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Cell identity can be genetically manipulated in such a way that differentiated cells can achieve 

full pluripotency in a process known as cellular reprogramming. This process has been 

thoroughly investigated in vitro, however, little is known regarding the effects of the activation 

of the reprogramming factors Oct4, Sox2, Klf4 and c-Myc or OSKM in an adult organism. To 

shed some light on in vivo reprogramming, we generated reprogrammable mouse lines, or i4F 

for inducible-four factors, which contain a doxycycline-inducible OSKM transgene. Upon 

activation of OSKM, epithelial cells from pancreas, stomach and intestine, suffered a process of 

dedifferentiation, characterized by a progressive loss of their identity, and ultimately reached 

full pluripotency, thereby demonstrating that cellular reprogramming is feasible in an adult 

organism. Moreover, i4F mice also presented circulating iPSCs in the bloodstream, which could 

be isolated and cultured in vitro. These in vivo-generated iPSCs, contrary to ESCs or standard in 

vitro-generated iPSCs, shared some transcriptional similarities to the cells of the morula or 

blastomeres and presented an increased ability to differentiate into extraembryonic tissues both 

in vitro and in vivo. Remarkably, i4F mice and in vivo iPSCs had the ability to generate 

‘embryonic-like’ structures, which suggests that in vivo reprogramming leads to the acquisition 

of a more plastic pluripotent state that is closer to totipotency. 

On the other hand, we also observed that the in vivo activation of OSKM, apart from 

inducing reprogramming within tissues, also produces cellular damage, which in turn results in 

cellular senescence. These two OSKM-induced processes, reprogramming and senescence, 

coexist within the same tissue environment and a positive correlation was found between them. 

Pharmacological manipulations showed that senescent cells promote cellular reprogramming 

through secreted factors, being IL6 a key mediator of this crosstalk. Analyzing the role of the 

tumor suppressor genes Ink4a/Arf and p53 on these processes, we observed that the induction of 

senescence by OSKM and the secretion of IL6 require a functional Ink4a/Arf locus, as tissues 

deficient for Ink4a/Arf did not undergo senescence and their reprogramming ability was 

severely compromised. On the contrary, tissues lacking p53 suffered intense cellular damage 

and senescence leading to increased reprogramming. All these observations can be recapitulated 

in vitro. Importantly, biological contexts of increased damage and senescence, such as tissue 

injury or aging, promote cellular reprogramming in vivo. Altogether, these results demonstrate 

that cell autonomous barriers for reprogramming, such as Ink4a/Arf, damage and aging, play 

additional and dominant cell-extrinsic roles in promoting cellular reprogramming and this could 

have important implications for tissue repair and regeneration processes. 
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La identidad celular puede ser manipulada genéticamente de tal modo que células diferenciadas 

pueden adquirir características de pluripotencia, proceso conocido como reprogramación 

celular. Dicho proceso ha sido ampliamente investigado in vitro, sin embargo apenas se conocen 

los efectos que puede tener en un organismo adulto la activación de los genes de 

reprogramación: Oct4, Sox2, Klf4 and c-Myc o OSKM. Con este propósito, hemos generado 

líneas de ratón reprogramables, o i4F de ‘cuatro factores inducibles’, que contienen el transgén 

OSKM inducible por doxiciclina. La expresión de OSKM provoca un proceso de 

desdiferenciación en páncreas, intestino y estómago, donde las células epiteliales pierden 

progresivamente su identidad, adquiriendo finalmente la pluripotencia total, lo que demuestra 

que la reprogramación celular es factible en un organismo adulto. Adicionalmente, los ratones 

i4F presentan iPSCs en el torrente sanguíneo, que pueden ser aisladas y cultivadas in vitro. Las 

iPSCs generadas in vivo, a diferencia de las ESCs o de las iPSCs estándar generadas in vitro, 

comparten algunos rasgos transcripcionales con las células en el estado de mórula o blastómeros 

y presentan una mayor capacidad de diferenciación a tejidos extraembrionarios tanto in vitro 

como in vivo. Además, los ratones i4F y las iPSCs in vivo tienen la capacidad de generar 

estructuras ‘pseudoembrionarias’, lo que sugiere que la reprogramación in vivo permite la 

adquisición de un estadio de pluripotencia con una mayor plasticidad, más cercano a la 

totipotencia. 

Por otro lado, hemos observado que la activación de OSKM in vivo, además de inducir 

reprogramación en los tejidos, también produce daño celular que a su vez se traduce en 

senescencia celular. Los dos procesos inducidos por OSKM, reprogramación y senescencia, 

coexisten en un mismo tejido y existe una correlación positiva entre ambos, ya que hemos 

observado mediante manipulaciones farmacológicas que las células senescentes promueven la 

reprogramación mediante la secreción de factores, y entre ellos hemos visto que IL6 juega un 

papel fundamental. Estudiando el papel de los supresores tumorales Ink4a/Arf y p53 sobre 

dichos procesos, hemos visto que inducción de senescencia por OSKM y la secreción de IL6 

requieren de un locus Ink4a/Arf funcional, ya que en ausencia de dichos genes, los tejidos no 

tienen senescencia y su capacidad de reprogramación se ve comprometida. Por el contrario, 

tejidos sin p53 sufren un daño y senescencia intensos, lo que conlleva a una mayor 

reprogramación. Todas estas observaciones pueden recapitularse in vitro. Finalmente, 

situaciones caracterizadas por una acumulación de células dañadas y senescentes, como el daño 

tisular o el envejecimiento, promueven la reprogramación in vivo. Estos resultados demuestran 

que barreras para la reprogramación intrínsecas a la célula, como Ink4a/Arf, el daño o el 

envejecimiento, tienen papeles extrínsecos adicionales y dominantes que promueven la 

reprogramación celular, lo que podría tener implicaciones importantes para procesos de 

reparación de tejidos y regeneración. 
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2C 2-Cell stage  
2i 2 inhibitors: MEK inhibitor (PD0325901) and GSK3 inhibitor (CHIR99021) 
5mC 5-methylCytosine 
ADP Adenosine DiPhosphate 
AFP Alpha-FetoProtein 
AKT Ak strain Thymoma 
ANOVA ANalysis Of VAriance 
AP Alkaline Phosphatase 
ATP Adenosine TriPhosphate 
AURKA AURora Kinase A 
BAX Bcl-2 Associated X protein 
Bcl B-cell lymphoma 
BH3 Bcl2-Homology 3 
BM Bone Marrow 
BMP Bone Morphogenic Protein 
BrdU BromodeoxyUridine or 5-Bromo-2'-deoxyUridine 
CAG CMV enhancer, chicken beta Actin promoter, rabbit beta Globin splice acceptor 
Ccl2 C-C motif chemokine ligand 2 
Ccne1 Cycline E1 
CDK Cycline-Dependent Kinase 
cDNA complementary DNA 
CEBPβ CCAAT/Enhancer Binding Protein Beta 
CEIyBA Ethics Committee for Research and Animal Welfare 
CIOMS Council for International Organizations of Medical Sciences 
CK19 CytoKeratin 19 
CK8 CytoKeratin 8 
CM Conditioned Media 
Col1a1 Collagen type 1 
CpG C-phosphate-G 
CSC Cancer Stem Cell 
Csf Colony stimulating factor 
Cxcl C-X-C Motif chemokine ligand 
Cyc Cycline 
DDR DNA Damage Response 
DMEM Dulbecco's Modified Eagle's Medium 
DMSO DyMethil SulfOxide 
DNA DeoxyriboNucleic Acid 
Dnmt DNA methyltransferase 
dox doxycycline 
E Embryonic day 
E2F E2 promoter binding Factor 
ect ectoderm 
EG Embryonic Germ 
EGTA Ethylene Glycol-bis(2-aminoethylether)-N,N,N′,N′-Tetraacetic Acid 
end endoderm 
Epcam Epithelial cell adhesion molecule 
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EpiSC Epiblast Stem Cell 
ERK Extracellular signal Regulating Kinases 
ESCs Embryonic Stem Cells 
Esrrb Estrogen eelated eeceptor beta 
ETP Experimental Therapeutics Program (CNIO) 
Etv4 ETS translocation variant 4 
F-class Fuzzy-class of pluripotent cells 
F4/80 (Emr1) EGF-like module-containing mucin-like hormone recpetor-like 1 
FBS Fetal Bovine Serum 
FCS Fetal Calf Serum 
FDR False Discovery Rate 
FGF4 Fibroblast Growth Factor 4 
Fgfr2 Fibroblast Growth Factor Receptor 2 
FoxL2 Forkhead box L2 
FUW Flap-Ub promoter-WRE (Wnt-Responsive Element) 
γ-IR gamma-irradiation 
G2 Generation 2 
gapdh glyceraldehyde-3-phosphate dehydrogenase 
Gbx2 Gastrulation brain homeobox 2 
GEO Gene Expression Omnibus 
GFP Green Fluorescent Protein 
γH2Ax gamma-Histone H2A family member X  
gp130 glycoprotein 130 
GSEA Gene Set Enrichment Analyses 
GSK3b Glycogen Synthase Kinase 3 beta 
GTP Guanosine TriPhosphate 
Gy Grays 
H3K27me3 Histone H3 Lysine 27 trimethylated 
H3K4me3 Histone H3 Lysine 4 trimethylated 
HCl hydrochrolic acid 
HE Haematoxilin-Eosin 
HEK293 Human Embryonic Kidney cells 293 
HEPES 2-[4-(2-HydroxyEthyl)Piperazin-1-yl]EthaneSulfonic acid 
HSC Hematopoietic Stem Cells 
i.p intraperitoneal 
i.v intravenous 
i4F inducible 4 Factors 
IAP Intracisternal A-Particle 
IC50 half maximal Inhibitory Concentration 
Icam Intracellular adhesion molecule 
ICM Inner Cell Mass 
id inhibitor of differentiation 
IKK Inhibitor of nuclear Kappa-b Kinase 
IL1 InterLeukin-1 
IL1rn InterLeukin-1 receptor antagonist 
IL6 InterLeukin-6 
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iPSCs induced Pluripotent Stem Cells 
iXEN induced eXtraembrynoic ENdoderm 
JAK JAnus Kinase 
KEGG Kyoto Encyclopedia of Genes and Genomes 
Klf4 Kruppel-like factor 4 
KSOM Potassium-supplemented Simplex Optimized Medium 
KSR Knockout Serum Replacement 
L4 Layer 4 
LEF Lymphoid Enhancer-binding Factor 
lenti lentivirus 
Lgr5 Leucine-rich repeat-containing G-protein coupled receptor 5 
LIF Leukemia Inhibitory Factor 
Lin28 Lineage protein 28 
LLOQ Low Limit Of Quantification 
LMP LTRmiR30-PIG 
LOD Limit Of Detection 
LYVE-1 LYmphatic Vessel Endothelial hyaluron receptor 1 
MAPK Mitogen-Activated Protein Kinase 
MAX Myc Associated factor X 
Mdm2 Murine double minute 2 
MEFs Mouse Embryonic Fibroblasts 
MEK MAPK/ERK Kinase 
mes mesoderm 
µg micrograms 
mg milligrams 
miRNAs micro-RNAs 
µl microlitres 
ml millilitres 
µm micrometers 
mm millimeters 
µM micromolar 
mM millimolar 
Mmp12 Matrix metalloproteinase-12 
mRNA messenger RNA 
MuERV-L Murine Endogenous RetroVirus-Like 
Myc Myelocytomatosis viral oncogene  
MyoD Myogenic Differentiation 
NaCl sodium chloride 
NCI Nature pathway Interaction database 
Neto2 Neuropilin and Tolloid like 2 
NFκB Nuclear Factor kappa B 
NK Natural Killer 
Nlrp4f NLR family, pyrin domain containing 4F 
nM nanomolar 
NMP N-Methyl-2-Pyrrolidone 
NP40 Tergitol® type NP-40 
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Nr5a2 Nuclear receptor subfamily 5 group A member 2 
NSG NOD Scid Gamma 
o.n. overnight 
Oct4 Octamer-binding transcription factor 4 
OSKM Oct4-Sox2-Klf4-cMyc 
P P-value 
p.o oral gavage 
p15INK4B cycline-dependent kinase inhibitor 2b 
p16INK4A cycline-dependent kinase inhibitor 2a 
p19ARF cycline-dependent kinase inhibitor 2a 
p21CIP1 cycline-dependent kinase inhibitor 1a 
p27KIP1 cycline-dependent kinase inhibitor 1b 
p53 Tumour protein p53 
Pai1 Plasminogen activator inhibitor 1 
PBS Phosphate Buffer Solution 
PC Principal Component 
PcG Polycomb Group 
PCR Polymerase Chain Reaction 
PE Primitive Endoderm 
PEG Poly(Ethylene Glycol) 
PGC Primordial Germ Cells 
PI3K PhosphatidylInositol-3-Kinase 
PIM Proviral Integration site for Moloney murine leukemia virus 
PL-1 Placental Lactogen-1 
POU Pituitary Octamer Unc-86 
Pparg Peroxisome proliferator-activated receptor gamma 
Ppm1j Protein phosphatase Mg2+/Mn2+ dependent 1j 
Puma P53 Upregulated Modulator of Apoptosis 
qRT-PCR quantitave Reverse Transcription PCR 
r.t. room temperature 
R26 Rosa26 
RAF Rapid Accelerated Fibrosarcoma 
Ras Rat sarcoma 
Rb Retinoblastoma 
REM2 RRAD and GEM like GTPase 2 
Rex1 Reduced expression 1 
rIL6 recombinant IL6 
RIN RNA Integrity Number 
RNA RiboNucleic Acid 
RNAseq RNA sequencing 
ROS Reactive Oxygen Species 
RPMI Roswell Park Memorial Institute 
rtTA reverse tetracycline-controlled TransActivator 
s.d. standard deviation 
S6K S6 Kinase 
SAβG Senescence-Associated β Galactosidase activity 
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Sall4 Sal-like protein 4 
SASP Senescence-Associated Secretory Phenotype 
SCNT Somatic Cell Nuclear Transfer 
SDS Sodium Dodecyl Sulphate 
shRNA short hairpin RNA 
sIL6R soluble InterLeukin-6 Receptor 
SMAD SMA (small body size) MAD (Mother Against Decapentaplegic) 
Sox1 SRY (Sex determining Region Y)-box 1 
Sox2 SRY (Sex determining Region Y)-box 2 
SPF Specific Pathogen Free 
STAT3 Signal Transducer and Activator of Transcription 3 
SV40LT Simian vacuolating Virus 40 Large T 
T brachyury 
Tbx3 T-box transcription factor 3 
TCF T-Cell specific transcription Factor 
Tcl1a T-Cell leukemia/lymphoma 1A 
TE TrophEctoderm 
Tert Telomerase reverse transcriptase 
Terc Telomerase RNA component 
tetO tetracycline Operator 
TF Transcription Factor 
Tfcp2l1 Transcription factor CP2-like 1 
TGFβ Transcription Growth Factor beta 
Tgm1 Transglutaminase 1 
Tnc Tenascin c 
TNFα Tumor Necrosis Factor alpha 
Tris Tris(hydroxymethyl)aminomethane 
TrxG Trithorax Group 
TS Trophectoderm Stem 
U Units 
Utf1 Undifferentiated embryonic cell transcription factor 1 
UV UltraViolet 
vs versus 
w/v weight per volume 
Wnt Wingless-related integration site 
WT Wild Type 
XaXa X chromosome active X chromosome active  
XaXi X chromosome active X chromosome inactive  
XEN eXtraembryonic ENdoderm 
Zscan4 Zinc finger and SCAN domain containing 4 
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1. Stem cells during development 

 

Mammalian development is a unidirectional process that begins from a single cell, the 

zygote, which will give rise to an entire organism. The ability to generate any type of cell, 

including embryonic and extra-embryonic cells from the placenta, is called totipotency and is 

restricted to cells from the early stages of development, that is, the zygote and blastomeres from 

the 2 and 4-cell stage morulas (Leung and Zernicka-goetz, 2015). During development there is, 

thus, a progressive loss of developmental potential as cells differentiate and acquire lineage 

specific commitment (Figure 1). This process of differentiation gave rise to the model proposed 

by Conrad Waddington representing the normal embryo development as a ball rolling downhill 

to its final committed state (Waddington, 1957). The first cell fate decision occurs during 

compaction at 8-cell stage morulas, which in mouse development corresponds approximately to 

E2.5-3.0, when blastomeres polarize within the morula. Their physical position will predispose 

the blastomeres to form two separate cell lineages: the inner cell mass (ICM) and the 

trophectoderm (TE) (Dang-Nguyen and Torres-Padilla, 2015) (Figure 1). After the formation of 

the blastocyst cavity (E3.5), some cells of the ICM will start to express markers of the primitive 

endoderm (PE) and sort towards the cavity side of the ICM, a process known as the second cell 

fate decision. Three types of stem cells can be isolated from the blastocyst at this stage: the 

pluripotent Embryonic Stem Cells (ESCs) from the ICM, that will give rise to the three germ 

layers of the embryo (endoderm, mesoderm and ectoderm) (Evans and Kaufman, 1981; Martin, 

1981); the Trophectoderm Stem (TS) cells from the TE, that will differentiate into the 

extraembryonic placenta (Tanaka et al., 1998); and extraembryonic endoderm stem cells (XEN) 

from the PE, that will generate the extraembryonic yolk sac (Kunath et al., 2005) (Figure 1). 

After implantation (E4.5), the ICM will develop into the epiblast, from which another type of 

pluripotent cells can be obtained, namely the epiblast stem cells (EpiSC) (Figure 1), although 

they have been demonstrated to be more lineage restricted that ESCs (Nichols and Smith, 2009). 

Later in development, the progenitors of the gonads, the primordial germ cells (PGC), can be 

isolated and cultured as pluripotent embryonic germ (EG) cells (Matsui et al., 1992) (Figure 1).  

In the adult organism, tissues are mainly composed of terminally differentiated and 

specialized cells. However, most of the tissues are known to have cells with different degrees of 

differentiation potential, presenting a hierarchy of lineage commitment. Adult stem cells are 

those progenitor cells that can differentiate into many cell types of a specific lineage, ability 

known as multipotency (Snippert and Clevers, 2011) (Figure 1).  

 

1.1 Embryonic Stem Cells 

 
Pluripotent cells from the ICM are known as Embryonic Stem Cells (ESCs) and can be 
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isolated from the mouse blastocyst at E4.5 (Figure 1) and cultured in vitro (Evans and 

Kaufman, 1981; Martin, 1981). ESCs are pluripotent as they have the ability to differentiate into 

the three germ layers of the embryo (endoderm, mesoderm and ectoderm) but they cannot form 

extra-embryonic tissues, such as placenta. They can indefinitely self-renew, generating two 

identical daughter cells. Therefore, pluripotency is known as the dual concomitant ability to 

self-renew and to differentiate into all types of embryonic lineages. Importantly, when 

introduced back into a blastocyst, ESCs that have been expanded and cultured in vitro, retain 

their ability to contribute to embryonic development and can also colonize the germ lineage, 

allowing the generation of genetically modified mouse strains. Moreover, they also represent a 

valuable tool for modeling development and disease. Given their importance and their possible 

applications in regenerative medicine, ESCs have been thoroughly studied over the past 

decades.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Decrease in the developmental potential of stem cells isolated from different stages of the embryo development. 
Representation of the different stages of the embryo development, from the totipotent stage (zygote, 2-cell and 4-cell morulas) to the 
adult organism. The first cell fate decision occurs in the 8-16-cell morula stage, when the ICM (pink) and the TE (blue) are formed. 
At the blastocyst stage (E3.5), the third lineage, PE (yellow), is originated from the ICM. ESCs are pluripotent cells that can be 
isolated from cells of the ICM of the preimplantation blastocyst, while cells from the TE will generate the TSC. After implantation, 
the epiblast is formed, from which EpiSC can be isolated, which are primed pluripotent cells. Later in development, pluripotent EG 
cells can also be generated from the PGC (green). In the adult organism, the adult stem cells, which are multipotent, have the ability 
to differentiate and replenish many differentiated cells from a specific tissue. ESC, embryonic stem cells; TSC, trophectoderm stem 
cells; XEN, extraembryonic endoderm; EpiSC, epiblast stem cells; EG, embryonic germ cells; HSC, hematopoietic stem cells; SC, 
stem cells; ICM, inner cell mass; TE, trophectoderm; PE, primitive endoderm 

 

2. Regulators of pluripotency 

 

Pluripotency is known as the ability to indefinitely self-renew and differentiate into all 

somatic cells of the organism and therefore is restricted to ESCs. Since the first isolation of 

ESCs, many efforts have been done in order to understand and characterize the molecular 

mechanisms involved in the maintenance of pluripotency. 
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2.1 Core pluripotency factors 

 

ESCs present a specific gene expression signature, characterized by the expression of 

pluripotency markers, and this signature is controlled and maintained by the core pluripotency 

network: OCT4, SOX2 and NANOG.  

OCT4 is a transcription factor encoded by the Pou5f1 gene, which belongs to the POU 

family of DNA binding-proteins. In the adult mouse, OCT4 expression is restricted to totipotent 

and pluripotent cells. Maternal Oct4 mRNA and protein are inherited by the zygote and are 

required for its proper development until the 4-cell stage, when transcription of zygotic Pou5f1 

is activated. Upon blastocyst formation, Oct4 expression is confined to the cells of the ICM and 

it will be downregulated during gastrulation. In ESCs, Oct4 is a key factor that regulates self-

renewal (Nichols et al., 1998) and its expression levels are tightly regulated: its downregulation 

triggers TE differentiation whereas an increased expression induces mesoderm or endoderm 

differentiation (Niwa et al., 2000). Oct4 is also known to activate and regulate the expression of 

ESC-related genes, as well as to repress the expression of differentiation genes. However, Oct4 

alone is not sufficient to maintain pluripotency (Niwa et al., 2000), it requires cooperation with 

Sox2 and Nanog (Friel et al., 2005). Indeed, the expression of the three core pluripotency factors 

is mutually auto-regulated (Jaenisch and Young, 2008), and they co-occupy a substantial 

amount of target genes (Boyer et al., 2005), further reinforcing and stabilizing the pluripotent 

state.  

SOX2 (sex determining region Y-box2) is a member of the SOXB1 family of transcription 

factors. During development, Sox2 expression is initially detected in the blastomeres of the 

morula, becoming more specifically expressed in the ICM (and the latter epiblast) (Zhang and 

Cui, 2014). During gastrulation, Sox2 is predominantly expressed in the ectoderm, regulating 

the proper differentiation of the nervous system. It is also expressed in several endodermal 

compartments, such as the anterior part of the foregut (Que et al., 2007), and in some mesoderm 

lineage cells such as condensates, which will develop and form the dermal papilla (Driskell et 

al., 2009; Rendl et al., 2005). In ESCs, Sox2 is highly expressed and is required for maintenance 

of pluripotency. Downregulation of Sox2 expression in ESCs leads to a loss of pluripotency 

markers and to the differentiation of ESCs into TE lineage, which can be compensated by the 

overexpression of Oct4 (Masui et al., 2007). Therefore, the role of Sox2 in pluripotency is 

primarily to sustain and promote Oct4 expression. Moreover, SOX2 interacts with OCT4 to 

form a regulatory complex, which further activates Oct4, Sox2, Nanog and other pluripotency 

genes (Masui et al., 2007; Tomioka et al., 2002). Similarly to Oct4, Sox2 expression needs to be 

tightly regulated in order to maintain pluripotency (Zhang and Cui, 2014) and it cooperates with 

Oct4 and Nanog in activating pluripotency genes and repressing differentiation programs 

(Boyer et al., 2005).  
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NANOG is a homeodomain-containing transcription factor that was first discovered for its 

function in maintaining ESCs pluripotency and self-renewal properties (Chambers et al., 2003; 

Mitsui et al., 2003). During development, Nanog is expressed in cells from the ICM of the 

blastocyst, and, upon segregation of the two different cell lineages from the ICM, Nanog 

expression will be restricted to cells of the epiblast (Chazaud et al., 2006). Later in 

development, E11.5-12.5 in the mouse embryo, Nanog expression is confined to the Primordial 

Germ Cells (PGCs), which are the precursors of oocyte and spermatozoa, and it is involved in 

germ lineage specification. In ESCs, Nanog is essential for maintaining the pluripotent state, in 

cooperation with Oct4 and Sox2, and together they form an auto-regulatory circuit and 

collaborate in the activation of their own expression, expression of pluripotency genes and 

repression of differentiation markers (Jaenisch and Young, 2008).  

In adult organisms, Oct4 is only expressed in cells from the germ line (Schöler et al., 1989). 

On the other hand, Sox2 is expressed in multiple adult stem cell and progenitor cells, where it 

plays a role in maintaining their properties of self-renewal and differentiation, especially in the 

central and peripheral nervous system (neural stem cells, dental epithelium, inner ear and retina 

progenitors) (Sarkar and Hochedlinger, 2013). It is also expressed in progenitor cells of 

different tissues such as trachea (Que et al., 2009), tongue (Okubo et al., 2006), esophagus and 

stomach (Que et al., 2007), bone (osteoblasts) (Basu-Roy et al., 2010), lung (Tompkins et al., 

2009) and skin (dermal papilla of the hair follicle) (Driskell et al., 2009; Rendl et al., 2005) and 

it is known to be involved in tissue homeostasis and repair. Sox2 expression has also been found 

in the basal layer of stratified epithelial tissues (Arnold et al., 2011). Therefore, Sox2 expression 

is adult tissues is involved in determining cell fate and it functions through antagonizing 

transcription factors of alternative cell lineages (Sarkar and Hochedlinger, 2013). Finally, 

expression of Nanog in adult tissues is restricted to the basal layer of stratified epithelia 

(esophagus, forestomach, skin, urothelium and mucosal tissues), where it plays a role in the 

regulation of cell proliferation through, at least in part, AURKA (Piazzolla et al., 2014). 

 

2.2 Epigenome of pluripotent cells 

 

Epigenetic mechanisms including DNA methylation and histone modifications play an 

important role in stabilizing the cellular identity and regulating essential developmental 

processes. During development of female embryos, in order to compensate for the imbalanced 

X dosage between genders, there is an epigenetic silencing of the second X chromosome in cells 

of the ICM after implantation (Schulz and Heard, 2013). In female ESCs, both X chromosomes 

are active and X inactivation occurs before lineage commitment, when pluripotency factors are 

downregulated (Augui et al., 2011).  

Epigenetic marks stabilize stemness in ESCs and are essential for the proper execution of 
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transcriptional programs driving lineage commitment (Orkin and Hochedlinger, 2011). 

Although differentiation genes are suppressed in ESCs, they must retain their responsiveness to 

specific developmental cues in order to drive differentiation towards any cell type. This dual 

regulation is maintained by the action of proteins with opposing functions, the repressive 

Polycomb group (PcG) and the transcription-associated Trithorax group (TrxG), which establish 

bivalent epigenetic marks, consisting in the repressive H3K27me3 and the active H3K4me3 

histone modifications, at the CpG island-containing promoters (Azuara et al., 2006; Bernstein et 

al., 2007; Chen et al., 2008; Mikkelsen et al., 2007). Bivalent domains are prevalent at the 

promoters of developmental genes, reflecting the differentiation potential of the cells 

(Mikkelsen et al., 2007; Ziller et al., 2015), and they have been proved to be functionally 

relevant for proper differentiation (Boyer et al., 2006). 

DNA methylation at the gene promoters is associated with transcriptional repression, 

therefore, ESCs are globally hypomethylated compared to somatic cells (Lee et al., 2014). The 

promoters of many genes, including pluripotency and lineage-committed genes, are 

demethylated in ESCs and they acquire de novo methylation upon differentiation. DNA 

methylation is essential for proper embryo development (Li et al., 1992) but dispensable for the 

derivation and maintenance of ESCs (Lei et al., 1996; Li et al., 1992; Okano et al., 1999). 

However, DNA methylation deficient ESCs are unable to differentiate, demonstrating that DNA 

methylation is important for differentiation (Jackson et al., 2004). 

 

2.3 Molecular circuitry 

 

Maintaining the pluripotent state of ESCs in culture also depends on key molecular signaling 

pathways. Leukemia inhibitory factor (LIF) is known to be essential for ESCs culture, and it is 

secreted by the mitogen inactivated layer of fibroblast cells, named feeders, on top of which 

ESCs are usually cultured. ESCs can also be cultured in the absence of feeders, by 

supplementing the culture medium with recombinant LIF. Upon binding to its receptor and to 

gp130 heterodimers, LIF activates three main pathways, which converge to orchestrate gene 

expression of ESCs: JAK/STAT3, SHP2/MAPK and PI3K/AKT pathways (Figure 2).  

Activation of STAT3 through activated JAK is necessary and sufficient to maintain self-

renewal of mouse ESCs in the presence of serum (Matsuda et al., 1999; Niwa et al., 1998). It is 

also required for the maintenance of pluripotency as it is known to inhibit differentiation into 

both mesoderm and endoderm lineages by preventing the activation of lineage-specific 

differentiation programs (Bourillot et al., 2009; Ying et al., 2003). Moreover, STAT3 pathway 

has also been linked to the activation of pluripotency-related genes. Approximately one third of 

the genomic binding sites for STAT3 are co-occupied by OCT4, SOX2 and NANOG (Bourillot 

et al., 2009; Chen et al., 2008), suggesting that these factors co-regulate the expression of 
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multiple genes involved in the maintenance of the pluripotent state. Also, among the STAT3 

target genes, there are several pluripotency-related transcription factors, such as Oct4 and 

Nanog (Kidder et al., 2008), Klf4 (Hall et al., 2009; Niwa et al., 2009) and c-Myc (Cartwright et 

al., 2005) (Figure 2). It has also been demonstrated that Tfcp2l1 is the primary target promoting 

pluripotency downstream of LIF/STAT3 pathway (Martello et al., 2013; Ye et al., 2013). 

Although LIF is the only cytokine routinely used to culture ESCs, other family members, such 

as interleukin-6 (IL-6) (Nichols et al., 1994), oncostatin M (Rose et al., 1994), cardiotrophin-1 

(Pennica et al., 1995) and ciliary neurotrophic factor (Conover et al., 1993), have been shown to 

maintain the stemness of ESCs through activation of STAT3. 

In a second signaling pathway activated by LIF, JAK induces the recruitment and 

phosphorylation of SHP2, which activates the MAPK pathway through the activation of 

Ras/RAF/MEK/ERK cascade (Figure 2). ERK is known to regulate early differentiation both in 

vivo and in vitro (Kunath et al., 2007; Nichols et al., 2009). Therefore, activation of this 

pathway is required for the proper differentiation of ESCs, which induces downregulation of 

Nanog and Tbx3, leading to ESCs differentiation (Figure 2). ERK is also involved in the 

regulation of  proliferation of somatic cells (Lloyd, 1998) and pre-implantation embryos 

(Maekawa et al., 2007). The ERK pathway is able to inhibit JAK/STAT3 pathway at the level 

of Stat3 (Chan et al., 2003) (Figure 2), which suggests that these two pathways converge and 

negatively regulate each other in order to orchestrate the two main and opposing properties of 

ESCs: self-renewal and differentiation.  

