
DIFFERENT COMBINATIONS

OF TRANSCRIPTION FACTORS

CAN ALTER FATE OF SOMATIC CELLS

The Nobel Prize in physiology and medicine in 2012

was awarded to J. Gurdon and S. Yamanaka for the devel-

opment of technologies for reprogramming of adult

organism somatic cells into their pluripotent state. The

technology of Gurdon is based on the fact that an oocyte

contains all factors necessary for reprogramming of the

somatic cell genome, while placed into the oocyte as an

embryonic cell genome [1]. The technology developed by

Yamanaka is based on the discovery of increased expres-

sion of four transcription factors combination – Oct3/4,

Sox2, Klf4, and c-Myc – in the somatic cell transforming

the latter into the embryonic state [2]. No doubt, both

technologies opened a new era in study of the mecha-

nisms of pluripotent stem cell self-maintenance and

properties and also advanced the possibility of the use of

pluripotent cells in regenerative medicine. It is necessary

to note that the discovery of a transcription factor combi-

nation, so-called “Yamanaka cocktail”, in great degree

was predetermined by the study showing that a terminal-

ly differentiated cell can be converted (trans-differentiat-

ed) into a somatic cell of another tissue type under

ectopic expression of transcription factors. For example,

expression of the MyoD gene is sufficient for development

of mouse embryonic fibroblasts into myoblasts [3]. Thus,

in the presence of the corresponding expression profile in

a somatic cell, alteration of its epigenetic state can occur

with participation of a minimum number of transcription

factors. Some examples: as mentioned above, the MyoD

gene is a master gene in myoblasts; exocrine cells of

mouse pancreatic gland can be converted into β-cells

under the action of three genes (Ngn3, Pdx1 and Mafa)

[4]; ectopic expression of Brn2 (also known as

Pou3f2), Ascl1, and Myt1l transcription factors leads to

trans-differentiation of mouse fibroblasts into matured

neurons [5]; elevated expression of only a single tissue-

specific gene is sufficient for conversion of liver cells into

insulin-producing cells (Pdx1 gene) [6], and callosal neu-
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rons into corticospinal motor neurons (Fezf2 gene) [7]. It

is necessary to note that somatic cell trans-differentiation

can be observed in vitro as well as in vivo [4, 6, 7].

The principal difference of the above-listed trans-

differentiations from reprogramming is a definite type of

cell as a substrate is necessary for trans-differentiation,

i.e. a certain combination of the expression profile and

the cell epigenetic state, while the four factors of the

reprogramming process are universal, and they allow

induction of the pluripotent state in practically any type

of somatic cell [2, 8-12].

The use of a combination of transcription factors has

allowed “time trans-differentiation” and obtaining of the

unique resource of all human cell types – induced

pluripotent stem cells (iPSC). We will consider below

whether the process of pluripotent state formation repre-

sents an example of directed trans-differentiation (Fig.

1), and if certain stages of reprogramming can take place

in the development of tumors.

Genetic reprogramming, in contrast to tumor trans-

formation, is a directed process. Only one component of

the Yamanaka cocktail – Oct3/4 – is a master gene of the

pluripotent state [13]; however, to self-maintain and con-

trol the epigenetic state of embryonic stem cells (ESC),

cooperation of this transcription factor with Sox2 and

their joint participation in the heterodimer complex is

necessary [14]. Moreover, during regulation of a number

of pluripotent state genes the Oct3/4-Sox2 complex also

interacts with Klf4 transcription factor [15] that, as

shown earlier, participates in cell cycle regulation and

proliferation processes. Klf4 inhibits transcription of p53

that causes the antiapoptotic effect [16]; however, simul-

taneously, interaction of Klf4 and p53 positively regulates

expression of p21CIP1 transcription factor [17].

