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Abstract  The cellu lar differentiation process involves complex genetic, epigenetic and signaling pathways 

systems. The analysis of a specific model of cellular differentiation may contribute to understand the global 

mechanisms. The cellular differentiation process based on the experimental reprogramming of somatic cells 

(terminally differentiated cells) to induced pluripotent stem cells (iPSCs) can be used a study model of cellular 

differentiation. The cellular differentiation process includes constitutive changes in DNA damage response, 

chromatin remodeling, nuclear receptors, cell cycle regulation, apoptosis induction, cell adhesion and motility 

changes, immune recognition, metabolism routes, intercellular communication  and in response to environment 

signals. It also includes the acquisition of changes into specialized cell subphenotypes as changes of shape, 

overproduction of organelles, suborganelles, control position of the mitotic spindle, preferential-transit signaling 

pathways and production of biomolecules with specialized functions. Different temporo-spatial genetic/epigenetic 

gene expression patterns and translational and posttranslational processes have been shown in the reprogramming of 

somatic cells. We analyze the main phenotype changes from fibroblast to iPSC (in cell cycle and cell 

adhesion/motility) to come after reprogramming, and use these changes as a model of cellular differentiation process. 
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1. Introduction

The cellular differentiat ion is a complex process that 

most living cells fulfill. Within  de main cellular functions, 

the differentiation process is the less known subcellular 

and molecular mechanism. In the last decade, new 

knowledge has been unveiled about differentiat ion cell 

programs. 

For mammalian  cells, the decision to exit or enter in the 

differentiated mode is based on environmental extra 

cellu lar signals and cell-cell contact, as well as internal 

differentiation programs. Differentiation cellu lar programs 

are tightly related to asymmetrical cell div ision, cell-cycle 

exit, and to a resting state. Intracellu lar signaling cascades 

upregulate specific t ranscription genes that promote 

differentiation, and antagonize prolife ration. 

Cellu lar d ifferentiation process is practically universal 

among the living organisms, the use of simple models has 

been required to begin its understanding. Embryonic stem 

cells and progenitor cells  differentiat ion have been the 

main cellular models to understand the mechanisms 

regulating cell d ifferentiation. Other models have been 

used to accomplish this goal, particu larly two  cell models:  

somatic stem cells differentiation in development and 

somatic cells transdifferentiation.  

Genetic model system Drosophila using stem cell-like 

neuroblasts which generate the brain, is probably, the best 

known eukaryotic differentiat ion model of stem (neural) 

cell b iology. Mammalian transdifferentiation model in  

mediator cells o f innate and adaptive immune response, 

particularly dendritic cells and CD8+ T cells 

differentiation is one of the best known in humans. 

Recently, the human induced pluripotent stem cells model 

has revealed a great deal of genetic/epigenetic clues of the 

cellu lar d ifferentiation process. 

 In this minireview, we highlight the current 

understanding of different steps  and subphases of the 

cellu lar differentiat ion process  using the somatic cells 

reprogramming model. 

2. Human Induced Pluripotent Stem
Cells Model to Understand the Cell 

Differentiation Process 

Tissue homeostasis and repair upon injury  depend on 

the regenerative capacity of distinct tissue-specific adult  

stem cell populations, as well as on renewal and 

differentiation process. Numerous intrinsic signals as well 

as micro-environmental cues from their niche allow stem 

cells to maintain genetic and epigenetic marks enabling 

their self-renewal [1]. 

The two classic major strategies to direct the fate of cell 

types are directed differentiation (in which cultured 

pluripotent stem cells are coaxed through a series of steps 
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that are usually designed to mimic those that produce the 

desired cell type in vivo), and reprogramming or 

transdifferentiation. In reprogramming strategy, one fully 

differentiated cell type can be converted directly in vitro 

into another without a multipotent or pluripotent 

intermediate. More recently, the find ing that adult somatic 

cells can be reprogrammed to a pluripotent state 

demonstrated that drastic alterations in cell fate could be 

achieved with  a combination  of “reprogramming factors” 

[2]. During the conversion of somatic cells into 

pluripotent stem cells, the cells undergo dramatic 

epigenetic reprogramming and have the potential to 

differentiate into all cell types of a mammalian organis m, 

including germ cells (under defined culture conditions  in 

vitro) [3,4]. 

One recent experimental model to understand the 

cellu lar differentiat ion process is based on the 

reprogramming of somatic cells (terminally d ifferentiated 

cells) to the induced pluripotent stem cells, by ectopic 

expression of defined transcription factors. In 2006, 

Takahashi and Yamanaka published their milestone 

strategy to reprogram somatic mammalian cells to induced 

pluripotent stem cells (iPSCs) by over-expression of only 

four transcription factors, OCT4, SOX2, KLF4 and MYC 

(OSKM) [5,6]. These transcription factors are powerful 

modulators of pluripotent states and are preferentially  

expressed and play essential roles in both early embryonic 

development and maintenance of embryonic stem cells. 

