washed 3 times with 

PBS, permeabilized with 0.1% Triton X-100 for 30 min at RT°C and blocked with 1% bovine serum albumin 

(BSA) for 1 h. After incubation with primary antibodies against NANOG (Reprocell, RCAB001P), SSEA1 (Santa 

Cruz Biotechnology, sc-101462) and phospho-Histone H2A.X (Cell Signaling Technology, 2577) overnight at 

4°C, cells were washed 3 times with PBS and incubated with fluorophore-labeled appropriate secondary 

antibodies (Life Technologies). 

 

RNA extraction and RT-qPCR 

Total RNAs were extracted using Trizol reagent and 1 μg of RNA was reverse-transcribed with the RevertAid 

H Minus First Strand cDNA Synthesis kit (Life Technologies). qPCR was performed with the LightCycler 480 

SYBR Green I Master mix (Roche) on the LightCycler 96 machine (Roche). Gapdh and Rplp0 were used as 

housekeeping genes. qPCR primers are listed in Table 1. 

 

Protein extraction and Western blot 

Cells were harvested in RIPA buffer (150 mM NaCl, 1% Triton, 0.5% deoxycholate, 0.1% SDS and 50 mM 

Tris, pH 8.0) supplemented with protease inhibitors and phosphatase inhibitors. After 30 min on ice, lysis by 

sonication, and centrifugation for 10 min at 15,000g, supernatants were collected, proteins were 

denatured 10 min at 95 °C in Laemmli sample buffer, separated on 4-15% polyacrylamide gel, and 

transferred onto a nitrocellulose membrane. The membrane was blocked with 5% milk in TBST (Tris-

buffered saline, 0.1% Tween 20) for 1 h, incubated with primary antibody at 4°C overnight and secondary 

antibodies for 1 h at RT°C. Antigens were detected using ECL reagents. The following antibodies were used: 
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rabbit anti-BCL11A (Novus Biologicals, NB600-261, 1:1,000), rat anti-BCL11B (Abcam, ab18465, 1:500) horse 

radish peroxidase (HRP)-conjugated anti-ACTIN (Sigma Aldrich, A3854, 1:10,000), HRP-conjugated goat anti-

rabbit (Interchim, 111-035-144, 1:5,000) and HRP-conjugated goat anti-rat (Interchim, 112-035-143, 

1:5,000). 

 

FACS 

The following antibody was used : anti-mouse CD90.2 (Thy-1.2) APC (eBioscience, 17-0902). Analysis was 

performed on a BD LSRFortessa. Sorting was performed on a BD FACSAria. Apoptosis was measured using 

the FITC Annexin V/Dead Cell Apoptosis Kit (Invitrogen, V13242). For cell cycle analysis, the cells were fixed 

in ethanol 70% and stained with 40 μg/mL propidium iodide supplemented with 2 mg/mL RNase. 

 

Xenografts 

3x106 immortalized cells were prepared in 100 μL PBS supplemented with 100 μL matrigel and injected 

subcutaneously into immunocompromised SCID mice (N = 6 for each group). The volume of the tumor was 

then measured every 3 days until day 12. 

 

CAM assay 

2.5x106 immortalized cells were inoculated on the chorioallantoic membrane (CAM) in the egg of chick 

embryos at E11 where they formed a primary tumor. The size of the tumor was evaluated after 7 days. The 

number of replicates is indicated in the figure legend. 

 

NGS analyses 

RNA quality was analysed using a Bioanalyser (Agilent). Libraries were constructed and sequenced on an 

illumina Hiseq 2000 by the cancer genomics platform on site. ATAC-seq data were generated by the Active 

Motif company. NGS data were deposited on GEO (record number series GSE137050, secure token for 

reviewers access yvmpscquvhybzgl). 

 

Statistical analyses 

All data are reported as mean ± SEM. Statistical analyses were performed using GraphPad Prism software. 