The c-Myc transcription factor is of special interest,

whose role has recently been considered to be the ampli-

fier of the reprogramming process. Indeed, this factor is

not obligatory for pluripotent state induction, and repro-

gramming can occur with participation of only Oct3/4,

Sox2, and Klf4, but the efficacy of the process decreases

dramatically [18, 19]. It is well known that c-Myc partic-

ipates in the regulation of many genes and its increased

expression causes cell proliferation and increased trans-

formation. This protein participates in cell cycle regula-

tion through inhibiting the earlier-mentioned p21CIP1

[20]. Thus, the common role of Klf4 and c-Myc tran-

scription factors in reprogramming is p53-p21 signal

pathway inhibition, which leads to antiapoptotic effect

and blocking of cell arrest in G1/S phase. This was par-

tially confirmed in experiments on reprogramming

dynamics. Analysis of different stages of somatic cell

reprogramming in mice led to a conclusion regarding the

Fig. 1. Are the processes of trans-differentiating and reprogramming equivalent to each other? To realize both processes, transcription factors

are introduced into a cell, which change gene expression profiles and induce the epigenetic state.
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existence of two phases in gene expression changing

under pluripotent state induction. During the first

phase – activation of genes involved in cell proliferation,

metabolism, and cytoskeleton formation – reduction in

development-associated gene expression takes place.

During the second phase, the genes of early embryonic

development and iPSC pluripotent state maintenance

were activated. These conclusions have been confirmed

by three independent full-genome characterization of

cells: coding gene expression profile, non-coding

microRNAs, and alteration of histone modification char-

acteristic for active/inactive chromatin. Interestingly, the

activation of the “first wave” genes (day 3-6 of repro-

gramming) was determined by ectopic expression of Klf4

and c-Myc transcription factors, while alteration of gene

expression during the “second wave” was directed by

Oct3/4, Sox2, and Klf4 factors (day 9-12). It was suggest-

ed that Klf4 plays dual role during transition of a somatic

cell to the pluripotent state. Surprisingly, at the first stages

of reprogramming (day 3) a cell population unable to

induce pluripotency during further cultivation has already

been defined. A few possible reasons for the existence of

such cells have been suggested: 1) inability to pass the

mesenchymal–epithelial transition; 2) aberrant activa-

tion of differentiation genes and genes associated with

immune response; 3) inability to maintain directed glob-

al alteration of gene expression [21]. So, the transition of

cells into the pluripotent state took place only during the

second phase of the reprogramming process, under acti-

vation of early embryonic development genes. It becomes

clear that the reprogramming process is not the reverse of

the differentiation process in the course of ontogenesis.

Conrad Waddington, when offering the term “epige-

netics”, suggested the concept of an epigenetic surface

(epigenetic landscape) along which cells roll, performing

an ontogenetic program [22]. Developing his approach, it

is possible to suggest a spatial model of ontogenesis in the

form of a combination of three surfaces, each of which

reflects the differentiation of cells inside one germ layer

(Fig. 2a). Under the action of the ectopic expression of

Klf4 and c-Myc, the cell transits into an epigenetic state

equally distance from each side of such a pyramid or clos-

er to the state of the initial cell. New epigenetic states are

extremely unstable, and it is not possible to compare them

with any phenotype during the development of the organ-

ism. To abandon such a state, the cell needs a stimulus, and

expression of Oct3/4, Sox2, and Klf4 transcription factors

represents such a stimulus in genetic reprogramming.

A similar model can also be considered in the case of

malignant cell transformation. A cell leaves its epigenetic

surface under transforming events and acquires a new

destabilized phenotype (first phase). It was thought earli-

er that not less than ten changes must simultaneously

occur to transform a cell, but, taking into account that

elevated expression of only 1-three transcription factors is

enough for trans-differentiation [3-7], and the physical

environmental conditions promote the reprogramming

process [23], then the number of destabilizing factors per

cell may be less than ten. In this situation, in contrast to

the reprogramming process, there are no determined

stimuli for the cell to leave the state (absence of a second

phase), this resulting in stochastic activation or silencing

of genes. So, we and others reveal Oct3/4 and Klf4 tran-

scription during analysis of primary lines of tumor cells

obtained from patients (Fig. 2b) [24]. However, in this

case it is incorrect to suggest the similarity of tumor cells

to the pluripotent state. Moreover, the presence of a tran-

script in a tumor cell is not always evidence for correct

Fig. 2. Three-dimensional models of an epigenetic state of cells under reprogramming and transformation. Development of an organism is

accompanied by reduction of the ability of cells for differentiation like sliding down from a mountain slope. At the same time, cell special-

ization is performed in the frame of one of the germ layers – ectoderm, endoderm, or mesoderm. Two phases exist in the change of a gene

expression profile for a somatic cell on its way toward the pluripotent state: phase I (a: depicted in dashed arrows) induced by Klf4 and c-Myc

transcription factors, and phase II that is characterized by activation of early embryonic development under the influence of Oct3/4, Sox2,

and Klf4 transcription factors (a: depicted as a solid arrow). During malignant transformation in the absence of a determined phase II, there

is stochastic alteration of gene expression (depicted as dotted arrows), and partial activation of early embryonic development genes, for exam-

ple, in human melanoma lines (b).