Many studies have demonstrated that mouse and human 

iPSCs are morphologically, functionally and molecularly  

highly similar to their respective embryo-derived 

embryonic stem cells (ESCs) counterparts at the level of 

transcription and genome-wide d istribution of chromatin  

modifications. Therefore, these transcription factors 

erased the somatic programme and established the 

pluripotent capabilit ies. The iPSC technology has opened 

the amazing prospect of autologous regenerative medic ine, 

and has revolutionized the fields of development b iology 

and aging [3]. 

Despite the development of the use of OSKM -method, 

OSKM can be substituted by other factors under certain 

circumstances, which thus replace the OSKM functions in 

the conversion of differentiated cells into iPSCs  [7]. 

However, by using any of the methods, only a small 

percentage iPSCs are obtained. It is now believed that the 

low efficiency of reprogramming is attributable to 

epigenetic memory and tumor suppressor gene hurdles. 

Extrinsic signals can modulate reprogramming as various 

others combinations of transcription factors and small 

molecules (ep igenetic drugs) in relation  to the 

transcriptional network of pluripotent cells  [8, 9]. 

While reprogramming somatic cells to iPSCs with 

OSKM in cu lture dish, only  few of somatic ce lls convert 

to the pluripotent state within  1 to 2 weeks, even when 

most of the cells are induced to express all the 

reprogramming factors- OSKM. The number of faithfully  

reprogrammed colonies remains low relative to the 

number of divid ing cells (3-5%) in the culture d ish (Figure 

1). Probably the degree of differentiat ion of somatic  cells 

in a lineage influences the efficiency and kinetics of the 

process [10]. 
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Figure 1. Reprogramming from somatic cells to induced pluripotent stem cells, by means of Takahashi and Yamanaka system [6,7] 

Different studies in reprogramming have let expand our 

knowledge of how t ranscriptional networks and epigenetic 

modifications affect cell fate [11]. Vast quantities of data 

about reprogramming to pluripotency studies using 

“omics” technologies have been the documentary 

relational database of the cellular d ifferentiation cellu lar 

steps. Particularly, the use of various tetracycline-

inducible expression systems and live imaging analyses, 

has had a huge impact on mechanistic studies [8,12]. 

Normal or altered t ranscriptional regulat ion in higher 

eukaryotes drives to physiological programming or 

reprogramming process. Several mechanisms fall under 
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the banner of the epigenetic machinery, changes in 

processes such as DNA methylation, histone 

modifications, and microRNA expression. Their 

alterations lead to temporal or permanent changes in the 

expression of genes that regulate the cell phenotype, such 

as cellular growth and cellular adhesion [13]. The 

generation of iPSCs is slow, with failure of a fu ll and 

uniform process and have the risk of teratoma formation, 

e.g. when immunodeficient mice were in jected with iPSCs, 

some of them had well-fo rmed teratomas [10]. 

Not only genetic informat ion but also epigenetic 

informat ion is replicated through each cell cycle, and each 

genomic organizat ion regions is replicated at a specific 

time in S phase. Our mechanistic unders tanding of 

epigenetic processes leading to cell fate changes is still 

limited, but the breathtaking speed of new discoveries in 

the field of reprogramming will surely fill this gap. The 

transcription factor-induced reprogramming to the iPSCs 

state erases the somatic program and established the ESC-

like transcriptional network to confer pluripotent 

capabilit ies. It is now believed that the low efficiency of 

reprogramming is attributable to epigenetics hurdles 

(repressive chromatin states) that are only overcome 

infrequently. 

Cell fates during development or reprogramming 

processes are neither restrictive nor irreversible. Distinct 

states of pluripotency or unipotency can interconvert 

through the modulation of both cell-intrinsic and 

exogenous factors. Various  extrinsic signals can modulate 

reprogramming and even affect the activity of the 

reprogramming factors, demonstrating the close 

relationship of extrinsic and intrinsic pathways in 

regulating reprogramming and cell identity [8,14,15]. The 

iPSCs obtained by reprogramming show a wide variety of 

molecular changes with part ial reprogrammed cells , and 

cells that are close to their final destination 

(reprogrammed state). 

Mechanisms underlying epigenetic regulation play a 

critical ro le in the cellular differentiat ion. Ep igenetic 

modifications regulate gene expression and define cellular 

identity. These modificat ions form the basis of cellu lar 

differentiation, through imposing memories upon the cells 

that determine both lineage specification and potential for 

production of specific cell types. Reprogramming can be 

considered to mimic the “resetting” that occurs during 

meiosis and fertilizat ion, which allows the formation of a 

new indiv idual from two o lder individuals  [16,17]. 

Reprogramming field has demonstrated that 

differentiation is not a determin istic dead-end process but 

one that can be reverted experimentally. Reprogramming 

has been considered a central methodology for the 

understanding of cell d ifferentiation/specialization, 

developmental processes, aging and aging-related 

disorders  [3,18,19]. 

3. Subphenotypes Changes During the 
Cell Differentiation Process 

Stem cells are characterized  by self-renewal and the 

capacity for differentiation. Plu ripotent cells have the 

ability to form all somat ic lineages, and the first 

pluripotent cell lines were derived from a germline tumor 

(teratocarcinoma). The generation o f lines of embryonic 

stem cells from human embryos came less than a decade 

later, but more recently the generation of induced 

pluripotent stem cells has been successful. Stem cells or 

iPSC have biological dynamical-systems such as 

oscillatory gene expression; expression levels can describe 

the transition state between stem and differentiated cells 

[20]. 