Student t tests were used for paired comparisons and one-way ANOVA followed by a Tukey’s post hoc test 

was used for multiple comparisons. P-values are indicated on each graph. 
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Figure 1. A genetic system to compare iPS cell generation and malignant transformation. (A) A schematic 

illustration of the genetic construct of R26rtTA; Col1a14F2A; LSL-K-Ras G12D; R26cre/ERT2  mice generated to 

produce reprogrammable MEFs. PR (doxycycline-induced OSKM expression) or MRT (tamoxifen-induced K-

rasG12D expression combined with c-Myc overexpression) are induced to give rise to iPS or malignant cells, 

respectively. (B) Histological analysis of teratomas derived from PR-induced iPS cells. Scale bar: 1 mm. (C) 

Foci from MRT-induced malignant cells colored with cresyl-violet. (D) Soft agar colonies derived from MRT-

induced malignant cells colored with cresyl-violet. (E) In vivo tumor formation in nude mice injected with 

MRT-induced malignant cells. Scale bar: 0.2 mm. MC: malignant cell. (F) Schematic diagram of the analyses 

conducted after 5 days of PR, MRT or the combination of both (PR+MRT). (G) Proliferation curves of MEFs 

upon PR, MRT and PR+MRT treatment for 21 days compared to control MEFs. (H) Immunofluorescent 

staining of PR-, MRT- and PR+MRT-induced cells for H2AX after 3 days compared to control MEFs. One 

representative experiment (from three independent experiments). Scale bar: 100 μm. (I) Counting of 

H2AX-positive cells depicted in (H).  
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Figure 2. Bcl11b is a MEF marker downregulated in reprogramming cells during both iPS cells generation 

and malignant transformation. (A) RNA-seq analyses were performed in Thy1low- and Thy1high-FACS sorted 

cells after 5 days of PR, MRT or the combination of both (PR+MRT) compared to control MEFs. (B) Principal 

component analysis. (C) Venn diagram showing the number of genes specifically and commonly regulated 

in Thy1low cells upon PR and MRT. (D) Gene Ontology (GO) enrichment for genes differentially expressed in 
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Thy1low cells from PR and MRT. (E) Heatmap depicting the expression of the 55 genes commonly regulated 

in Thy1low cells upon PR and MRT. (F) Relative transcript level of Bcl11b determined by RT-qPCR in MEFs, 

Thy1low and Thy1high cells upon PR and MRT after 5 days and in iPS cells and malignant cells (MCs). (G) 

Western blot showing Bcl11b expression in MEFs, Thy1low and Thy1high cells upon PR and MRT after 5 days. 

One representative experiment (from three independent experiments). (H) A schematic illustration of the 

genetic construct of Bcl11b-tdTomato mice to produce MEFs. PR (retroviral OSKM expression) or MRT (H-

rasG12V, c-Myc and shp53 viral inductions) are induced to give rise to iPS or MCs, respectively. (I) FACS 

analysis of Bc11b-tdTomato upon 5 days of PR or MRT compared to control MEFs. (J) Alkaline Phosphatase 

(AP) staining of iPS colonies generated from tdTomatolow and tdTomatohigh cells FACS-sorted at day 5 of PR. 

One representative experiment (from four independent experiments). (K) Counting of AP-positive colonies 

depicted in (J). (L) Foci staining of malignant cells generated from tdTomatolow and tdTomatohigh cells FACS-

sorted at day 5 of MRT. One representative experiment (from three independent experiments). (M) 

Counting of foci depicted in (L). 
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Figure 3. The sequential downregulation of Bcl11b and Thy1 delineates routes toward pluripotency and 

malignancy. (A) FACS profile of Bcl11b-tdTomato and Thy1 upon PR and MRT from day 0 to day 17. (B) 
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Bcl11b-tdTomato/Thy1 double negative and double positive cells induced for PR were FACS-sorted at day 7, 

replated at equal densities in PR conditions and AP staining was performed after 10 days. (C) Alkaline 

Phosphatase (AP) staining of iPS colonies generated from double negative (PRP: Pluripotent 

Reprogramming Prone) and double positive (PRR: Pluripotent Reprogramming Refractory) cells FACS-sorted 

at day 7 of PR. One representative experiment (from six independent experiments). (D) Counting of AP-

positive colonies depicted in (C). (E) Bcl11b-tdTomato/Thy1 double negative and double positive cells 

induced for MRT were FACS-sorted at day 7, replated at equal densities in MRT conditions and foci staining 

was performed after 15 days.  (F) Foci staining of malignant cells generated from double negative (MRP: 