a                                                                                b
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functioning of a studied gene because: 1) a gene may con-

tain genetic disruptions, and 2) splicing variants and

pseudogenes may be expressed. The latter situation was

shown in case of the Nanog gene, which has three par-

alogs in the human genome that code a full protein

sequence. At the same time, in the case of human ESC,

mainly Nanog1 (whose role is to maintain the pluripotent

state [25]) is transcribed and, partly, Nanog2. In most

analyzed tumor lines (14 of 17) expression of NanogP8

was observed, although the total content of Nanog gene

transcripts was lower than in pluripotent cells [26].

Thus, in accordance with the model depicted in Fig.

2, it is suggested that the tumor cell expression profile

arises randomly as the result of searching for the epige-

netic niche and the most stable state. Similar “epigenetic

errors” arise not only as the result of malignant transfor-

mation, but also in the presence of a determining stimu-

lus, for example, during genetic reprogramming [27]. The

overall efficiency of the process, which does not exceed

1% for skin fibroblasts during the use of the classic

“Yamanaka cocktail”, may indicate this. Importantly, in

the case of malignant transformation, high proliferative

potential of cancer cells leads to instability of the genetic

material, which expands the epigenetic landscape of the

tumor. Thus, the stochastic nature of gene

activation/silencing in cancer cells takes place not only in

the initial period, but also during every cell division (as

evidenced by constant subclone formation in tumor cell

lines and in some tumors).

TUMOR-SUPPRESSOR GENES

AND INHIBITORS OF APOPTOSIS

As discussed earlier, the role of Klf4 and c-Myc tran-

scription factors as members of the “Yamanaka cocktail”

in the first stages of reprogramming may be linked with

double inhibition of the p53-p21 signaling pathway.

Interestingly, this signaling pathway is one of the main

barriers on the way to the pluripotent state [28-32]. Thus,

in the case of reduction of p53 or p21CIP1 expression with

the use of shRNA, there is three-fold increase in the

Fig. 3. Barriers and drivers of genetic reprogramming and malignant transformation of cells. Inhibition of the p53-p21 signaling pathway and

associated tumor suppressors increases efficiency of somatic cell reprogramming. At the same time, activation of apoptosis suppressors pro-

motes genetic reprogramming as well as malignant transformation.
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reprogramming efficiency, and in case of p53–/–cells it is

10-fold increase. Moreover, in such p53 inhibition somat-

ic cells can be reprogrammed by only two factors –

Oct3/4 and Sox2 [28]. During the reprogramming

process, there is activation of one of the key p53-associ-

ated locus – Ink4/Arf, whose inhibition leads to signifi-

cant increase in the reprogramming efficiency [30].

Little is known about the influence of protein

inhibitors of apoptosis (IAPs) on the efficiency of somat-

ic cell transition into the pluripotent state. Nevertheless,

it was found under increased expression of antiapoptotic

Bcl-2 protein that reduced cell death during reprogram-

ming also increased the efficiency of the process four-fold

[28]. Interestingly, similar tumor-suppressor genes’

silencing and apoptosis suppressors’ activation accompa-

ny also the malignant transformation of cells during car-

cinogenesis (Fig. 3), and regulation of such processes may

occur at the genetic as well as the epigenetic level [33-37].

Thus, a somatic cell overcomes similar “molecular barri-

ers” in reprogramming as well as developing cancer, but

the first process is directed and leads to an epigenetically

stable state without genetic and malignant transforma-

tion.

