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Abstract: The ultimate goal of regenerative medicine is to replace damaged tissues with new 

functioning ones. This can potentially be accomplished by stem cell transplantation. While stem 

cell transplantation for blood diseases has been increasingly successful, widespread application 

of stem cell therapy in the clinic has shown limited results. Despite successful efforts to refine 

existing methodologies and to develop better ones for reprogramming, clinical application of stem 

cell therapy suffers from issues related to the safety of the transplanted cells, as well as the low 

efficiency of reprogramming technology. Better understanding of the underlying mechanism(s) 

involved in pluripotency should accelerate the clinical application of stem cell transplantation 

for regenerative purposes. This review outlines the main decision-making factors involved in 

pluripotency, focusing on the role of microRNAs, epigenetic modification, signaling pathways, 

and toll-like receptors. Of special interest is the role of toll-like receptors in pluripotency, where 

emerging data indicate that the innate immune system plays a vital role in reprogramming. Based 

on these data, we propose that nongenetic mechanisms for reprogramming provide a novel and 

perhaps an essential strategy to accelerate application of regenerative medicine in the clinic.

Keywords: dedifferentiation, transdifferentiation, reprogramming, pluripotency, microRNAs, 

epigenetic modifications, signaling pathways, toll-like receptors

Current status of regenerative medicine
Humans have a constrained ability to regenerate and restore their tissues and organs. 

Some organs have a higher regenerative capacity, such as the blood and the liver, 

while other organs have very limited ability to self-renew, such as the heart and the 

brain. Some tissues, such as the liver, regenerate by proliferation, while others undergo 

self-renewal, such as hematopoietic stem cells. In contrast with humans, some verte-

brates have far-reaching regenerative capacities that, in specific cases, extend as far 

as replacing complete limbs.1

The field of regenerative medicine aims to cure intractable illness by replacing dam-

aged tissues and failing organs, and/or fortifying the body’s own repair mechanisms. 

Regenerative medicine also incorporates tissue engineering, through which scaffolds, 

cells, and biologically active molecules are combined into functional tissues. This 

powerful capacity can conceivably overcome the hurdles of organ transplantation, 

including the shortage of organs available for donation and the severe problems 

associated with graft rejection or graft versus host disease.2

Stem cell therapy aims to regenerate malfunctioning tissues via several 

mechanisms.3 Injectable stem cells may replace defective cells and differentiate into 

functioning ones. Alternatively, stem and progenitor cells can induce regeneration 
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by secreting biologically active molecules. Furthermore, 

stem cells can be differentiated in vitro into functioning 

cells and grown on scaffolds into functioning organs prior 

to transplantation.4

By taking advantage of biotechnological advances in 

scaffolding material, tissue engineering appears to be today’s 

promising treatment for replacing damaged tissues. The 

principle is straightforward: cells are gathered and intro-

duced with or without alteration of their biological properties 

directly into the harmed tissue or into a permeable three-

dimensional matrix. In these carefully designed scaffolds, 

stem cells are manipulated in a controlled environment in 

which physicochemical and mechanical parameters are care-

fully monitored. After reaching the desired differentiation, 

these cells or tissues could be grafted.

Dedifferentiation, 
transdifferentiation, and 
reprogramming; the three 
processes compared
Dedifferentiation is one of the mechanisms linked to natural 