The maintenance of tissue specific stem cell involves an 

exquisite balance between microenvironmental cues and 

cell autonomous signals. Indeed, the integration of 

extrinsic (e.g. leukemia inhib itory factor-LIF, bone 

morphogenetic protein 4-BMP4) and intrinsic signals is 

required to preserve self-renewal and tissue regenerative 

capacity of adult stem cells  [10, 21]. The LIF signaling 

pathways leads to phosphorylation of STAT3, and BMP4 

induced the expression of Id  genes to suppress 

differentiation. Human ESCs (hESCs) require the 

fibroblast growth factor 2 and activin/nodal signaling 

pathways for proliferation maintenance [22]. 

The cellular differentiation process includes 

constitutive changes in DNA damage response [23] , 

chromatin  remodeling [24], nuclear receptors [25], cell 

cycle regulation [26], apoptosis induction [23,27], cell 

adhesion and motility changes  [28,29], immune 

recognition, metabolis m routes  [27], intercellu lar 

communicat ion, and in response to environment signal 

(e.g. chemosensitivity) [15]. It also includes the 

acquisition of changes into specialized  cell subphenotypes 

as changes of shape, overproduction of organelles and 

suborganelles, control position of the mitotic spindle [30], 

preferential-transit signaling pathways and production of 

biomolecules with specialized functions [1,8]. Different 

genetic and epigenetic regulation of gene expression 

patterns takes place at several different levels of the 

transcriptional, translational and posttranslational 

processes. Both iPSCs and ESCs showed a tendency for 

gains at chromosomes 12 and 17, whereas iPSCs had 

additional gains at chromosomes 1 and 9, and ESCs at 

chromosomes 3 and 20. The number and size of these 

copy number variants (CNVs) were negatively correlated 

with  the passage number in  iPSCs. A comparison of 

iPSCs and their parental cell o f origin showed that the 

majority of CNVs were created de novo in fragile reg ions 

of the genome [31,32]. Reprogramming was associated 

with delet ions in tumor-suppressor genes, whereas 

extended time in  culture led to duplications of oncogenes 

in iPSCs. Reprogramming cells to a pluripotent state 

entails global epigenetic remodeling and introduces 

epigenetic changes that are necessary for reprogramming 

to occur, e.g., this occurs at differentially methylated 

regions (DMRs). High incidence of DMRs in  iPSCs 

compared with progenitor somat ic cells suggests that these 

patterns are stochastic and arise during reprogramming 

[33]. 

Cell proliferation and d ifferentiation are t ightly coupled 

processes. In general, growth and differentiation are 

mutually exclusive, but they are cooperatively 

participating during the course of development. The 

process of a cell transition from growth to differentiat ion 

is of general importance for the development of an 

organism. When most cells are terminally differentiated, 

they exit the cell cycle, and cells cease division and enter 

to G0-phase [34]. 
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As we mentioned in the cellular differentiat ion process, 

cells change the expression pattern of cellular adhesion 

molecules that modify the intercellu lar communication. 

Numerous cellular events that trigger differentiation, 

growth, cell cycle and many signaling pathways directly 

depend on this intercellular communicat ion. Cells have 

different ways to communicate, including soluble factors 

like cytokines or growth factors and their corresponding 

membrane receptors or cell-cell adhesions. There are 

constitutive cell-cell connections, which are important for 

the development of cell polarity and the maintenance of 

tissue organization like cadherin connections in epithelial 

cells. If normal cells lose their constitutive cell-cell 

connections or cell-matrix connections, they go into 

apoptosis. The catenins ( and ) are among the most 

essential cytoplasmic proteins that interact directly with 

the cadherins. The classical cadherins E, N, and VE are 

transmembrane proteins with a specific extracellu lar 

domain that bind to cadherins on other cells. The 

intracellular domain interacts with numerous cytoplasmic 

proteins, which in turn interact with the cytoskeleton and 

signaling pathways that can produce changes in cell 

motility, migrat ion, proliferation and shape. The loss of E-

cadherin is an essential event in the context o f epithelial-

mesenchymal transition (EMT), that which regulates 

tissue morphogenesis and the conversion of cells that 

exhibit an epithelial phenotype to the mesenchymal 

phenotype. EMT is a process characterized by loss of cell 

adhesion, repression of E-cadherin expression, and 

increased cell mot ility. This condition is considered to be 

essential for cell ep ithelial dedifferentiat ion, and is a very 

critical step in cancer progression since it enables 

hematogenic and lymphogenic cancer cell dissemination. 

Other adhesion molecu les that participate on tissue 

organization are the family of integrins and receptors that 

belong to the immunoglobulin gene superfamily, and are 

involved in the attachment of cells to the extracellu lar 

matrix and  to each other [35]. A lterations of cellu lar 

adhesiveness are caused by either genetic mutations or 

alterations of the epigenome. Two repressors of E-

cadherin expression are the transcription factors snail 

homolog 1 (SNAIL1) and zing finger E-box b inding 

homeobox 1. In some types of cancer as gastric cancer, 

colorectal cancer and leukemia, the DNA-

hypermethylation even appears to be the leading 

mechanis m of E-cadherin suppression [35]. 