CANCER CELL REPROGRAMMING

There is still no answer to the question of what makes

the key contribution to cell direction to malignant trans-

formation. No doubt, differing from the differentiation

processes in ontogenesis, genetic changes play key roles

in carcinogenesis. Nevertheless, recent studies demon-

strate the importance of epigenetic changes in cell acqui-

sition of tumor phenotype [24, 33, 38], giving rise to

hopes for identifying a real impact on such epimutations

in cancer cells. There are drugs that influence the cancer

cell epigenome, for example, CHR-3996 [39], a com-

pound belonging to the class of inhibitors of histone

deacetylases. Nevertheless, the question about the possi-

bility of converting a tumor cell into a normal cell

through global impact on its epigenetic status is still open.

A set of experiments on tumor genome reprogram-

ming have been performed using the somatic cell nuclear

transfer technology (Fig. 4 and Table 1). In reprogram-

ming of a nucleus of a normal somatic cell, there is a cas-

cade of epigenetic alterations including changes in DNA

methylation and histone modification levels, which allow

the donor nucleus to transit into the embryonic state.

Blastocysts obtained from such modified oocyte can be

implanted into a surrogate female. Then an organism

identical to the initial nucleus donor cell is developed

(“cloning”) [40]. At the same time, internal blastocyst

cells can be replaced in vitro to prepare stable ESC lines,

introduction of which into recipient blastocysts leads to

formation of a chimeric organism [41]. Thus, the tech-

nology of somatic cell nuclear transfer allows altering the

epigenetic state of a cell without disruption of the nuclear

genetic material. It is necessary to note that efficiency of

Fig. 4. Application of nuclei transfer technology (a) and ectopic expression of transcription factors (b) for making changes in the epigenetic

status of tumor cells and studying their epigenomic plasticity.
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blastocyst preparation using this technology depends

strictly on the methylation status and the donor nucleus

differentiation potential: thus, the efficiency of neuronal

progenitor cell reprogramming reaches 50% [42], while

reprogramming efficiency in terminally differentiated

cells such as lymphocytes [43], NK cells [44], and neu-

rons [45] does not exceed 10%.

It was first shown in experiments on frogs that kidney

carcinoma cell nuclei can be reprogrammed through their

transfer into an anucleated oocyte, and embryonic devel-

opment is continued until the tadpole stage [46]. Then

similar results were obtained in mice on transplantation

of medulloblastoma cell nuclei. However, here there was

incomplete formation of embryos due to development

arrest [47]. Hochedlinger et al. demonstrated in 2004 that

anucleated oocytes are capable of development into pre-

implantation blastocyst after introduction of genetic

material from cells of different cancer models, but genet-

ic material from primary tumor cells did not possess such

a property. Efficiency of blastocyst development from

genetic material of different cancer model cells was not

more than 13% of oocytes surviving after introduction of

nuclei. It was shown that only in case of transplantation

of R545 melanoma cell nuclei, the ESC line was obtained

(from formed blastocysts) that not only formed in

immunodeficient mice teratomas containing cells of

three germ layers, but also colonized chimeric animal tis-

sues after injection into recipient blastocysts [48].

However, it was impossible to develop a whole organism

from R545-ESC only, although key stages of organogen-

esis at embryonic development stage E9.5 were revealed.

It is necessary to note that the melanoma R545 cell line

studied in the work was obtained with the use of the

inducible system of H-RasV12G gene expression in murine

cells (genotype: Tyr-rtTA+, Tet-RAS+, ink4a/Arf −/−) [49].

In addition to ink4a/Arf locus deletion, a trisomy of chro-

mosomes 8 and 11 was revealed in the studied cell line.

According to the authors, such genetic disruptions may

represent the barrier for formation of the entire organism

from the R545-ESC only [48]. Later it was demonstrated

that reprogramming by cell nuclear transfer of teratocar-

cinoma cells does not lead to alteration of the epigenetic

Tumor cell type

Medulloblastoma (Ptc1 
heterozygous lines)

Melanoma (R545 line)

Teratocarcinoma (F9, P19,
METT-1 lines)

Reference

[47]

[48]

[50]

Table 1. Tumor cell reprogramming with the use of nuclei transfer technology into an anucleated oocyte

Complete embryonic
development (cloning)