Malignant Reprogramming Prone) and double positive (MRR: Malignant Reprogramming Refractory) cells 

FACS-sorted at day 7 of MRT. One representative experiment (from five independent experiments). (G) 

Counting of foci depicted in (F). (H) Four different subpopulations (Bcl11b-tdTomatohigh/Thy1high, Bcl11b-

tdTomatohigh/Thy1low, Bcl11b-tdTomatolow/Thy1high and Bcl11b-tdTomatolow/Thy1low) were FACS-sorted at 

day 7 of PR and replated. After 2 days, the expression profile of Bcl11b and Thy1 were analyzed for the 4 

subpopulations by FACS. (I) AP staining of iPS colonies generated from the different subpopulations 

described in (H) FACS-sorted at day 7 of PR. One representative experiment (from five independent 

experiments). (J) Counting of AP-positive colonies depicted in (I). (K) 4 different subpopulations (same as in 

(H)) were FACS-sorted at day 7 of MRT and replated. After 2 days, the expression profile of Bcl11b and Thy1 

were analyzed for the 4 subpopulations by FACS. (L) Foci staining of malignant cells generated from the 

different subpopulations described in (K) FACS-sorted at day 7 of MRT. One representative 

experiment (from six independent experiments). (M) Counting of foci depicted in (L). (N) A schematic 

illustration of the trajectories taken by the different subpopulations of cells during PR and MRT and the 

reprogramming efficiency associated. PRP: pluripotent reprogramming prone, PR1: pluripotent 

reprogramming intermediate 1, PR2: pluripotent reprogramming intermediate 2, PRR: pluripotent 

reprogramming refractory, MRP: malignant reprogramming prone, MR1: malignant reprogramming 

intermediate 1, MR2: malignant reprogramming intermediate 2, MRR: malignant reprogramming 

refractory. 
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Figure 4. Epigenomic and transcriptomic reconfiguration in pluripotent and malignant reprogramming 

intermediates. (A) ATAC-seq and RNA-seq analyses were performed at 5 days of PR and MRT in the 

intermediate cells prone (Bcl11b-tdTomatolow /Thy1low: PRP and MRP) and refractory (Bcl11b-tdTomatohigh 

/Thy1high: PRR and MRR) to reprogramming and in the final product of each reprogramming process (iPS 
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and malignant cells). (B) Principal component analysis. (C) Transcription factor motifs enriched in the ATAC-

seq peaks of intermediate cells prone to reprogramming at day 5 of PR and MRT. 6 clusters were defined 

(see main text for description). (D) Enrichment in transcription factors motifs in ATAC-seq clusters. Each 

point represents a significant enrichment in the motif (x axis) for the cluster (y axis). Point size represents 

the proportion of sequences in the cluster featuring the motif and color gradient the enrichment 

significance. (E) Alkaline Phosphatase (AP) staining of iPS colonies generated upon downregulation of 

FosL1. One representative experiment (from six independent experiments). (F) Counting of AP-positive 

colonies depicted in (E). (G) Foci staining of malignant cells generated upon downregulation of FosL1. One 

representative experiment (from three independent experiments). (H) Counting of foci depicted in (G). (I) 

Principal component analysis of normalized gene expression of the control cells and the reprogramming 

intermediates. (J) Volcano plot comparing the transcriptomes of PRP vs PRR and MRP vs MRR cells. Each 

dot corresponds to a transcript. (K) Venn diagram showing the number of genes specifically and commonly 

regulated in prone cells (PRP and MRP) upon PR and MRT compared to the refractory cells (PRR and MRR). 

(L) Gene Ontology (GO) enrichment for genes differentially expressed in PRP and MRP cells. 
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Figure 5. A Bcl11b/Bcl11a switch regulates cellular identity change during iPS cells generation and 

malignant transformation. (A) Western blot showing the inverse of expression of Bcl11b and Bcl11a in PRR 

and PRP intermediate cells upon PR after 5 days. (B) RNA-seq data from Nefzger et al., 2017 showing Bcl11b 
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downregulation and Bcl11a transient upregulation during defined steps (S1 to S5) of fibroblast, 

keratinocyte and neutrophil reprogramming into iPS cells. (C) Alkaline Phosphatase (AP) staining of iPS 

colonies generated upon downregulation (sh#Bcl11b) or exogenous expression (Bcl11b EXO) of Bcl11b. One 

representative experiment (from at least three independent experiments). (D) Counting of AP-positive 

colonies depicted in (C). (E) Histological analysis of teratomas derived from PR-induced control iPS cells and 

derived from cells downregulating Bcl11b. (F) AP staining of iPS colonies generated upon downregulation 