Genome wide epigenetic reprogramming is crucial for 

deriving fu lly reprogrammed cells. Ep igenetic 

modulations during somatic cell dedifferentiation can 

overcome reprogramming barriers. Transcriptional effects 

induced by the OSKM reprogramming factors generate 

populations of partially reprogrammed cells (pre -iPSCs), 

that are characterized  by down-regulat ion of somatic 

genes, incomplete react ivation of pluripotent genes, 

maintenance of viral t ransgene expression, inability to 

form chimeras, and persistent DNA hypermethylation. 

Preliminary  results showed that in this step of cellu lar 

reprogramming some epigenetic marks may elicit various 

cellu lar responses, including cell proliferation, g rowth and 

death, as well as the promotion of tumorigenesis. 

There is a complex network of signaling pathways in 

ESCs/iPSCs that can respond to extracellular stimuli that 

strictly control the equilibrium between self-renewal and 

differentiation. Different cells undergo cell-fate 

determination through stepwise activation of mult iple 

signaling pathways, including the Notch, Hedgehog, 

Wingless (Wnt), and Janus kinase/STAT (JNK). In  

addition, changes in DNA rep licat ion and cellu lar growth 

depend on the spatial and temporal activation of the 

mitotic cycle-endocycle and gene-endocycle amplification 

cell-cycle switches [36]. Recent evidence shows that 

modulation o f the Wnt/-catenin, MAPK/ERG, TGF- or 

PI3K/Akt signaling pathways strikingly enhance somatic 

cell reprogramming. For example, W NT signaling 

upregulates c-Myc expression and promotes naïve 

pluripotency. The canonical Wnt/ -catenin pathways 

represent a key regulator of stem cells self-renewal 

(neuronal progenitors), and inhib it the keratinocytes 

differentiation. The role o f Notch signaling in cell 

proliferation and d ifferentiation is high ly cell- specific, 

some Notch’s signaling components (LGN, NuMA, 

dynactin) control asymmetric cell d ivision by reorienting 

mitotic spindles to achieve perpendicular divisions  [30,37].  

Therefore, the generation of iPSCs obtained from 

dedifferentiat ion of somatic cells takes a long path of 

several signaling networks. 

Transcriptional effects induced by the OSKM 

reprogramming factors have been detected in transduced 

adult dermal fibroblast as early as day 4 after infection. 

However, only a few of the cells become stable and 

reactivated endogenous pluripotency marks (e.g. NANOG 

expression). This indicates that the majority of the 

infected cells were trapped in a partially reprogrammed 

state due to their inability to overcome some 

reprogramming barriers  (Figure 1). 

On the other hand, cellular  transdifferentiation takes a 

shortcut to new lineages without pluripotency 

intermediates. Efficient conversions of somatic cell types 

into different somatic cell types, without going through 

the pluripotent state, have been achieved by 

overexpressing specific sets of lineage-specific 

transcription factors in combination with appropriate 

culture conditions. Experimental transdifferentiation was 

demonstrated from fibroblast to myoblast (overexpression 

of MYoD), to card iomyocites (overexpression of Gata4,  

MEF2c and Tbx5), to immature neuron-like cell 

(overexpression of Brn2, Mytl1l, Zic1, Olig2 and Ascl1), 

and to hematopoietic progenitors (overexpression of 

OCT4 and modification of culturing protocols), from B 

cells to macrophages (overexpression of C/EBP) and from 

adult pancreatic exocrine cells to insulin-producing cells 

(overexpression of Ngn3, Pdx1 and Mafa) [38]. Th is way, 

somatic cells can be made to induce another differentiated 

cell type; and these cells have the advantage that they are 

less prone to tumorigenesis  [14]. 

4. Heterogeneity of Progenitor Cell 
Populations in the Stem Cell Niche 

Different studies suggest that great heterogeneity exists 

in the progenitor cells that make up a stem cell niche. 

iPSCs and ESCs are very similar when compared at the 

epigenetic, transcriptional, proteomic and metabolic levels. 

But in detail analyses of human iPSCs and ESCs, they can 

be distinguished by their expression of protein-coding and 

non-coding RNAs, chromatin state, residual expression of 

somatic genes, etc. Many of these differences seem to 
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dissipate upon extended induction passing. 

Reprogramming is not immediately complete upon 

induction of the endogenous pluripotency network [8]. 

The fact that residual DNA methylation within lineage-

specific genes is found in iPSCs provides tangible 

evidence that resetting this mark is fundamental to 

reprogramming, and that failure to do so has a functional 

consequence. DNA methylation pattern leads to an 

epigenetic memory of somatic cells. These methylation 

differences between ESCs and iPSCs are associated with 

differences at the transcriptional level. Globally, iPSCs are 

more variab le at the molecu lar level than ESCs.  

Pluripotency and self-renewal are the hallmarks of 

embryonic stem cells. This state is maintained by a 

network of transcription factors and is influenced by 

specific signaling pathways. Current evidence indicates 

that multiple pluripotent states are able to exist in vitro 

and in vivo [8]. In mammalian systems, the pluripotent 

cell state exists transiently as the embryo proceeds through 

the phases of development to give rise to an organism 

with a d iverse array of specialized cell types. 