In a third LIF signaling pathway, JAK activates AKT serine/threonine kinases, through the 

activation of PI3K (Figure 2). AKT inhibits GSK3β, which results in an increased expression 

of Nanog (Storm et al., 2007), c-Myc (Bechard and Dalton, 2009; Cartwright et al., 2005) and 

another pluripotency gene, named Tbx3 (Niwa et al., 2009). LIF/PI3K/AKT can also activate 

STAT3 through its acetylation (Figure 2), independently of the canonical activation of STAT3 

through phosphorylation (Ohbayashi et al., 2007; Wang et al., 2005), although the possible role 

of the acetylated STAT3 in the maintenance of pluripotency remains to be elucidated. PI3K 

pathway in ESCs is involved in the control of proliferation (Jirmanova et al., 2002; Takahashi et 

al., 2003) and self-renewal (Paling et al., 2004) and it is known to bind and phosphorylate 

SOX2, enhancing its transcriptional activity (Jeong et al., 2010). Moreover, PI3K pathway 

contributes to the blockage of differentiation by negatively regulating LIF/MAPK/ERK activity 

in ESCs (Figure 2).  

Other molecular pathways that regulate pluripotency and are independent of LIF are Wnt 

and TGFβ pathways. Activation of the canonical Wnt signaling pathway leads to the AKT-

independent inhibition of GSK3β (Figure 2), which has been reported to prevent differentiation 

and maintain pluripotency of ESCs (Kielman et al., 2002; Ogawa et al., 2006; Sato et al., 2004). 

Upon activation of Wnt pathway, β-catenin is translocated into the nucleus and forms a complex 
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with TCF/LEF family proteins (Figure 2). TCF3 is the most abundant member of this family in 

ESCs (Wray et al., 2010) and colocalizes with OCT4 and NANOG in the promoters of key 

pluripotency genes (Cole et al., 2008). Wnt signaling induces Nanog (Takao et al., 2007) and 

Stat3 (Hao et al., 2006) and sustains the expression of Oct4 and Rex1 (Figure 2) in the absence 

of LIF (Sato et al., 2004), playing a pivotal role in the core regulatory network.  

TGFβ signaling pathway plays an important role in the maintenance of pluripotency, 

although the exact molecular mechanisms seem to differ depending on the signaling molecules, 

pluripotent states and species. TGFβ super-family members can be divided into two branches: 

BMP and TGFβ/activin/Nodal. Mouse ESCs are usually cultured in fetal calf serum (FCS) or 

serum replacement, in the presence of LIF. A crucial component of FCS is bone morphogenic 

protein 4 (BMP4), which can be substituted by exogenous BMP proteins (Ying et al., 2003). 

BMP proteins act through SMAD proteins cascade, which are phosphorylated and activate Id 

(inhibitor of differentiation) genes (Figure 2). ID proteins were shown to be the factors directly 

involved in self-renewal (Ying et al., 2003) and they function, at least in part, by promoting the 

expression of E-cadherin, which restrains cell commitment (Malaguti et al., 2013). Therefore, in 

mouse ESCs, activation of BMP/SMAD maintains self-renewal (Qi et al., 2004; Ying et al., 

2003) and acts in parallel to LIF/STAT3 pathway (Ying et al., 2003), although they have 

combinational effects in maintaining the pluripotency state: BMP4 blocks neuroectoderm 

differentiation (Wilson and Hemmati-Brivanlou, 1995) while LIF/STAT3 prevents BMP4-

induced mesoderm and endoderm differentiation (Ying et al., 2003). On the other hand, 

TGFβ/activin/Nodal activation in mouse ESCs also promotes self-renewal in serum free 

conditions (Ogawa et al., 2007) (Figure 2). 

Remarkably, due to the fact that all these molecular pathways are required for the 

maintenance of the pluripotency in ESCs, the knowledge gained in the field during the past 

decades has allowed manipulation of these pathways, leading to improved culture conditions 

that maintain self-renewal and pluripotency of ESCs and in some cases, allowing the 

substitution of the standard media components. Overexpression of some of the key pluripotency 

genes, such as Nanog (Chambers et al., 2003; Mitsui et al., 2003), Klf2 (Hall et al., 2009) and a 

mutant form of c-Myc (Cartwright et al., 2005) allows the self-renewal of ESCs in the absence 

of LIF. Although the mechanisms involved in this LIF-independent maintenance of stemness 

are still not clear, it could be partially explained by the overlapping regulatory functions that 

these factors share with STAT3, which would compensate for the lack of LIF.  

ESCs can also be cultured in the absence of feeders, serum and LIF by a combination of two 

small-chemical molecules called 2i: the MEK inhibitor known as PD0325901 and the GSK3 

inhibitor called CHIR99021. Under these conditions, LIF/STAT3 pathway is not active (Ying et 

al., 2008), although addition of LIF in combination of 2i further improves self-renewal of ESCs. 



! ! Introduction*

! 32!

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Signaling pathways involved in pluripotency. Schematic representation of the main signaling pathways governing 
pluripotency and the interplay between them. LIF activates three pathways: JAK/STAT3 (blue); SHP2/MAPK (orange) and 
PI3K/AKT (green). Two other LIF-independent pathways are also involved in maintaining pluripotency: canonical Wnt (maroon) 
and BMP4/TGFβ pathway (violet). Dotted lines represent crosstalk between the pathways. P = phosphorylated 

 
3. Dynamic pluripotency  

 
Recent advances in the manipulation of culture conditions suggest that pluripotency, as a 

functional property, is not restricted to a specific cellular state or molecular signature (Hackett 

and Surani, 2014). Indeed, pluripotent cells are now known to present a wide variety of 

developmentally different states, ranging from a more unrestricted state to a more lineage-

committed one. Moreover, these states are not static and cells are known to fluctuate from one 

to another, reflecting the high biological complexity of pluripotency. 

 

3.1 Naïve and primed pluripotent states 

 
Naïve and primed pluripotency were initially used to describe and distinguish pluripotent 

cells originated from two different developmental stages: ESCs isolated form the pre-

implantation blastocyst (naïve) and EpiSC isolated from the post-implantation epiblast (primed) 

(Figure 1). However, the knowledge gained in past years regarding the extensive cell 

heterogeneity and plasticity within the pluripotent state has prompted the redefinition and 

adaptation of these terms. 

In standard culture conditions, ESCs constitute a highly heterogeneous population of cells 

(Canham et al., 2010) (Figure 3), due to the influence of competing and opposing signals: self-

renewal and differentiation. At the molecular level, while the core pluripotency factors, Oct4, 

Sox2 and Nanog, together with LIF-induced STAT3, act in blocking differentiation and 

maintaining self-renewal, there is a secretion of FGF4, induced paradoxically by OCT4 and 

SOX2 (Yuan et al., 1995). This FGF4, together with LIF, activates the ERK-dependent pro-
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differentiation program (Kunath et al., 2007; Stavridis et al., 2007). Therefore, ESCs present a 

mosaic expression of key pluripotency factors, such as Nanog (Chambers et al., 2007; 

MacArthur et al., 2012; Singh et al., 2007), leading to variable degrees of susceptibility to 

lineage-specifying cues. This heterogeneity is also observed at the morphological and functional 

level (Canham et al., 2010). These observations prompted the redefinition of naïve and primed 

pluripotent states (Ying et al., 2008), which coexist in a dynamic equilibrium in standard culture 

conditions (Abranches et al., 2013), while when cultured in 2i, ESCs are shielded from 

inductive differentiation stimuli, presenting a homogeneous population of naïve pluripotent 

cells (Ying et al., 2008) (Figure 3). Conversely, ESCs can also be pushed towards the primed 

state by treatment with FGF and activin (Figure 3).  

Naïve pluripotent state is functionally and transcriptionally comparable to the cells of the 

pre-implantation epiblast (Boroviak et al., 2014; Marks et al., 2012), characterized by an 

uniform expression of pluripotency markers (Ying et al., 2008) and unrestricted epigenetic 

landscape, (Leitch et al., 2013), including the reactivation of the X chromosome in female cells, 

which reflect the unbiased developmental potential. Primed pluripotent state resembles post-

implantation epiblast cells (Nichols and Smith, 2009), which are still pluripotent but are poised 

to initiate lineage-specific programs and present a more restricted epigenome (Habibi et al., 

2013). Despite many molecular and functional differences described in the past years between 

the two pluripotent states, four key features are commonly used in order to distinguish between 

naïve and primed ESCs: the status of the X chromosome, global levels of DNA methylation, 

Oct4-enhancer utilization and expression levels of the naïve transcription factors (Klf4, Klf2, 

Esrrb, Tfcp2l1, Tbx3 and Gbx2). At the functional level, both primed and naïve are pluripotent 

cells and can differentiate into the three germ-layers of the embryo and form teratomas, but 

primed ESCs have an impaired ability to efficiently contribute to chimeras compared to naïve 

ESCs (Nichols and Smith, 2009; Ying et al., 2008). The two subpopulations of pluripotent cells 

are present in standard culture conditions and are interchangeable (Figure 3), the transition 

being driven by FGF/ERK pathway (Kunath et al., 2007; Tee et al., 2014; Yeo et al., 2014). 

Pharmacological inhibition of FGF4/ERK by MEK inhibitor reinforces self-renewal, although it 

impairs proliferation and viability of ESCs, which can be circumvented by the inhibition of 

GSK3 (Ying et al., 2008). Therefore, culture in 2i (MEK inhibitor and GSK3 inhibitor) 

stabilizes the naïve state leading to a significant reduction in the expression of lineage-

determinant genes as well as cell-cycle genes (for instance Myc) and to an upregulation of 

pluripotency markers (Marks et al., 2012). Moreover, culture in 2i has allowed the derivation of 

naïve pluripotent ESCs from other mammalian species (Buehr et al., 2008; Fujishiro et al., 

2012; Liu et al., 2008), including humans (Gafni et al., 2013).   
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Figure 3. Dynamic pluripotent states. ESCs cultured in standard serum conditions show a heterogeneous and metastable 
population of cells. Culture in 2i shields the naïve pluripotent state, in which a small population of ‘totipotent’ cells can be found. 
The primed state can be favored by the culture with FGF4/activin. The table summarizes some of the main features of each 
pluripotent state. XaXi, X chromosome inactive; XaXa, both X chromosomes active; TF, transcription factor; 5mC, 5-
methylcytosine 

 
3.2 Cellular plasticity 

 

These evidences show that pluripotency is presented as a wider spectrum of developmentally 

different states than those initially considered. Even the homogeneous population of 2i-cultured 

naïve pluripotent cells shows certain degree of heterogeneity at the single cell level, as it was 

also demonstrated that a fraction of naïve ESCs cultured may be functionally totipotent 

(Morgani et al., 2013) (Figure 3), that is, capable of contributing to embryonic and extra-

embryonic tissues. Another subpopulation of cells has been reported to exist in serum-cultured 

ESCs, the so-called 2C cells, as they resemble the 2-cell embryos at the transcriptomic level 

(Macfarlan et al., 2012) (Figure 3). Moreover, ESCs deficient for the DNA methyltransferase 

(Dnmt1) were demonstrated to differentiate into TE lineage (Ng et al., 2008), acquiring 

therefore an increased developmental potency. Altogether, these evidences demonstrate the 

broad developmental potential and plasticity of pluripotent cells and denote the existence of a 

whole spectrum of pluripotent states. And, more importantly, this plasticity can be exploited in 

vitro by manipulations of the culture conditions, which will modulate the signaling pathways 

involved.   

There is accumulating evidence showing that cellular plasticity is present not only in 

pluripotent cells but also in more committed cells. Multipotent progenitor cells are known 

develop into a bipotent metastable state during cell fate specification, which is the case of 

hematopoietic stem cells (HSC) (Olsson et al., 2016). Differentiated cells are more restricted 

and committed than ESCs and adult stem cells. However, they also present certain degree of 

plasticity, as it was proved already in the mid-60’s, when they were shown to be able to change 

fate in a low frequency when explanted from an embryo and exposed to a different 
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microenvironment (Gehring, 1967; Le Lièvre and Le Douarin, 1975). Moreover, the process of 

differentiation from ESCs to committed cells is now known to be reversible, contrary to what 

was thought for many years, and this reversion of the developmental process is called cellular 

reprogramming. 

 

4. Induction of pluripotency: cellular reprogramming 

 

The first evidence that specialized cells retain all the genetic information required to revert to 

a pluripotent state was provided in frogs, by transferring the nuclei from early blastocysts 

(Briggs and King, 1952) or differentiated intestinal cells (Gurdon, 1962a, 1962b) to enucleated 

oocytes. This technique of somatic cell nuclear transfer (SCNT) was first used in mammals to 

generate Dolly the sheep (Wilmut et al., 1997), demonstrating than the cytosol of a mammalian 

oocyte contains trans-acting factors that could reprogram the nucleus of a terminally 

differentiated somatic cell into a totipotent zygote. A wide variety of species have now been 

cloned using SCNT, ranging from mice (Wakayama et al., 1998) and domesticated animals such 

as dogs (Lee et al., 2005) and mules (Woods et al., 2003) to wild animals like wolves (Kim et 

al., 2007) and extinct subspecies (Folch et al., 2009). However, cloned animals showed a high 

frequency of abnormalities such as aberrant gene expression, impaired immune system, 

increased cancer susceptibility and premature death (Ogonuki et al., 2002; Renard et al., 1999; 

Wakayama et al., 1999), presumably due to a failure in the epigenetic memory erasure, 

suggesting that reprogramming by SCNT is, to some extent, incomplete. Besides, this technique 

has important ethical and legal limitations for clinical applications due to the use and 

destruction of oocytes. 

Cell fusion between different cell types has also been used to study the plasticity of 

differentiated cells (Blau and Blakely, 1999) and in most hybrids the phenotype of the less-

differentiated cell is dominant. Using this technique, differentiated cells can also be 

reprogrammed into full pluripotency by fusion with a pluripotent cell such as embryonic germ 

cells (Tada et al., 1997) or ESCs (Tada et al., 2001). The pluripotent state can, therefore, 

dominate over the differentiated state, leading to the activation of previously silent genes such 

Oct4 and Nanog and the induction of pluripotency (Bhutani et al., 2010; Pereira et al., 2008). 

The factors involved in the reprogramming were shown to be present in the nuclei of pluripotent 

cells (Do and Scholer, 2004), suggesting than they will probably be transcription factors. 

Latter studies showed that the ectopic expression of a specific transcription factor could 

convert differentiated cells into another cell type, process now known as transdifferentiation. 

For instance, expression of MyoD converted fibroblast into myofibroblast (Davis et al., 1987); 

Gata1 expression transformed myeloblast into megakaryocyte and erythrocyte precursors 

(Kulessa et al., 1995); and expression of CEBPβ converted B lymphocytes into macrophages 
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(Xie et al., 2004). These studies provided strong evidence that transcription factors could 

modify cell identity.  

All these observations set the basis for the striking breakthrough in the field, published in 

2006 by Takahashi and Yamanaka, in which they demonstrated that terminally differentiated 

cells could be reprogrammed into pluripotent cells by the overexpression of four transcription 

factors (Takahashi and Yamanaka, 2006). They tested 24 different genes, known to be involved 

in the ESCs state, and found that the retroviral-expression of Oct4, Sox2, Klf4 and c-Myc 

(OSKM) was sufficient to reprogram mouse fibroblasts into pluripotent cells, called induced 

pluripotent stem cells (iPSCs). These iPSCs were very similar to ESCs in gene expression and 

epigenetic landscape and were able to generate embryoid bodies and teratomas, although they 

failed to contribute to viable chimeras. However, since 2006, many insights have been gained in 

the field of cellular reprogramming by transcription factors, and the process has been 

extensively studied and improved. iPSCs have been later demonstrated to be functionally and 

molecularly identical to ESCs (Choi et al., 2015), with the advantage that they can be generated 

from many cell types, such as pancreatic β cells (Stadtfeld et al., 2008a), hepatocytes and gastric 

epithelial cells (Aoi et al., 2008) and from many different species, including humans (Yamanaka 

et al., 2007). The unlimited cell sources, the relative simple technique of reprogramming and the 

possibility to generate patient-specific iPSCs (therefore avoiding the immune rejection and the 

ethical advantages of not using blastocysts for their isolation) have created enormous 

expectations for the future use of iPSCs in regenerative medicine. 

 
 
 

 
 

 
 
 
 
 
 

Figure 4. Strategies of cellular reprogramming. Cellular reprogramming can be achieved by four main strategies: somatic cell 
nuclear transfer into an enucleated oocyte; cell fusion of a somatic cell with a pluripotent cell; transcription-mediated 
transdifferentiation from one somatic cell type to another and transcription factors reprogramming into full pluripotency. 

 

4.1 The four Yamanaka reprogramming factors 

 

The reprogramming factors originally used by Yamanaka to reprogram mouse (and human) 

fibroblasts are four transcription factors: Oct4, Sox2, Klf4 and c-Myc. As explained before, Oct4 

and Sox2 are essential for the maintainance of pluripotency and, together with Nanog, they 

constitute the core pluripotency network. 
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KLF4 (Kruppel-like factor 4) belongs to the KLF family of zinc finger containing 

transcription factors. Together with other KLF family member, such as Klf2 and Klf5, it is 

highly expressed in ESCs and its expression rapidly decreases upon differentiation (Bourillot et 

al., 2009). Moreover, inactivation of KLF factors induces spontaneous differentiation of 

pluripotent cells (Bourillot and Savatier, 2010; Hall et al., 2009; Parisi et al., 2008) whereas 

their overexpression shields self-renewal and delays differentiation (Hall et al., 2009; Li et al., 

2005; Parisi et al., 2008). KLF factors regulate the core pluripotency network as they bind to the 

promoters of Oct4, Sox2 and Nanog, inducing their expression (Jiang et al., 2008). Although 

they were first postulated to have redundant roles (Hall et al., 2009; Jiang et al., 2008; Parisi et 

al., 2008), it is now known that each of the KLF factor plays, at least in part, specific roles in 

the maintenance of pluripotency (Aksoy et al., 2014; Parisi et al., 2010). Indeed, a hierarchical 

relationship in the support of pluripotency has been reported, being Klf2 the most potent and 

Klf5 the less one (Hall et al., 2009). Klf2 is activated by Oct4 (Hall et al., 2009) whereas Klf4 

and Klf5 are both induced by Nanog and Stat3 (Bourillot et al., 2009; Hall et al., 2009; Stuart et 

al., 2014). Indeed, Klf4 acts as a mediator of LIF/STAT3 signals, and directly binds to Nanog 

promoter (Zhang et al., 2010). Moreover, knockdown of Klf4 biases differentiation towards 

extraembryonic endoderm, while knockdown of Klf5 induces mesoderm differentiation (Aksoy 

et al., 2014; Bourillot et al., 2009). Despite their partially distinct roles, it was demonstrated that 

inactivation of individual KLF factors, although detrimental for self-renewal, is not sufficient to 

trigger differentiation, which requires inactivation of all three KLF factors (Bourillot and 

Savatier, 2010).  

C-MYC belongs to the MYC family of basic helix-loop-helix leucine zipper transcription 

factors, that includes also N-MYC and L-MYC, and which usually require the 

heterodimerization with MAX for exerting their functions (Blackwood and Eisenman, 1991). 

MYC is a well-known oncogene that is involved in transcriptional regulation of metabolism, 

differentiation, cellular lifespan, cell cycle and size control. On the other hand, c-Myc and N-

Myc are expressed in ESCs and play redundant roles in maintaining the pluripotency (Malynn et 

al., 2000), as ESCs lacking one or the other MYC protein remain pluripotent while 

simultaneous deletion of both results in differentiation towards endoderm and mesoderm (Smith 

et al., 2010). C-Myc has been shown to be a direct transcriptional target of LIF/STAT3 

(Cartwright et al., 2005), and overexpression of c-Myc can overcome LIF dependency. C-MYC 

half-life is usually very short, with many mechanisms controlling and regulating its expression 

and degradation (Farrell and Sears, 2014). Nevertheless, in pluripotent cells C-MYC is 

stabilized due to LIF-dependent GSK3β inactivation (Cartwright et al., 2005; Yeh et al., 2004). 

Regarding c-Myc transcriptional activity, it binds and activates Sox2 and induces the expression 

of several miRNAs that inhibit differentiation (Lin et al., 2009). It has also been reported to 

coordinate with BMP4 to inhibit MAPK signaling, blocking differentiation (Chappell et al., 
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2013; Hishida et al., 2011; Kunath et al., 2007; Li et al., 2012b) as well as to repress the 

primitive endoderm master regulator Gata6 (Smith et al., 2010). During reprogramming, C-

MYC has been reported to act in the early stages of reprogramming (Mikkelsen et al., 2008; 

Sridharan et al., 2009) and enhance OSK binding to inaccessible chromatin (Soufi et al., 2012), 

by promoting the formation of euchromatin. 

 

4.2 Improvements in cellular reprogramming by transcription factors 

 

One of the major concerns of the original reprogramming method for future clinical 

applications was the use of retroviral vectors to deliver the reprogramming factors, which 

integrate in the genome of host cells. To reduce the number of genomic integrations, 2A-peptide 

based polycistronic vectors, encoding for the reprogramming factors in a doxycycline inducible 

manner, have been successfully used for reprogramming (Carey et al., 2009; Kaji et al., 2009). 

Several non-integrative methods have also been developed, such as transient expression of the 

reprogramming factors induced by adenoviruses (Stadtfeld et al., 2008b), transposons (Woltjen 

et al., 2009; Yusa et al., 2009), plasmids (Jia et al., 2010; Okita et al., 2008, 2011; Yu et al., 

2009), Sendai viruses (Fusaki et al., 2009; Nishimura et al., 2011), adeno-associated viruses 

(AVV) (Chen et al., 2014; Weltner et al., 2012), synthetic mRNAs (Warren et al., 2010) and 

recombinant proteins (Kim et al., 2009). More recently, it has been reported that reprogramming 

can be achieved by the use of chemical compounds (Hou et al., 2013), replacing the use of 

transcription factors, although the efficiency is extremely low. 

Cellular reprogramming is highly inefficient and only a small population of cells completes 

the process. Reprogramming includes the occurrence of many events, such as the suppression of 

the differentiated cell program, mesenchymal to epithelial transition (Li et al., 2010; 

Samavarchi-Tehrani et al., 2010) and changes in the cell metabolism (Jasper and Jones, 2010; 

Panopoulos et al., 2012). The role of OSKM in inducing pluripotency remains a field of intense 

investigation. During reprogramming, there is a transient activation of mesendodermal genes 

expressed in the early embryo (Takahashi et al., 2014) and endogenous retroviruses (Ohnuki et 

al., 2014), reflecting that, at least in part, there is a reversion of the normal embryo 

development. Moreover, reprogramming factors are known to drive this process by repressing 

and activating lineage-specific programs (Buganim et al., 2012; Takahashi et al., 2014), and it 

has been demonstrated that the kinetics (Brambrink et al., 2008; O’Malley et al., 2013; Stadtfeld 

et al., 2008c), levels and stoichiometry (Carey et al., 2011; Papapetrou et al., 2009; Yamaguchi 

et al., 2011) of the reprogramming factors play a pivotal role in orchestrating the 

reprogramming events. Reprogramming is now thought to occur in two phases: in the early 

phase, OSKM bind to many genomic loci, inducing the repression of somatic genes and 

activating the early pluripotency genes in a stochastic manner (Buganim et al., 2012; Soufi et 
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al., 2012; Sridharan et al., 2009). In this initial phase there is a process of de-differentiation, 

which leads to the generation of partially reprogrammed cells that can enter in a second, more 

deterministic and hierarchical wave of reprogramming. In this second phase, OSKM induce the 

expression of late pluripotency genes (Buganim et al., 2012; Soufi et al., 2012) establishing the 

self-maintained pluripotency network, which requires the silencing of the ectopic OSKM 

(Golipour et al., 2012). Cells also undergo a profound epigenetic remodeling towards the open 

chromatin state characteristic of ESCs, which includes the erasure of DNA methylation 

(Mikkelsen et al., 2008), X chromosome reactivation in females (Maherali et al., 2007) and 

reestablishment of bivalent histone modifications at developmental genes (Mikkelsen et al., 

2008; Wernig et al., 2007).  

To increase the low efficiency of reprogramming, different combinations of reprogramming 

factors have been used. It has been reported that SOX2, KLF4 and C-MYC play redundant roles 

and they can be substituted by other members of their protein family (Nakagawa et al., 2010; 

Yeo et al., 2014). A major achievement towards the future applications of iPSCs in the clinic 

was the removal of c-Myc, a well-known oncogene, and it can be substituted by L-Myc, which 

presents significantly lower tumorigenicity (Nakagawa et al., 2007; Wernig et al., 2008). In 

addition to OSKM, the expression of other pluripotency factors, such as Tbx3, Utf1, Sall4, 

Esrrb, Nr5a2, Tcl1a or Nanog, can enhance reprogramming efficiency or even replace some of 

the reprogramming factors (Feng et al., 2009; Han et al., 2010; Heng et al., 2010; Picanco-

Castro et al., 2011; Tsubooka et al., 2009; Zhao et al., 2008). Furthermore, several microRNAs 

(Han et al., 2010; Judson et al., 2009; Tsubooka et al., 2009; Zhao et al., 2008), RNA-binding 

proteins, including LIN28, and E3 ubiquitin ligases (Tanabe et al., 2013; Worringer et al., 2014; 

Yu et al., 2007) have been shown to enhance reprogramming efficiency. The activity of several 

of these reprogramming enhancers can be explained by their role as downstream targets of the 

pluripotency molecular networks. On the other hand, factors that promote the epigenetic 

changes favoring the acquisition of pluripotency, like DNA demethylating agents (Hu et al., 

2014; Pawlak and Jaenisch, 2011), as well as epigenetic regulators of the transcription of 

pluripotency genes, such as histone modifiers (Ang et al., 2011; Ding et al., 2014; Kuzmichev et 

al., 2002; Onder et al., 2012; Shinagawa et al., 2014; Wang et al., 2011), have also been 

reported to increase reprogramming efficiency.  

During reprogramming, somatic cells need to achieve not only pluripotency, but also self-

renewal capacity. Indeed, OSKM expression induces an immediate increase in cell proliferation 

as some of the pluripotency factors, such as c-Myc or Klf4, promote cell cycle progression. C-

Myc has been demonstrated to be dispensable for reprogramming, although its overexpression 

highly increases the efficiency and kinetics of the process (Nakagawa et al., 2007; Wernig et al., 

2008), as cell proliferation facilitates the chromatin remodeling necessary for the acquisition of 

pluripotency. Therefore, reprogramming efficiency is also increased by Telomerase Reverse 
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Transcriptase (TERT) and the SV40 large T antigen (SV40LT) (Park et al., 2008), proteins that 

enhance proliferation, and by forced expression of the cell-cycle enhancers GTP-binding protein 

REM2 or cyclin D (Edel et al., 2010; Tanabe et al., 2013). In line with this, tumor suppressor 

genes, such as p53, p21CIP1, p16INK4A and p19ARF, are known to have inhibitory effects on 

reprogramming (Banito et al., 2009; Hong et al., 2009; Kawamura et al., 2009; Li et al., 2009; 

Marion et al., 2009; Utikal et al., 2009). These tumor suppressor genes are involved in many 

cellular processes, such as DNA damage, apoptosis, and senescence, suggesting that these 

processes act as reprogramming barriers. 

 

5. The tumor suppressor genes p53 and Ink4a/Arf 

 

P53 (encoded by TP53 gene) was first identified as a tumor antigen, due to its high levels of 

expression in transformed cells (DeLeo et al., 1979; Kress et al., 1979; Lane and Crawford, 

1979; Linzer and Levine, 1979). p53 was also shown to have the ability to transform cells 

together with Ras (Eliyahu et al., 1984; Jenkins et al., 1984; Parada et al., 1984), therefore 

acting as an oncogene. However, a decade after its discovery, it was demonstrated that the p53 

cDNA clones used for transformation carried a mutation, and that the transformation potential 

of Ras was abolished when p53 was overexpressed (Finlay et al., 1989), demonstrating that p53 

induces cell cycle arrest. Moreover, p53 was found to be mutated in human colorectal 

carcinomas (Baker et al., 1989), confirming its role as a tumor suppression gene. Nowadays, 

p53 is considered one of the most important tumor suppression genes and its involvement in 

tumorigenesis has been extensively investigated. Deletion of p53 in mice leads to spontaneous 

tumors with 100% penetrance (Donehower et al., 1992; Jacks et al., 1994) and an extra copy of 

p53 highly increases the resistance to spontaneous and chemically-induced cancer (García-Cao 

et al., 2002). Moreover, p53 is known to be mutated in ∼50% of human tumors, while the 

remaining 50% present alterations in the p53 signaling pathway (Hollstein et al., 1991; 

Vogelstein et al., 2000), confirming its essential role in cancer protection. 

The CDKN2A (Ink4a/Arf) locus encodes for two tumor suppressor genes, p16INK4A and 

p19ARF (p14ARF in humans). p16INK4A was identified as a protein associated to cyclin D-

dependent kinase CDK4 and was shown to inhibit CDK4 kinase function (Serrano et al., 1993). 

Later, it was discovered that p16INK4A contained an overlapping gene, p19ARF (Quelle et al., 

1995). Both genes have separate promoters generating two different transcripts: Ink4a from 

exons 1α, 2 and 3 and Arf from exons 1β, 2 and 3 (Figure 5), and they have different reading 

frames, resulting in non-homologous protein products.  
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5.1 Tumor suppressor pathways 

 

p16INK4A inhibits the CDK4-6/CycD kinases, maintaining the retinoblastoma (Rb) family 

proteins and their homologs, p107 and p130, in their non-proliferative unphosphorylated form 

(Serrano et al., 1993) (Figure 5). Rb limits cell proliferation by preventing the progression to 

the S phase of the cell cycle (Goodrich et al., 1991; Weinberg, 1995). It does so, at least in part, 

by binding and inhibiting E2F transcription factors (Bagchi et al., 1991; Bandara and La 

Thangue, 1991; Chellappan et al., 1991; Chittenden et al., 1991), which are known to be 

involved in the activation of genes necessary for DNA replication and nucleotide metabolism 

occurring during S phase (Dyson, 1998). p16INK4A and Rb have been found to be mutated in 

many human cancers, and mutations of these two tumor suppressor genes were demonstrated to 

be mutually exclusive (Ruas and Peters, 1998). 

On the other hand, p19ARF induces cell cycle arrest through the stabilization of p53. p19ARF is 

a negative regulator of the Mdm2 oncogene, which targets p53 for its ubiquitylation and 

subsequent proteolytic degradation (Sherr, 1998) (Figure 5). The half-life of p53 is extremely 

short and post-translational mechanisms were shown to stabilize p53 in transformed cells (Oren 

et al., 1981). MDM2 was identified as one of the main p53 regulating proteins (Momand et al., 

1992). MDM2 binds to p53 and regulates its trancriptional activity (Kussie et al., 1996), 

controls its subcellular localization (Li et al., 2003) and promotes its ubiquitylation and 

proteasome degradation (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997). On the 

other hand, p53 induces the expression of Mdm2 in an autoregulatory feedback loop (Barak et 

al., 1993; Perry et al., 1993) (Figure 5). Impairment of MDM2-mediated p53 ubiquitylation can 

be accomplished by different mechanisms that disrupt MDM2-p53 interaction, including 

MDM2 post-translational modifications (Cheng et al., 2009); p53 post-translational 

modifications (Loughery and Meek, 2013), although they do not seem to be of much relevance 

in vivo (Toledo and Wahl, 2006); as well as the action of proteins that bind to MDM2 in the 

presence of oncogenic stress, such as  p19ARF (Kamijo et al., 1998; Pomerantz et al., 1998; 

Zhang et al., 1998). p19ARF has been also reported to induce cell cycle arrest in a p53-

independent manner (Weber et al., 2000). 