(sh#Bcl11a) or exogenous expression (Bcl11a EXO) of Bcl11a. One representative experiment (from five 

independent experiments). (G) Counting of AP-positive colonies depicted in (F). (H) Percentage of Oct4-

EGFP positive colonies generated upon downregulation of Bcl11b and Bcl11a. (I) A schematic illustration of 

the reprogramming of T lymphocytes into iPS cells. (J) Bright-field images of activated T lymphocytes and 

iPS cells derived from T cells after 18 days. Scale bar: 100 μm. (K) Number of AP+ colonies generated after 

25 days of reprogramming of T lymphocytes. (L) Western blot showing the inverse expression of Bcl11b and 

Bcl11a in MRR and MRP intermediate cells upon MRT after 5 days. (M) Foci staining of malignant cells 

generated upon downregulation (sh#Bcl11b) or exogenous expression (Bcl11b EXO) of Bcl11b. One 

representative experiment (from three independent experiments). (N) Counting of foci depicted in (M). (O) 

Foci staining of malignant cells generated upon downregulation (sh#Bcl11a) or exogenous expression 

(Bcl11a EXO) of Bcl11a. One representative experiment (from at least three independent experiments). (P) 

Counting of foci depicted in (O). (Q) Soft agar colonies derived from MRT-induced malignant cells upon 

downregulation of Bcl11b or Bcl11a. One representative experiment (from at least three independent 

experiments). (R) Percentage of soft agar colonies depicted in (Q). (S) MEFs were transduced with single 

guide control or targeting Bcl11b and after 5 days of MRT cells were subjected to ATAC-seq. (T) Top 5 TF 

motif enrichment. 
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Figure 6. The susceptibility of MEFs to lose their identity impacts the acquisition of malignant properties in 

vitro and in vivo. (A) Bcl11b-tdTomato/Thy1 double negative (MRP) and double positive (MRR) cells induced 

for MRT were FACS-sorted at day 7, replated at equal densities in MRT conditions and expanded for several 

passages to acquire transformed features. Cells were then subjected to soft agar assay, chorioallantoic 

membrane (CAM) assay or xenograft assay. (B) Soft agar colonies generated from MRP and MRR cells FACS-

sorted at day 7 of MRT. One representative experiment (from three independent experiments). (C) 

Percentage of soft agar colonies depicted in (B). (D) Volcano plot comparing the transcriptomes of MRR- 

and MRP-derived malignant cells. Each dot corresponds to a transcript. (E) Gene Ontology (GO) of biological 
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processes represented in the MRP-derived malignant cells compared to their MRR counterpart. (F) Relative 

transcript level of Itga4, Cdh11, Sema4d and Pdgf-b determined by RT-qPCR in MRP and MRR-derived 

malignant cells. (G) MRP or MRR-derived malignant cells were inoculated on the CAM in the egg of chick 

embryos at E11. (H) The size of the tumor was evaluated after 7 days. (I) Counting of the tumor area 

depicted in (H). (J) MRP or MRR-derived malignant cells were injected subcutaneously into 

immunocompromised SCID mice. (K) The volume of the tumors were measured every 3 days until day 12. 

(L) Survival curve of mice injected with MRP or MRR-derived malignant cells. 
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Figure 7. Cyclic OSKM expression constrains Erk1/2 activation and tumor development triggered by K-Ras in 

the lung. (A) A schematic illustration of the doxycycline cycles given to 8-week old R26rtTA; Col1a14F2A; K-