The pluripotent mammalian ESCs and iPSCs states are 

associated with the in vivo temporal phases of embryo 

development, and cell in vitro culture time/conditions, 

respectively . Mouse epiblasts stem cells (mEpiSCs) are 

derived from the post-implantation epiblast of day 5.5 

embryos, in contrast, mouse embryonic stem cells 

(mESCs) are obtained from epiblast progenitors at day 3.5.  

Both mEpiSCs and mESCs are similar but not identical. 

ESCs/iPSCs are referred as “naïve” pluripotent, and 

EpiSCs as “primed” pluripotent. Ep iSCs and ESCs lines 

grow in d ifferent cu lturing conditions and their 

transcriptional factors requirement is partially  different. 

Although EpiSCS are termed  pluripotent, they have more 

limited  developmental potential than ESCS, and 

demonstrate heterogeneous expression of early lineage-

commitment markers. Ep iSCs exh ib it reduced expression 

levels of the transcription factors NANOG, Rex1 and KLF,  

and exhibit  differentiat ion markers such FGF5 and major 

histocompatibility complex class I. They also demonstrate 

heterogeneous expression of early lineage-commitment 

markers. mESCs and EpiSCs display distinct biological 

characteristics that are reminiscent of their developmental 

origin and can be classified into two fundamentally  

distinct states of pluripotency: 1) the inner cell mass -like 

or mESCs and 2) the postimplantation epiblast-like state 

or Ep iSCs. In addition, the two states depend on signaling 

pathways that often antagonize each other. In summary, 

pluripotent cells isolated in different mammalian species 

can exist as distinct pluripotent states, and specific 

extrinsic and intrinsic factors can induce transitions 

between the states. Reprogramming is still not very 

efficient from EpiSCs to the ESCs cell state [39]. 

A growing body of evidence suggests that cell 

populations, particularly stem cells and progenitor cells in 

their niches, do not comprise a homogenous cellular entity 

in vitro or in vivo [37]. Rather, both cells display an 

inherent heterogeneity at molecular level, which underlies 

the probabilistic  element  of their fate determination  [40]. 

Comparison between single human ESCs (hESCs) and 

single human iPSCs (hiPSCs) lines reveals marked ly more 

heterogeneity in gene expression levels in the hiPSCs, 

suggesting that hiPSCs occupy an alternate less stable 

pluripotent state. hiPSCs also displayed slower growth 

kinetics and impaired directed differentiation compared to 

hESCs. 

hESCs are isolated from explanted blastocysts before 

implantation and share multip le defining features with 

mEpiSCs (flat morphology, dependence on FGF2/Activin  

signaling, etc.) rather than with mESCs. Th is suggests that 

hESCs correspond, at least partially, to the primed 

pluripotent state, and they partially have characteristics of 

mESCs. It is necessary to use this criterion when we 

assess the characteristics of the iPSCs. 

5. Initial, Intermediate and Final Steps 

in the Cell Reprogramming Process 
from Differentiated Cells to iPSCs 

Phenotype 

Distinct pluripotent cells are derived during 

development. Development proceeds from a totipotency 

state, characteristic of zygote and blastomeres (ESCs). At 

the 16-cell state, the outer cells of the embryo are 

allocated to two  lineages: the trophoblast lineage and the 

bipotential inner cell mass, which  generates the epiblast 

and the hypoblast. The epiblast (EpiSCs) will form the 

embryo (5.5-7.5 days of postimplantation), these cells are 

termed pluripotent because they are the origin of all 

somatic and germline cells. Embryonic stem cells (ESCs) 

first derived from the inner cell mass of blastocyst-stage 

embryos have the unique capacity of indef inite self-

renewal and potential to differentiate into all somat ic cell 

types. Similar developmental potency can be achieved by 

reprogramming differentiated somatic cells into induced 

pluripotent stem cells (iPSCs). Both types of pluripotent 

stem cells, at different stages of development, provide 

great potential fo r fundamental studies of tissue 

differentiation [41]. ESCs express key pluripotency genes 

as OCT4, SOX2 and NANOG, they have unlimited 

proliferation potential, and their genome is highly  

methylated [42]. ESCs need LIF and BMP4 for growth in  

in vitro cultivation, and support stabilization mESCs by 

inducing inhibitors of d ifferentiation (Id) genes. A core set 

of transcription factors (OCT4, NANOG, SOX2 and Tcf3) 

maintains the pluripotent state of ESCs. 

The low efficiency of the reprogramming process to 

generate iPSCs with OSKM has been analyzed and 

suggests that the process must encounter epigenetic 

barriers that can be seen as roadblocks in the journey to 

pluripotency. Furthermore, many d ifferent ce ll types are 

reprogrammed with similar kinetics under almost identical 

reprogramming conditions, but the kinetics and efficiency 

of the process can dramat ically differ amongst cell types. 

Thus, less differentiated cells (progenitors) could be 

reprogrammed more efficiently than differentiated cells 

because the progenitor transcriptome is less different to 

that of the ESCs [13]. 