Therefore, p16INK4A and p19ARF regulate two different cell-cycle controlling pathways, 

p16INK4A/Rb and p19ARF/p53 (Figure 5). Each of these two pathways separately is known to be 

mutated or deregulated in human tumors. On the other hand, they can also be simultaneously 

altered by different mechanisms, such as the homozygous deletion of the whole Ink4a/Arf locus, 

intragenic point mutations and silencing of the locus through methylation of its promoter, all of 

them found in a wide percentage and variety of human tumors (Ruas and Peters, 1998). In 

agreement with this, deletion of Ink4a/Arf in mice leads to high penetrance tumor formation 

(>90% develop tumors within 1 year) (Serrano, 2000) and mice carrying an extra copy of the 
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Ink4a/Arf locus present a decreased incidence of cancer (Matheu et al., 2004). 

p16INK4A/Rb and p19ARF/p53 pathways present several levels of crosstalk between them. For 

instance, one of the main transcriptional targets of p53 is the tumor suppressor gene p21CIP1, 

which inhibits CDK2, a negative regulator of Rb (Figure 5). Therefore, the activation of 

p19ARF/p53/p21 pathway also prevents the phosphorylation of Rb. MDM2 can directly bind to 

Rb (Martin et al., 1995; Xiao et al., 1995) and promote proliferation in a p53-independent 

manner (Sun et al., 1998) (Figure 5).   

 

 

 

 

 

 

 

 

 

 
 
 

Figure 5. p53 and Ink4a/Arf pathways. Representation of the two main tumor suppressor pathways, p19ARF/Mdm2/p53 and 
p16INK4A/Rb, and their interplay. p16INK4A and p19ARF are encoded from the same genetic locus, Ink4a/Arf, from the alternative 
splicing of exons 1α (blue) and 1β (orange). The dotted line separates two biological conditions: E2F-mediated cell proliferation 
upon mitogenic signals (below, green) and the apoptotic/senescent situation upon stress stimuli (above, red). In mitogenic 
conditions, Rb is phosphorylated by CDK4/6 or CDK2 or degraded by mdm2, and therefore is no longer able to bind and inhibit 
E2F. Upon damage, cells activate both p19ARF/Mdm2/p53 and p16INK4A/Rb pathways, resulting in the inhibition of Rb 
phosphorylation or degradation. Under these conditions, Rb is able to bind and inhibit E2F transcriptional activity leading to cell 
cycle arrest. Alternatively, p53 can also activate the apoptosis cascade upon cellular damage.   

 
5.2 Tumor suppressor mechanisms for damage protection 

 

p53, p21, p16INK4A and p19ARF are tumor suppressor genes that control cell cycle progression. 

Their expression is triggered by different types of cellular stresses and leads to the activation of 

several mechanisms that prevent the expansion of damaged or stressed cells.  

 

5.2.1 Senescence  

 

Senescence, or the irreversible cell cycle arrest, is characterized by morphological, 

epigenetic and enzymatic cellular changes. Cellular senescence was first described as the finite 

proliferative capacity of human fibroblasts in culture and was speculated to be the cause of 

aging (Hayflick and Moorhead, 1961). Later, it was demonstrated that this specific type of 

senescence, called replicative senescence, was due to the telomere shortening, consequence of 

extensive cell proliferation in the absence of telomerase activity, which initiates DNA damage 
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responses (DDR) (Karlseder et al., 1999, 2004; Smogorzewska and de Lange, 2002; Takai et al., 

2003) and cell cycle arrest. Senescence can also be induced by DNA damaging agents, such as 

ionizing radiation and chemotherapeutic drugs, stressing culture conditions (Parrinello et al., 

2003; Ramirez et al., 2001), epigenetic changes (Munro et al., 2004; Ogryzko et al., 1996), 

oncogenes (Dimri et al., 2000; Lin et al., 1998; Michaloglou et al., 2005; Serrano et al., 1997) 

and loss of tumor suppression genes (Alimonti et al., 2010; Courtois-Cox et al., 2006; Young et 

al., 2008). Stimuli that induce senescence also increase the levels of reactive oxygen species 

(ROS) (Lee et al., 1999), which further reinforces the senescence outcome (Macip et al., 2002; 

Passos et al., 2010). Senescence can be induced by different signaling pathways, many of which 

activate p53 and all converge on the hypophosphorylation of Rb (Figure 5), due to the 

activation of p16INK4A or other CDK inhibitory proteins, such as p21CIP1, p15INK4B and p27KIP1 

(Campisi and d’Adda di Fagagna, 2007; Muñoz-Espín and Serrano, 2014). Senescent cells 

secrete pro-inflammatory cytokines, chemokines and extracellular matrix remodeling factors, 

known as the senescence-associated secretory phenotype (SASP) (Coppé et al., 2008; Kuilman 

et al., 2008; Novakova et al., 2010; Rodier et al., 2009), which lead to the recruitment of 

inflammatory cells (Hoenicke and Zender, 2012; Kang et al., 2011; Di Mitri et al., 2014; Xue et 

al., 2007) that will remove the senescent cells. SASP components are also known to induce 

senescence in neighboring cells in a paracrine manner (Acosta et al., 2013; Tasdemir and Lowe, 

2013). Altogether, senescence limits the expansion of damaged cells and promotes their 

clearance by the immune system. This process is known to occur in vivo with opposite effects 

depending on the context: transient senescence has a beneficial role during tumor initiation 

processes (Braig et al., 2005; Chen et al., 2005; Courtois-Cox et al., 2006; Dankort et al., 2007; 

Ha et al., 2007; Lazzerini Denchi et al., 2005; Sarkisian et al., 2007) or several pathologies 

related to fibrosis (Muñoz-Espín and Serrano, 2014), whereas persistent senescence was 

demonstrated to be detrimental for other pathologies such as sarcopenia, obesity, or diabetes 

(Muñoz-Espín and Serrano, 2014). Senescence has also been demonstrated to occur during 

embryo development, where it plays a pivotal role in orchestrating the tissue remodeling 

required for the proper morphogenesis of several developmental structures (Muñoz-Espín et al., 

2013; Storer et al., 2013). On the other hand, senescence has been linked to aging, where there 

is expression of p16INK4A and p19ARF, normally expressed at very low levels in most tissues of 

young organisms (Krishnamurthy et al., 2004), and accumulation of damaged and senescent 

cells (Dimri et al., 1995; Jeyapalan et al., 2007). Indeed, high levels of p16INK4A in adult stem 

cells have been demonstrated to impair self-renewal and the proper function of some adult stem 

cell compartments, leading to a decrease in regenerative potential (Janzen et al., 2006; 

Krishnamurthy et al., 2006; Molofsky et al., 2006).  
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5.2.2 Apoptosis  

 

An alternative mechanism to limit the expansion of damaged cells and to eliminate them is 

apoptosis. Like senescence, apoptosis plays an important role in morphogenesis during embryo 

development (Coucouvanis and Martin, 1995; Lindsten et al., 2000; Lohmann et al., 2002; Weil 

et al., 1997). It also drives the elimination of transient structures (Baehrecke, 2002; Jacobson et 

al., 1997) and limits tissue cell number (Barres and Raff, 1999; Reynaud and Driancourt, 2000), 

contributing to cell competition (Bondar and Medzhitov, 2010; De La Cova et al., 2004; Li and 

Baker, 2007; Moreno, 2008) and tissue homeostasis. Apoptosis can be induced by several 

stimuli such as DNA damage, oxidative stress, accumulation of unfolded proteins and many 

others, and it can occur through the intrinsic mitochondrial pathway or the extrinsic death 

receptor pathway (Kroemer et al., 2007). In the mitochondrial pathway, death stimuli triggers 

the permeabilization of the mitochondrial membrane, releasing cytochrome c and other pro-

apoptotic proteins (Kluck et al., 1997; Kroemer et al., 2007; Yang et al., 1997), which results in 

the formation of a protein complex known as apoptosome. The apoptosome promotes the 

cleavage and activation of caspases (Bao and Shi, 2007; Bratton et al., 2001; Pop et al., 2006), a 

family of cysteine proteins that, once activated, will execute the demolition phase of apoptosis. 

In the death receptor pathway, death ligands bind to the membrane receptors and recruit adaptor 

proteins that will trigger caspase activation. There is a crosstalk between both pathways, as 

death receptor activation can also induce permeabilization of the mitochondrial membrane. p53 

is known to play an important role in the mitochondrial pathway of apoptosis (Figure 5) by the 

induction of pro-apoptotic genes, including those of the Bcl-2 family, such as the BH3-only 

proteins Bax, Noxa and PUMA or by the repression of antiapoptotic genes such as survivin 

(Hoffman et al., 2002). On the other hand, p53 also induces apoptosis through the death ligand, 

as it enhances cell surface levels of Fas and KILLER/DR5 death receptors (Bennett et al., 1998; 

Wu et al., 2000). Apoptosis is intimately linked to the immune system as apoptotic cells secrete 

signals to attract phagocytes (Hanayama et al., 2002; Mueller et al., 2007) and also present 

extracellular surface proteins that will be recognized by the phagocytes, which will eliminate 

them (Erwig and Henson, 2008; Savill et al., 1993). On the other hand, among the non-apoptotic 

functions of caspases, they are known to promote cytokine maturation and regulate the immune 

system (Kuranaga and Miura, 2007; Martinon and Tschopp, 2004), strengthening the 

connection with the immune system. Moreover, apoptotic cells are known to induce the 

compensatory proliferation of the neighboring cells (Bergmann and Steller, 2010; Pérez-Garijo 

et al., 2009; Ryoo et al., 2004), through the secretion of mitogens and morphogens, which 

stimulates regeneration after injury (Bergmann and Steller, 2010; Bosch et al., 2005; Ryoo et 

al., 2004).  
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Both senescence and apoptosis are cellular responses to damage and are important tumor 

suppressor mechanisms (Figure 5). But, while senescence prevents proliferation of damaged 

cells that will be ultimately cleared by the immune system, apoptosis rapidly eliminates them. 

Most cells are capable of both responses, actually the signaling pathways are in part shared 

between the two processes, revealing that the regulatory mechanisms must communicate. 

Senescent cells present increased levels of the anti-apoptotic Bcl2 family proteins, for this 

reason they were initially thought to be resistant to apoptosis (Hampel et al., 2004; Spaulding et 

al., 1999). However, pharmacological inhibition of Bcl2 family proteins selectively induces 

apoptosis in senescent cells (Chang et al., 2016; Zhu et al., 2016). Moreover, manipulation of 

the pathways involved can change the cellular fate between apoptosis and senescence and vice 

versa (Crescenzi et al., 2003; Lee et al., 2011; Rebbaa et al., 2003; Schmitt et al., 2002; 

Seluanov et al., 2001). In line with this, is it known that during embryonic development, a 

failure of senescence triggers an apoptotic compensatory program (Muñoz-Espín et al., 2013; 

Storer et al., 2013). Therefore, apoptosis and senescence are two different but interconnected 

mechanisms to eliminate damaged cells, and can be triggered by similar stress stimuli. Although 

the cellular outcomes are different, both processes share common regulators and are, at least in 

part, interchangeable, enabling their mutual compensation.    

 

5.3 Role of the tumor suppressors in pluripotency and reprogramming 

 

Rb is known to be essential during embryo development, as homozygous deletion of Rb in 

mouse is embryonic lethal (Clarke et al., 1992; Jacks et al., 1992; Wenzel et al., 2007; Wu et al., 

2003) and loss of Rb in trophoblast stem cells leads to placental abnormalities due to excessive 

proliferation of trophoblast cells (Wenzel et al., 2007; Wu et al., 2003). Therefore, the Rb 

pathway plays a critical role in the proliferation required for a proper development. However, 

deletion of p53 does not impair proper embryo development, although it predisposes mice to an 

early onset of tumor formation (Donehower et al., 1992; Jacks et al., 1994). 

Pluripotent cells have unusual proliferation properties, as they are able to indefinitely self-

renew, indicating that they present a different regulation of the cell cycle in comparison to 

differentiated cells. Pluripotent cells are continuously proliferating and present a short G1 phase 

with no restriction point control, as demonstrated by the hyperphosphorylated inactive state of 

Rb family members, lack of association of Rb to E2F factors, unusually elevated levels of cell 

cycle independent CDK activity and lack of expression of the Cdk inhibitors of the INK family 

(White and Dalton, 2005). Indeed, the Ink4a/Arf locus is epigenetically silenced in pluripotent 

cells (Li et al., 2009). Moreover, disruption of three Rb components does not affect growth 

properties of pluripotent cells, although it impairs proper differentiation (Dannenberg et al., 

2000; Sage et al., 2000), indicating that pluripotent cells lack cell cycle Rb control. Therefore, 
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pluripotent cells cannot undergo quiescence or senescence and their growth is independent of 

exogenous mitogenic signals and is not subjected to anchorage or contact growth inhibition 

(Burdon et al., 2002).  

Although pluripotent cells proliferate independently of an apparent cell cycle regulation, 

upon stress they have efficient mechanisms to prevent the accumulation of damage and, more 

importantly, the inheritance of this damage to the progeny. Actually, pluripotent cells present a 

lower frequency of accumulation of spontaneous mutations compared to differentiated cells 

(Cervantes et al., 2002) and they are hypersensitive to DNA damage, (Heyer et al., 2000) 

presenting efficient DNA repair mechanisms (Giachino et al., 2013). Although pluripotent cells 

fail to arrest in G1 after damage (Dannenberg et al., 2000; Sage et al., 2000), they do arrest in a 

Rb-independent G2/M checkpoint, in which they express high levels of p53 that accumulate in 

the cytoplasm and, upon persistence of the damage, they ultimately undergo p53-independent 

apoptosis (Aladjem et al., 1998; Prost et al., 1998). However, other damaging agents such as 

UV radiation or oxidative stress can induce the nuclear translocation of p53, triggering a p53-

dependent apoptosis in pluripotent cells (Corbet et al., 1999; Han et al., 2008; Sabapathy et al., 

1997; Solozobova et al., 2009). Deletion of p53 in pluripotent cells increases proliferation and 

reduces apoptosis during differentiation (Sabapathy et al., 1997). In the process of 

differentiation, there is a p53-dependent repression of NANOG (Lin et al., 2005) and other 

pluripotency markers (Li et al., 2012a) and p53 levels progressively decrease (Sabapathy et al., 

1997). Moreover, this differentiation through the downregulation of NANOG can be boosted 

upon stress, as an alternative mechanism of p53 to protect pluripotent cells from damage (Lin et 

al., 2005). On the other hand, extra dosage of p53 or Ink4a/Arf limits tumorigenicity of 

pluripotent cells, as assessed by teratocarcinoma formation, without compromising their 

pluripotency (Menendez et al., 2012). 

The role of tumor suppressor genes during cellular reprogramming has been extensively 

studied in vitro. Serial culture passaging of Mouse Embryonic Fibroblast (MEFs) is known to 

decrease the efficiency of reprogramming, which correlates with the upregulation of p16INK4A 

p19ARF and p21CIP and the onset of senescence (Utikal et al., 2009). Moreover, hypoxia culture 

conditions, which reduces the expression of p16INK4A and p53 were shown to increase 

reprogramming efficiency (Utikal et al., 2009) as well as the genetic deletion of the whole 

Ink4/Arf locus (Li et al., 2009). Actually, the Ink4a/Arf locus is epigenetically silenced in ESCs 

and iPSCs and the expression of Oct4, Sox2 and Klf4 repress p16INK4A p19ARF and p15INK4B (Li et 

al., 2009). The reprogramming process was also demonstrated to be compromised in aged 

MEFs, which present higher levels of Ink4a/Arf expression (Li et al., 2009). In line with this, 

senescence is known to limit the reprogramming process (Banito et al., 2009). Interestingly, 

deletion of p16INK4A alone is sufficient to increase reprogramming efficiency, although it has 

synergistic effects in combination with the disruption of p19ARF/p53 pathway (Li et al., 2009; 
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Utikal et al., 2009). Disruption of the p53 pathway alone, by genetic deletion, inactivating 

mutations, downregulation or dominant negative forms of p53, as well as downregulation or 

deletion of the main p53 target gene p21CIP, also increases cellular reprogramming (Kawamura 

et al., 2009; Liu et al. 2009b; Marion et al., 2009). During reprogramming into iPSCs, cells 

suffer replicative stress due to the increased proliferation induced by the reprogramming factors, 

which activates p53 and Ink4a/Arf pathways, limiting the process (Banito et al., 2009; 

Kawamura et al., 2009). Moreover, it is known that most of the failed reprogramming events are 

due to the activation of p53 and Ink4a/Arf pathways as damaging control mechanisms, which 

lead to cellular senescence (Banito et al., 2009; Kawamura et al., 2009). Moreover, MEFs with 

shorter telomeres and increased DNA damage fail to reprogram through a p53-mediated DNA 

damage response, which suggests that only healthy cells undergo reprogramming as a 

mechanism to ensure iPSCs genomic integrity (Marion et al., 2009). 

The role of tumor suppressor genes has also been linked to regeneration processes, which are 

hypothesized to be related to dedifferentiation. Inactivation of Rb1 in lower vertebrates induces 

skeletal muscle regeneration by reverting differentiation and post-mitotic arrest in muscle cells 

(Tanaka et al., 1997). Similarly, inactivation of both Arf and Rb1 in mammalian muscle cells 

results in cell cycle re-entry and dedifferentiation, mimicking the regenerative cells of lower 

vertebrates (Pajcini et al., 2010). 

 

6. Cellular plasticity in vivo 

 

In the adult organism, tissues are composed of a hierarchy of cells, from the multipotent 

adult stem cells that will give rise to the progenitors cells and ultimately to the terminally 

differentiated cells. However, this hierarchy can be subverted, and differentiated cells are 

known to present some degree of cellular plasticity in physiological conditions, as they can 

dedifferentiate into a more plastic state (Chaffer et al., 2011; Roy et al., 2013). Furthermore, this 

dedifferentiation process is promoted by cellular stresses such as oncogenes or tissue damage 

(Chaffer et al., 2011). 

  

6.1 Cellular plasticity in cancer 

 

Cancer is characterized by a high degree of heterogeneity. Part of this heterogeneity has been 

explained by the theory of a cancer stem cell (CSC) as the cell of origin, which can indefinitely 

self-renew and differentiate into all cell types of the cancer (Friedmann-Morvinski and Verma, 

2014). It has been demonstrated that some cancers can be originated from a differentiated cell 

that dedifferentiates and acquires stemness properties. This is the case of glioblastoma, which 

can be originated from the dedifferentiation of a variety of differentiated cells including 
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astrocytes and neurons (Bachoo et al., 2002; Friedmann-Morvinski et al., 2012), or intestinal 

tumors, that can be originated from the dedifferentiation of non-stem intestinal epithelial cells 

(Schwitalla et al., 2013). Interestingly, this conversion is bidirectional (Schwitalla et al., 2013) 

and seems to be mediated, at least in part, by the tumor microenvironment (Chaffer et al., 2013; 

Vermeulen et al., 2010) and inflammation (Landsberg et al., 2012). Dedifferentiation of somatic 

cells to acquire stemness properties has been demonstrated to play an important role, not only in 

tumor formation and progression, but also in metastasis (Ischenko et al., 2013). 

On the other hand, there are several parallelisms between malignant transformation and 

reprogramming. First, many pluripotency factors are expressed in cancer (Friedmann-Morvinski 

and Verma, 2014). Moreover, poorly differentiated tumors are transcriptionally very similar to 

ESCs (Ben-Porath et al., 2008). Indeed, malignant transformation involves the acquisition of 

developmental programs and confers unlimited self-renewal potential to the cells, similarly than 

in reprogramming. Also, the remodeling of the epigenetic landscape could be considered a 

parallel feature between these two processes. Finally, the role of tumor suppressor genes is very 

similar in the two processes as they act as barriers for both malignant transformation and 

reprogramming. 

  

6.2 Cellular plasticity in regeneration: injury and dedifferentiation 

 

Tissue regeneration has historically been attributed to lower vertebrates, as regeneration 

capacity in mammals is more limited. Studies in lower vertebrates depicted a strong correlation 

between regeneration and dedifferentiation. During limb regeneration in newts and Xenopus, 

blastema cells express pluripotency markers, which were indeed demonstrated to play critical 

roles in regeneration (Christen et al., 2010; Maki et al., 2009). Dedifferentiation processes were 

also demonstrated to occur during cardiac (Jopling et al., 2010; Zhang et al., 2013) and hepatic 

(He et al., 2014) regeneration in zebrafish as well as during lens regeneration in axolots 

(Suetsugu-Maki et al., 2012).  

In mammals, regeneration capacity is more restricted. However, tissue injury is known to 

subvert the hierarchical cellular organization present in tissues in homeostatic conditions, in 

order to promote healing and regeneration (Blanpain and Fuchs, 2014). In neonates, injury in 

the inner ear promotes Lgr5+ cells transdifferentiation to replenish hair cells (Wang et al., 

2015). In adults, upon lung injury, club cells can dedifferentiate and regenerate the bronchiolar 

epithelium, generating both basal and ciliated cells in vivo (Tata et al., 2013) (Figure 6). Tissue 

regeneration upon injury have been linked to dedifferentiation processes in the kidney (Kusaba 

et al., 2014), liver (Yanger et al., 2013), heart (Ubil et al., 2014), and Schwann cells (Masaki et 

al., 2013) (Figure 6). Moreover, upon injury in the retina, a fraction of dedifferentiated cells 

express the pluripotency marker NANOG (Sanges et al., 2013) (Figure 6), demonstrating that 
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this process of physiological dedifferentiation upon injury shares features with the artificial 

process of cellular reprogramming into iPSCs in vitro. Moreover, altogether, these evidences 

demonstrate that differentiated cells in the adult organism retain a high degree of plasticity, 

which plays a crucial role in repopulating damaged tissues and recovering proper tissue 

homeostasis after injury. 

 
 
 
 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
Figure 6. Evidences of in vivo transdifferentiation and reprogramming events. Summary of the precedents in cellular plasticity 
in vivo, in which differentiated cells have been either reprogrammed into progenitors or transdifferentiated into a different cell type. 
The examples are grouped in colors depending on the tissue/organ: blue: central and peripheral nervous system; green: pancreas; 
orange: kidney; grey: hematopoietic system; brown: liver; red: heart; pink: lungs; and black: retina. 
 

6.3 Manipulations of the cell identity in vivo 

 

 Several precedents demonstrate that cellular identity can be manipulated in vivo. 

Deletion of Pax5 in the hematopoietic system converts B cells into T cells in vivo (Figure 6), 

through a process of dedifferentiation and redifferentiation (Cobaleda et al., 2007). Similarly, 

ovarian cells can be transdifferentiated into testicular cells by the genetic deletion of FoxL2 

(Uhlenhaut et al., 2009). A cocktail of transcription factors in vivo was demonstrated to convert 

exocrine into endocrine pancreatic cells (Figure 6) that were able to secrete insulin in response 

to glucose (Zhou et al., 2008). Several groups reported the conversion of liver cells into insulin 

secreting cells (Banga et al., 2012; Ber et al., 2003; Ferber et al., 2000; Kaneto et al., 2005; 

Kojima et al., 2003; Miyatsuka et al., 2003; Yechoor et al., 2009) (Figure 6), given the similar 

developmental origin of both organs. Transdifferentiation processes have also been achieved in 

the nervous system (De la Rossa et al., 2013; Niu et al., 2013, 2015; Rouaux and Arlotta, 2013; 

Torper et al., 2013) (Figure 6). However, heart is perhaps the most investigated tissue for in 

vivo transdifferentiation, being already reported in 1996 by the activation of MyoD (Murry et 

al., 1996). Fibroblasts can be converted into cardiomyocytes in vivo (Figure 6) by different 

transcription factors (Inagawa et al., 2012; Qian et al., 2012; Song et al., 2012), miRNAs 

cardiac fibroblasts ! skeletal myofibers!

cardiac fibroblasts ! cardiomyocytes!

astrocytes ! neurons!

astrocytes ! neuroblasts!

glial cells ! neurons!

post-mitotic callosal neurons ! corticofugal neurons!

L4 post-mitotic neurons ! L5 neurons!

astrocytes ! neuroblasts!

exocrine cells ! insuline secreting β cells!

club cells ! bronchiolar epithelium!

retinal neurons ! retina progenitors!

B lymphocytes ! T lymphocytes!

tubule epithelium ! epithelial stem cells!

hepatocytes ! biliary epithelial cells!
cardiac fibroblasts ! endothelial cells!

liver cells ! insuline secreting β cells!

Schwann cells ! mechenchymal progenitors!
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(Jayawardena et al., 2012, 2015) and chemical cocktails (Fu et al., 2015). More importantly, 

manipulation of cell fate and induction of dedifferentiation processes in vivo can be performed 

in already injured tissues including heart (Inagawa et al., 2012; Song et al., 2012), brain and 

spinal cord (Guo et al., 2014; Su et al., 2014) (Figure 6) and they have been shown to promote 

and enhance tissue regeneration after heart infarction (Inagawa et al., 2012; Song et al., 2012). 

Moreover, it has also been demonstrated that transdifferentiation is more efficient when 

performed in vivo than in vitro and that the resulting cells better resemble their endogenous 

counterparts (Lázaro and Kostarelos, 2015), probably due to the tissue environment and the 

interaction with the neighboring cells. Altogether, this demonstrates that manipulation of the 

cell fate in vivo shows great promises for therapeutical applications, not only in cardiovascular, 

but also in other diseases (Chen et al., 2015; Lázaro and Kostarelos, 2015). 
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The main objective of this Thesis was to study the effects of the expression of the 

reprogramming factors in vivo and the underlying mechanisms. 

 

1. Study of the effects of the expression of the reprogramming factors in adult 

organisms 

 

1.1 Generation and characterization of reprogrammable mouse lines 

1.2 Short and long term effects of the in vivo activation of the reprogramming factors 

1.3 Analysis of in vivo reprogramming  

 

2. Study of the mechanisms involved in the in vivo reprogramming process 

 

1.1 Role of tumor suppressor genes during in vivo reprogramming 

1.2 Study of the interplay between reprogramming and tissue damage 
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El principal objetivo de esta Tesis ha sido estudiar los efectos de la expresión de los factores de 

reprogramación in vivo y los mecanismos implicados 

 

1. Estudio de los efectos de la expresión de los factores de reprogramación en 

organismos adultos 

 

1.1 Generación y caracterización de líneas de ratón reprogramable  

1.2 Efectos de la activación in vivo de los factores de reprogramación a corto y largo 

plazo  

1.3 Análisis de la reprogramación in vivo 

 

2. Estudio de los mecanismos implicados en el proceso de reprogramación in vivo  

 

1.1 Papel de los genes supresores de tumores en la reprogramación in vivo 

1.2 Estudio de la asociación entre reprogramación y daño tisular 
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1. Mouse experimentation 

 

1.1 Generation of transgenic mouse models 

 

To generate reprogrammable (i4F) mice, we transduced C57BL6 mouse embryo fibroblasts 

(MEFs) carrying a single copy of the doxycycline-inducible transcriptional activator (rtTA) 

within the Rosa26 locus (Hochedlinger et al., 2005) (generously provided by Konrad 

Hochedlinger) with a lentivirus carrying a doxycycline-inducible tetracistronic cassette with the 

four Yamanaka murine reprogramming factors (Oct4, Sox2, Klf4, cMyc) (Carey et al., 2009) 

(Tet-O-FUW-OSKM, obtained from Addgene #20321). After lentiviral transduction, MEFs 

were treated with 1 µg/ml of doxycycline and colonies of iPSCs appeared after 1 week. Several 

iPSC colonies were picked, expanded and microinjected into albino C57BL/6J-Tyrc-2J/J E3.5 

blastocysts (5-7 iPSCs per blastocyst) to obtain chimeras. Chimeric mice were backcrossed with 

C57BL6/J mice until the lentiviral transgenes were transmitted at Mendelian proportions 

(indicative of single integration site). The resulting i4F lines are in pure C57BL/6J.Ola.Hsd 

genetic background. 

To generate reprogrammable mice combined with null alleles for p53, Ink4a/Arf or Terc, we 

used the reprogrammable mouse line known as i4F-B (see Results), which were crossed with 

mice deficient for p53 (Jacks et al., 1994), Ink4a/Arf (Serrano et al., 1996), or Telomerase 

(Terc) (Blasco et al., 1997). The i4F;p53-null and i4F;Ink4a/Arf-null mice are in a pure 

C57BL/6J.Ola.Hsd genetic background and were compared to i4F mice of the same genetic 

background; the i4F;Terc-null mice are in a mixed genetic background enriched for 

C57BL/6J.Ola.Hsd and were compared to i4F mice of the same mixed genetic background 

derived from the same parental mice.  

All mice used in this Thesis were heterozygous for both OSKM and rtTA transgenes. All 

mice were genotyped at Transnetyx Enterprise (Cordova, TN, 38016). 

 

1.1 Animal procedures 

 

Animal experimentation at the CNIO, Madrid, was performed according to the protocols 

approved by the CNIO-ISCIII Ethics Committee for Research and Animal Welfare (CEIyBA) 

and the Autonomous Community of Madrid, and conducted in accordance to the 

recommendations of the Federation of European Laboratory Animal Science Association 

(FELASA). Mice were housed at specific pathogen free (SPF) barrier area of the Spanish 

National Cancer Research (CNIO) in Madrid. Experiments in part one were performed with 

mice of 2-6 months of age of both sexes indistinguishably. Experiments in part two were 

performed with animals of 10-13 weeks of age of both sexes indistinguishably, with the 
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exception of experiments with old mice, in which we used mice >65 weeks of age. Mice were 

observed on a daily basis and sacrificed when they showed overt signs of morbidity in 

accordance to the Guidelines for Humane Endpoint For Animals Used in Biomedical Research 

from the Council for International Organizations of Medical Sciences (CIOMS).  

 

1.2.1 Doxycycline treatment 

 

Doxycycline (Sigma) was generally administered in the drinking water supplemented with 

7.5% of sucrose. Doses of doxycycline ranged from 0.2 mg/ml to 2 mg/ml and induction 

protocols from 1 week to 3 weeks.  

Doxycycline was also administered intraperitoneally in two experiments: to check the proper 

induction of the OSKM transgene (1), and in the simultaneous treatment with palbociclib (2). In 

(1), mice of the three genotypes, i4F, i4F;p53-null, and i4F;Ink4a/Arf-null, were 

intraperitoneally injected with 500 µl of doxycycline (4 mg/ml; Sigma) dissolved in 

physiological serum (0.9% w/v NaCl) and sacrificed after 9 hours. In (2), in order to avoid 

severe dysplasia in the colon, doxycycline was administered by intraperitoneal injection (500 µl 

of doxycycline 2 mg/ml) dissolved in physiological serum every second day for 5 days.  

 

1.2.2 Chemical treatments  

 

For proliferation analysis, bromodeoxyuridine (5-bromo-2’-deoxyruridine), purchased from 

Sigma #B5002, was daily injected intraperitoneally at 50 mg/g during the first 5 days of 

treatment.  