–

–

–

Teratoma forma-
tion/Contribution

to chimera

+/+

no differences from
initial cells

Blastocyst develop-
ment/ESC prepa-

ration

+/

+/+

+/+

Organism

mouse

mouse

mouse 

Cancer cell type

Melanoma (Colo line)
Prostate cancer (PC-3 line)

Melanoma (R545 line)

Chronic myeloid leukemia (near diploid 
subclone of KBM7 line)

Intestine cancer (DLD-1 line)
Chronic myeloid leukemia 

Osteosarcoma (SAOS2, HOS, MG63 lines)
Liposarcoma (SW872 line)
Youing sarcoma (SKNEP)

Chronic myeloid leukemia 

Reference

[51]

[59]

[52]

[56]

[53]

[58]

Table 2. Tumor cell reprogramming examples using ectopic expression of transcription factors and microRNA

Reprogramming factors

miR-302

Oct3/4, Klf4, c-Myc

Oct3/4, Sox2, Klf4, c-Myc

Oct3/4, Sox2, Klf4, c-Myc

Oct3/4, Sox2, Nanog, Klf4, c-Myc, Lin28, SV40
large T antigen

Oct3/4, Sox2, Klf4, c-Myc

Organism

human

mouse

human

human

human

human
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state of cells, and this was shown while comparing cell

ability for differentiation and formation of a chimeric

organism [50].

The famous work of Takahashi and Yamanaka pub-

lished in 2006 highlighted a new era in the field of cell

reprogramming, and it attracted researchers with a per-

spective of this new approach for studying carcinogenesis

(Table 2). It was shown in 2008 that after introduction of

miR-302 microRNA into melanoma cells (Colo line),

pancreatic gland cancer cells (PC3 line), it is possible to

induce expression of ESC-associated genes and conduct

global demethylation of the tumor genome. A cell

obtained as the result of reprogramming formed ter-

atoma-like cysts with origins of three germ layers in

immunodeficient mice [51]. It is necessary to note that

results of this work have not yet been reproduced in other

laboratories. Further, a few groups of researchers have

demonstrated the possibility of tumor genome repro-

gramming using transcription factors (Table 2). It is

important to note that it is necessary to account for het-

erogeneity of the initial cancer cell culture during charac-

terization of reprogrammed transformed cells due to the

ability of cells for subcloning. Thus, it is likely to compare

an obtained iPSC with a subclone of the cell that was

reprogrammed and demonstrate the loss of tumorigenic

potential.

Is it possible to reprogram cancer cells to induced

pluripotent state like somatic cells? How “labile” is the

epigenetic state of cancer cells? Answers for these ques-

tions are determined by a number of genetic changes

leading to cell transformation. Thus, it was demonstrated

in 2010 that only cells of chronic myeloid leukemia

KBM7 line subclone, possessing a near diploid set of

chromosomes, are able to induce the pluripotent state on

introduction of all four components of the “Yamanaka

cocktail” [52]. Further, it was revealed that the tumor

genome reprogramming (for a few lines of human sarco-

ma) proceeds without achieving the clearly pluripotent

state, and the epigenetic status of cells is fixed near the

multipotent state that was sufficient for cells to lose their

malignant properties [53]. It is necessary to note that dur-

ing the use of nucleus transfer technology, alteration of

epigenetic status of the somatic cell genome is achieved

by the action of multiple factors contained in oocyte

cytoplasm, while the genetic reprogramming process can

be performed with the use of only four transcription fac-

tors and this may be insufficient for removal of the tumor

epigenetic markers and pluripotent state induction.

For example, when we performed genetic repro-

gramming of human melanoma primary lines [54], we

revealed different behavior of cells on the fifth day after

introduction of genes of four transcription factors

(Oct3/4, Sox2, c-Myc, Klf4) with the use of recombinant

lentivirus particles. Some tumor cells (Mel Ibr, Mel Kor,

Mel Ksen, Mel Gus lines) overcame initial stages of the

reprogramming process, but in the case of Mel Ibr and

Mel Kor lines only formation of ESC-like compact

colonies and increase in endogenous alkaline phos-

phatase activity took place, i.e. processes similar to

somatic cell reprogramming were observed (Fig. 5).