As we have discussed, ESCs and iPSCs are equivalent 

but not identical. ESCs derived from pre -implantation 

blastocysts and iPSCs are like to ESCs derived from post-

implantation it. Total gene expression comparison 

between ESCs and iPSCs revealed some differences 

between the two in pluripotency transcription factors, 

protein-coding genes, miRNA expression profiles, large 

intergenic non-coding RNAs, epigenetic changes, (pattern 
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of DNA methylation and post-translational histone 

modifications to the ES cell-like state) etc. [43]. 

To improve transcription factor-induced reprogramming 

efficiency (and translation applications of iPSCs), it is crucial 

to understand the temporal order of molecular events leading to 

pluripotency. Recent live imaging of mouse fibroblast 

undergoing reprogramming supports the idea that 

reprogramming proceeds through highly synchronized 

progressive events, with first events initiat ing almost 

immediately after induction of the “master” 

reprogramming factors. Even though reprogramming 

events are initiated early, the presence of reprogramming 

factors is required until the end, but most cells in which 

these initial reprogramming events occur do not complete 

reprogramming. Briefly, the reprogramming process 

begins by the induction of proliferat ion and 

downregulation of fibroblast specific transcription is 

followed by the acquisition of epithelial characteristics 

and activation of some markers. Later, pluripotency 

related genes are activated. Markers used to detect these 

steps include alkaline phosphatase and stage-specific 

embryonic antigen 1 (SSEA1) at an intermediate stage; 

and NANOG (mouse system) or the surface marker TRA-

1-60 in human cells  for final stages [8,44]. 

The first characterized init iation event during 

reprogramming of fibroblast is the increase of cell cycle 

rate, from 22 to 12 hours cell cycle length (after 1- 2 days 

of induction with the reprogramming factors ). The cell 

cycle seems to have an important ro le in reprogramming, 

and great reductions in latency can be achieved by 

increasing cell pro liferation, and a concomitant decrease 

in cell size. These changes occur along with the induction 

of proliferation genes and downregulation of the somatic 

expression programme [22,27]. Only  a minority of the 

fibroblasts starts to divide faster, and the majority of the 

OSKM-overexpressing fibroblasts retains their slow-

dividing nature and fails to reprogram, and often undergo 

apoptosis and senescence [12]. Specifically, the silencing 

of central regulators  or tumor suppressor genes  of these 

responses, such as p53 and p21 or p16/INK4A (also 

known as CDKN2A) is observed upon reprogramming, 

and their experimental depletion enhances the efficiency 

and kinetics of iPSCs generation. 

ESCs and iPSCs have characteristics of epithelial cells, 

with t ight intracellular contacts and surface expression of 

the key epithelial cadherin (E-cadherin). Thus, 

mesenchymal cells such as fibroblasts  need to gain an 

epithelial character during reprogramming. After 

suppression of the somatic transcriptional programme, 

small and fast-cycling cells, undergo coordinated changes 

in cell-cell and cell-matrix interactions, which correspond 

with a loss of mesenchymal features and acquisition of 

epithelial cell characteristics. At 4-8 days later, some of 

the small cycling cells form compact colonies, concurrent 

with a mesenchymal-to-epithelial transition (MET). MET 

is a reversible biological process involving the transition 

from mot ile, mult ipolar or spindle-shaped mesenchymal 

cells to planar arrays of polarized epithelial cells; MET is 

exactly the opposite of the epithelial-mesenchymal 

transition. Signaling pathways that are known to promote 

or suppress MET, affect the efficiency of the 

reprogramming process. Like this, the inhibition of 

signaling by transforming growth factor- improves 

reprogramming. In contrast, bone morphogenetic protein 

signaling enhances reprogramming [28,29]. 

In late events toward pluripotency of a fibroblast after 

MET, the cells erase the epigenetic memory, gain naïve 

pluripotency capabilit ies, upregulate the pluripotency 

genes, reactive the chromosome X (in females), keep ESS-

like transcriptome-epigenome-DNA rep licat ion-cell cycle, 

and acquire global genome reorganization based on 

characterizat ion of replication t iming (Figure 2) [7,22]. 

OCT4 and SOX2 suppress the pro-mesenchymal regulator 

SNAIL1, whereas KLF4 induces the epithelial programme 

by directly b inding and activating epithelial genes, 

including E-cadherin; at the same time, MYC reduces 

TGF signaling. 

As we referred above, many fib roblasts in OSKM-

exposed conditions are not driven to generate iPSCs 

colonies and are transformed in part ially reprogrammed 

cells. Some of them show ES cell-morphology, but do not 

express endogenous pluripotency factors like NANOG or 

Esrrb, and start to appear in the reprogramming culture 

after 4-7 days post induction of reprogramming  factors. In  

experimental attempts to clonally expand these colonies, 

some of them regress or apoptose, but a few can be 

maintained as stable lines and are referred to as to partially  

reprogrammed cells or pre-iPSCs. Typically, the somatic 

transcriptome is efficiently downregulated in pre-iPSCs, 

but most of the key pluripotency genes are not upregulated 

[12,22]. Pre-iPSCs have shown to retain  fibroblast-like 

DNA-hypermethylated regions, most notably the NANOG 

and OCT4 loci, which are typically robustly demethylated 

in iPSCs/ESCs. Other studies have shown that the missing 

cofactors and the repressive chromatin state are a barrier 

to reprogramming factors binding in pre -iPSCs [14]. A 

correlation of the genome-wide locations of 

reprogramming factors at the pre-iPSC stage, with the 

absence or presence of a wide range of chromatin marks 

and nucleosomal positioning, will further our 

understanding of how the reprogramming factors engage 

chromatin  at key pluripotency genes  [14,24]. In  particular, 

stable partially reprogrammed cells only reactivate a 

subset of stem cell-associated genes and fail to repress 

many genes associated with differentiation. Although 

these cells have not managed to attain p luripotency, 

additional manipulation can coax them into complet ing 

this last step. 