Treatment of i4F mice with the (Bcl-2/Bcl-xL/Bcl-w)-inhibitor navitoclax, also known as 

ABT263 (Active Biochem, #A-100) (Chang et al., 2016; Zhu et al., 2015), was performed by 

daily oral gavage for 7 days at 25 mg/kg, dissolved in 15% DMSO/PEG400. Treatment with the 

CDK4/CDK6 inhibitor palbociclib, also known as PD033299 (Selleckchem #S1579) (Dickson, 

2014) was performed by daily oral gavage for 5 days at 100 mg/kg, dissolved in 50 mM sodium 

lactate. Treatment with the inhibitor of NFκB-activating kinases IKKs, also known as BAY 11-

7082 (Selleck Chemicals, S2913) (Gasparian et al., 2009) was performed by daily 

intraperitoneal injection during one week at 20 mg/g, dissolved in 10%DMSO/PBS. For 

inhibition of IL6, we intraperitoneally injected 1 mg of an anti-IL6 antibody (BioXCell, 

BE0046) formulated in PBS, three times per week to the i4F mice and daily to the i4F;p53-null 

mice, during one week. For treatment with recombinant IL6 (Abyntek Biopharma, S.L, 

#AI081), mice were intraperitoneally injected with 5 mg of rIL6 three times per week during 6 

days. Treatment with the PIM inhibitor CNIO-PIMi was performed by daily oral gavage for 7 

days at 50 mg/kg, dissolved in 10% NMP (N-methylpyrrolidone)/90% PEG300. Control mice 
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were treated with the corresponding vehicle. All mice were simultaneously treated with 1 mg/ml 

of doxycycline in the drinking water during the indicated time of treatment with the drugs, 

except in the case of palbociclib, in which mice were intraperitoneally injected with 500 µl of 

doxycycline (2 mg/ml) dissolved in physiological serum every second day for 5 days.  

To induce pulmonary damage, bleomycin (Sigma #15361) was inoculated intratracheally in 

i4F mice at 2U/kg in males and 1.5U/kg in females and the following day mice were treated 

with doxycycline (0.2 mg/ml) for 14 days. 

 

1.2.3 Bone Marrow transplantation 

 

For bone marrow (BM) transplantation, groups of 8 WT mice (C57BL6/J, 8-10 weeks old) 

per donor mouse were irradiated with 12 Gy. The following day, the bone marrow of the donor 

mice was harvested from the femora and tibiae and recipient mice were intravenously injected 

with 2-2.5x106 cells, suspended in Leibovitz medium (Sigma, L5520). Experiments on 

transplanted mice were performed after a latency of at least 30 days to ensure BM 

reconstitution. 

 

 1.2.4 ‘Embryo-like’ structures assay 

 

WT mice were intraperitoneally injected with 5x105 iPSCs or ESCs suspended in 100 µl of 

iPSC medium. Mice were monitored for the formation of teratomas in the abdominal cavity and 

when teratomas were palpable, they were sacrificed. ‘Embryo-like’ structures and teratomas 

were processed for histological analyses. 

 

1.2.5 Subcutaneous teratoma formation by exogenous pluripotent cells 

 

For subcutaneous teratomas, iPSCs or ESCs were trypsinized and 2x106 cells (in part one) or 

1x106 cells (in part two), suspended in iPSC medium, were subcutaneously injected into the 

flanks of immunocompromised nude mice (Hsd: athymic Nude/Nude from Harlan Ibérica). 

Teratomas were isolated when the diameter reached >1.5 cm and processed for histological 

analysis.  

 

1.2.6 Teratoma formation in the kidney by exogenous MEFs 

 

The kidney was the only location where injected reprogrammable MEFs produced teratomas 

upon doxycycline treatment, which could be related to the reported permissivity of the kidney to 
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the transplantion of differentiated iPSCs (Fu, 2014) (the other locations that we tested and did 

not produce teratomas were liver, spleen, muscle, dermis, and intraperitoneal). For teratoma 

formation in the kidney, MEFs of the three genotypes (i4F, i4F;p53-null, and i4F;Ink4a/Arf-

null) were trypsinized and 5x105 cells, suspended in iPSCs medium, were injected into the 

kidney of wild-type C57BL/6J, nude (Hsd: athymic Nude/Nude from Harlan Ibérica) and NSG 

(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ from Charles River) mice of 10 weeks of age, previously 

treated for 10 days with 2 mg/ml of doxycycline. We used C57BL/6J mice of > 95 weeks of age 

for the teratoma formation in old hosts. After injection, mice were treated for 15 days with the 

same dose of doxycycline. Mice were sacrificed when teratomas were palpable and teratomas 

were processed for histological analysis.  

 

1.2.7 Chimera generation and germline contribution 

 

For chimera generation, in vivo iPSCs (5-7 cells per embryo, ~10 passages) were 

microinjected into C57BL/6J-Tyrc-2J/J blastocysts and transferred to Crl:CD1 (ICR) 

pseudopregnant females. To study the contribution to the germline, EGFP-infected in vivo 

iPSCs (~14 passages) were similarly microinjected into blastocysts and the gonads from 

chimeric male E14.5 embryos were isolated, fixed in 4% paraformaldehyde, and analyzed for 

GFP fluorescence in whole mount with a laser scanning confocal microscope SP5 from Leica, 

equipped with white light laser and hybrid detection. Lens used for imaging where 20X (dry 

lens) 0.7 numerical aperture and 63X (water lens) with a 1.2 numerical aperture. 

 

1.2.8 Analysis of trophectoderm lineage contribution  

 

EGFP-labeled ESCs or in vivo iPSCs (5-7 cells, all with ~14 passages) were aggregated or 

microinjected into 8-cell stage embryos using standard techniques (Pease and Saunders, 2011). 

Morulas were incubated overnight and observed under the confocal microscope in KSOM 

(Chemical International) microdrops under mineral oil. In some cases Tg.CAG-Katushka 

embryos (Diéguez-Hurtado et al., 2011) were used as recipients. To study the contribution of 

EGFP in vivo iPSCs to the placenta, blastocysts were transferred to pseudopregnant females and 

embryos (E14.5) with their placentas were collected in PBS and observed directly under a 

fluorescence-equipped stereomicroscope or fixed for immunostaining.  

 

2. Cell culture protocols 

 
2.1 Cell lines and media 

 
Primary Mouse Embryonic Fibroblasts (MEFs) were obtained from embryos at E13.5 and 
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cultured in DMEM supplemented with 10% of FBS and penicillin-streptomycin.  

The ESCs cell lines used were the following: JM8.F6 (Pettitt et al., 2009), Bruce4 (Hughes 

et al., 2007), and CNIO in-house made C57BL6.10. ESCs and iPSCs were cultured over 

mitomycin-C inactivated feeder cells on gelatin-coated plates and in “iPSC medium”: high-

glucose DMEM supplemented with KSR (15%, Invitrogen), LIF (1,000 U ml-1), non-essential 

amino acids, penicillin-streptomycin, glutamax and β-mercaptoethanol.  

Cultures were routinely tested for mycoplasma and were always negative. 

 

2.2 Lentiviral infections 

 

For the reprogramming of Rosa26:rtTA MEFs, we transfected HEK293T (2x106) cells with 

Tet-O-FUW-OSKM (Addgene #20321) and packaging vectors using Fugene HD (Roche). Viral 

supernatants were collected twice a day on two consecutive days starting 24 h after transfection 

and were used to infect the Rosa26:rtTA MEFs, previously plated at a density of 2x105 cells per 

well in 6-well plates. Previous to infection, polybrene was added to the viral supernatants at a 

concentration of 8 µg/ml. Infected MEFs were cultured in iPSC medium with doxycycline (1 

µg/ml) and medium was changed every 48 h until iPSC colonies appeared (after ~7 days of 

treatment). 

 

2.3 In vitro reprogramming assays 

 

In part one, i4F-MEFs were plated at a density of 5x105 cells per well in 6-well gelatin-

coated plates, and at a density of 3x105 for the kinetics assay. In part two, i4F, i4F;p53-null and 

i4F;Ink4a/Arf-null MEFs were plated at a density of 3x105 cells per well in 6-well gelatin-

coated plates. In all cases, i4F MEFs were cultured in iPSC medium with doxycycline (1 

µg/ml). Medium was changed every 48 h until iPSC colonies appeared (after ~7 days of 

treatment). Reprogramming plates were stained for alkaline phosphatase activity (AP detection 

kit, Sigma Aldrich) and AP+ colonies were scored. 

 

2.4 Isolation of iPSCs from the blood 

 

Whole peripheral blood was collected directly from the heart of doxycycline-induced mice at 

the time of necropsy, and was subjected to two rounds of erythrocyte lysis with ammonium 

chloride solution (Stem Cells). First round of lysis with 10 ml, for 15 min at r.t., followed by 

centrifugation, and a second round of lysis with 3 ml, for 15 min at r.t., followed by 

neutralization with 12 ml of iPSC medium. Cells were resuspended, plated on feeders and 

cultured in iPSC medium in the absence of doxycycline. 
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2.5 Trophectoderm stem (TS) cell differentiation assay  

 

ESCs and iPSCs (all with ~10 passages) were plated on feeders (7x104 cells per well in 6-

well plates) in iPSC medium and 24 h later, medium was changed into TS differentiation 

medium that contained the following components: 3 volumes of RPMI 1640 (with 20% FBS, 1 

mM pyruvate, 2 mM L-glutamine, 100 µM β-mercaptoethanol), 7 volumes of conditioned 

medium from mitomycin-C-inactivated fibroblasts, 25 pg/ml of FGF4 (R&D Systems, 235-F4-

025) and 1 µg/ml of heparin (Sigma, H3149). Medium was changed every other day, and all 

cells were splitted once at day 2. For giant cell differentiation, TS-differentiated in vivo-iPSCs 

and established TS cells were plated on gelatine, and cultured in RPMI 1640 (with 20% FBS, 1 

mM pyruvate, 2 mM L-glutamine, 100 µM β-mercaptoethanol) in the absence of heparin and 

FGF4 for 3 days. 

 

3. Molecular biology techniques  

 

3.1 Southern blotting 

 

Genomic DNA (tail tip) was digested o.n. with BamHI and hybridized with probes designed 

to recognize exonic sequences of Sox2 and Klf4. The probes were generated by PCR of genomic 

DNA with the following primers: 

Sox2-F: 5´-TACAGCATGATGCAGGAGCA-3´; 

Sox2-R: 5´-CTGGGCCATGTGCAGTCTAC-3´; 

Klf4-F: 5´-CAGCTTCAGCTATCCGATCC-3´; 

Klf4-R: 5´-CGCCTCTTGCTTAATCTTGG-3´ 

 

3.2 Determination of the transgene insertion site  

 

We performed gene walking as described (Domínguez and López-Larrea, 1994). Insertion 

sites were confirmed by PCR using primers against genomic sequences around the insertion site 

(Neto2 in the case of line i4F-A, primer 5’-GCGTCAGGCAATTTATACTCTGG-3’; and 

Pparg in the case of line i4F-B, primer 5’-CAGCATCAAATGGCTCGGTA-3’) and against the 

lentiviral transgene (5’-GCACCATCCAAAGGTCAGTG-3’).  

 

3.3 RNAseq methods 

 

In part one, total RNA was extracted from ESCs (JM8.F6, Bruce4, and CNIO in-house made 

C57BL6.10), in vitro iPSCs (3 from i4F-A MEFs and 2 from i4F-B MEFs) and in vivo iPSCs (3 
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from i4F-A mice and 3 from i4F-B mice), all with ~10 passages. 1 µg of total RNA, with RNA 

Integrity Numbers (RIN) in the range 9.8 to 10 (Agilent 2100 Bioanalyzer), was used. In part 

two, total RNA from pancreas was extracted from i4F, i4F;p53-null and i4F;Ink4a/Arf-null mice 

(n=5 per genotype). 1 µg of total RNA, with RIN in the range 7.4 to 9.4 (Agilent 2100 

Bioanalyzer) were used.  

In both RNAseq, PolyA+ fraction was purified and randomly fragmented, converted to 

double stranded cDNA and processed through subsequent enzymatic treatments of end-repair, 

dA-tailing, and ligation to adapters, following Illumina's "TruSeq Stranded mRNA Sample 

Preparation Part # 15031047 Rev. D" protocol. Adapter-ligated library was completed by PCR 

with Illumina PE primers (8 cycles). The resulting purified cDNA library was applied to an 

Illumina flow cell for cluster generation and sequenced on Illumina Genome Analyzer IIx (part 

one RNAseq) or Illumina HiSeq2000 (part two RNAseq), following manufacturer's protocols.  

The complete set of reads has been deposited in the GEO repository (accession number of 

part one RNAseq: GSE48634; and accession number of part two RNAseq: GSE77722). Reads 

were aligned to the mouse genome (GRCm38/mm10) with TopHat-2.0.4 (Trapnell et al., 2012) 

using Bowtie 0.12.7 (Langmead et al., 2009) and Samtools 0.1.16 (Li et al., 2009), allowing two 

mismatches and five multihits. Estimation of transcript abundances and differential expression 

were calculated with Cufflinks 1.3.0 (Trapnell et al., 2012) using the mouse genome annotation 

data set GRCm38/mm10 from the UCSC Genome Browser. GSEA (Subramanian et al., 2005) 

was used to perform a gene set enrichment analysis of Reactome, NCI and KEGG pathways. 

RNAseq gene list preranked by statistic was used, setting ‘gene set’ as the permutation method 

and we run it with 1000 permutations. Only those gene sets with significant enrichment levels 

(FDR q-value<0.05) were considered. 

 

3.4 Analysis of mRNA levels 

 

In part one, total RNA was extracted from cells or tissue samples with Trizol (Invitrogen), 

following provider’s recommendations and retrotranscribed into cDNA following 

manufacturer´s protocol (Maxima First Strand cDNA systhesis Kit for RT-qPCR, Fermentas). 

Quantitative real time-PCR was performed using Syber Green Power PCR Master Mix (Applied 

Biosystems) in an ABI PRISM 7700 thermocycler (Applied Biosystem). For input 

normalization, we used the housekeeping genes Actin or Gapdh. 

In part two, total RNA was extracted from MEFs with Trizol (Invitrogen), following the 

provider’s recommendations. For pancreas samples, total RNA was isolated by acid 

guanidinium thiocyanate-phenol-chloroform extraction. Up to 5 µg of total RNA was reverse 

transcribed into cDNA using iScriptTM Advanced cDNA Synthesis Kit for RT-qPCR (BioRad 

#172-5038). Quantitative real time-PCR was performed using GoTaq® qPCR Master Mix 
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(Promega #A6002) in a QuantStudio 6 Flex thermocycler (Applied Biosystem). For input 

normalization, we used the housekeeping gene Actin. 

 The primers used are listed in the following table: 

 

 Forward primer Reverse primer 

Actin 5’-GGCACCACACCTTCTACAATG-3’ 
 

5’-GTGGTGGTGAAGCTGTAGCC-3’ 

Arf 5’-GCCGCACCGGAATCCT-3’ 5’-TTGAGCAGAAGAGCTGCTACGT-3’ 

Ccl2 5’-TCTCTCTTCCTCCACCACCA-3’ 5’-TCATTGGGATCATCTTGCTG-3’ 

Ccne 5’-GTGGCTCCGACCTTTCAGTC-3’ 
 

5’-CACAGTCTTGTCAATCTTGGCA-3’ 
 

Cdx2 5’-CAAGGACGTGAGCATGTATCC-3’ 
 

5’-GTAACCACCGTAGTCCGGGTA-3’ 
 

Csf1 5’-TGCTAGGGGTGGCTTTAGG-3’ 5’-CAACAGCTTTGCTAAGTGCTCTA-3’ 

Csf2 5’-GGGCAATTTCACCAAACTCA-3’ 5’-ATGAAATCCGCATAGGTGGT-3’ 

Cxcl1 5’-AGCCACACTCAAGAATGGTC-3’ 5’-GTCAGAAGCCAGCGTTCAC-3’ 

Cxcl2 5’-CTCAAGGGCGGTCAAAAAGT-3’ 5’-TTTTTCTTTCTCTTTGGTTCTTCC-3’ 

Cxcl10 5’-AAGTGCTGCCGTCATTTTCT-3’ 5’-TATGGCCCTCATTCTCACTG-3’ 

E2A-cmyc 5’-GGCTGGAGATGTTGAGAGCAA-3’ 
 

5’-AAAGGAAATCCAGTGGCGC-3’ 

Eomes 5’-TTCACCTTCTCAGAGACACAGTTCAT-3’ 5’-GAGTTAACCTGTCATTTTCTGAAGCC-3’ 

Epcam 5’-GCGGCTCAGAGAGACTGTG-3’ 
 

5’-CCAAGCATTTAGACGCCAGTTT-3’ 
 

Etv4 5’-TGGTGATCAAACAGGAGCG-3’ 
 

5’-GGGTGGAGGTACATTGATGC-3’ 
 

Fgfr2 5’-GAGGAATACTTGGATCTACC-3’ 
 

5’-CTGGTGCTGTCCTGTTTGGG-3’ 
 

Gapdh 5’-TTCACCACCATGGAGAAGGC-3’ 
 

5’-CCCTTTTGGCTCCACCCT-3’ 
 

Gata6 5’-TCATTACCTGTGCAATGCATGCGG-3’ 
 

5’-ACGCCATAAGGTAGTGGTTGTGGT-3’ 

Gbx2 5’-CAACTTCGACAAAGCCGAGG-3’ 
 

5’-ACTCGTCTTTCCCTTGCCCT-3’ 

IAP 5’-CAGACTGGGAGGAAGAAGCA-3’ 
 

5’-ATTGTTCCCTCACTGGCAAA-3’ 
 

Icam1 5’-CTGTTTGAGCTGAGCGAGAT-3’ 5’-AGGGTGAGGTCCTTGCCTAC-3’ 

Il1a 5’-AAGTCTCCAGGGCAGAGAGG-3’ 5’-CTGATTCAGAGAGAGATGGTCAA-3’ 

Il1b 5’-AAAAGCCTCGTGCTGTCG-3’ 5’-AGGCCACAGGTATTTTGTCG-3’ 

Il1rn 5’-TTGTGCCAAGTCTGGAGATG-3’ 5’-GTTGTGCAGAGGAACCATCC-3’ 

Il6 5’-GTTCTCTGGGAAATCGTGGA-3’ 5’-GGTACTCCAGAAGACCAGAGGA-3’ 

Ink4a 5’-TACCCCGATTCAGGTGAT-3’ 5’-TTGAGCAGAAGAGCTGCTACGT-3’ 

Lin28a 5’-GAAGAACATGCAGAAGCGAAGA-3’ 
 

5’-CCGCAGTTGTAGCACCTGTCT-3’ 
 

Mmp3 5’-CGGGGAGAAGTCCTGTTTTT-3’ 5’-GGAAGAGATGGCCAAAATGA-3’ 

Mmp12 5’-CTGCTCCCATGAATGACAGTG-3’ 
 

5’-AGTTGCTTCTAGCCCAAAGAAC-3’ 
 

MuERV-
L 

5’-CCCATCATGAGCTGGGTACT-3’ 
 

5’-CGTGCAGAGCCATCAGTAAA-3’ 
 

Nanog 5’-CAAGGGTCTGCTACTGAGATGCTCTG-3’ 5’TTTTGTTTGGGACTGGTAGAAGAATCAG-3’ 

Neto2 5’-GTCGTGGAAGGGATTGCTGT-3’ 
 

5’-AAGCAAAATGACCTCCATTGC-3’ 
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Nlrp4 5’-TGTCCTGAATGAAGGAGACCA-3’ 5’-TTACTCCTTACAAACACAGAGCACA-3’ 

Oct4 
(total) 

5’-GTTGGAGAAGGTGGAACCAA-3’ 
 

5’-CCAAGGTGATCCTCTTCTGC-3’ 

Pai1 5’-CCAACATCTTGGATGCTGAA-3’ 5’-GCCAGGGTTGCACTAAACAT-3’ 

Pparg 5’-GGCCGAGAAGGAGAAGCTGTTG-3’ 
 

5’-TGGCCACCTCTTTGCTCTGCTC-3’ 

Ppm1j 5’-AGAGCAGGCACAATGAGGAT-3’ 
 

5’-CATCAAACAGGCCCCAGTAG-3’ 
 

Sox1 5’-TGAACGCCTTCATGGTGTGGTC-3’ 
 

5’-GCGCGGCCGGTACTTGTAAT-3’ 

Sox2 5’-CGTAAGATGGCCCAGGAGAA-3’ 
 

5’-GCTTCTCGGTCTCGGACAAA-3’ 

Sox2-Klf4 5’-ACTGCCCCTGTCGCACAT-3’ 
 

5’-CATGTCAGACTCGCCAGGTG-3’ 

T 
 

5’-GCTTCAAGGAGCTAACTAACGAG-3’ 
 

5’-CCAGCAAGAAAGAGTACATGGC-3’ 
 

Tgfb1 5’-TGCGCTTGCAGAGATTAAAA -3’ 5’-CTGCCGTACAACTCCAGTGA-3’ 

Tgm1 5’-CAGATCTGCCCTCAGGCTT-3’ 
 

5’-CCATTCTTGACGGACTCCAC-3’ 
 

Tnc 5’-GCATCCGTACCAAAACCATCA-3’ 
 

5’-AACCCGTAGGGATTAGTGTCG-3’ 
 

Tnf 5’-GCCTCTTCTCATTCCTGCTT-3’ 5’-CTCCTCCACTTGGTGGTTTG-3’ 

Utf1 5’-TGTCCCGGTGACTACGTCT-3’ 
 

5’-TGTCCCGGTGACTACGTCT-3’ 
 

Zscan4 5’GAGATTCATGGAGAGTCTGACTGATGAGTG- 
3’ 

5’-GCTGTTGTTTCAAAAGCTTGATGACTTC-3’ 

8430410A
17Rik 

5’-TGGATTCTACGAGTGGCAGC-3’ 
 

5’-CTGTCTGAAGCATCGTTCCC-3’ 
 

 

3.5 Protein analysis 

 

Tissue samples (50-100 mg) were homogenized in medium-salt lysis buffer (150 mM NaCl, 

50 mM Tris pH 8, 1% NP40 and protein inhibitors cocktail) using PrecellysTM 24 homogenizer. 

A total protein of 30 µg per lane was loaded in a NuPAGE® 4-12% Bis-Tris Gel 1.0 mm 

(Invitrogen) and electrophoresed in MES SDS Running Buffer (Invitrogen). The following 

antibodies were used: for OCT4, Santa Cruz Biotechnology sc-9081, 1:500; for NANOG, 

Millipore AB 5731, 1:5000; for SOX2, Santa Cruz sc-17320, 1:500; and for ACTIN, Sigma 

Aldrich AC-15, 1:5000.  

 

3.6 Determination of cytokine levels in serum 

 

Cytokine levels in serum were analyzed using the BD Cytometric Bead Array (CBA) Mouse 

Soluble Protein Master Buffer Kit from BD (#558266), following the manufacturer’s 

intructions. For IL6 and TNF deteccion, specific Mouse Flex Sets from BD were used (# 

558301 and #558299, respectively). Fluorescence beads deteccion was determined by Flow 

Cytometry using the FACSCanto II Cytometer. 
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3.7 Immunofluorescence 

 

Cells previously seeded in cover slips were fixed in 4% paraformaldehyde for 20 min, 

permeabilized (PBS-0.1% Triton X-100) for 15 min and blocked in FBS, for 1 h at r.t. For the 

detection of OCT4 we used two antibodies with similar results, BD 611203, dilution 1:200, and 

Santa Cruz sc-5279, dilution 1:400; for NANOG, Novus NB100 58842, dilution 1:50; and for 

CDX2, Epitomics #2475-1, dilution 1:400). Cells were inspected under a confocal microscope 

Leica SP5 from Leica, equipped with white light laser and hybrid detection. 

 

3.8 Immunohistochemistry 

 

Immunohistochemistry was performed at the Histopathology Unit, CNIO. Tissue samples 

were fixed in 10% neutral buffered formalin (4% formaldehyde in solution), paraffin-embedded 

and cut in 3 µm sections, which were mounted in superfrost®plus slides and dried. For the 

different stainings, slides were deparaffinized in xylene and re-hydrated through a series of 

graded ethanol until water. Serial sections were stained with hematoxylin and eosin (HE) and 

Masson’s trichrome staining was used to assess the presence of fibrotic areas in the lungs.  

For immunohistochemistry, an automated immunostaining platform was used (Ventana 

discovery XT, Roche). Antigen retrieval was first performed with high pH buffer (CC1m, 

Roche), endogenous peroxidase was blocked and slides were then incubated with the 

appropriate primary antibodies as detailed: activated caspase-3 (Cell Signalling Technology, 

9661); a-fetoprotein (R&D Systems, AF5369); bromodeoxyuridine (GE Healthcare, RPN202); 

CDX2 (Biogenex, MU392A-UC); cytokeratin 8 (CNIO Monoclonal Antibodies Core Unit, AM-

TROMA I); cytokeratin 19 (CNIO Monoclonal Antibodies Core Unit, AM-TROMA III); EGFP 

(Roche, 11814460001); F4/80 (D10, CNIO); GATA4 (Santa Cruz Biotechnology, sc1237); 

NANOG (Cell Signalling Technology, 8822); OCT4 (Santa Cruz Biotechnology, sc-9081); p21 

(HUGO-291 CNIO); p65 (NFκB) (Santa Cruz Biotechnology, sc-372); phosphorylated histone 

2A.X (Ser139) (Millipore, 05-636); phosphorylated SMAD2 (phospho-Ser465 and phospho-

Ser467) (Cell Signaling Technology, 3101); phosphorylated STAT3 (Tyr705) (Cell Signalling 

Technology, 9145); placental lactogen 1 (Santa Cruz Biotechnology, sc34713); MYC (Abcam, 

ab32072); SOX2 (Cell Signaling Technology, 3728) and T/BRACHYURY (Santa Cruz 

Biotechnology, sc17743). After the primary antibody, slides were incubated with the 

corresponding secondary antibodies and visualization systems (OmniRabbit, Ventana, Roche) 

conjugated with horseradish peroxidase (Chromomap, Ventana, Roche). Immunohistochemical 

reaction was developed using 3,30-diaminobenzidine tetrahydrochloride (DAB) as a chromogen 

and nuclei were counterstained with hematoxylin. Finally, the slides were dehydrated, cleared 

and mounted with a permanent mounting medium for microscopic evaluation. Whole digital 
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slides were acquired with a slide scanner (Mirax Scan, Zeiss), and images captured with the 

Pannoramic Viewer Software (3DHISTECH). Image analysis and quantification was performed 

in a completely automated manner using with the AxioVision software package (Zeiss). For 

each staining, several slides were quantified per mouse (at least 3 mice per group).  

 

3.9 Senescence-associated βGalactosidase (SAβG) staining of histological sections 

 

In the pancreas, SAβG staining was performed in tissue cryosections preserved in OCT 

freezing medium using the Senescence β-Galactosidase Staining Kit (Cell Signaling, #9860). 

Briefly, tissue cryosections of 12 µm were fixed at 5 min r.t. with a solution containing 2% 

formaldehyde and 0.2% glutaraldehyde in PBS, washed three times with PBS, and incubated 36 

h at 37ºC with the Staining Solution containing X-gal in N-N-dimethylformamide (pH 6.0). 

Sections were counterstained with nuclear fast red. Image analysis and quantification was 

performed in a completely automated manner as indicated above for the immunohistochemistry.  

In the stomach, whole mount SAβG staining was performed. Briefly, tissue samples were 

fixed with the same fixative solution for 45 min at r.t., washed three times with PBS, and 

incubated 24 h at 37ºC with the same Staining Solution. After incubation, they were dehydrated 

with 50% ethanol for 30 min, 70% ethanol overnight and paraffin-embedded.  

 

4. Statistical analysis 

 

Samples (cells or mice) were allocated to their experimental groups according to their pre-

determined type (cell type or mouse genotype) and therefore there was no randomization. 

Investigators were not blinded to the experimental groups (cell types or mouse genotypes). 

Quantitative PCR data were obtained from independent biological replicates (n values 

correspond to the biological replicates, that is number of mice or number of independent MEF 

preparations; technical replicates of the PCR were not considered in the n value). Statistical 

significance was assessed using Student´s t-test (two-tailed, unpaired) with Welch´s correction 

(in part two), Fisher´s exact test (two-tailed), or one-way ANOVA with Bonferroni post-hoc 

test, as indicated in the figure legends. 
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PART 1. EFFECTS OF THE ACTIVATION OF THE  

REPROGRAMMING FACTORS IN AN ADULT ORGANISM 

 

The expression of four transcription factors (Oct4, Sox2, Klf4 and c-Myc) in adult cells leads 

to one of the most striking cellular phenomena reported in the last decade: the complete loss of 

the cell identity and the acquisition of pluripotency, a process known as cellular 

reprogramming. Despite great advances in the field, all previous studies have focused in 

understanding the mechanisms and implications of cellular reprogramming in vitro and, 

although there are several reprogrammable mouse models already reported (Carey et al., 2010; 

Haenebalcke et al., 2013; Stadtfeld et al., 2010), at the time of initiating this work, nothing was 

known regarding the effects of the activation of the four reprogramming factors in an adult 

organism. 

This part of the Thesis has been performed in close collaboration with Maria Abad. 

 

1.1 Generation and characterization of reprogrammable mouse lines 
 

To study the effects of the activation of the reprogramming factors in adult tissues, we aimed 

to generate a transgenic reprogrammable mouse model, containing a single and inducible copy 

of each of the four transcription factors (Oct4, Sox2, Klf4 and c-Myc) that are commonly used 

for the reprogramming of mouse fibroblast in vitro (Takahashi and Yamanaka, 2006).  

 

1.1.1 Generation of reprogrammable mice 
 

To generate a reprogrammable transgenic mouse strain, we used the previously reported 

tetracycline-inducible polycistronic cassette that encodes for the four murine transcription 

factors (Oct4, Sox2, Klf4 and c-Myc or OSKM), which are separated by 2A peptides (Figure 

7a), and its activation results in a synchronized and stoichiometric expression of the four genes 

(Carey et al., 2009). We introduced the cassette by lentiviral infection into Mouse Embryonic 

Fibroblasts (MEFs) that contained a single copy of the transcriptional activator rtTA in the 

ubiquitously expressed Rosa26 locus (Figure 7b). After treatment with the tetracycline 

analogue doxycycline (dox), MEFs were reprogrammed into induced pluripotent stem cells 

(iPSCs). Four clones of iPSCs were selected following morphological criteria and were 

microinjected into albino C57BL6 blastocysts that were implanted into pseudopregnant 

C57BL6 females (Figure 7b). The resulting chimeras were backcrossed multiple times with 

wild type C57BL6 mice until obtaining mice with a single integration of the lentiviral OSKM 

transgene (Figure 7b). Southern Blot analysis using two different probes (against Sox2 and 

Klf4) demonstrated 4 different single genomic integrations of the OSKM transgene, giving rise 
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to 4 independent reprogrammable (or i4F, standing for ‘inducible 4 factors’) mouse lines: i4F-

A, i4F-B, i4F-C and i4F-D. 

 

 
 
 
 
 
 
 
 

Figure 7. Generation of four independent reprogrammable mouse lines. a, Polycistronic vector encoding for the four 
reprogramming factors separated by 2A peptides and under the control of a tetracycline promoter (tetO). b, Scheme of the 
generation of the 4 mouse lines. c, Southern Blot of tail tip genomic DNA from mice of i4F mouse strains. DNA was digested with 
BamHI and hybridized with specific probes for Sox2 and Klf4. DNA from wild type (WT) mice was used as a control. 

 

1.1.2  In vitro validation of the OSKM transgene in the four i4F lines 
 

To evaluate the functionality and levels of the OSKM transgene expression in vitro, mouse 

embryonic fibroblasts (MEFs) were extracted from the four i4F lines treated with doxycycline. 