RasLA2 mice. Survival was measured and histopathological analyses were performed after 10 cycles 

compared to glucose-treated mice. (B) Histopathological analysis of lung sections stained with hematoxylin-

eosin in glucose-treated mice (no Dox) and mice treated with cycles of doxycycline (Dox cycles) at 18 weeks 

of age. (C) Number of tumors counted for each group of mice. (D) Tumor area measured for each group of 

mice. (E) Immunostaining of lung sections with anti-pErk1/2 in glucose-treated mice (no Dox) and mice 

treated with cycles of doxycycline (Dox cycles) at 18 weeks of age. (F) Percentage of pErk1/2-positive cells 

counted for each group of mice. 
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Supplementary figure 1. (A) Immunofluorescent staining of PR-induced iPS cells for Ssea1 and Nanog. Scale 

bar: 100 μm. (B) Principal component analysis of normalized gene expression of control cells or cells 

subjected to 5 days of PR, MRT or both programs (PR+MRT). (C) Cell cycle analyzed by FACS in control MEFs 

and after 5 days of PR, MRT and PR+MRT. (D) Immunofluorescent staining of MRT-induced cells for H2AX 

after 3 days with various oncogenic cocktails compared to control MEFs. (E) Counting of H2AX-positive 

cells depicted in (D). (F) FACS profile PI/AnnexinV at 3 days of PR, MRT and PR+MRT compared to control 

MEFs. One representative experiment (from at least two independent experiments). (G) Percentage of total 

apoptosis depicted in (F).  
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Supplementary figure 2. (A) FACS analysis of the somatic marker Thy1 upon 5 days of PR or MRT compared 

to control MEFs. (B) Alkaline Phosphatase (AP) staining of iPS colonies generated from Thy1low and Thy1high 

cells FACS-sorted at day 5 of PR. One representative experiment (from two independent experiments). (C) 

Counting of AP-positive colonies depicted in (B). (D) Foci staining of malignant cells generated from Thy1low 

and Thy1high cells FACS-sorted at day 5 of MRT. One representative experiment (from three independent 

experiments). (E) Counting of foci depicted in (D). (F) Western blot showing the enrichment of Bcl11b in the 

tdTomato-high fraction after FACS-cell sorting compared to the tdTomato-low fraction. 
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Supplementary figure 3. (A) Principal component analysis of ATAC-seq signal of the control cells, the 

reprogramming intermediates and the final product of each reprogramming process (iPS and malignant 
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cells). (B) Top 10 motifs enriched in C1/C2 clusters jointly gained/lost in PRP and MRP, in C3/C4 clusters 

specifically gained in PRP/MRP and in C5/C6 clusters specifically lost in PRP/MRP. 
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Supplementary figure 4. (A) Relative transcript level of Bcl11a determined by RT-qPCR in PRR and PRP 

intermediate cells upon PR after 5 days and in iPS cells. (B) Relative transcript level of Bcl11b determined by 

RT-qPCR upon shRNA-induced deletion of Bcl11b. (C) Alkaline Phosphatase (AP) staining of iPS colonies 

generated from Bcl11b-conditional KO MEFs. One representative experiment (from eight independent 

experiments). (D) Counting of AP-positive colonies depicted in (C). (E) Western blot validating the 

exogenous overexpression of BCL11B and BCL11A in the reprogramming experiments. OE: overexpression. 

(F) Relative transcript level of Bcl11a determined by RT-qPCR upon shRNA-induced deletion of Bcl11a. (G) 

Relative transcript level of Bcl11a determined by RT-qPCR in MRR and MRP intermediate cells upon MRT 

after 5 days and in malignant cells (MCs). (H) Foci staining of MCs generated from Bcl11b-conditional KO 

MEFs. One representative experiment (from three independent experiments). (I) Counting of foci depicted 

in (H). (J) Principal component analysis of ATAC-seq signal of the control cells and CRISPR cells control or 

guide Bcl11b after 5 days of MRT.  
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Supplementary Figure 5. (A) Proliferation curves of MRR- and MRP-derived malignant cells (n = 3 

independent experiments). (B) Images depicting the injection of GFP-positive MRP and MRR-derived 

malignant cells onto the CAM of chick embryos. (C) In vivo tomography of lung in glucose-treated mice (no 

Dox) and mice treated with cycles of doxycycline (Dox cycles) at 18 weeks of age. Tumors are depicted by 

the arrows. (D) Counting of the mean tumor diameter in the in vivo tomography images depicted in (C). (E) 

Survival curves of glucose-treated mice and mice treated with cycles of doxycycline.  
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