In the final stage of reprogramming, the cells attain and 

maintain pluripotency, switching to the endogenous 

programme and, in so doing, shutting down the exogenous 

transgenes. At this stage, NANOG becomes a crucial 

determinant. Finally, the endogenous pluripotency 

programme needs to be activated for the cell to become 

independent from the exogenous transgenes. This occurs 

late in reprogramming and may involve subduing 

repressive mechanisms such as histone and DNA 

methylation. Once the endogenous programme is in  place, 

the self-regulatory mechanisms that are associated with 

OCT4, SOX2, and NANOG help to maintain  pluripotency. 

Importantly, there must be a complete repression of 

lineage specifying genes, therefore, the genes that promote 

differentiation are inactive. This is achieved through the 

regulation of DNA methtyltransferases by OCT4, SOX2 

and NANOG, which play a crucial part in repressing 

lineage-specifying genes and silence exogenous 

transgenes [45]. 
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The regulatory regions of some pluripotency related 

genes, such as OCT4, SOX2, undifferentiated embryonic 

cell transcription factors  (UTFs), developmental 

pluripotency associated 5 (DPPPA5), zinc finger protein  

42 (ZFP42), and DPPPA3 are hypermethylated at the 

DNA level in somatic cells and pre-iPSCs, and lack the 

activation mark histone H3 lysine 4 trimethylation 

(H3K4me3). DNA demethylation and loss of repressive 

histone methylation marks in the plu ripotenty genes 

probably occur at the end of the reprogramming process, 

concomitant with the binding of the reprogramming 

factors OCT4, SOX2 and KLF4 and the transcriptional 

upregulation of these genes. Chromatin  states influence 

reprogramming at various stages. It has been found that in 

the early phase of reprogramming, transcriptional changes 

are limited to those promoters that carry  histone 

H3K4me3; a h istone modification that is strongly 

associated with transcriptional activation. During 

reprogramming, silencing of somat ic genes is associated 

with a change in chromatin structure at their enhancers 

and promoters, and in part icular with a rap id loss of 

histone H3K4me3 [46]. 

Taken together, the identification of these events 

indicates that a particular, albeit ill-defined, sequence of 

stages must be traversed to attain pluripotency. The main  

phases, together with characteristics and events in 

differentiation and reprogramming in mouse systems, are 

shown in Figure 2. Dedifferentiat ion and reprogramming 

seem outwardly  very similar, as they both can induce a 

differentiated cell to regress. During reprogramming, an 

initial still unknown event occurs that allows the 

exogenous factors to induce pluripotency, and it probably 

depends on the cell heterogeneity of the terminally or 

partially differentiated niche population (transcriptional 

and epigenetic profiling). 
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Figure 2. Main phases and subphenotype changes in the somatic cellular reprogramming process [13] 

6. Dynamics and Cellular Heterogeneity in 

the Differentiation/Dedifferentiation Process 

Stem cells must retain their ab ility of self-renewal in  

order to maintain tissue homeostasis. They need to exit  

this self-renewal cycle and instead proliferate and 

differentiate when instructed by microenvironmental cues. 

The balance between self-renewal and proliferation and 

terminal differentiat ion is strictly regulated.  

As we have mentioned, the reprogramming efficiency 

to generate iPSCs appears to be quite low. Determination 

of reprogramming-efficiency and kinetics of in vitro 

reprogramming is typically based upon the appearance of 

iPSCs colonies (typically  2-6 weeks). Efficiency is 

calculated by the fraction of reprogrammed cells 

(pluripotency markers) divided by the total number of 

plated cells. A large number of conditions of in vitro 

culture are not considered in the ult imate results. Several 

lines of evidence suggest that an important rate-limit ing 

epigenetic event for reprogramming may be the 

reactivation of the key exo/endogenous, and by 

autoregulatory circuitry  that maintain  the ESC state [41]. 

It is still partially known how many of these epigenetic 

changes are rate limiting for reprogramming.  

Different parameters may affect gene expression and 

biological characteristics of ESCs/iPSCs as transgene-

containing iPSCs, genetic background, incomplete 

reprogramming, in vitro molecular heterogeneity among 

ESCs/iPSCs, reprogramming factor combinations and 

routes, and progressive state of the pluripotent stem cells. 