MEFs from i4F-A and i4F-B lines showed an efficient upregulation of Oct4 after 6 days with 

doxycycline, while MEFs from i4F-C and i4F-D lines failed to activate the transgene, even after 

15 days of doxycycline treatment (Figure 8a). We also evaluated the efficiency and kinetics of 

the reprogramming of these MEFs, which was measured by alkaline phosphatase (AP) staining 

of the resulting iPSCs colonies. As expected from the expression of OSKM, only MEFs from 

i4F-A and i4F-B were efficiently reprogrammed (Figure 8b) and their reprogramming kinetics 

were comparable (Figure 8c), while MEFs from i4F-C and i4F-D did not reprogram within 15 

days of doxycycline (Figure 8b). 

 
Figure 8. In vitro reprogramming of i4F MEFs a, Total Oct4 mRNA levels in MEFs from the indicated i4F lines treated with dox 
(1µg/ml) for 6 days (i4F-A and i4F-B) or 15 days (i4F-C and i4F-D). b, Alkaline phosphatase (AP) staining of iPSCs colonies 
resulted from the in vitro reprogramming of MEFs from the indicated genotypes, treated with dox for 10 days (i4F-A and i4F-B) or 
15 days (i4F-C and i4F-D). c, Comparison of the in vitro reprogramming kinetics and efficiency of MEFs from lines i4F-A and i4F-
B. Reprogramming was induced with two different protocols: 1µg/ml for 6 days or continuous treatment with 1µg/ml of dox. AP+ 
colonies were counted at the indicated times. In a and c, values correspond to average ± s.d. (n=3 independent MEFs from i4F-A, 
i4F-B and i4F-D and n=1 for i4F-C). Statistical significance was evaluated using unpaired two-tailed Student’s t-test. **P<0.01 
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1.1.3 In vivo characterization of the OSKM transgene expression in the four i4F lines 
 

To characterize the in vivo expression of the OSKM transgene in different tissues, mice from 

the four i4F lines were treated with 1 mg/ml of doxycycline in the drinking water for 6 days and 

sacrificed after the treatment. Analysis of total RNA showed high induction of Oct4 expression 

in several tissues in two of the reprogrammable mouse lines: i4F-A and i4F-B, while the 

remaining two lines presented non-detectable levels of Oct4 expression (Figure 9a), in 

agreement with their expression of OSKM in vitro (Figure 8).!  
 

 
 
 
 

Figure 9. In vivo characterization of OSKM expression a, Oct4 mRNA levels in the different tissues of i4F mice of the four i4F 
lines treated with 1 mg/ml of dox for 6 days. Levels in mice with the OSKM transgene (+) are relative to levels in mice without the 
transgene (-). Data correspond to average ± s.d. (n=3 mice) and unpaired two-tailed Student’s t-test. *P<0.05, **P<0.01, 
***P<0.001 b, OCT4 staining in the indicated tissues of WT, i4F-A and i4F-B mice treated with 1 mg/ml of dox for 6 days. 
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The expression of the OSKM transgene in vivo was confirmed in the two functional i4F lines 

(i4F-A and i4F-B) by immunohistochemistry against OCT4 in several tissues of mice treated 

with 1 mg/ml of doxycycline in the drinking water for 7 days (Figure 9b). Therefore, we 

generated two i4F mouse lines with a functional OSKM transgene that is expressed in most 

tissues. 

 

1.1.4 Analysis of the genomic integration site of the OSKM transgene  
 

Next, in collaboration with Orlando Dominguez (Genomics Unit, CNIO) we determined the 

genomic integration sites of the transgene in the two functional i4F lines. We found that in the 

case of i4F-A, the cassette was inserted within an intron of the Neto2 gene, whereas in the case 

of the i4F-B line it was located within an intron of the Pparg gene (Figure 10).  

Figure 10. Genomic insertion sites of OSKM transgene in i4F-A and i4F-B a, Map of the host gene showing with an arrow the 
approximate location of the transgene. The 4 base pairs flanking the insertion sites that are duplicated upon lentiviral insertion are 
underlined. The PCR primers used to confirm the insertions are depicted in blue and underlined. These primers were used together 
with a common primer hybridizing to internal lentiviral sequences (see Methods) and the resulting PCR products are shown in the 
agarose gels. 

 
To evaluate the possible effect of the transgene integration on the expression of the resident 

genes, we analyzed Neto2 and Pparg expression levels in tissues were they are physiologically 

expressed. We observed that the expression levels of Neto2 in the eye and brain of mice from 

line i4F-A that carried only the OSKM transgene (lenti: +; with no rtTA) were comparable to 

the expression levels in WT mice (Figure 11). To test the effects of the activation of OSKM, 

we treated with 1 mg/ml of doxycycline for 6 days mice that carried both the transgene and the 

rtTA (lenti: +; rtTA. +) and observed no effects on the expression levels of Neto2 compared to 

controls that carried only the transgene (lenti: +) (Figure 11). Similar analyses were performed 

in i4F-B line, in which we studied Pparg expression in muscle, kidney, spleen, heart and 

intestine. In i4F-B line, both OSKM and rtTA are segregated together in the progeny, for this 

reason we could only use mice that either carried or lacked both transgenes. Expression levels 

of Pparg in i4F-B were comparable to controls, when mice were not treated with doxycycline 

(integration effect) as well as with doxycycline treatment (activation effect) (Figure 11). 

Therefore, we demonstrated that neither the genomic integration nor the transgene expression 

had any effect on the Neto2 and Pparg normal expression levels.  
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Figure 11. Transcriptional effect on the resident genes of the OSKM genomic integration and OSKM expression a, mRNA 
levels of Neto2 (host gene for i4F-A) and Pparg (host gene for i4F-B) were measured in tissues where the genes are physiologically 
expressed. Values correspond to average ±s.d. (n=3 mice per condition). Statistical significance was evaluated using unpaired two-
tailed Student’s t-test. No significant differences were observed. 

 
We concluded that reprogrammable mouse lines i4F-A and i4F-B contain a functional 

inducible OSKM transgene that does not affect the resident endogenous genes. 

 

1.2 OSKM activation leads to cellular reprogramming in vivo 
 

1.2.1 Short term expression of OSKM induces tissue dysplasia and dedifferentiation 
 

To study the effects of the in vivo activation of OSKM, we first treated mice from i4F-A and 

i4F-B lines with 1 mg/ml of doxycycline in the drinking water. After 1 week of treatment, mice 

showed signs of morbidity and presented a severe reduction in body weight. Histological 

examination of both lines revealed alterations in many tissues, especially in pancreas, which 

presented areas of multifocal acinar dysplasia that correlated with the expression of the 

transgene (Figure 12a). The intestine was also affected, showing cytological and histological 

dysplasia (Figure 12b), probably responsible for the weight loss. A similar intestinal phenotype 

had been previously reported for transgenic mice overexpressing Oct4 or c-Myc (Finch et al., 

2009; Hochedlinger et al., 2005).! 

Figure 12. Histological alterations in the pancreas and intestine of i4F mice a, Haematoxylin and eosin (HE) and OCT4 staining 
of the pancreas of i4F mice treated with 1mg/ml of dox for 1 week. b, Haematoxylin and eosin (HE) and OCT4 staining of the 
intestine of the same mice as in a. Similar alterations were found in both lines, i4F-A and i4F-B. 

 

We next sought to investigate whether the expression of OSKM in vivo led to cellular 

dedifferentiation. For that, we performed double immunohistochemistry against the epithelial 
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marker cytokeratin-19 (CK19) and the pluripotency marker NANOG in stomach, intestine and 

pancreas. Remarkably, we found patches of NANOG+ cells in tissues of mice from both i4F-A 

and i4F-B lines, that had been treated with 1mg/ml of doxycycline for 1 week (Figure 13), 

demonstrating that OSKM activation following this induction protocol was sufficient to 

reprogram cells into full pluripotency. Moreover, we found that the aberrant dysplastic glands in 

the stomach and crypts in the intestine had lost or had severely reduced levels of CK19 (Figure 

13a and b). In some cases, the whole gland or crypt had loss CK19 and expressed NANOG, 

while in other cases we observed transitional stages: part of the histological structure of the 

gland or crypt was already reprogrammed (and therefore expressed NANOG) whereas the other 

part remained unaltered, with normal expression of CK19. A similar scenario was found in the 

pancreas, where we observed NANOG+ cells from both the acinar (CK19-) and the ductal 

(CK19+) compartments (Figure 13c). Ductal cells, similarly to epithelial cells from the stomach 

and intestine, were losing the expression of CK19 in the process of acquiring pluripotency 

(Figure 13c). These results reveal that the in vivo activation of OSKM leads to a process of 

cellular dedifferentiation, in which adult cells lose their identity, and culminates in the 

acquisition of full pluripotency. We also found early reprogramming events, marked by the 

presence of NANOG+ cells, in the kidney, which is a tissue that shows strong expression of the 

transgene (Figure 9) but does not undergo major histological alterations upon induction of 

OSKM (Figure 13d).  

Of note, in all tissues analyzed, we observed that the number of fully reprogrammed cells 

expressing NANOG was significantly lower than the number of cells activating the cassette, as 

reflected by the number of OCT4+ cells (Figures 9b and 12), suggesting that in vivo 

reprogramming, similarly to what has been reported for in vitro reprogramming, is a rare 

process that involves a series of stochastic events (Yamanaka, 2009). Interestingly, several 

tissues in which the transgene was properly expressed such as muscle or lung (Figure 9a) did 

not reflect any sign of in vivo reprogramming, assessed by the lack of histopathological changes 

or the presence of NANOG+ cells, at least with this induction protocol. This suggests that, apart 

from being a stochastic and rare event, dedifferentiation and in vivo reprogramming occurs 

preferentially in some tissues, while others, for reasons that we did not understand at the time of 

performing these experiments (see later), failed to reprogram within the same OSKM activation 

conditions. 

Altogether, the presence of NANOG+ cells within tissues demonstrates that cellular 

reprogramming can occur in vivo and following a process of cellular dedifferentiation.  
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Figure 13. OSKM activation leads to dedifferentiation and reprogramming within tissues a, Double immunohistochemistry of 
NANOG (brown) and CK19 (magenta) in the stomach (a), large intestine (b) and pancreas (c) of i4F mice treated with doxycycline. 
d, NANOG staining in the kidney of i4F mice treated with doxycycline. All bars correspond to 100 µm.  

 

1.2.2 Long term in vivo reprogramming leads to teratoma formation 
 

Given the strong phenotype of i4F mice treated with the previously described induction 

protocol, we decided to use milder treatments in order to evaluate the long-term effects of 

OSKM activation. We used two different protocols: 0.2 mg/ ml for 2.5 weeks or 1 mg/ml for 1 

week, both followed by doxycycline withdrawal. Interestingly, after a variable period of time 

from doxycycline withdrawal, i4F mice developed tumor masses in several organs (Figure 14) 

that were histologically identified as teratomas. Teratomas are a specific type of tumors 

originated from pluripotent cells that proliferate and differentiate into the three germ layers of 
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the embryo (endoderm, mesoderm and ectoderm) in a disorganized and heterogeneous manner.  

Figure 14. Generation of teratomas in i4F mice Upper panels: examples of tumoral masses (teratomas) formed in different organs 
(liver, kidney and pancreas) of i4F mice. Lower panels: haematoxylin and eosin staining of a teratoma formed in the intestine. In the 
higher magnification, representatives of the three germ layers (endoderm: end; mesoderm: mes and ectoderm: ect) are depicted. 
Asterisk indicate a region of giant trophoblast cells and haemorrhages 

 
We observed that mice treated with 0.2 mg/ml of doxycycline developed teratomas faster 

and with a higher incidence than mice treated with the other protocol (Figure 15a). Also, mice 

from i4F-A line presented higher incidence of teratomas than those from line i4F-B (Figure 

15b), and in both lines and protocols, teratomas were formed in a variety of organs (Figure 14 

and 15c). We analyzed the degree of differentiation of the teratomas and found that most of 

them (71%) were highly differentiated and presented examples of the three embryonic germ 

layers (Figure 15c). Remarkably, from a total of 15 mice that developed teratomas from both 

lines, 5 of them also presented other tumors, in particular we observed one Wilm’s tumor, one 

skin papilloma, intestinal polyps (2 mice) and one urothelial carcinoma.!
!
!

!
!
!
In conclusion, the formation of teratomas confirms that the process of cellular 

Figure 15. Kinetics and 
efficiency of teratoma 
formation. a, Survival of 
i4F-A and i4F-B mice treated 
with the indicated induction 
protocols. Time refers to the 
initiation of the treatment. b, 
Incidence of teratomas at the 
time of death (or week 30) in 
i4F-A and i4F-B mice after 
the indicated induction 
protocols. c, Localization of 
teratomas in mice with 
teratomas. 
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reprogramming into full pluripotency can occur in vivo upon activation of OSKM, and that the 

NANOG+ cells generated are able to survive, proliferate and differentiate into teratomas in the 

context of an adult organism.!
!

1.2.3 Hematopoietic and non-hematopoietic cells can undergo in vivo reprogramming 
 

Given the broad tissue distribution of teratoma formation in our i4F mice (Figure 15c), 

together with previous reports demonstrating a higher reprogramming efficiency of the 

hematopoietic progenitors (Eminli et al., 2009), we aimed to investigate the contribution of the 

hematopoietic system in the process of in vivo reprogramming. Moreover, teratomas were also 

found in anatomic locations such as intracranial or adipose tissue (Figure 15c), that never 

presented NANOG+ events. To elucidate the role of the hematopoietic cells, we performed 

bone marrow transplantations from an i4F donor into lethally irradiated wild type hosts, and the 

inverse experiment, wild type bone marrow was transplanted into lethally irradiated i4F hosts. 

Surprisingly, in both scenarios, mice developed teratomas after induction with doxycycline 

(Figure 16a and b), demonstrating that both hematopoietic and non-hematopoietic cells can 

undergo in vivo reprogramming. Of note, teratomas generated in wild type mice transplanted 

with an i4F bone marrow outgrew attached to serous membranes and never emerged from 

organs. In contrast, teratomas originated in i4F mice (either whole body i4F mice or i4F mice 

transplanted with wild type bone marrow), emerged from tissues (Figure 13), reinforcing the 

previous results with which we demonstrated that the in vivo reprogramming from a non-

hematopoietic cell, in particular from an epithelial cell, occurs in situ (Figure 13).!! 

 

 

 

 

1.3 In vivo reprogramming generates circulating iPSCs 
 

1.3.1 In vivo iPSCs found in the bloodstream are bona fide iPSCs  
 

Having demonstrated that cellular reprogramming can occur within an adult organism and 

that, apart from other tissues, the hematopoietic system can be subjected to in vivo 

reprogramming, we wondered whether we could detect circulating iPSCs in vivo. To address 

Figure 16. Hematopoietic and 
non-hematopoietic cells can be 
reprogrammed in vivo. a, 
Incidence of teratomas in wild 
type mice transplanted with i4F 
bone marrow. b, Incidence of 
teratomas in i4F mice transplanted 
with wild type bone marrow. In 
both, time refers to the initiation 
of the treatment and censors 
indicate mice dead without 
teratomas. 
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this, we extracted the whole blood of i4F mice and also from transplanted mice (i4F BM into a 

WT host and the inverse configuration), all treated with the corresponding induction protocols 

previously described. The cellular fraction of the blood was plated into feeders and cultured 

with iPSCs medium, always in the absence of doxycycline. Strikingly, after a variable period of 

culture time, iPSCs colonies appeared in a percentage of cases in each of the three groups: i4F 

whole body; i4F-BM and i4F host (Figure 17a), demonstrating that reprogramming of 

hematopoietic and non-hematopoietic cells could give rise to iPSCs in the blood.  

 
Figure 17. Isolation of bona fide iPSCs generated in vivo a, Frequency of in vivo iPSCs isolation b, Example of an in vivo iPSCs 
colony c, Expansion of in vivo iPSCs d, Immunofluorescence of an in vivo iPSCs colony e, Western Blot of 4 clones of in vivo 
iPSCs; 2 clones of in vitro iPSCs (1:from i4F MEFs; 2: from MEFs infected with lenti-OSKM) and C57BL6 ESCs. f, Teratoma 
from the subcutaneous injection of in vivo iPSCs. Representatives of the three germ layers (endoderm: end; ectoderm: ect, and 
mesoderm: mes) are depicted. Asterisk indicates a region of giant trophoblast cells and haemorrhages. g, Chimera from in vivo 
iPSCs. h, Silencing of the lentiviral cassette. The upper scheme shows the localization of the PCR primers. i, Chimeric E14.5 testis 
generated with GFP-labeled in vivo iPSCs.  

 

These in vivo generated iPSCs could be expanded in vitro (Figure 17b and c), expressed the 

pluripotency markers OCT4, NANOG and SOX2 (Figure 17d and e) and have properly 
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silenced the reprogramming transgene (Figure 17h). Moreover, they also have the ability to 

differentiate into the three germ layers as they formed teratomas when subcutaneously injected 

into an immunocompromised host (Figure 17f). We also tested the ability of the iPSCs to 

generate chimeras (Figure 17g) with germ line contribution (Fig 17i), ultimate proof of 

pluripotency. These results demonstrated that the process of in vivo reprogramming generates 

circulating iPSCs that can be generated from both hematopoietic and non-hematopoietic cells. 

These iPSCs found in the bloodstream of mice can be isolated, cultured and expanded in vitro, 

retaining all their pluripotency features.  

 

1.3.2 In vivo iPSCs are transcriptionally similar but not identical to ESCs  

 

To further characterize the in vivo iPSCs, we performed RNA deep sequencing (GEO 

database accession number GSE48364) of 6 in vivo clones, 5 in vitro clones derived from i4F 

MEFs and 3 lines of ESCs cells: JM8.F6 (Pettitt et al., 2009), Bruce4 (Hughes et al., 2007) and 

a CNIO in-house isolated ESCs, named C57BL6.10. We observed a high correlation among 

samples from the same group, indicating a high degree of intra-group homogeneity (Figure 

18a). We performed principal component analysis (Figure 18b) and unsupervised hierarchical 

clustering (Figure 18c) and observed that, strikingly, in vivo iPSCs clustered together with 

ESCs, and they were separated from in vitro iPSCs.  

 

 

Figure 18. Trancriptomic profiles of in vivo iPSCs, in vitro iPSCs and ESCs a, Pearson correlation coeficients among all 
samples analyzed. Blue colour shows the highest correlation and red colour, the lowest. b, Principal component analysis of the 
transcriptomes of in vivo iPSCs, in vitro iPSCs and ESCs. c, Unsupervised hierarchical clustering of in vivo iPSCs, in vitro iPSCs 
and ESCs. Data correspond to 6 clones of in vivo iPSCs, 5 clones of in vitro iPSCs and 3 ESCs lines (JM8.F6; Bruce4 and 
C57BL6.10) 

 

To gain further insight into these transcriptomic differences, we analyzed the differentially 

expressed genes. Among those genes that were commonly upregulated in in vivo iPSCs and 

ESCs compared to in vitro iPSCs we found several pluripotency genes, such as Gbx2, Lin28a 
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and Utf1 and other genes associated to pluripotency, like Epcam and Ccne1 (Figure 19a). Next, 

we focused on those genes that were exclusive of the in vivo iPSCs and found a total of 13 

genes that were significantly differentially expressed in our in vivo iPSCs compared to in vitro 

iPSCs and ESCs (Figure 19b). Interestingly, among the 9 genes that were significantly 

upregulated in in vivo iPSCs, we found Nlrp4f (known to be enriched at the morula state), Etv4 

(a transcription factor expressed during early development), Ppm1j (a protein phosphatase 

upregulated upon GSK3β inhibition), 8430410A17Rik (a gene associated to stemness) and 

Tgm1 (Figure 19c). On the other hand, there were only 4 genes significantly downregulated in 

our in vivo iPSCs, being Mmp12 and Tnc (both related to the extracellular matrix) among them 

(Figure 19c). We validated the expression of these genes by qRT-PCR and compared them to 

standard pluripotent cells, that is, in vitro generated iPSCs and ESCs (Figure 19c). Given the 

strong correlation of the significantly upregulated genes to the early development, we also 

analyzed the expression of these genes in morulas and observed that, surprisingly, the pattern of 

expression was very similar to our in vivo iPSCs (Figure 19c). These results suggest that, 

although in vivo iPSCs cells are transcriptionally very similar to ESCs, they share some features 

with morulas. Given the fact that morulas represent a developmental stage previous to and more 

plastic than the blastocyst, from which ESCs are isolated, we wondered whether the in vivo 

reprogramming process could confer additional properties of enhanced developmental 

plasticity.  

 
 
 

 

 
 

Figure 19. Analysis and validation of the differentially expressed genes a, qRT-PCR of genes commonly upregulated in in vivo 
iPSCs and ESCs compared to in vitro iPSCs b, Venn diagram of differentially expressed genes in in vivo iPSCs compared to in vitro 
iPSCs and ESCs from the RNAseq data. c, qRT-PCR validation of the differentially expressed genes in in vivo iPSCs compared to 
in vitro iPSCs and ESCs. Comparison to morula samples was also included. Data correspond to average ± s.d. of 6 clones of in vivo 
iPSCs, 5 clones of in vitro iPSCs and 3 ESCs lines (JM8.F6; Bruce4 and C57BL6.10). Statistical significance was evaluated using 
unpaired two-tailed Student’s t-test.*P<0.05, **P<0.01, ***P<0.001 
 
1.4 In vivo reprogramming leads to a ‘more plastic’ pluripotent state 

 

1.4.1 In vivo iPSCs can differentiate into trophectoderm in vitro 
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Encouraged by the transcriptomic analysis, which suggested that the in vivo iPSCs presented 

gene expression features similar to morula cells, we aimed to functionally assess the differential 

properties of the in vivo generated iPSCs. In collaboration with Miguel Manzanares (CNIC), we 

tested the ability of our in vivo iPSCs to differentiate into trophectoderm lineage in vitro, known 

to be very limited or almost absent in standard iPSCs or ESCs under normal conditions (Koh et 

al., 2011). For that, we cultured the in vivo iPSCs, in vitro iPSCs and ESCs without LIF and 

with FGF4 and heparin for 7 days. This protocol has been previously described to sustain 

Trophoblast Stem (TS) cells from the trophectoderm of blastocysts and is known to induce TS 

differentiation from pluripotent cells with specific genetic modifications (Koh et al., 2011; Lu et 

al., 2008; Ng et al., 2008). Surprisingly, the in vivo iPSCs could efficiently differentiate into TS 

cells, characterized by flattened colonies, while in vitro iPSCs and ESCs produced only a few 

TS colonies (Figure 20a). Moreover, we analyzed by qRT-PCR the expression levels of the 

trophectoderm markers Cdx2, Fgfr2 and Eomes after 2 and 5 days in TS medium culture, and 

found that in vivo iPSCs showed a higher upregulation of them compared to in vitro iPSCs and 

ESCs (Figure 20b). As a control, we determine the expression levels of Sox1 (ectoderm), 

Brachyury (mesoderm) and Gata6 (endoderm) and found no significant differences among 

groups (Figure 20b). The upregulation of Cdx2 in the TS colonies generated from in vivo iPSCs 

was confirmed by immunofluorescence (Figure 20c). Moreover, after removal of FGF4 and 

heparin, those TS colonies generated from in vivo iPSCs could efficiently differentiate into 

trophoblast giant cells with a similar efficiency than standard TS cells (Figure 20d).!!

Figure 20. In vivo iPSCs differentiate into trophectoderm lineage in vitro a, Trophoblast stem cell differentiation b, qRT-PCR 
analysis of the trophectoderm markers Cdx2, Fgfr2 and Eomes (upper panels) and Sox1, Brachyury (T) and Gata6 (lower panels) at 
the indicated times. Data shows average ±s.d. and statistical significance relative to time 0 was evaluated using unpaired two-tailed 
Student’s t-test: **P<0.01; ****P<0.0001 c, Immunofluorescence of a TS colony generated from in vivo iPSCs. d, Examples of 
trophoblast giant cells generated from TS cells derived from in vivo iPSCs (left panel) and from standard TS cells (right panel). 
 
1.4.2 In vivo iPSCs can differentiate into trophectoderm in vivo 

 

The ability of the in vivo iPSCs to differentiate into trophectoderm linage was not exclusive 

of an in vitro system, as we had also observed that teratomas generated from in vivo iPSCs very 

frequently presented areas of trophoblast giant cells and hemorrhages, resembling placental 

tissue (Figure 21, see also * in Figure 14 and Figure 17f). This was confirmed by the 
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expression of placental lactogen-1 (PL-1) and cytokeratin 8 (CK8), both markers of trophoblast 

giant cells. The presence of placenta within teratomas is not common for standard ESCs, as they 

usually differentiate only into the three germ layers of the embryo but not into extra-embryonic 

tissues, such as the trophectoderm lineage (Koh et al., 2011). 

Figure 21. Area of trophoblast giant cells resembling placental tissue in a teratoma from i4F mice. Stainings of HE, placental 
lactogen-1 (PL-1) and cytokeratin 8 (CK8). 

 
1.4.3 In vivo iPSCs show ‘totipotency-like’ features 

 

To further explore the unexpected ability of the in vivo iPSCs to differentiate into 

trophectoderm in vivo, in collaboration with Sagrario Ortega (Transgenic Unit, CNIO) we 

performed aggregation or microinjection of GFP-labeled in vivo iPSCs and ESCs into wild type 

or Katushka red fluorescent-labeled (Diéguez-Hurtado et al., 2011) morulas. As expected, both 

types of cells efficiently contributed to the inner cell mass (ICM) of the blastocyst. However, 

only the in vivo iPSCs contributed to the trophectoderm (TE) with a surprisingly high efficiency 

(56%) compared to ESCs (Beddington and Robertson, 1989) (Figure 22a and b). Moreover, 

when the chimeric blastocysts developed into an E14.5 embryo, GFP-labeled in vivo iPSCs 

were found to efficiently contribute to the functional placental tissue (Figure 22c and d). 

 

 

 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 

Figure 22. In vivo iPSCs contribute to the trophectoderm a, Chimeric blastocyst from GFP-labeled in vivo iPSCs and ESCs 
microinjected into WT or Katushka morulas. Arrowheads mark GFP+ trophectoderm cells b, Frequency of blastocysts with GFP+ 
cells in the ICM and TE from in vivo iPSCs (n=2) and ESCs (JM8.F6). Fisher’s exact test: **P<0.01 c, Chimeric embryo (E14.5) 
and placenta from GFP-labeled in vivo iPSCs and a WT control. Fluorescent pictures were taken with the same settings d, 
Immunostaining against GFP of the chimeric placenta, generated from GFP-labeled in vivo iPSCs, and a WT placenta as a control. 
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Only totipotent cells have the ability to differentiate into both embryonic and extraembryonic 

lineages. However, previous studies had reported the presence of a rare population of cells 

within culture of mouse ESCs that have ‘totipotency-like’ features (Macfarlan et al., 2012; 

Morgani et al., 2013), and in one specific case, they were reported to be similar to 2-cell (2C) 

state blastomeres (Macfarlan et al., 2012). To test whether our in vivo iPSCs could belong to 

this group, we analyzed a number of 2-cell specific markers, MuERV-L, Zscan4 and IAP, and 

found no upregulation of any of them (Figure 23). Therefore, we concluded that the in vivo 

iPSCs present a novel type of pluripotent cell with ‘totipotency-like’ features, different from the 

2C state.  

Figure 23. Expression of 2-cell (2C) markers qRT-PCR of genes enriched in 2-cell state: the retrotrasposable element MuERV-L, 
Zscan4 and intracisternal particles (IAP) in ESCs (n=3: C57Bl6.10; JM8.F6 and Bruce4), in vitro iPSCs (n=5 clones) and in vivo 
iPSCs (n=6 clones). Data shows average ±s.d. and unpaired two-tailed Student’s t-test. None of the differences were statistically 
significant. 

 

1.4.4 In vivo reprogramming generates ‘embryo-like’ structures 
 

The surprising ability of the in vivo iPSCs to form trophectoderm was in line with another 

unexpected finding in our reprogrammable mice: upon induction of OSKM, apart from 

dedifferentiation events (Figure 13) and teratomas (Figure 14), we found small cysts of 

different sizes in the abdominal and thoracic cavity (Figure 24a), which were often detached 

from the organs (Figure 24b).  

These cysts consist of complex membranous structures with some histological resemblance 

to embryos, including semi-organized layers of cells expressing the three embryonic markers: 

SOX2 (ectoderm), T/BRACHYURY (mesoderm) and GATA4 (endoderm) (Figure 25). 

Moreover, these ‘embryo-like’ structures also presented cell layers expressing the 

extraembryonic marker CDX2 (specific for trophectoderm (Pfister et al., 2007)) and other cells 

with the characteristic morphology of the yolk sac endoderm that, indeed, co-expressed α-

fetoprotein (AFP) and cytokeratin 8 (CK8) (Figure 25), both markers of the visceral endoderm 

of the yolk sac (Conley et al., 2004). Finally, some of these structures even presented regions 

a b 
Figure 24. Cysts in i4F mice 
a, Abdominal cavity of an 
induced i4F mouse presenting 
2 cysts. b, Examples of cysts 
of different sizes, detached 
from the organs of the mice. 
Bars correspond to 2mm. 
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that resembled blood islands, lined by endothelial cells expressing LYVE-1 (Gordon et al., 

2008) and with the production of nucleated erythrocytes expressing TER-119 (Figure 25), 

highly suggestive of yolk sac associated early erythropoiesis. 

Figure 25. Histological characterization of ‘embryo-like’ structures a, Central panel, haematoxilyn-eosin. Left panels, 
embryonic markers: SOX2 (ectoderm), T/BRACHYURY (mesoderm) and GATA4 (endoderm). Right panels, extraembryonic 
markers: CDX2 (trophectoderm), AFP and CK8 (both specific for visceral endoderm of the yolk sac) b, ‘Embryo-like’ structure 
presenting nucleated erythrocytes, positive for TER-119 and endothelial cells positive for LYVE-1, histologically similar to blood 
islands.  

 

Finally, we wondered whether the ability to form ‘embryo-like’ structures was cell-

autonomous. For this, in vivo iPSCs that had been isolated and expanded in culture were 

intraperitoneally injected into WT mice. Remarkably, in contrast to in vitro iPSCs or ESCs, in 

vivo iPSCs produced ‘embryo-like’ structures (Figure 26), in addition to the expected 

teratomas, demonstrating that they retain this ability even after being isolated and cultured in 

vitro.  

 

 

 

 

 

Altogether, we conclude that the expression of OSKM in vivo leads to a process of cellular 

dedifferentiation within tissues that ultimately reaches the stage of full reprogramming, denoted 

by NANOG+ cells within tissues, the formation of teratomas and the presence of circulating 

iPSCs. Moreover, in vivo reprogramming allows the acquisition of a pluripotent state with an 

unprecedented enhanced developmental plasticity, capable of contributing to extraembryonic 

tissues. 
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Figure 26. Frequency of ‘embryo-like’ 
structures upon intraperitoneal injection 
Percentage of mice that presented ‘embryo-
like’ structures after the intraperitoneal 
injection of in vivo iPSCs (n=3 clones), in 
vitro iPSCs (n=2 clones) and ESCs (JM8.F6). 
Statistical significance was assessed using 
Fisher’s exact test: * P<0.05!Em
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PART 2. MECHANISMS INVOLVED IN THE 

 IN VIVO REPROGRAMMING PROCESS 

 

We have demonstrated that the expression of OSKM in vivo leads to cellular 

dedifferentiation in multiple tissues and the acquisition of full pluripotency in the adult 

organism (Abad et al., 2013). However, the mechanisms, processes and mediators involved 

during cellular reprogramming in vivo remained to be elucidated.  