Interestingly, mass death of cells was observe in some

cases as the result of: 1) inability to overcome the inter-

feron response (Mel Z line) in lentivirus infection (such

treatment now possibly can be used in case of leukemia

[55]); 2) influence of reprogramming genes themselves

(that may be linked with inability to overcome the repro-

gramming phase I; Mel Ch line). However, the epigenet-

ic status of cells obtained from the reprogramming

process was unstable, which was accompanied by charac-

teristic morphology loss during 2-3 cultivation passages.

At the same time, during the reprogramming of teratoma

(formed from iPSC or ESC by injection of these cells into

immune deficient mice) cells, there was highly effective

formation of iPSC colonies that expressed the pluripotent

state markers and were able to differentiate into deriva-

tives of three germ layers. This means that these malfor-

mations formed by human pluripotent stem cells in

immunodeficient mice in essence are not tumor cells

because any somatic cells are readily reprogrammed.

How can the reprogramming process help in study of

carcinogenesis and cancer treatment? In 2010, while

preparing differentiated derivatives from iPSC of intestine

cancer line DLD-1, researchers revealed an increase in

cell sensitivity to the chemotherapeutic agent 5-FU com-

pared with the initial tumor cells [56]. Thus, on altering

the epigenetic state of cancer cells it is possible to more

effectively apply known medicinal preparations. On the

other hand, some works demonstrate that the cells

obtained as the result of reprogramming/differentiation

of cancer cells are more resistant to currently used thera-

peutic agents [52, 57, 58]. In particular, differentiated

derivatives of iPSC from chronic myeloid leukemia cells,

such as neuronal and fibroblast-like cells, but not blood

cells, were insensitive to imatinib – the inhibitor of tyro-

sine kinases used for treatment of BCR-ABL-associated

myeloleucosis, proving that the medicinal agent influ-

ences cells that are in a definite epigenetic state only [52,

58]. Thus, changing the tumor cell epigenetic state

remains a promising direction for choosing therapeutic

means. Searching and identification of master genes spe-

cific for every type of somatic cells may convert cancer

cells to the initial epigenetic state with loss of malignant

phenotype (Fig. 6).

Directed preparation of different types of somatic

cells by trans-differentiation is one of the most perspec-

tive directions of modern cell biology. However, to trans-

differentiate various types of somatic cells, it is necessary

to identify key master genes inducing directed change in

the epigenetic state of each cell type.

Pluripotent stem cells are a unique resource for

preparation of specialized cells of an organism because

they are able to proliferate unlimitedly and at the same
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Fig. 5. Primary lines of human melanoma demonstrate different survival on the fifth day after introduction of reprogramming genes (a).

Nevertheless, compact colonies are formed in a few cases that are similar to human ESC (b), and activation of alkaline phosphatase takes place

in some of them (c).

a                                                          c

b

Fig. 6. Plausible technologies for correcting cancer cells epigenome with using reprogramming/differentiation or introduction of tissue-spe-

cific master genes of somatic cells.
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time are stable in vitro. The technology of genetic repro-

gramming allows preparing pluripotent cells for each

individual and from practically any available cells of the

organism.

Acquisition of unlimited proliferative potential by

cells proceeds as the result of malignant transformation of

cells; however, it is accompanied by a loss of stability of

their epigenetic state. This is evidenced, for example, by

heterogeneity of cells inside a tumor. Such heterogeneity

may be linked with the fact that a partial de-differentia-

tion of somatic cells or transformation takes place in the

progenitor cells of the organism may proceed during

malignant transformation. Heterogeneity of a tumor may

also be formed due to non-directed processes such as sto-

chastic activation/silencing of genes during epigenomic

destabilization, but a link with initial cell state is pre-

served. Such destabilization takes place also at initial

stages of genetic reprogramming under the action of Klf4

and c-Myc transcription factors, although this process is

directed.

It can be suggested that the malignant potential of

cancer cells might be overcome by directed alteration and

epigenetic state stabilization. Silencing of gene suppres-

sors of tumor development and activation of apoptosis

suppressors that accompany the cell transformation in

carcinogenesis must promote the genetic programming of

tumor cells. Nevertheless, only a small number of works

that show the possibility to obtain induced pluripotent

stem cancer cells has been published. Possibly, genetic

disruptions may be a barrier for whole tumor genome

remodeling and induction of the pluripotent state.
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