Reprogramming of somat ic cells into iPSCs requires the 

resetting of the epigenetic state from a somatic to a 

pluripotent embryonic state. Nuclear transfer might reset 

the epigenetic characteristics of somatic cells more 

effectively than reprogramming in vitro with transcription 

factors [47]. The pluripotent epigenetic state may 

represent a default cellu lar state, and iPSCs may have a 

growth advantage over somatic cells. 
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The control of somat ic cell reprogramming integrates 

signaling pathways and molecular mechanisms  [7,11]. 

These intracellular signaling pathways can be activated or 

inhibited in order to improve the efficiency of somatic cell 

reprogramming. For instance, Wnt/ -catenin is known to 

have an important role in  the maintenance of ESC self-

renewal. The activation of this signaling or the 

phosphoinositide 3-kinase PI3/Akt, or the inhibit ion of 

glycogen synthase kinase (GSK)3 strongly improve the 

reprogramming process. In contrast, the pathways that 

normally stimulate ESCs differentiation are usually 

inhibited for the enhancement of reprogramming 

efficiency. For example, inhibit ion of the MEK-

MAPK/ERK pathway that normally influences ESC 

differentiation, promotes complet ion of the 

reprogramming processes  [7]. Putative interconnections 

between players of d ifferent signaling pathways are 

partially known. The kinetics of these processes involves a 

large number of intracellu lar signaling events that 

modulate the frequency and completion of the 

mechanis ms that forms a fu lly reprogrammed clone. 

Concomitant with expression of exogenous OCT4, SOX2 

and NANOG, fibrob lasts start to repress developmental 

genes and induce several repressive epigenetic enzymes 

(such as NuRD and Setdb1 complexes) that configurate 

chromatin -remodelling factors (Smarcad1, Myst3, Jmjd2c 

and Jmjd1a) and in  re -entry in  to the cell cycle (e.g. p53 

inhibit ion, specific miRNAs). Core transcription factors in  

ESCs co-regulate expression of epigenetic factors that 

participate in maintenance of self-renewal and 

pluripotency. Changes in the global chromatin state that 

are necessary for fu ll reprogramming can also arise from 

recruitment of the repressive Polycomb proteins  [48]. 

Once this first barrier has been overcome, the cells can 

attain intermediate states, in which  they are pre-iPSCs, 

where the expression of endogenous genes of pluripotency 

is not completely reactivated. Only after complete 

chromatin remodeling occurs, the expression of 

endogenous pluripotent genes (OCT4, SOX2, KLF4, c-

MYC, etc) is re-activated, at the same time the complex 

protein network that controls pluripotency even after 

silencing of ectopic OCT4 and SOX2. In these second 

step proliferation, antiapoptotic, and adhesion/motiling 

signaling networks are positively activated (Figure 2). 

7. Concluding Remarks 

Although rapid progress in our understanding of 

cellu lar d ifferentiation process has been made, a number 

of important questions remain unanswered. 

Reprogramming somat ic cells to a pluripotent state was 

used as model to identify the dynamic changes of 

genetic/epigenetic and proteomic part icipant factors in the 

cellu lar d ifferentiation process. 

The differentiated cellular state is not irreversible. 

Changes in gene expression by genetic/epigenetic patterns 

may  not only restore pluripotency (dedifferentiat ion) in a 

fully differentiated cell state, but may also induce the cell 

in differentiation, red ifferentiation and transdifferentiation 

processes. 

Current d irect reprogramming approaches are 

inefficient and involve stochastic changes occurring in 

highly heterogeneous cell populations in a niche tissue. 

Because only a small fraction of somatic cells generate 

iPSCs (versus pre-iPSCs) in cu lture conditions, the 

informat ion gained from molecular ana lyses of the 

heterogeneous intermediate cell populations is limited. 

Such analyses cannot distinguish between the rate-limit ing 

and non-rate-limit ing epigenetic changes in those cells in  

reprogramming assays. 
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List of Abbreviations 

iPSCs: induced pluripotent stem cells . 

OSKM: four OCT4, SOX2, KLF4 and c-MYC 

factors that are able to restore pluripotency. 

ES Cs: embryonic stem cells . 

LIF:  cytokine leukaemia inhib itory factor. 

BMP4: bone morphogenic protein 4. 

hESCs: human embryonic stem cells. 

CNVs: copy number variants . 

DMRs: differentially methylated regions in 

genome. 

EMT:  epithelial-to mesenchymal t ransition. 

SNAIL1: transcription factors snail homolog, 

repressor of E-cadherin. Their expression induces EMT. 

Wnt:  Signaling pathways that controls cell-

cell-communication in the embryo and adult. In Wnt 

signaling pathways participate the wingless  or Wnt gene 

family. 

JAK:  Janus tyrosine kinase. 

mEpiSC: mouse epiblasts stem cells derived from 

the post-implantation epiblast of day 5.5 embryos . 

mES Cs: mouse embryonic stem cells obtained 

from ep iblast progenitors at day 3.5. 

hiPSCs: human induced pluripotent stem cells . 

SSEA: stage-specific embryonic antigen 1. 

MET:  mesenchymal-to-epithelial transition 

UTFs: undifferentiated embryonic cell 

transcription factors. 

DPPPA5: developmental plu ripotency associated 5 

factor. 

ZFP42: zinc finger protein 42. 

GS K3 : glycogen synthase kinase 3. 
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