!
2.1 Role of tumor suppressor genes during in vivo reprogramming 

 

2.1.1. Generation and characterization of i4F mice deficient for p53 or Ink4a/Arf 

 

The tumor suppressor genes p53 (encoded by Tp53), p16INK4a and p19ARF (the latter two 

encoded by the genetic locus Cdkn2a or Ink4a/Arf) are well-known barriers for cellular 

reprogramming in vitro (Banito et al., 2009; Hong et al., 2009; Kawamura et al., 2009; Li et al., 

2009; Marion et al., 2009; Utikal et al., 2009). Therefore, in an attempt to dissect the molecular 

mechanisms involved in cellular reprogramming in vivo and, in particular, investigate the role of 

these tumor suppressors, we generated reprogrammable (i4F) mouse lines deficient for these 

two genes, by crossing mice from the i4F-B line with p53-null (Jacks et al., 1994) or Ink4a/Arf-

null mice (Serrano et al., 1996), all in a pure C57BL6 genetic background.  

To confirm the proper expression of the OSKM transgene, mice from the three i4F lines 

were induced with a single intraperitoneal injection of 2 mg of doxycycline and sacrificed 9 

hours post-injection. Oct4 expression was evaluated in several tissues by qRT-PCR and showed 

a similar and efficient induction of OSKM transgene in the three genotypes (Figure 27). 

 

 

 

 

 

 

 

 

2.1.2. Teratoma formation is impaired in i4F;Ink4a/Arf heterozygous mice 

 

To evaluate the teratoma formation in the three reprogrammable mouse lines, we used p53 

and Ink4a/Arf heterozygous (het) mice to avoid the early onset formation of non-teratoma 

tumors characteristic of p53 and Ink4a/Arf homozygous mice. Therefore, we treated i4F, 

Figure 27. OSKM transgene is efficiently 
induced in all i4F lines. Oct4 expression was 
analyzed by qRT-PCR from total RNA extracted 
from pancreas, kidney, intestine and colon of WT, 
i4F, i4F;p53-null and i4F;Ink4a/Arf-null mice 
treated with dox for 9 hours. Data show average ± 
s.d. relative to WT levels. Statistical significance 
was assessed using unpaired two-tailed Student’s t-
test with Welch’s correction: *P <0.05 and** 
P<0.01. 
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i4F;p53-het and i4F;Ink4a/Arf-het mice with 0.2 mg/ml of doxycycline for 8 days, followed by 

doxycycline withdrawal. Unexpectedly, while i4F;p53-het mice developed more and faster 

teratomas than i4F mice, i4F;Ink4a/Arf-het were highly resistant to the formation of teratomas 

(Figure 28a). The organ distribution of the teratomas was similar among the three strains, 

therefore discarding a tissue specific effect on the rate of teratoma formation among the three 

lines (Figure 28b). On the other hand, the kinetics of spontaneous non-teratoma tumors in p53-

het and Ink4a/Arf-het mice was not affected by the induction of OSKM (Figure 28c). 

 

 

 
Figure 28. Analysis of teratoma and non-teratoma formation a, Incidence of teratomas in mice of the indicated genotypes, 
treated with 0.2 mg/ml of dox for 8 days, at 20-28 weeks of age. Time (weeks) refers to age. Only mice with teratomas were 
considered, mice that were alive or died for other reasons appear censored and indicated with ticks. Cohorts are as follows: i4F, 
n=28; i4F;p53-het, n=58; i4F;Ink4a/Arf-het, n=40. Statistical significance was evaluated using log-rank test: *** P<0.001 b, 
Localization of teratomas in the same mice as in a. Ratios indicate the teratomas found in the specific location divided by the total 
number of teratomas. c, Death due to tumors in mice of the indicated genotypes, treated with 0.2 mg/ml of dox for 8 days, at 20-28 
weeks of age. Only mice with tumors were considered, mice that were alive or died for other reasons appear censored and indicated 
with ticks. Time (weeks) refers to age. Cohorts are as follows p53-het, n=57; i4F;p53-het, n=58; Ink4a/Arf-het, n=32 and 
i4F;Ink4a/Arf-het, n=40. Statistical significance was evaluated using log-rank test and no significant differences were found. d, 
Incidence of subcutaneous teratomas upon injection of in vitro iPSCs (1x106) generated from the three genotypes, into the four 
flanks of nude mice. A total of 4 clones were injected and the % of successful teratoma formation per clone is represented. 

 
As teratoma formation requires several steps such as proliferation and differentiation of the 

pluripotent cells, we wondered whether a defect in any of these steps could be the reason for the 

differences observed among genotypes. To assess this, we generated in vitro iPSCs from MEFs 

isolated from i4F, i4F;p53-null and i4F;Ink4a/Arf–null lines and injected them into the flanks of 

nude mice. We observed that the efficiency of teratoma formation was comparable among the in 

vitro iPSCs from the three genotypes (Figure 28d), demonstrating that the deletion of either 

p53 or Ink4a/Arf does not affect the proliferation and differentiation ability of the iPSCs. 
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2.1.3. Deletion of Ink4a/Arf impairs in vivo reprogramming  

 

Having discarded that iPSCs lacking p53 or Ink4a/Arf could have an impaired proliferation 

or differentiation capacity, we decided to study the actual process of reprogramming in the three 

i4F lines. First, we scored the frequency of circulating iPSCs in mice from the three genotypes. 

In agreement with the previous results, we observed an increased frequency in the case of 

i4F;p53-null mice and a reduced frequency in the case of i4F;Ink4a/Arf-null compared to i4F 

(although the differences did not reach statistical significance due to the general low efficiency 

of this assay) (Figure 29a).  

Next, we studied the early reprogramming events in the pancreas of i4F, i4F;p53-null and 

i4F;Ink4a/Arf-null mice treated with 0.2 mg/ml of doxycycline for 1 week and sacrificed 

immediately after the treatment. In line with the previous observations, i4F;p53-null presented a 

globally dysplastic pancreatic architecture, with increased NANOG+ cells compared to the 

pancreas of i4F mice. (Figure 29b and c). In contrast, the pancreas of i4F;Ink4a/Arf-null mice 

was almost histologically unaffected and devoided of NANOG+ cells (Figure 29b and c).  

Figure 29. p53 limits and Ink4a/Arf promotes in vivo reprogramming a, Frequency of circulating iPSCs found in the blood of 
i4F, i4F;p53-null and i4F;Ink4a/Arf-null mice, treated with dox. Ratios indicate the number of blood samples that contained at least 
one iPSCs divided by the total number of blood samples analyzed. b, NANOG and haematoxylin-eosin staining of the pancreas 
from i4F, i4F;p53-null and i4F;Ink4a/Arf-null mice, treated with 0.2 mg/ml of dox for 1 week. Images are representative for at least 
5 mice (n≥5) c, Quantification of NANOG+ cells in the indicated tissues from i4F, i4F;p53-null and i4F;Ink4a/Arf-null mice, treated 
with 0.2 mg/ml of dox for 1 week. Graphs represent the average± s.d. (pancreas, n=5; stomach, n=4; kidney, n=3) and statistical 
significance was assessed using unpaired two-tailed Student’s t-test with Welch’s correction *P <0.05 
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The pancreas is the tissue that showed the strongest differences among the three genotypes, 

in part due to the fact that it is the tissue that reprograms faster and to a higher extent. 

Nonetheless, a similar trend (that is, i4F;p53-null > i4F > i4F;Ink4a/Arf-null) was also observed 

in the stomach (Figure 29c and 30a) and kidney (Figure 29c and 30b) of mice from the three 

genotypes, treated with 0.2 mg/ml of doxycycline and sacrificed at the end of the treatment. We 

concluded that in our i4F mice, deletion of p53 increases in vivo reprogramming while deletion 

of Ink4a/Arf limits this process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 30. Stomach and kidney of i4F i4F;p53-null and i4F;Ink4a/Arf-null mice a, NANOG and haematoxylin-eosin staining of 
the stomach of i4F, i4F;p53-null and i4F;Ink4a/Arf-null mice, treated with 0.2 mg/ml of dox for 1 week. Images are representative 
for at least 3 mice (n≥3) b, NANOG and haematoxylin-eosin staining of the kidney of i4F, i4F;p53-null and i4F;Ink4a/Arf-null 
mice, treated with 0.2 mg/ml of dox for 1 week. Images are representative for at least 3 mice (n≥3). Circles show aberrant cells. 
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2.1.4. Ink4a/Arf plays differential roles during in vitro and in vivo reprogramming  

 

Our results demonstrating that the absence of Ink4a/Arf decreases cellular reprogramming 

were paradoxical in light of previous studies, in which the Ink4a/Arf locus, similarly to p53, is 

reported to behave as a barrier for reprogramming and its deletion enhances both the kinetics 

and the efficiency of this process (Banito et al., 2009; Hong et al., 2009; Kawamura et al., 2009; 

Li et al., 2009; Marion et al., 2009; Utikal et al., 2009). To further investigate this apparent 

discrepancy, we decided to use the same set of MEFs from the three genotypes and reprogram 

them in vitro and in vivo. As previously reported, both i4F;p53-null and i4F;Ink4a/Arf-null 

MEFs are reprogrammed in vitro with a much higher efficiency than i4F MEFs (Figure 31a).  

 
Figure 31. In vitro and in vivo reprogramming of MEFs a, Left, in vitro reprogramming efficiency of 3x105 i4F, i4F;p53-null and 
i4F;Ink4a/Arf-null MEFs, treated with 1 µg/ml of dox. Colony formation was evaluated with alkaline phosphatase (AP) staining at 
days 7 and 10. Statistical significance relative to i4F was evaluated using unpaired Student’s t-test with Welch’s correction. * 
P<0.05; ** P< 0.01 Right, example of a plate stained with AP at day 7. b, Examples of teratomas formed at 6-8 weeks in the kidney 
of WT C57BL6 mice, injected with i4F, i4F;p53-null and i4F;Ink4a/Arf-null MEFs and treated with 2 mg/ml of dox for 2 weeks. 
The left kidney is the non-injected control. c, Incidence (left) and kinetics (right) of the teratoma formation in the kidney of WT 
C57BL6 mice injected with i4F, i4F;p53-null and i4F;Ink4a/Arf-null MEFs, and treated with 2 mg/ml of dox for 2 weeks. Statistical 
significance was evaluated using two-tailed Fisher test (left) and log-rank test (right). Comparisons of i4F;p53-null and 
i4F;Ink4a/Arf-null to i4F are indicated as: * P< 0.05; ** P< 0.01 and ****P< 0.0001  Comparison between i4F;p53-null and 
i4F;Ink4a/Arf-null are indicated in the same manner but using the symbol #. d, Kaplan-Meyer curves of the teratoma formation in 
the kidney of nude (left) and NSG (right) mice injected with i4F, i4F;p53-null and i4F;Ink4a/Arf-null MEFs, and treated with 2 
mg/ml of dox for 2 weeks. Statistical significance was evaluated using log-rank test. Comparisons of i4F;p53-null and 
i4F;Ink4a/Arf-null to i4F are indicated as: * P< 0.05; ** P< 0.01; ***P<0.001 and ****P< 0.0001  Comparison between i4F;p53-
null and i4F;Ink4a/Arf-null are indicated in the same manner but using the symbol #. 

 

To reprogram the same set of cells in vivo, MEFs were injected into the kidney of wild type 

C57BL6 mice, which were subsequently treated with 2 mg/ml of doxycycline for 2 weeks. The 

kidney was the only location that produced teratomas, probably due to its increased permissivity 
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to grow teratomas (Fu, 2014) (we had also tested the liver, spleen, muscle, dermis and 

intraperitoneal cavity). We scored the number of teratomas in the kidney and found that, again, 

p53 deletion increases in vivo reprogramming whereas Ink4a/Arf has the opposite effect (Figure 

31b). Moreover, to discard a possible differential response of the immune system towards the 

injected MEFs, we performed the same experiment with immune-compromised hosts: athymic 

nude mice (lacking T cell) and NSG mice (lacking B, T and NK cells). Again, we observed that 

reprogramming followed the same pattern as in C57BL6 (i4F;p53-null>i4F>i4F;Ink4a/Arf-null) 

(Figure 31c). Of note, reprogramming was, in general, more efficient in immunocompromised 

mice compared to C57BL6. Therefore, we conclude that the in vivo environment is the reason 

for the distinctive role of the Ink4a/Arf locus during cellular reprogramming. 

 
2.1.5. Transcriptomic analysis suggests a correlation of reprogramming with senescence  

 

To gain unbiased insight into the role of Ink4a/Arf during in vivo reprogramming, we 

performed transcriptomic analysis of the pancreas of i4F, i4F;p53-null and i4F;Ink4a/Arf-null 

mice, treated with 0.2 mg/ml of doxycycline for 1 week (GEO database accession number 

GSE77722). Gene Set Enrichment Analysis (GSEA) with KEGG and Reactome databases was 

used to select those gene pathways that were significantly different among genotypes. The 

pathways that were significantly upregulated in i4F;Ink4a/Arf-null compared to i4F and at the 

same time, significantly downregulated in i4F;p53-null compared to i4F, and therefore followed 

the pattern i4F;Ink4a/Arf-null > i4F > i4F;p53-null, were mostly related to protein synthesis  

(Figure 32a). As the exocrine pancreas is one of the tissues with the highest rate of protein 

synthesis (Kubisch and Logsdon, 2008), we interpret that the decrease observed in the 

expression of ‘protein synthesis’ genes reflects dedifferentiation and reprogramming. On the 

other hand, we found 13 pathways that followed the reverse pattern: i4F;p53-null > i4F > 

i4F;Ink4a/Arf-null. Interestingly, only one of them, the Wnt pathway, was related to 

reprogramming (Marson et al., 2008), while the majority of the pathways found were related to 

the immune system and extracellular matrix remodeling (Figure 32b). Given the well-

established role of Ink4a/Arf and p53 in senescence (López-Otín et al., 2013), we considered 

these pathways very suggestive of a senescence process, which is characterized by a strong 

secretion of cytokines, chemokines and extracellular matrix remodeling factors, known as 

Senescence-Associated Secretory Phenotype (SASP), with its associated immune response 

(Freund et al., 2010). 
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Figure 32. Gene pathways significantly different in i4F, i4F;p53-null and i4F;Ink4a/Arf-null pancreas a, Gene pathways from 
KEGG and Reactome that are significantly downregulated in i4F;p53-null (green) and significantly upregulated in i4F;Ink4a/Arf-
null (red) compared to i4F. b, Gene pathways from KEGG and Reactome that are significantly upregulated in i4F;p53-null (red) and 
significantly downgulated in i4F;Ink4a/Arf-null (green) compared to i4F. In a and b, mice (n=5 per genotype) were treated with 0.2 
mg/ml of doxycycline and pancreas samples were collected after the dox treatment. Color intensity refers to the false discovery rate 
(FDR). 
!

2.2 In vivo reprogramming and senescence coexist in the same tissue environment 

 

2.2.1 In vivo activation of OSKM leads to cellular reprogramming and senescence 

 

Encouraged by the results from the transcriptomic analysis, we aimed to evaluate the 

possible induction of senescence upon activation of OSKM. For that, we performed stainings 

for the senescent marker senescence-associated β-galactosidase (SAβG) in the pancreas of i4F 

mice that had been treated with 1 mg/ml of doxycycline for 1 week. Interestingly, we found that 

upon doxycycline treatment, there was an increase in the number of senescent cells (Figure 

33a), demonstrating that OSKM activation in vivo induces a senescence response.  

 

 

To investigate the association of these two processes induced by OSKM activation, that is in 

vivo reprogramming and senescence, we performed double stainings for NANOG together with 

the SAβG or p21, both indicative of senescence (Muñoz-Espín and Serrano, 2014). Strikingly, 

we observed that the clusters of senescent cells in the pancreas (Figure 33a) and stomach 

(Figure 33b) were in close proximity to the in vivo reprogramming events, marked by the 
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expression of NANOG. These results demonstrate that senescence and reprogramming are both 

induced by the expression of OSKM in vivo and that they coexist within the same tissue 

environment. 

 

2.2.2 The degree of in vivo reprogramming correlates with the amount of senescence 

 

Having demonstrated that in vivo reprogramming coexists with senescence, we wondered 

whether p53 and Ink4a/Arf could play a differential role in the establishment of senescence, 

which could explain the opposite effects of the two tumor suppressor genes during in vivo 

reprogramming. Indeed, we observed a positive correlation between the extent of senescence, 

denoted by SAβG+ cells, and the amount of reprogrammed NANOG+ cells, in the three i4F 

genotypes. Accordingly, compared to i4F pancreas, i4F;p53-null pancreas showed an increase 

in SAβG and p21 expressing cells, while i4F;Ink4a/Arf-null pancreas presented much less 

senescent cells (Figure 34a). Similar results were obtained when we investigated other 

processes associated to senescence, such as infiltration of macrophages (stained with F4/80), 

proliferation (BrdU), DNA damage (γH2Ax) and apoptosis (active caspase-3) (Figure 34a). 

Other tissues such as stomach and kidney also showed the same correlation.  

We next analyzed the expression of transcription factors responsible for the secretion of the 

SASP cytokines, such as NFκB (p65RelA), STAT3 (phospho-STAT3) and SMAD2  (phospho-

SMAD2) and found the same pattern: i4F;p53-null > i4F > i4F;Ink4a/Arf-null (Figure 34b). 

Furthermore, we also observed that serum levels of IL6 and TNFα, both 

important cytokines from the SASP,  were increased upon activation of OSKM, and this 

increase was more prominent in i4F;p53-null mice (Figure 34c). Finally, we confirmed all these 

results by the analysis of the pancreatic expression of the senescence-inducing genes Ink4a and 

Arf and a panel of cytokines, chemokines, growth factors and tissue remodeling proteins, which 

presented a strong induction in the case of i4F;p53-null, moderate levels in i4F, and a minor 

induction in i4F;Ink4a/Arf-null background (Figure 34d). Altogether, these data demonstrate 

that, upon activation of OSKM, cells suffer DNA damage with the consequent induction of 

senescence and inflammation. We interpret that, in the absence of p53, the mechanisms of 

protection against OSKM-induced damage are impaired, leading to unrestrained cell 

proliferation, DNA damage and senescence, together with an exacerbated secretion of cytokines 

and recruitment of inflammatory cells. Indeed, the increased cytokine production correlates with 

previous reports demonstrating that the SASP is enhanced in p53-null cells (Coppé et al., 2008). 

In contrast, in a context of Ink4a/Arf deficiency, cells have an impaired senescence response 

upon activation of OSKM, with a decreased secretion of cytokines and inflammation, leading to 
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a more limited response to the OSKM-induced damage, which correlates with a reduced extent 

of in vivo reprogramming. 

Figure 34. The extent of senescence correlates with the amount of reprogramming in vivo a, Staining of the pancreas of i4F, 
i4F;p53-null i4F and Ink4a/Arf-null mice treated with 0.2 mg/ml of dox for 1 week. Quantifications were performed in a complete 
automated manner and correspond to either relative (%) surface stained (SAβG, F4/80, γH2Ax and caspase-3) or the relative (%) 
number of positive cells (p21 and BrdU). Values correspond to the average ± sd of at least 3-5 mice per group. Statistical 
significance relative to i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s correction: * P<0.05; ** P< 0.01 
and *** P< 0.001 b, Stainings of the pancreas as in panel a. Quantification of p65 corresponds to the relative (%) positive surface 
and quantifications of pSTAT3 and pSMAD2 correspond to the relative (%) number of positive cells. c, Serum levels of IL6 and 
TNFα in the same mice as in a. Values correspond to the average ± s.d. and statistical significance was assessed using unpaired 
two-tailed Student’s t-test with Welch’s correction. Comparisons of each i4F genotype with its own non-i4F control are indicated 
as: * P<0.05 and ** P< 0.01. Comparisons of i4F;p53-null or i4F;Ink4a/Arf-null with i4F are indicated in the same manner but 
using the symbol #. d, mRNA levels of the indicated cytokines in pancreas of the same mice as in a. Values correspond to the 
average ± sd relative to WT and statistical significance was assessed using unpaired two-tailed Student’s t-test with Welch’s 
correction. Comparisons of each i4F genotype with its own non-i4F control are indicated as: * P<0.05; ** P< 0.01; *** P< 0.001; 
**** P< 0.001. Comparisons of i4F;p53-null or i4F;Ink4a/Arf-null with i4F are indicated in the same manner but using the symbol 
#. 
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2.3 Senescence promotes reprogramming 

 

2.3.1 Senescent cells and SASP factors enhance in vivo reprogramming 

 

To further explore the link between the two OSKM-induced processes, senescence and 

reprogramming, we aimed to manipulate the extent of senescence by the use of small molecules 

and study their consequences on reprogramming. To increase senescence in vivo, we used the 

(CDK4/CDK6)-inhibitor palbociclib, also known as PD0332991, which can be considered a 

p16INK4a mimetic (Dickson et al, 2014). Strikingly, the increase in senescence and SASP 

components produced by the treatment with palbociclib, was accompanied by an increase in the 

amount of reprogramming in the pancreas of i4F mice, as measured by the degree of dysplasia 

and the amount of c-MYC+ cells (Figure 35) We use c-MYC as a marker of reprogramming 

because the treatment was too short (5 days) to induce NANOG expression. Although c-MYC is 

one of the reprogramming factors of the OSKM transgene, its half-life is extremely short (30 

min) but it is known to be stabilized in pluripotent cells through the activation of the JAK/STAT 

pathway (Cartwright et al., 2005). 

 
 

 
Figure 35. Palbociclib treatment increases in vivo reprogramming Staining of the pancreas (left) and mRNA of the cytokines 
(right) in the pancreas of i4F mice, non-treated and treated with palbociclib (100 mg/kg daily oral gavage). Mice were 
simultaneously treated with dox (1 mg i.p. every second day) for 5 days and analyzed at the end of the treatment. Quantifications 
were performed in a complete automated manner and correspond to either relative (%) surface stained (SAβG) the relative (%) 
number of positive cells (c-MYC). Values correspond to the average ± s.d. of at least 4-5 mice per group. Statistical significance 
relative to i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s correction * P<0.05; ** P< 0.01. 

 

On the other hand, to eliminate senescent cells we used navitoclax (also known as ABT263), 

an inhibitor of the Bcl2-family proteins that preferentially induces the apoptosis in senescent 

cells (Chang et al., 2016; Yosef et al., 2016; Zhu et al., 2016). We confirmed that treatment with 

navitoclax reduced the amount of OSKM-induced senescence and the associated secretion of 

cytokines in the pancreas of i4F mice treated with 1 mg/ml of doxycycline for 1 week (Figure 

36a and b). Importantly, in line with the previous results, we also observed a strong reduction 

in the extent of in vivo reprogramming, as measured by the number of NANOG+ cells (Figure 
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36a). These results demonstrate that the presence of senescent cells positively regulates in vivo 

reprogramming.   

 We next wondered whether senescent cells could influence the reprogramming process 

through the secretion of factors and for that, we studied if the manipulation of the SASP 

components had an effect on in vivo reprogramming. For that, we used an inhibitor of the 

NFκB-activating kinases IKKs (BAY 11-7082), since the NFκB pathway is known to play a 

pivotal role in promoting the secretory activity of senescent cells (Acosta et al., 2008; Chien et 

al., 2011; Freund et al., 2011; Salminen et al., 2012). We observed that i4F mice simultaneously 

treated with BAY 11-7082 and 1 mg/ml of doxycycline presented reduced in vivo 

reprogramming (Figure 36a). As expected, treatment with BAY 11-7082 diminished the levels 

of the secreted cytokines in the pancreas (Figure 36b). Of note, BAY 11-7082 also reduced 

senescence in the pancreas (Figure 36a), probably reflecting the loss of SASP factors and their 

contribution to the paracrine senescence (Acosta et al., 2013). 
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Figure 36. Reducing senescence or SASP leads to a decrease in in vivo reprogramming a, Staining of the pancreas of i4F mice, 
treated with 1 mg/ml of dox for 1 week and, where indicated, with navitoclax (25 mg/kg daily by oral gavage) or BAY 11-7082 (20 
mg/ kg daily by oral gavage). Quantifications were performed in a complete automated manner and correspond to either relative (%) 
surface stained (SAβG) the relative (‰) number of positive cells (NANOG). Values correspond to the average ± s.d. of at least 4-5 
mice per group. Statistical significance relative to i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s 
correction * P<0.05 b, mRNA levels of the indicated cytokines in the pancreas of the same mice as in a. Statistical significance 
relative to i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s correction * P<0.05; ** P< 0.01. 
!
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leukemia inhibitory protein (LIF), commonly used for the in vitro maintenance of pluripotency. 

Furthermore, it was recently reported that IL6 enhances in vitro reprogramming and that it can 

even replace LIF (Brady et al., 2013). Moreover, in the pancreas of our i4F mice, IL6 showed 

the most dramatic upregulation upon induction of OSKM and a good correlation with the 

amount of reprogramming (Figure 34d). Therefore, we simultaneously treated i4F mice with 1 

mg/ml of doxycycline for 1 week, together with intraperitoneal injections of neutralizing anti-

IL6 antibodies. We first confirmed that the anti-IL6 antibodies were blocking the increase in 

IL6 serum levels, characteristic of OSKM induction (Figure 37a). We also observed that 

blockade of IL6 led to a reduction in reprogramming (Figure 37b). Also, neutralization of IL6 

also reduced the extent of senescence (Figure 37b) and expression of SASP components 

(Figure 30c), which are consistent with previous reports demonstrating an active role of IL6 in 

the induction of paracrine senescence (Kuilman et al., 2008).  

 

 

Figure 37. Blocking IL6 or its downstream target PIM decreases in vivo reprogramming a, IL6 serum levels in i4F mice 
treated with 1 mg/ml of dox for 1 week and, where indicated with anti-IL6 (1 mg/ip, 3 times per week). Statistical significance was 
assessed using unpaired two-tailed Student’s t-test with Welch’s correction: * P<0.05 b, Staining of the pancreas of mice from a or 
i4F mice treated with PIMi (50 mg/ kg daily by oral gavage). Quantifications were performed as in Figure 36. Values correspond to 
the average ± s.d. of at least 4-5 mice per group. Statistical significance relative to i4F was assessed using unpaired two-tailed 
Student’s t-test with Welch’s correction: * P<0.05 c, mRNA levels of the indicated cytokines in the pancreas of the same mice as in 
b. Statistical significance relative to i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s correction: * P<0.05; 
** P< 0.01; *** P< 0.001 and **** P< 0.0001. 

 
To further investigate the role of IL6 in reprogramming, we targeted mediators of its 

downstream activating cascade, the JAK/STAT pathway. In particular, we inhibited the PIM 

kinases, which are known to mediate the effects of IL6 in reprogramming (Brady et al., 2013). 
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For that, we used the specific inhibition of PIM kinases (PIM1, 2 and 3), developed by the 

Experimental Therapeutics Program at the Spanish National Cancer Research Institute (CNIO), 

also know as ETP-995 and abbreviated as PIMi. In line with the previous observations, 

simultaneous treatment of i4F mice with PIMi and 1 mg/ml of doxycycline for 1 week resulted 

in a reduction of the senescence (Figure 37b) and secreted SASP factors (Figure 37c), together 

with the concomitant reduction of reprogramming in the pancreas (Figure 37b), which confirms 

that IL6 enhances reprogramming through its downstream target PIM.  

 To strengthen the positive role of IL6 in reprogramming, we performed the inverse 

experiment: we injected recombinant IL6 (rIL6) in i4F mice, which resulted in higher levels of 

IL6 in serum and an increase in the degree of reprogramming in vivo, measured by the 

pancreatic dysplasia (Figure 38a). Finally, we wondered whether the blockade of IL6 could 

also have a negative impact on the reprogramming of i4F;p53-null pancreas. Surprisingly, 

treatment of i4F;p53-null mice with anti-IL6 antibodies also resulted in a reduction of IL6 

serum levels (Figure 38b), senescence and secretion of SASP components (Figure 38c and d) 

as well as in a decrease in reprogramming (Figure 38d).  

 
 

 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 38. IL6 affects in vivo reprogramming also when increased or in a p53-null background a, IL6 serum levels (left) or 
percentage of pancreatic dysplasia (right) in i4F mice treated with 1 mg/ml of dox for 6 days and, where indicated, with rIL6 (5 
µg/ip 3 times per week). Values correspond to average± s.d. (n≥4) and statistical significance was assessed using unpaired two-
tailed Student’s t-test with Welch’s correction: * P<0.05 b, IL6 serum levels in i4F;p53-null mice treated with 0.2 mg/ml of dox for 
1 week and, where indicated, with anti-IL6 (1 mg/ip daily). Values correspond to average± s.d. (n≥6) and statistical significance was 
assessed using unpaired two-tailed Student’s t-test Welch’s correction: ** P<0.01 c, mRNA levels of the indicated cytokines in the 
pancreas of the same mice as in b. Statistical significance relative to i4F was assessed using unpaired two-tailed Student’s t-test with 
Welch’s correction: * P<0.05; ** P< 0.01 and *** P< 0.001. d, Staining of the pancreas of mice from b. Quantifications were 
performed as in Figure 36. Values correspond to the average ± s.d. of at least 4-5 mice per group. Statistical significance relative to 
i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s correction: * P<0.05.  
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Altogether, these results demonstrate that, among the SASP factors, addition or blockade of 

IL6 alone has a direct effect, positive or negative, respectively, on the degree of reprogramming. 

IL6 plays a key role, even in the absence of p53, when reprogramming is highly efficient. 

Moreover, by the inhibition of PIM, we demonstrate that IL6 acts on reprogramming through 

the activation of the JAK/STAT pathway.  

 

2.3.2 Senescence enhances in vitro reprogramming through secreted factors 

 

Finally, it is important to mention that the requirement of IL6 for reprogramming has also 

been recapitulated in vitro in our laboratory by Noelia Alcázar, although these results have not 

been included in this Thesis. In the case of in vitro reprogramming, IL6 is also produced by 

OSKM-damaged cells that fail to reprogram and that provide IL6 in a paracrine manner to those 

cells that successfully undergo reprogramming (Mosteiro et al., 2016). 

 

2.4 Tissue contexts associated to senescence favor in vivo reprogramming 

 

2.4.1 Tissue injury enhances in vivo reprogramming  

 

Given the positive correlation found between senescence and reprogramming, both processes 

induced by the activation of OSKM in vivo, we wondered whether biological contexts 

associated with increased senescence, such as tissue damage, could also promote in vivo 

reprogramming. To address this, we focused on the lungs because it is one of the tissues that, 

although it properly expresses the OSKM transgene (Figure 9a), it never shows any sign of 

reprogramming under normal conditions. First, we noted that, in contrast to the pancreas, 

intestine or stomach, OSKM expression in the lung was not able to induce senescence (Figure 

39a). We wondered whether the exogenous infliction of damage to the lungs could render them 

susceptible of undergoing reprogramming. For this, we treated i4F mice with the DNA 

damaging agent bleomycin and, subsequently, with doxycycline. As expected, bleomycin 

treatment in WT mice induced senescence (Figure 39a) concomitant to fibrosis in the lung 

(Aoshiba et al., 2003, 2013), as evidenced by the deposit of collagen fibers (Figure 39b). 

Interestingly, i4F mice treated with bleomycin and subsequently with 0.2 mg/ml of doxycycline 

for 14 days presented a strong increase in senescence, as shown by SAβG and p21 markers 

(Figure 39a), together with an increase in the expression of SASP components (Figure 39c). 

Interestingly, bleomycin-treated i4F lungs also presented clusters of dysplastic cells (Figure 

39a and b), with cells expressing NANOG (Figure 39a). On the contrary, i4F mice treated with 

doxycycline in the absence of bleomycin treatment did not showed dysplastic foci or any 

NANOG+ cell (Figure 39a) and only presented a few senescent cells and a modest upregulation 
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of the SASP factors (Figure 39c). These results demonstrate that tissue damage favors in vivo 

reprogramming.  

 
Figure 39. Lung injury promotes reprogramming a, Staining of the lungs of mice intratracheally treated with bleomycin or PBS 
and with 0.2 mg/ml of dox in the drinking water for 14 days. Quantifications were done as previously explained. Statistical 
significance of  average ± s.d. was assessed using unpaired two-tailed Student’s t-test with Welch’s correction (n≥3):  *P<0.05 and 
&P<0.001 b, Haematoxylin-eosin and Masson’s trichrome staining of the lungs of the same mice as in a. c, mRNA levels of the 
indicated genes in the lungs of the same mice as in a. Statistical significance of average ± s.d. was assessed using one-way ANOVA 
and Bonferroni post-hoc test: *P<0.05  
 
2.4.2 Aging promotes in vivo reprogramming  

 

Aging is characterized by a systemic accumulation of damaged and senescent cells. Based on 

this and our findings above, we next interrogated whether in vivo reprogramming could be 

enhanced in aged tissues. In collaboration with the laboratory of Maria Blasco (CNIO), we 

generated a progeric reprogrammable mouse model, i4F;G2Terc-null (or Telomerase-null mice 

from second generation), which suffers from premature aging due to the lack of telomerase 

activity (Blasco et al., 1997; García-Cao et al., 2006). After treatment with 0.2 mg/ml of 

doxycycline for 14 days, we compared the degree of reprogramming in the pancreas of 

i4F;G2Terc-null mice and i4F mice from the same parental strains, and observed a strong 

increase in the number of senescent cells (Figure 40a), secretion of SASP factors (Figure 40b) 

and reprograming events (Figure 40a) in the progeric i4F; G2Terc-null mice. These 

observations indicate that premature aging associated to telomerase deficiency promotes in vivo 

reprogramming. 
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Figure 40. In vivo reprogramming is enhanced in a progeric mouse model a, Staining of the pancreas of i4F and i4F;G2Terc-
null mice treated with 0.2 mg/ml of dox for 14 days Quantifications were performed as previously explained. Values correspond to 
the average ± s.d. of at least 4 mice per group. Statistical significance relative to i4F was assessed using unpaired two-tailed 
Student’s t-test with Welch’s correction: * P<0.05. b, mRNA levels of the indicated cytokines in the pancreas of the same mice as 
in a. Statistical significance relative to i4F was assessed using unpaired two-tailed Student’s t-test with Welch’s correction: * 
P<0.05; ** P<0.01 and **** P<0.0001. 

 
Finally, we wondered whether in vivo reprogramming would also be increased in 

physiologically aged mice. For that, we treated young (7-9 weeks) and old (>65 weeks) i4F 

mice with 0.2 mg/ml of doxycycline for 1 week. In agreement with our previous results, old 

mice, which presented increased expression of SASP cytokines (Figure 41a) and senescent 

cells in the pancreas (Figure 41b), also had increased reprogramming, denoted by the number 

of NANOG+ cells (Figure 41b) and the incidence of teratoma formation (Figure 41c).  

Figure 41. Physiological aging promotes in vivo reprogramming a, mRNA levels of the indicated cytokines in the pancreas of 
young (7-9 weeks) and old (>65 weeks) i4F mice treated with 0.2 mg/ml of dox for 7 days. Values correspond to the average ± s.d. 
and statistical significance was assessed using unpaired two-tailed Student’s t-test with Welch’s correction. Comparisons of each 
i4F genotype to the non-i4F control are indicated as * P<0.05 and ** P<0.01. Comparisons of old and young i4F groups are 
indicated in the same manner but with the symbol # b, Staining of the pancreas of the same mice as in a. Quantifications were 
performed as previously explained. Statistical significance of the average ± s.d. relative to i4F was assessed using unpaired two-
tailed Student’s t-test with Welch’s correction: * P<0.05 c, Teratoma formation in old (>60 weeks) and young (7-9 weeks) i4F mice 
treated with 0.2 mg/ml of dox for 7 days and monitored during 13 weeks after dox treatment. d, Kaplan-Meyer curves of teratoma 
formation in the kidney of old (>95 weeks) and young (10 weeks) WT C57BL6 mice, injected with i4F MEFs and treated with 2 
mg/ml of dox for 14 days. Statistical significance was assessed using log-lank test: ** P<0.01. 
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To further strengthen these observations regarding the impact of aging on reprogramming, 

we injected i4F MEFs into the kidney of old (>95 weeks) mice and observed that teratoma 

formation efficiency and kinetics were increased compared to the teratomas originated from the 

injection of i4F MEFs into the kidney of young (10 weeks) mice (Figure 41d). These results 

demonstrate that biological contexts associated with increased senescence, such as physiological 

aging, in which there is an accumulation of damaged and senescent cells, provide an optimal 

tissue environment for in vivo reprogramming processes. 

 

Altogether, our study demonstrates that the activation of OSKM in vivo leads to two distinct 

cellular outcomes: reprogramming and senescence, which coexist within the same tissue 

environment. Moreover, the induction of senescence, which requires a functional Ink4a/Arf 

locus, promotes reprogramming through secreted factors, being IL6 a key player. Importantly, 

this interplay with senescence allows the pharmacological modulation of in vivo reprogramming 

processes. Finally and more relevantly, biological contexts of increased senescence, such as 

tissue damage or aging, promote in vivo reprogramming and this discovery could have further 

implications in our understanding and possible future improvements in the processes of tissue 

healing and regeneration. 
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PART 1. EFFECTS OF THE ACTIVATION OF THE  

REPROGRAMMING FACTORS IN AN ADULT ORGANISM 

 

Reprogramming somatic cells, with a specific committed cell identity, back to a pluripotent 

state, has been one of the major advances in developmental and cell biology research in recent 

years. Pluripotent cells have the ability to continuously self-renew, giving rise to two identical 

daughter cells, as well as differentiate into all somatic cells of the entire organism. Pluripotent 

cells are generated during early embryo development, from which they can be isolated, and they 

no longer exist in adults. The enormous therapeutic potential of pluripotent cells has been a 

topic of extensive investigation for decades; however, their isolation from embryos has always 

raised technical challenges and ethical controversies. The possibility to obtain pluripotent cells 

in the lab from the cellular reprogramming of any cell type by four transcription factors was, 

therefore, a revolution in the stem cells field (Takahashi and Yamanaka, 2006; Yamanaka et al., 

2007). The transcription factors-mediated cellular reprograming first described by Yamanaka is 

technically rapid and easy, does not require the use of blastocysts and can be applied to 

practically all somatic cells, increasing the possible future potential in cell therapy, as patient-

specific pluripotent cells can be generated, avoiding the possible immune rejection. The four 

transcription factors originally used by Yamanaka were Oct4, Sox2, Klf4 and c-Myc, although 

other combinations have been reported afterwards. These transcription factors are well-known 

pluripotency genes, involved in the maintenance of the pluripotent state in ESCs. However, 

nothing was known regarding the effects of the simultaneous activation of the four Yamanaka 

factors in vivo and whether cellular reprogramming processes were feasible in the context of an 

adult organism. 

 

1.1 In vivo activation of OSKM leads to cellular dysplasia 

  

With the aim to evaluate the effects of the activation of the four Yamanaka factors in vivo, 

we generated two reprogrammable (i4F) mouse strains. They contain a single copy of the 

doxycycline-inducible polycistronic cassette that encodes for Oct4, Sox2, Klf4 and c-Myc and 

also have the transactivator rtTA in the ubiquitously-expressed locus Rosa26. Interestingly, the 

effect of the expression of the four Yamanaka factors together in the adult organism had never 

been studied before, despite the fact that other reprogrammable mouse models had been 

previously generated (Carey et al., 2010; Haenebalcke et al., 2013; Stadtfeld et al., 2010). Our 

reprogrammable mouse model shares some common features with the previously reported mice. 

First, they are all tetracycline-inducible systems, with the transactivator rtTA located in the 

ubiquitously expressed locus Rosa26. This inducible system is very tightly regulated, with 

minimal expression in the absence of tetracycline, allowing normal embryo development and 



! ! Discussion!

! 112!

lifespan of the mouse colony, with no undesirable effects due to uncontrolled expression of the 

Yamanaka factors. Next, the common use of a polycistronic cassette encoding for the four 

Yamanaka factors, which avoids the heterogeneity given by the genetic segregation of single 

viral integrations and facilitates the establishment of a mouse colony. Moreover, the 2A 

peptides ensure a homogeneous and fixed stoichiometry of all four factors, which allows the 

comparison of the reprogramming efficiency and kinetics from different somatic cells.  

However, our reprogrammable mouse line also presents several differences compared to the 

other mouse strains, such as the genomic location of the OSKM transgene. In our 

reprogrammable mouse lines, the OSKM transgene was randomly integrated, which was later 

investigated and determined to be at intronic regions of the Neto2 (i4F-A) and Pparg (i4F-B) 

genes. In contrast, the insertion of the transgene in the previously reported reprogrammable 

mice was targeted into the Collagen Type 1 (Col1a1) locus (Carey et al., 2010; Stadtfeld et al., 

2010) or into the locus Rosa26 (Haenebalcke et al., 2013). Targeted insertions into a specific 

locus have obvious advantages compared to our strategy. On one hand, it avoids the possible 

disruption of the endogenous genes due to random transgene integration. In our case, we 

confirmed that neither the transgene insertion nor its activation had any effect on the resident 

genes. On the other hand, it ensures the proper expression of the inserted transgene in all 

tissues, as the locus that are commonly used for targeted insertions are ubiquitously expressed, 

avoiding the possible epigenetic silencing of the randomly integrated transgene. In fact, from 

the four i4F lines that we originally generated, two of them (i4F-C and i4F-D) did not express 

the transgene neither in vitro nor in vivo, most probably due to the epigenetic silencing of the 

transgene. The transgenic strategy used by one of the previously reported mouse models has the 

advantage of allowing the possibility of a tissue-specific expression as well as the elimination of 

the transgene upon reprogramming (Haenebalcke et al., 2013). A tissue specific expression of 

the OSKM would be useful to circumvent the strong morbidity observed in our reprogrammable 

mice at shorter time points, probably due to the strong phenotype in tissues such as pancreas 

and intestine, and this will permit longer protocols of OSKM activation and, therefore, the study 

of phenotypic changes in other tissues.  

Strikingly, none of the previous studies with reprogrammable mice evaluated the activation 

of the OSKM transgene in vivo. As discussed by the authors, these reprogrammable mouse 

strains were used as a tool for studying, in a more controlled manner, the process of in vitro 

reprogramming: the kinetics and efficiency of the reprogramming of different somatic cells 

types, the transgene levels of expression required for the process and the formation of 

reprogramming intermediates. On the contrary, we were interested in studying the effects of the 

activation of Oct4, Sox2, Klf4 and c-Myc in adult tissues. For that, we treated reprogrammable 

mice from both lines (i4F-A and i4F-B) with 1 mg/ml of doxycycline in the drinking water for 1 

week, and analyzed the effects of this treatment in several tissues. First, we confirmed the 
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proper activation of the transgene and analyzed Oct4 expression at the transcriptional and 

proteomic levels. Since the four factors are expressed simultaneously and with the same 

stoichiometry, the analysis of one of them was sufficient. Surprisingly, all 14 tissues analyzed 

showed induction of the transgene, even the brain, which indicates that doxycycline is able to 

efficiently cross the blood-brain barrier, contrary to what was been argued in other tetracycline-

inducible systems (Beard et al., 2006; Hochedlinger et al., 2005). The levels of induction within 

tissues differed in lines i4F-A and i4F-B, probably due to a different epigenetic accessibility to 

the genomic insertion sites of the transgene in the two lines. For instance, line i4F-A shows a 

strong induction of the transgene in the skin, which in the case of i4F-B is mild, whereas the 

opposite is observed in the liver, where the transgene is highly induced in line i4F-B but 

moderately expressed in i4F-A. It has been reported that the expression of the transactivator 

rtTA targeted into the locus Rosa26 differs from one tissue to the other (Beard et al., 2006; 

Premsrirut et al., 2011), and this could be an alternative explanation for the differences of 

transgene activation among tissues. 

Regarding the histological changes observed upon in vivo activation of OSKM, only a few 

tissues presented an obvious phenotype after this treatment, which was the case for pancreas, 

stomach and intestine. Remarkably, many other tissues analyzed did not show any 

histopathological alteration, despite presenting a strong expression of the Yamanaka factors. A 

possible reason could be that some tissues present a tighter regulation of their gene expression 

signatures, in order to maintain the proper tissue architecture and homeostasis, while others are 

more sensitive of exogenously inflicted genetic changes. It remains elusive, however, whether 

those tissues that were apparently not affected by the activation of OSKM, will eventually show 

histological changes at later time points or with longer induction protocols. Pancreas of i4F 

mice was specially affected in the acinar compartment, which presented dysplastic cells, with 

enlarged nuclei, aberrant cytoplasm, that eventually formed ductal-like cystic structures. The 

gastrointestinal tract (stomach and intestine) was also affected, presenting cellular dysplasia and 

tissue hyperplasia. The dysplasia of the exocrine pancreas will probably cause a reduction in the 

secretion of pancreatic enzymes that, together with the gastrointestinal defects, will result in 

reduced nutrient absorption, leading to the severe body weight loss observed in i4F mice upon 

doxycycline treatment.  

Interestingly, we observed that the removal of the doxycycline treatment, prior to the point 

of sacrifice for humane endpoint reasons, leads to an almost complete recovery of a normal 

phenotype: mice recover body weight and pancreatic and gastrointestinal dysplasia are resolved. 

Shortly after our study was published, another group reported the generation of a 

reprogrammable mouse that presented highly similar histological changes in pancreas, stomach 

and intestine, which were also partially recovered after removal of the treatment (Ohnishi et al., 

2014). 
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Although the expression of the four Yamanaka factors in the adult organism had never been 

studied before, transgenic mouse models with increased expression of each one of the 

Yamanaka factors individually had been previously reported. Interestingly, some of their 

phenotypic features, such as increased proliferation and dysplasia, are similar to our i4F mice 

phenotype. Overexpression of Oct4 in adult tissues has been reported to induce dysplasia, 

expansion of the progenitor compartment and loss of progenitors differentiation in the 

gastrointestinal tract and skin, whereas in the rest of tissues has no detectable effect 

(Hochedlinger et al., 2005). Moreover, the increased proliferation observed in these mice 

progressed to the formation of skin tumors and intestinal adenocarcinoma. On the other hand, 

induction of Sox2 in the adult intestine is known to also increase proliferation, especially of the 

progenitor cells, as well as cause the disruption of the villi-crypt organization and the reduction 

of the expression of intestinal epithelial markers such as Cdx2 (Kuzmichev et al., 2012). 

Interestingly, the authors showed that the transcriptome of the intestine of Sox2-expressing mice 

was very different to the transcriptome of the intestine of Oct4-ovexpressing mice, however, 

intestines of the double transgenic mice (overexpressing both Oct4 and Sox2), highly resembled 

Sox2-overexpressing intestines at the transcriptional level (Kuzmichev et al., 2012). Sox2 has 

also been overexpressed in the epithelial cells of the adult lung, where it has been reported to 

induce extensive epithelial hyperplasia, specially in bronchioles and alveoli, that ultimately 

progresses to carcinoma (Lu et al., 2010). Notably, the authors also found the formation of 

pseudostratified epithelium that suggested the transdifferentiation from club cells into basal-like 

and ciliated cells. Overexpression of Klf4 in adult tissues has been assessed in the esophagus 

and skin, were it induces cellular dysplasia that develops into squamous cell cancer (Foster et 

al., 2005; Tetreault et al., 2010). C-Myc is probably the Yamanaka factor that has been deeper 

studied in adult tissues, due to its well-characterized involvement in many types of cancer. C-

Myc overexpression has been reported to induce lymphoma, mammary adenocarcinoma, 

prostate cancer, neuroblastoma, lung cancer, pancreatic tumors, skin papilloma, hepatocellular 

carcinoma and osteogenic sarcoma, among others (Morton and Sansom, 2013). Moreover, low 

levels of deregulated c-Myc induce aberrant proliferation in many tissues, including pancreas, 

liver, kidney, lung and skin (Murphy et al., 2008).  

Notably, in most of the previously mentioned transgenic mouse models, the 

hyperproliferation caused by the overexpression of individual reprogramming factors leads to 

cancer. In our study, however, we observed only 5 cases of cancer development in i4F mice 

(from a total of 31 treated mice), and these tumors were from different etiologies: one Wilm’s 

tumor, one skin papilloma, 2 cases of intestinal polyps and one urothelial carcinoma. The low 

incidence of tumors in our study may reflect that the four transcription factors act cooperatively 

in the induction of other processes rather than cancer: while each of them individually can act as 

an oncogene, the simultaneous expression of the four factors triggers a developmental program 
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that results in the loss of cell identity and the acquisition of pluripotency. Moreover, the levels 

and timing of transgene expression may be crucial for determining the fate of the process. 

Indeed, partial reprogramming in vivo has been demonstrated to promote cancer (Ohnishi et al., 

2014), demonstrating that the processes of malignant transformation and reprogramming may 

share a common initial route. It remains to be elucidated whether incomplete reprogramming 

processes would also increase the incidence of tumors in our reprogrammable mouse, as well as 

a deeper investigation of the interplay between cancer and reprogramming. 

 

1.2 In vivo activation of OSKM leads to dedifferentiation and reprogramming 

 

Tissues of an adult organism are composed of terminally differentiated cells, which were 

generated from multipotent progenitors that differentiated and acquired a specific transcriptional 

program in order to accomplish a specialized function within the tissue. There is thus a 

hierarchy of cells in regards of their potency, and this hierarchy was for long time thought to be 

unidirectional. Moreover, to maintain tissue structure and homeostasis, cell identity and 

function are tightly regulated, generating a tissue environment rich in pro-differentiation and 

tissue-specific cues that regulate and determine cell fate.  

However, it is also known that cell identity is not fixed and that differentiated cells may 

retain the information and machinery required for reverting their developmental potential. 

Processes of cellular dedifferentiation have been observed in adult tissues upon tissue damage, 

in which differentiated cells have reverted their function and identity to become 

developmentally more plastic and be able to generate other cell types required for tissue repair. 

However, these dedifferentiation processes that occur physiologically are very limited and are 

restricted to minor developmental reversions within the same cellular lineage. Cell conversions 

of a greater magnitude can be achieved by genetic manipulations. Already in 1996, it was 

reported that the MyoD overexpression could convert fibroblast into cardiomyocytes in vivo 

(Murry et al., 1996). Since then, many differentiated cells have been converted in vivo into other 

types of specialized cells, process known as transdifferentiation, achieved by the forced 

expression of specific genes. Remarkable examples of in vivo transdifferentiation are the 

conversion of liver cells into insulin-secreting β cells (Banga et al., 2012; Ber et al., 2003; 

Ferber et al., 2000; Kaneto et al., 2005; Kojima et al., 2003; Miyatsuka et al., 2003; Yechoor et 

al., 2009), ovarian into testicular cells (Uhlenhaut et al., 2009), B into T lymphocytes (Cobaleda 

et al., 2007) or astrocytes into neurons (Torper et al., 2013).  

Despite all these previous examples of dedifferentiation processes in vivo, it had never been 

assessed whether the exact combination of transcription factors used by Yamanaka in 2006 to 

reprogram differentiated cells all the way back to a pluripotent state, could also revert 

differentiation in vivo. In our study, we observed dedifferentiation events in several tissues of 
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i4F mice after inducing the four Yamanaka factors (OSKM). In particular, the aberrant glands 

of the stomach presented cells that were losing the expression of cytokeratin-19 (CK19), an 

epithelial marker expressed in normal conditions. Moreover, we observed within the same 

stomach gland, cells that still retained the normal expression of CK19, others that showed a 

remarkable decrease in its expression, and others that had completely silenced CK19. A similar 

scenario was observed in the large intestine, where epithelial cells from the crypt were losing 

the expression of CK19 during this process of dedifferentiation. These results demonstrate that 

the activation of the four Yamanaka factors has the ability to repress the normal transcriptional 

signature of an specialized cell (in this case, of an epithelial cell from the stomach or the 

intestine), which will presumably lose its normal function within the tissue, while it becomes 

more undifferentiated and gains plasticity. The coexistence of all these different ranges of CK19 

expression in the same tissue context suggests that the process of dedifferentiation is gradual, 

from a more differentiated state that retains normal expression of CK19, towards a more 

undifferentiated state that has completely lost the epithelial identity. Moreover, it also suggests 

that this process is not coordinately triggered in all individual cells at the same time, or that the 

kinetics of dedifferentiation varies from one cell to the other, probably depending on different 

environmental cues from the rest of the tissue. It will be interesting for future studies to evaluate 

whether the OSKM-mediated dedifferentiation process follows the normal developmental route 

but in an inverse direction. Many efforts have been made to dissect the process of cellular 

dedifferentiation and reprogramming in vitro, and to understand the molecular mechanisms, 

mediators, intermediates and steps involved. It is now known that reprogramming occurs in a 

sequential manner, with different waves of gene expression and intermediates that culminates in 

the activation of the pluripotency program (Brambrink et al., 2008; Buganim et al., 2012; Polo 

et al., 2012; Samavarchi-Tehrani et al., 2010; Stadtfeld et al., 2008). These intermediates states 

have been reported to express markers characteristic of embryo development (Cacchiarelli et al., 

2015; Takahashi et al., 2014), suggesting that cellular reprogramming could partially 

recapitulate the inverse process of development, at least in human cells. However, other studies 

have reported the expression of genetic signatures that are not related to development during the 

intermediate stages of reprogramming (O’Malley et al., 2013) and, specifically in neurons, it is 

widely accepted that cells do not revert back to an earlier developmental stage during direct 

neuronal reprogramming (Masserdotti et al., 2016). In conclusion, despite all the advances in 

the field, there are still many unanswered questions regarding the process of cellular 

dedifferentiation and reprogramming in vitro. This is much more prominent in vivo, as basically 

nothing is known regarding the mechanisms, intermediates and steps involved during 

dedifferentiation processes in an adult organism.   

Importantly, in our study we have demonstrated that the activation of OSKM in vivo not only 

results in partial dedifferentiation of cells, but also in reprogramming into full pluripotency. 
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Indeed, we observed the expression of the pluripotency marker Nanog within tissues of i4F 

mice treated with doxycycline for one week. Nanog expressing cells coexist in the same tissue 

environment than differentiated cells as well as cells undergoing dedifferentiation, reinforcing 

again the idea that in vivo dedifferentiation is a gradual process that culminates into complete 

reprogramming into pluripotent cells. Interestingly, we found Nanog+ cells not only in tissues 

with altered histology upon induction of OSKM, such as pancreas, intestine and stomach, but 

also in tissues that were apparently normal at short time induction of OSKM, like the kidney. 

On the other hand, the number of Nanog+ events within tissues at this short time point was very 

low, reflecting that in vivo reprogramming, like in vitro reprogramming, is very inefficient. It is 

important to mention that the expression of the OSKM transgene was patchy, i.e. not all cells 

expressed the pluripotency factors upon induction with doxycycline. This is in line with 

previous reports using tetracycline inducible systems with the transactivator rtTA inserted in the 

locus Rosa26, which have shown that the expression of the transgene within tissues where it is 

expressed is patchy (Beard et al., 2006; Dow et al., 2014). Despite the fact that not all the cells 

from a tissue activate the transgene, they are far more abundant than the number of cells that 

efficiently reprogram. The low efficiency of the reprogramming process has been deeply 

investigated in vitro, and it is known that cellular reprogramming is a sequential process, with 

different intermediates stages, and cells need to overcome a series of barriers before reaching 

full pluripotency. It is tempting to speculate that these barriers may be even stronger in vivo, 

where the tissue environment is sending signals prone to differentiation. On the other hand, 

previous results from other groups, in which they failed to ex vivo reprogram somatic cells 

isolated from reprogrammable mice that carried a single copy of the OSKM transgene (Carey et 

al., 2010), suggest that the efficiency of cellular reprogramming may be enhanced in vivo 

compared to in vitro, as we demonstrated that a single copy of the transgene is sufficient to 

reprogram somatic cells in vivo. However, the mouse models used are different and the 

transgene could present different levels of induction, so future studies in this direction are still 

required.  

We also observed that i4F mice that had been treated with doxycycline developed teratomas 

after a variable period of time. These results indicate that the Nanog+ cells observed at short 

time points after OSKM induction are able to survive, proliferate and efficiently differentiate 

into a teratoma. It is interesting to mention that the distribution of teratomas within organs did 

not exactly follow the same pattern as the histopathological changes nor the early 

reprogramming events denoted by the presence of Nanog+ cells. For example, the stomach was 

one of the tissues that presented stronger and faster histological disruption, with many 

dysplastic and dedifferentiating glands and Nanog+ cells, however, only less than 10% of mice 

presented teratomas in the stomach. On the contrary, locations that accounted for higher 

percentages of teratoma formation, such as adipose tissue (45%), liver (25%) or intracranial 
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(25%), were histologically unaffected upon OSKM induction and we were not able to find any 

early reprogramming event, at least under these experimental conditions. A possible explanation 

would be the different behavior of tissues against strange cells. Highly proliferative tissues have 

a better opportunity to eliminate unwanted cells by physiological tissue renewal, while a in 

more quiescent tissue, a single reprogramming event may be sufficient to generate a teratoma. 

Also, the elimination of reprogrammed cells by the immune system may be different from one 

tissue to another. An alternative hypothesis is that the kinetics of the reprogramming process is 

very different from one tissue to another, and in tissues such as liver, although they do not 

present reprogramming events at shorter times, the reprogramming process may have been 

already engaged, and they develop teratomas at later times. Another possibility is that they are 

‘metastatic’ teratomas and that the reprogramming process occurred in another tissue. This is 

reinforced by the fact that we found circulating iPSCs in the bloodstream of i4F mice. These 

iPSCs could engraft and develop teratomas in distant organs or locations where reprogramming 

does not occur. The cell of origin of the circulating iPSCs remains unclear. We demonstrated 

that they can be generated from hematopoietic and non-hematopoetic cells, and the latter 

scenario suggests that circulating iPSCs that have been formed in non-hematopoietic tissues can 

be released into the bloodstream.  

To our knowledge, ours was the first study reporting the acquisition of full pluripotency in 

an adult organism. Later, other authors also reported the formation of teratomas in 

reprogrammable mice after induction of OSKM, although they were not able to isolate 

circulating iPSCs (Ohnishi et al., 2014). Given the fact that they used a chimeric mouse model, 

in which the OSKM transgene was inserted in the Col1a1 locus, the generation of circulating 

iPSCs in their model might be compromised. Of note, in one of the reprogrammable mouse 

models previous to our study, authors also observed the formation of spontaneous (non-

induced) teratomas (Stadtfeld et al., 2010) and they suggested that the inducible system was 

leaky and that cellular reprogramming could have occurred in vivo, however, they did not 

pursue further this observation.  

 

1.3 In vivo reprogramming allows the acquisition of a more plastic pluripotent state 

 

We have demonstrated that when cellular reprogramming occurs in vivo, it allows the 

acquisition of a pluripotent state that is more plastic and closer to the totipotency (Figure 42). 

Several evidences support this in our study. First, teratomas that arose in our i4F mice after 

induction with doxycycline, contrary to standard teratomas, present areas of trophoblast giant 

cells and hemorrhages, resembling placental tissue. Also, the circulating iPSCs isolated from 

the blood of treated i4F mice have an increased ability to differentiate into trophectoderm 

lineage in vitro: first to trophectoderm stem cells and later to giant cells. Moreover, they share 
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some transcriptional similarities to cells from morula stage. In vivo, they can contribute to the 

trophectoderm (TE) lineage when injected into morulas, and even to a functional placenta. 

Finally, i4F mice treated with doxycycline developed cystic structures that, given their 

histological similarities to embryos, we called ‘embryo-like’ structures. Surprisingly, in vivo 

iPSCs isolated from the bloodstream of i4F could also generate ‘embryo-like’ structures when 

injected intraperitoneally into wild type mice, demonstrating that this is a stable cell-

autonomous property that is retained even after being isolated and cultured in vitro.  Altogether, 

these results suggest that the in vivo reprogramming process leads to a pluripotent state that is 

more plastic than standard pluripotency, and it is closer to the totipotent state. 

 

 

 

 

 

 
 
 
 
 
 

Figure 42. In vivo reprogramming leads to a pluripotent state closer to totipotency. Representation of the Waddington’s 
landscape, depicting the loss of potency during development, from a totipotent state to a differentiated cell. In vitro reprogramming 
generates pluripotent cells while in vivo reprogramming leads to a more plastic pluripotent state, called totipotent-like state. 

 

Other groups have also reported the presence or generation of pluripotent cells with 

increased developmental potential. ESCs deficient in DNA methylation (deficient for DNA 

methyltransferase 1 or Dnmt1) present an increased capacity to differentiate into TE both in 

vitro and in vivo, although, in contrast to ours, cells in this study were pre-conditioned to form 

trophectoderm prior to the injection into morula (Ng et al., 2008). Interestingly, in a non-

genetically modified culture of ESCs, a small subpopulation of cells resembling the 2-cell stage 

has been found (Macfarlan et al., 2011). These ‘2C’ cells can efficiently contribute to both 

embryonic and extraembryonic tissues when injected into morulas. Cells with increased 

capacity to differentiate into trophectoderm have also been found within ESC in 2i culture 

conditions (Morgani et al., 2013). The authors used the extraembryonic endoderm marker 

(Hex1) to isolate this ‘totipotent’ subpopulation of cells, which could differentiate into 

embryonic and extraembryonic (trophectoderm) lineages, both in vitro and in vivo, and also at 

the single-cell level. In line with this, it has been demonstrated that during cellular 

reprogramming, OSKM also induces the expression of endodermal genes, leading to the 

generation of not only iPSCs but also induced extraembryonic endoderm stem cells (iXEN) 

(Parenti et al., 2016). Nevertheless, according to the authors, these two OSKM-induced cellular 

outcomes occur in parallel and are competing to each other, and iXEN cells were not derived 
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from pre-existing iPSCs, although they did not assess whether the two cell types were 

interchangeable. Another alternative OSKM-driven cellular outcome is the formation of F-class 

cells, another type of pluripotent cell that is morphologically, transcriptionally and 

epigenetically different to iPSCs (Benevento et al., 2014; Clancy et al., 2014; Hussein et al., 

2014; Lee et al., 2014; Tonge et al., 2014). These studies strongly support the idea that OSKM 

activation in differentiated cells leads to several cellular outcomes, the mechanisms regulating 

these distinct fates are still poorly understood. There are also growing evidences indicating that 

pluripotency is not a fixed condition, but more a ‘metastable’ state, in which cells can fluctuate 

from a more plastic to a more committed state. The concept of pluripotency has evolved in the 

last years. Initially, naïve pluripotency was associated to the ESCs isolated from the pre-

implantation blastocyst and primed pluripotency to the EpiSC, obtained from the post-

implantation epiblast. However, ESCs are now known to be a heterogeneous population of cells, 

presenting a whole spectrum of degrees of pluripotency. Currently, naïve pluripotency is 

associated to the ESCs that have been isolated from the pre-implantation blastocyst and have 

been also cultured with 2i. Also, new types of pluripotency have emerged, as well as stages of 

extended plasticity, closer to a totipotent state. The lack of definitive and conclusive tests to 

functionally assess the potency of the cells has generated great debate in the field. A better 

understanding of these new states and their regulation will define specific and better criteria to 

distinguish them. What has been learned from this, is that developmental potency and cellular 

plasticity are much more complex that we initially considered. 

  



! ! Discussion!

! 121!

PART 2. MECHANISMS INVOLVED IN THE 

 IN VIVO REPROGRAMMING PROCESS 

 

We have demonstrated that the activation of OSKM in vivo leads to dedifferentiation 

processes within tissues that culminate in the reprogramming into full pluripotency. However, 

the mechanisms involved and the physiological processes associated to in vivo reprogramming 

remained to be dissected, which is the objective of this second part. Cellular reprogramming is 

known to be a sequential and progressive process, which involves several steps. Therefore, 

differentiated cells have to overcome a series of developmental barriers in order to become 

pluripotent. Genetic deletion of the tumor suppressors p53, p16INK4a and p19ARF (the latter two 

encoded by the same genetic locus, Ink4a/Arf) is known to remarkably increase the efficiency of 

cellular reprogramming in vitro. To shed some light into the mechanisms involved in cellular 

reprogramming in the adult organism, we generated reprogrammable mice deficient for either 

p53 or Ink4a/Arf, to determine if these tumor suppressor genes also act as barriers for cellular 

reprogramming in vivo. 

 

2.1 p53 limits and Ink4a/Arf promotes in vivo reprogramming through a senescent process  

 

p53, p16INK4a and p19ARF are well-known tumor suppressor genes, the deletion or 

deregulation of which have been extensively associated with cancer. On the other hand, they are 

also known to play important roles in the protection of pluripotent cells from damage as well as 

in the regulation of differentiation. The involvement of p53 and Ink4a/Arf has also been studied 

during cellular reprogramming in vitro. Conditions of an increased expression of these tumor 

suppressor genes, such as extensive cell passage or hypoxia, lead to a decrease in the 

reprogramming efficiency (Utikal et al., 2009). It has also been demonstrated that senescent or 

aged cells, which present higher levels of expression of p16INK4a are less susceptible to undergo 

reprogramming (Li et al., 2009). Cellular reprogramming induces replicative stress, which leads 

to increased expression of p53, p16INK4a and p19ARF (Banito et al., 2009; Kawamura et al., 

2009), as a mechanism to control and limit the damage generated by the expression of the 

reprogramming factors. Indeed, during this process, there is an accumulation of senescent cells, 

that correlates with failed reprogramming events (Banito et al., 2009). Moreover, cells with 

critically short telomeres, fail to reprogram, activating a p53-mediated damage response 

(Marion et al., 2009). In line with this, genetic deletion or downregulation of p16INK4a alone, the 

whole Ink4a/Arf locus, p53 or its main target p21, leads to an increase reprogramming 

efficiency in vitro (Banito et al., 2009; Kawamura et al., 2009; Li et al., 2009; Liu et al.; Marion 

et al., 2009; Utikal et al., 2009). 
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Consistent with these previous evidences, we observed that the absence of p53 leads to an 

increased reprogramming efficiency in i4F mice. This is based in several observations. First, i4F 

mice with only one copy of p53 present an increased efficiency and kinetics of long-term 

teratoma formation compared to i4F mice after treatment with doxycycline. Next, i4F mice with 

homozygous deletion of p53 have a more severe tissue dysplasia, Nanog expression within 

tissues and circulating iPSCs. On the contrary, deletion of Ink4a/Arf leads to a decrease in 

reprogramming efficiency: i4F mice heterozygous for Ink4a/Arf have less teratomas than i4F 

mice; and homozygous deletion of Ink4a/Arf leads to a decrease in the tissue dysplasia, 

reprogramming events and circulating iPSCs. The apparent discrepancy to the previous reports 

regarding the role of Ink4a/Arf during cellular reprogramming had two initial possible 

explanations. The first hypothesis was that Ink4a/Arf played differential roles depending on the 

cell type undergoing reprogramming. The alternative hypothesis was that the role of Ink4a/Arf 

was different depending on whether cellular reprogramming occurred in vitro or in vivo. 

However, by the transplantation of i4F MEFs from the three genotypes into the kidney of wild-

type mice treated with doxycycline, we observed that teratoma formation was increased in the 

absence of p53 and it was impaired in the absence of Ink4a/Arf. This demonstrates that the 

reprogramming context, rather than the cell of origin, determines the differential role of 

Ink4a/Arf, suggesting than Ink4a/Arf promotes reprogramming through another Ink4a/Arf-

associated process. 

p53, p16INK4a and p19ARF also play important roles in the induction of cellular responses that 

are activated upon damage as a mechanism of  cellular protection. Senescence is among these 

damage responses and is characterized by the irreversible cell cycle arrest of the damaged cell, 

and the secretion of cytokines, known as Senescence Secretory Phenotype or SASP, that, among 

other functions, leads to the recruitment of immune cells. Many cellular stresses can trigger a 

senescent response, in which p53, p16INK4a and p19ARF play essential roles, and which results in 

the inhibition of CDK-mediated Rb phosphorylation. We have observed that the activation of 

OSKM in vivo leads to the activation of p53, p21, p16INK4a and p19ARF, consistent with previous 

reports with in vitro reprogramming data (Banito et al., 2009). Moreover, as a result of the 

cellular stress imposed by the induction of OSKM, which are actually considered oncogenes 

and which activate cell proliferation, a population of cells within tissues undergoes senescence, 

which has also been previously described in vitro (Banito et al., 2009). Importantly, we 

observed that senescence coexists with reprogramming within the same tissue environment 

upon induction of OSKM: dysplastic glands of the stomach present patches of reprogrammed 

cells in close proximity to senescent cells.  

Moreover, we also observed a strong correlation between the extent of senescence and the 

degree of reprogramming, as i4F mice deficient for p53 present an increased amount of 

senescent cells (marked by SAβG or p21) and the associated infiltration of macrophages, 
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whereas mice deficient for Ink4a/Arf present minimal amounts of senescence and macrophages 

infiltration. The same correlation was also observed for the activation of the main pathways 

involved in SASP, such as p65 (NFκB pathway), pSTAT3 (JAK/STAT pathway) and P-

SMAD2 (TGFβ pathway), as well as the expression of cytokines, chemokines and extracellular 

matrix remodeling factors associated to SASP. The increased SASP response in p53-null i4F 

mice is in agreement with previous reports showing that deletion of p53 results in an 

exacerbated SASP (Coppé et al., 2008). Interestingly, the OSKM-mediated induction of two of 

the SASP cytokines, IL6 and TNFα, could also be detected at the total serum levels, and this 

induction was more prominent in the absence of p53. OSKM activation also induces cell 

proliferation and this proliferation was increased in a context of p53 deficiency. We also 

observed that OSKM-induced DNA damage was higher in the absence of p53, which suggests 

that tissues lacking p53 cannot protect themselves from the damage induced by OSKM. Also, 

this damage is expanded within the tissue due to the amplified cell proliferation and ultimately 

leads to increased apoptosis or senescence, both processes being, in this context, independent of 

p53. In contrast, the opposite outcome was observed upon OSKM in the absence of Ink4a/Arf, 

which resulted in a decreased senescence, mild activation of SASP pathways and induction of 

SASP cytokines and less infiltration of macrophages. These results indicate that OSKM-driven 

senescence is mediated by Ink4a/Arf and is independent of p53. Moreover, the observed 

increase in p21 expression in a context of p53 deficiency suggests, that, on one hand, p21 is 

induced independently of p53 and that, on the other hand, p21 could be also playing a role in the 

induction of OSKM-driven senescence through the inhibition of CDK2. i4F mice deficient for 

Ink4a/Arf also showed lower levels of cell proliferation, DNA damage and apoptosis, compared 

to i4F mice. These differences cannot be explained by p53 function, as both lines, i4F and 

i4F;Ink4a/Arf-null, have a functional p53 gene, and the lack of p19ARF would lead to a 

decreased p53 function through the inhibition of Mdm2. In the specific case of apoptosis, a 

possible explanation would be an impairment of this process due to the lack of Ink4a/Arf, given 

the reported role of p16INK4a in the induction of apoptosis (Katsuda et al., 2002; Kim et al., 

2000; Minami et al., 2003). However, the decreased proliferation and DNA damage observed in 

Ink4a/Arf deficiency suggests an indirect role of senescent cells in promoting these processes in 

a paracrine manner. 

 

2.2 OSKM-induced senescence promotes cellular reprogramming 

 

Having demonstrated that OSKM activation in vivo leads to two divergent cellular outcomes, 

we investigated the interplay between them. By pharmacological increase (treatment with 

palbociclib) or decrease (treatment with navitoclax) in the amount of senescence upon OSKM 

induction, we observed that senescent cells enhance reprogramming of their neighboring cells. 
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Senescent cells are known to secrete soluble factors (SASP) with autocrine and paracrine 

pleiotropic functions. Among these functions, the SASP is involved in the recruitment of the 

immune system in order to eliminate senescent cells, and also in the induction of paracrine 

senescence. With the aim of investigating whether senescent cells induced reprogramming 

through the secretion of SASP components, we used an inhibitor of IKK to block the NFκB 

pathway, one of the main pathways involved in the expression of the SASP factors. Blockade of 

NFκB in vivo resulted in decreased reprogramming and senescence. Among all the cytokines 

involved in the SASP, we discovered that interleukin-6 (IL6) is one of the main players. 

Treatment with anti-IL6 antibodies decreased reprogramming of i4F mice, even in the extreme 

case of p53 deficiency. Inversely, treatment with recombinant IL6 increased the extent of in 

vivo reprogramming. The role of IL6, secreted by senescent cells, in enhancing reprogramming 

can also be recapitulated in vitro. IL6, together with LIF, oncostatin M, Interleukin-11, ciliary 

neurotrophic factor and cardiotrophin-1, belongs to the family of cytokines that bind to the 

gp130 receptor and activate JAK/STAT pathway. JAK/STAT is one of the main signaling 

pathways involved in the maintenance of stemness, and in pluripotent cells is activated by LIF, 

which is added to the culture medium. Interestingly, it was already reported that during cellular 

reprogramming in vitro, there is an upregulation of IL6, to a higher extent than the upregulation 

of LIF (Brady et al., 2013). Moreover, in agreement with our results, these authors 

demonstrated that addition of IL6, but not LIF, increased the reprogramming efficiency and 

could even substitute c-Myc from the reprogramming cocktail (Brady et al., 2013). They also 

showed that the effect of IL6 in vitro reprogramming was through its downstream target PIM1, 

which again reinforces our results, in which we demonstrated that inhibition of PIM kinases 

reduces the extent of in vivo reprogramming.  

The activation of the JAK/STAT pathway is essential for pluripotency. However, the two 

main activators that have been related to pluripotency and reprogramming, LIF and IL6, bind to 

different and specific receptors, LIFR and IL6R respectively, which together with gp130, 

activate the JAK/STAT cascade. They seem to play differential functions in pluripotency: while 

IL6 is required to promote the initial phases of reprogramming, LIF seems to play a minimal 

role (Brady et al., 2013). However, LIF is essential for the maintenance of the pluripotent state, 

and other cytokines of the family that also bind to the LIFR, such as oncostatin M (Rose et al., 

1994), cardiotrophin-1 (Pennica et al., 1995) and ciliary neurotrophic factor (Conover et al., 

1993), have been shown to maintain the stemness of ESCs. Interestingly, ESC lack the IL6R 

and the cytokine IL6 can only maintain the pluripotent state when expressed together with the 

soluble form of IL6R (sIL6R) (Nichols et al., 1994).  

Altogether, our results demonstrate that senescent cells, through secreted SASP factors and 

in particular, IL6, promote the reprogramming of neighboring cells. Another group has recently 

confirmed the essential role of senescent cells and their secretion of IL6 to promote in vivo 
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reprogramming (Chiche et al., 2016). On the other hand, our results clarify and strengthen the 

differential roles of p53 and Ink4a/Arf in cellular reprogramming. Both tumor suppressor genes 

act as cell-autonomous barriers for reprogramming, however, they play differential additional 

and dominant cell-extrinsic roles through the induction of senescence. p53 limits OSKM-

induced senescence, therefore acting as a barrier for reprogramming through both cell-intrinsic 

and cell-extrinsic mechanisms. On the other hand, Ink4a/Arf is required for OSKM-induction of 

senescence and secretion of IL6, demonstrating that it acts as a cell-extrinsic promoter of 

reprogramming. It remains still unclear why this cell-extrinsic role of Ink4a/Arf, that appears to 

be dominant in vivo, is not so prevalent in vitro, as demonstrated by the higher efficiency of 

cells deficient for Ink4a/Arf to undergo in vitro reprogramming. In this regards, it is important 

to mention that during in vitro reprogramming, there is an addition of LIF to the culture 

medium. We hypothesize that, although Ink4a/Arf deficient cells have an impaired IL6 

secretion, exogenous LIF in the medium could be compensating for IL6 deficiency.  

Senescence, like Ink4a/Arf, also plays dual roles in reprogramming, acting as a cell-intrinsic 

barrier but as a cell-extrinsic promoter of the process. The induction of senescence during 

reprogramming was already reported (Banito et al., 2009), as the activation of OSKM inflicts a 

strong damage to the cells, which ultimately results in senescence. Senescent cells are not able 

to undergo reprogramming, therefore acting as a cell-autonomous barrier. However, we 

demonstrated that senescence plays an additional cell-extrinsic role by promoting cellular 

reprogramming in a paracrine manner. This unexpected role of senescent cells fits well in the 

context of the multiple paracrine functions already reported by these cells. Among these 

functions, factors secreted by senescent cells induce senescence in a paracrine manner as well as 

recruit immune cells to eliminate the senescent cells. Other paracrine functions of senescent 

cells are to promote apoptosis (Wajapeyee et al., 2008), angiogenesis (Coppé et al., 2006), alter 

differentiation (Parrinello et al., 2005) and promote the tumorigenic growth of epithelial cells 

(Krtolica et al., 2001). As inferred from these pleiotropic functions of senescent cells on their 

tissue environment, senescence plays important divergent roles in different pathologies. In 

cancer processes, for example, the induction of senescence in malignant cells limits tumor 

formation (Wajapeyee et al., 2008), and the recruitment of the immune system will contribute to 

the clearance of senescent cells (Xue et al., 2007). On the contrary, senescence can also promote 

tumor progression by the induction of cell proliferation and angiogenesis (Coppé et al., 2006; 

Krtolica et al., 2001). Senescence is involved in many other pathologies (Muñoz-Espín and 

Serrano, 2014) and it has been also related to the progressive loss of tissue function during 

aging.  

We have underscored a new role of senescence in promoting reprogramming in vivo, 

however, the involvement of other processes associated with senescence, such as inflammation, 

requires further investigation. Indeed, from the in vivo work, we cannot separate senescence 
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from inflammation as both processes occur parallel to reprogramming. The in vitro assays, 

however, indicate that at least senescence per se, uncoupled from inflammation, promotes 

reprogramming. Nevertheless, an additional positive role of the immune system on in vivo 

reprogramming would be plausible, given the fact that many of the SASP cytokines, including 

IL6, are also secreted by the immune cells, the secretion of which could enhance the positive 

effect of senescence on reprogramming. Another interesting observation from our study is that 

in vivo reprogramming is also associated with increased levels of apoptosis. Apoptosis, like 

senescence, is a cellular response to damage and is also associated with a secretion of cytokines 

by the apoptotic cells that exert paracrine functions to maintain tissue homeostasis upon injury, 

such as promoting proliferation, migration and differentiation of neighboring cells (Boland et 

al., 2013). However, whether apoptosis also regulates in vivo reprogramming or is a mere side 

effect of the activation of the OSKM remains to be further investigated. Treatment of i4F mice 

with navitoclax, which induces apoptosis of senescent cells, led to a decreased reprogramming, 

suggesting that apoptosis during reprogramming is less relevant than senescence. Altogether, 

this new role of senescence in promoting reprogramming in vivo may have important 

implications in several pathologies in which senescence is involved; however, a better 

understanding of the pathways and mediators is required and will serve to orientate future 

studies in this direction. 

 

2.4 Tissue injury and aging enhance cellular reprogramming 

 

To strengthen the impact of senescence in actively promoting in vivo reprogramming, we 

evaluated biological conditions associated with increased senescence, such as tissue injury or 

aging. We inflicted exogenous injury to the lungs with bleomycin and observed that the lungs, 

which is a tissue highly resistant to reprogramming under normal induction conditions, were 

able to undergo in vivo reprogramming, concomitantly to the expected increase in tissue damage 

and senescence. Our results have been confirmed by a more recent report which demonstrated 

that muscle injury is necessary for the reprogramming of this tissue (Chiche et al., 2016). This 

suggests that a possible reason why tissues of our i4F mice in which the OSKM transgene is 

properly expressed but never get reprogrammed, could be the lack of OSKM-induced damage 

and the subsequent induction of senescence. The mechanisms of protection against OSKM-

induced damage might be different amongst tissues, therefore having an important influence on 

reprogramming. 

It still remains to be elucidated whether the induction of reprogramming and the generation 

of pluripotent cells have beneficial effects in the regeneration of the lungs. Results from others 

(Ohnishi et al., 2014) and us suggest that, after the induction of pluripotency within tissues, only 

a minority of cells generate a teratoma, while many other cells that had reached full 



! ! Discussion!

! 127!

pluripotency differentiate again into the specific cells from the tissue, which eventually recovers 

its normal architecture and homeostasis. Indeed, reprogrammed cells are rare and usually 

surrounded by many differentiated cells within the tissue, which will presumably impose their 

cellular commitment through micro environmental cues that will direct the differentiation of the 

reprogrammed cells towards the cell of origin. It is reasonable to speculate that, after the tissue 

damage inflicted by bleomycin, the cellular fate of the reprogrammed cells is to replenish and 

substitute the damaged cells, in order to repair the tissue and be able to maintain its function. 

Moreover, there are growing evidences in the field suggesting that during tissue repair, 

specialized cells undergo dedifferentiation to acquire a more plastic or progenitor state, which 

will produce the differentiated cells required to replace the damaged ones. These processes not 

only occur in lower vertebrates with enhanced regeneration abilities, which has been deeply 

investigated over the years (He et al., 2014; Jopling et al., 2010; Maki et al., 2009; Suetsugu-

Maki et al., 2012; Zhang et al., 2013), but also in mammals. Transplantation experiments have 

shown that bone marrow cells can contribute to regeneration processes in vivo by generating 

muscle cells (Ferrari, 1998; Gussoni et al., 1999), neurons (Mezey et al., 2000), oval cells in the 

liver (Petersen et al., 1999), pancreatic cells (Hess et al., 2003), and skin cells (Badiavas et al., 

2003). Other examples of these dedifferentiation processes within tissues upon injury have been 

reported for the lungs (Tata et al., 2013), heart (Ubil et al., 2014), kidney (Kusaba et al., 2014), 

liver (Yanger et al., 2013) pancreas (Thorel et al., 2010) and retina (Sanges et al., 2013) and 

they are thought to promote tissue repair and regeneration.  

Other important players in the promotion of reprogramming by the damage-induced 

senescence have also been previously related to regeneration processes. This is the case of IL6, 

which is known to play essential roles in wound healing (Gallucci et al., 2000; Lin et al., 2003; 

McFarland-Mancini et al., 2010) and liver regeneration (Cressman et al., 1996; Drucker et al., 

2010; Peters et al., 2000). In our study we have demonstrated that damaged cells secrete IL6, 

which reinforces the reprogramming of neighboring cells. The involvement of IL6 in liver and 

wound regeneration processes could feasibly be through the promotion of dedifferentiation 

processes. Another line of evidences supporting the possible contribution of reprogramming-

like processes in tissue regeneration is p53, the downregulation of which has been reported to be 

essential at the initial stages of regeneration in salamander limbs (Yun et al., 2013), swine skin 

(Antoniades et al., 1994), and in mammalian liver (Stepniak et al., 2006) and nervous system 

(Charni et al., 2016). Although these results have been associated with cell-cycle re-entry and 

increased cell proliferation, a possible role of p53 deficiency in the induction of 

dedifferentiation processes cannot be formally excluded. Moreover, deficiency of p53 has been 

reported to enhance wound healing (Nakade et al., 2004) while increased p53 levels have been 

reported to impair this regenerative process (Gannon et al., 2011). Similarly, p21 has also been 

linked to regeneration processes, which have been reported to be enhanced upon p21 deletion or 



! ! Discussion!

! 128!

downregulation (Arthur and Heber-Katz, 2011; Bedelbaeva et al., 2010; Stepniak et al., 2006). 

On the other hand, Ink4a/Arf expression has been found in the latter stages of regeneration 

processes and has been associated to a restriction of cell proliferation in Schwann cells (Gomez-

Sanchez et al., 2013) and β islets (Chen et al., 2009; Krishnamurthy et al., 2006). Deletion of 

Ink4a/Arf has been reported to impair β cell regeneration, but, interestingly, only in aged mice, 

which could suggest that other age-dependent processes could also be playing a role 

(Krishnamurthy et al., 2006). Senescent cells are known to be generated upon tissue injury, 

however, they have been reported to play differential roles in tissue repair processes depending 

on the biological context. For instance, senescence is known to be detrimental in lung fibrosis 

(Aoshiba et al., 2013; Shivshankar et al., 2012) due to the accumulation of senescent cells and 

chronic inflammation. However, it has been reported to have beneficial effects in restricting 

fibrosis in liver (Krizhanovsky et al., 2008), kidney, skin (Jun and Lau, 2010) heart (Zhu et al., 

2013) and cutaneous wound healing (Jun and Lau, 2010). Senescence is also known to play an 

important role in salamander limb regeneration (Yun et al., 2015) and elimination of senescent 

cells in mammals has been shown to impair wound healing (Demaria et al., 2014). In all these 

scenarios, further investigations would be required to assess whether senescent cells promote 

regeneration through the induction of dedifferentiation process in a paracrine manner. Indeed, a 

recent report shows that partial reprogramming improves muscle and pancreatic regeneration in 

old mice (Ocampo et al., 2016). 

Finally, in our study we have also demonstrated that in vivo reprogramming is enhanced in 

aged mice. Aging is characterized by a systemic accumulation of senescent and damaged cells 

that are not properly cleared from the organism. Aging, like damage, is known to be a cell-

autonomous barrier for reprogramming, however, successful generation of iPSCs have been 

reported from centenarian donors (Lapasset et al., 2011) as well as patients with accelerated 

aging due to diseases such as Cockayne syndrome, xeroderma pigmentosa, ataxia telangiectasia 

among others (Soria-Valles and López-Otín, 2016). As reprogrammed cells exhibit elongated 

telomeres, reduced oxidative stress and acquisition of full pluripotency, they can be considered 

‘younger’ than the original cells, however, they maintain the genetic alterations from their 

parental cells, which makes them a suitable tool for studying the molecular mechanisms 

associated to the pathology. Accumulation of senescent cells in aging has been associated to a 

decline in tissue functionality. Indeed, elimination of p16+ senescent cells has been reported to 

ameliorate age-related pathogenicity in several tissues and increase healthspan (Baker et al., 

2011), suggesting that the accumulation of senescent cells has detrimental effects. On the other 

hand, we have now demonstrated that aged cells, despite being less susceptible to undergo 

reprogramming themselves, promote the reprogramming of other cells, and this cell-extrinsic 

effect plays a dominant role in vivo. At the time of this study, it remained unclear yet whether 

the increase in reprogramming or dedifferentiation will improve tissue function in aged 
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individuals. However, it was later reported that partial reprogramming can ameliorate age-

specific phenotypes (Ocampo et al., 2016). In this scenario, the role of senescent cells in aged 

tissues has not been addressed, although it could be beneficial by promoting an increase in 

progenitors or more plastic cells. Nevertheless, it is important to bear in mind that other 

processes, which could be playing a relevant role, might be impaired in aged organisms, such as 

the functionality of immune system, and consequently the proper clearance of senescent cells, 

the tissue remodeling or the efficient function of progenitor cells in the cellular replacement. It 

would be conceivable to think that the presence of senescent cells is beneficial only in specific 

moments, where they act as promoters of cellular dedifferentiation. However, a proper immune 

clearance of these senescent cells at later time points is also important to reestablish normal 

tissue homeostasis and function, and this could be impaired in aged tissues leading to aberrant 

accumulation of no-longer-needed senescent cells. Also, it is possible that dedifferentiated cells 

are not able to replace damaged cells within aged tissues, due to possible defects in extracellular 

matrix remodeling, or clearance of damaged cells. In conclusion, we have underscored an active 

role of aging in promoting reprogramming. Similar studies have later analyze the consequences 

of inducing reprogramming-like events in aged organisms and have demonstrated that they have 

beneficial effects as they induce a partial rejuvenation of tissues.  

 

2.4 Concluding remarks 

 

We have demonstrated that the in vivo activation of OSKM not only leads to reprogramming 

and dedifferentiation of a small population of cells within tissues, but also induces cellular 

damage in many other cells, that will undergo senescence (Figure 43). These two processes, 

reprogramming and senescence, coexist in the same tissue environment and there is a crosstalk 

between them. By several pharmacological manipulations, we have observed that senescent 

cells promote the reprogramming of their neighbors by secreted factors, being IL6 a key player 

(Figure 43).  

 

 

 

 

 

!
Figure 43. Representations of the interplay between the two OSKM-induced processes: senescence and reprogramming 
Activation of OSKM in vivo induces damage and reprogramming. Damaged cells secrete IL6 that promote the reprogramming of 
neighboring cells and we speculate that these reprogrammed cells might promote tissue repair. 

 

We have also demonstrated that the OSKM-mediated induction of senescence and the 

secretion of IL6 by damaged cells require a functional Ink4a/Arf locus. On the other hand, in 
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p53 deficiency, cells suffer unrestrained damage, with increased senescence that will lead to 

enhanced in vivo reprogramming. Finally, biological contexts of increased senescence and 

damage, such as tissue injury or aging, also promote the process of cellular reprogramming in 

vivo (Figure 43), which could have important implications for tissue repair process. 
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1. Cellular reprogramming is possible within adult organisms  

1.1 The in vivo activation of the four Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc or 

OSKM) leads to cellular dysplasia and hyperplasia in pancreas, stomach and intestine. 

1.2 Concomitant to the histological alterations, cells within tissues suffer a process of 

dedifferentiation, in which they progressively lose their identity. This process 

culminates in a complete cellular reprogramming, in which cells reach full pluripotency. 

Moreover, some of the reprogrammed cells within tissues are able to survive, proliferate 

and differentiate into teratomas. 

1.3 Reprogramming occurs in epithelial cells from various tissues, including pancreas, 

stomach, intestine and kidney, and it also occurs in cells from the hematopoietic system. 

1.4 In vivo reprogramming generates circulating iPSCs, which can be isolated from the 

bloodstrem, cultured and expanded in vitro. These in vivo-generated iPSCs are bona 

fide pluripotent stem cells and are transcriptionally more similar to ESCs than in vitro-

generated iPSCs. 

1.5 In vivo iPSCs share some transcriptional similarities to blastomeres from the morula 

and have an increased ability to differentiate into extraembryonic tissues, such as 

trophectoderm, both in vitro and in vivo. Moreover, in vivo reprogramming generates 

‘embryo-like’ structures, suggesting that this process allows the acquisition of a more 

plastic state, closer to totipotency. 

 

2. Tissue damage and senescence enhance in vivo reprogramming 

2.1 The activation of OSKM in vivo leads to two divergent cellular outcomes: 

reprogramming and senescence, which coexist in the same tissue environment. 

2.2 Senescent cells enhance the reprogramming of their neighboring cells through secreted 

factors, being Interleukin-6 (IL6) a key mediator of this crosstalk. 

2.3 OSKM-induced senescence and the secretion of IL6 by damaged cells require a 

functional Ink4a/Arf locus, and these processes are exacerbated in a p53 deficient 

context.  

2.4 Biological contexts characterized by an accumulation of damaged and senescent cells, 

such as tissue injury and ageing, promote in vivo reprogramming. Therefore, tissues 

refractory to in vivo reprogramming can undergo reprogramming if they are previously 

injured. 

2.5 Ink4a/Arf, damage and ageing play dual roles in cellular reprogramming: on one hand 

they are cell-intrinsic barriers for reprogramming, while, on the other hand, they are 

critical positive promoters of the process through cell-extrinsic mechanisms. 
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1. La reprogramación celular es posible en un organismo adulto  

1.1 La activación in vivo de los cuatro factores de Yamanaka (Oct4, Sox2, Klf4 y c-Myc o 

OSKM) produce displasia celular e hiperplasia en páncreas, estómago e intestino. 

1.2 Además de las alteraciones histológicas, las células de los tejidos sufren un proceso de 

desdiferenciación, mediante el que pierden progresivamente su identidad. Este proceso 

culmina en una reprogramación celular completa, en el que las células alcanzan la 

pluripotencia total. Además, algunas de las células que se reprograman en los tejidos, 

son capaces de sobrevivir, proliferar y diferenciarse, generando teratomas. 

1.3 La reprogramación ocurre en células epiteliales de varios tejidos, incluyendo el 

páncreas, estomago, intestino y riñón, así como en células del sistema hematopoyético. 

1.4 La reprogramación in vivo genera iPSCs en el torrente sanguíneo, que pueden aislarse, 

cultivarse y expandirse in vitro. Dichas iPSCs generadas in vivo son células madre 

pluripotentes bona fide y son transcripcionalmente más similares a las ESCs que las 

iPSC generadas in vitro. 

1.5 Las in vivo iPSCs comparten algunos rasgos transcripcionales con los blastómeros de 

las mórulas y poseen una mayor capacidad de diferenciación a tejidos 

extraembrionarios, como el trofectodermo, tanto in vitro como in vivo. Además, la 

reprogramación in vivo genera estructuras ‘pseudo-embrionarias’, sugiriendo que dicho 

proceso permite la adquisición de una mayor plasticidad celular, más próxima a la 

totipotencia. 

 

2. El daño tisular y la senescencia favorecen la reprogramación in vivo  

2.1 La activación de OSKM in vivo produce dos destinos celulares divergentes: 

reprogramación y senescencia, que coexisten en el mismo microambiente tisular. 

2.2 Las células senescentes favorecen la reprogramación de las células vecinas mediante la 

secreción de factores, siendo la Interleucina-6 (IL6) un mediador clave de dicha 

comunicación.  

2.3 La senescencia inducida por OSKM y la secreción de IL6 por las células dañadas 

requiere de un locus Ink4a/Arf funcional, y ambos procesos están exacerbados en 

ausencia de p53. 

2.4 Contextos biológicos caracterizados por una acumulación de células dañadas y 

senescentes, como el daño tisular o el envejecimiento, favorecen la reprogramación. De 

esta manera, tejidos refractarios a la reprogramación in vivo, pueden reprogramarse si 

son previamente dañados. 

2.5  Ink4a/Arf, daño y envejecimiento juegan dos papeles distintos en la reprogramación: 

por un lado son barreras para la reprogramación intrínsecas a la propia célula, mientras 

que por otro lado, promueven este proceso mediante mecanismos extrínsecos. 
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