regeneration, in which a terminally differentiated cell returns 

back to a less differentiated stage from within its own particu-

lar genealogy. This procedure permits the cell to proliferate 

again before redifferentiating, prompting the substitution of 

those cells that have been lost. A few nonmammalian verte-

brates have a remarkable ability to regenerate. As a rule, this 

process includes the dedifferentiation of mature cells followed 

by redifferentiation. In nonmammalian vertebrates, there are 

several illustrations of dedifferentiation, such as heart regen-

eration in zebrafish. Zebrafish can completely regenerate their 

heart following amputation of up to 20% of the ventricle.5 

Throughout this process, differentiated cardiomyocytes that 

are still present in the heart dedifferentiate and proliferate to 

recover the missing tissue.6 As the cardiomyocytes dismantle 

their contractile apparatus, they additionally detach from each 

other and begin to express the positive cell cycle regulators 

monopolar spindle 1, polo-like kinase 1, and cdc2 (Figure 1).6 

At present, little is known about the signaling pathways 

involved, despite the fact that fibroblast growth factor and 

platelet-derived growth factor signaling have been specifically 

linked to this regeneration. Hindrance of fibroblast growth 

factor or platelet-derived growth factor signaling prompts 

incomplete regeneration and formation of scar tissue.7 In this 

case, dedifferentiation seems to be unpredictably linked to the 

cell cycle, as re-entry into the cell cycle does not appear to be 

vital following dedifferentiation.8 Recent evidence suggests 

that the tumor suppressor retinoblastoma protein not only 

controls cell cycle arrest but might also play an active role in 

maintaining the differentiated status of a cell. Interestingly, 

blocking proliferation by blocking retinoblastoma protein 

does not prevent dedifferentiation from happening. It appears 

that dedifferentiation is independent of the cell cycle, and 

that retinoblastoma protein likewise has an important role in 

keeping up the differentiated status of a cell.9

Pluripotent cell
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Figure 1 Review of reprogramming, dedifferentiation, and transdifferentiation. Pluripotent cells have the potential to give rise to any lineage of cells. Fibroblasts can be 
reprogrammed back to pluripotent cells by inducing expression of Oct4, Sox2, Klf4, and c-Myc.24 Zebrafish cardiomyocytes provide a good example of dedifferentiation 
by expressing mps1, plk1, and cdc2.6 B-cells can be transdifferentiated into macrophages utilizing CeBPα and CeBPβ.14 Also, fibroblasts can be transdifferentiated into 
cardiomyocytes utilizing GATA4, Tbx5, and Mef2c.17 
Abbreviations: CeBP, CCAAT-enhancer-binding protein; mps1, monopolar spindle 1; plk1, polo-like kinase 1.
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Transdifferentiation involves the irreversible change of 

cells from one differentiated cell type to another. Biological 

transdifferentiation takes place in two stages: first, the cell 

dedifferentiates, then the natural developmental program is 

stimulated, permitting the cell to differentiate into the new 

lineage.10 This sequence, however, may not be mandatory in 

all cases. The regenerating lens of the newt and salamander 

perfectly depicts the naturally occurring transdifferentiation 

process.11 In these species, after evacuation of the lens from 

the eye, new pigmented epithelial cells of the lens regener-

ate and further differentiate to structure a new lens.11 This 

regeneration involves inactivation of retinoblastoma protein, 

permitting the cells to re-emerge the cell cycle.12 Recently, 

Day and Beck showed that Wnt and bone morphogenetic pro-

tein signaling pathways are required for transdifferentiation 

from cornea to lens, a process in which both the PITX and 

Wnt genes are essential.13 The experimental transdifferentia-

tion of B-cells into macrophages utilizing the transcription 

factors CCAAT-enhancer-binding protein-α (CEBPα) and 

CEBPβ provides a good illustration of in vitro transdif-

ferentiation (Figure 1).14 Forced expression of CEBPβ and 

CEBPα in differentiated B-cells prompts reprogramming 

them into macrophages without notable changes in DNA 

methylation.15 Following a comparable strategy, it is conceiv-

able to transdifferentiate murine fibroblasts into functional 

neurons using three transcription factors (Brn2, Ascl1, and 

Mytl1).16 Fibroblasts have been transdifferentiated into car-

diomyocytes utilizing GATA4, Tbx5, and Mef2c (Figure 1).17 

GATA4 activates the process by opening chromatin, permit-

ting access to the other transcription factors.18 This offers a 

new strategy to replace the lost or damaged cardiomyocytes 

by inducing fibroblast transdifferentiation in vivo. Human 

dermal fibroblasts have additionally been transdifferenti-

ated into multipotent progenitors that have the potential to 

differentiate into monocytic, granulocytic, erythroid, and 

megakaryocytic lineages with in vivo engraftment capacity 

utilizing the ectopic expression of Oct4 in the presence of 

particular cytokine treatment.19 A therapeutic example of 

transdifferentiation has been shown by Sapir et al, when 

human liver cells were induced to transdifferentiate into func-

tional insulin-producing β-cells by transduction with PDX-1 

virus.20 In an effort to determine the underlying mechanisms 

of transdifferentiation, a recent report showed that stepwise 

epigenetic modifications stabilize the changes caused by 

transcriptional factors to ensure transdifferentiation.21 Zuryn 

et al have further shown that there is parallelism between epi-

genetic modifications underlying transdifferentiation in vivo 

and efficient cell reprogramming in vitro.22

Reprogramming occurs naturally during fertilization to 

produce totipotent cells that can differentiate into any cell 

type.23 Reprogramming can also be induced artificially, 

whereby a fully differentiated cell is induced to regress into 

its pluripotent origin, with the possibility of differentiating 

into almost any other cell type. In 2006, Takahashi and 

Yamanaka induced pluripotency of a differentiated somatic 

cell through overexpression of only four transcription fac-

tors (Oct4, Sox2, c-Myc, and Klf4, Figure 1).24 These cells 

were called induced pluripotent stem cells (iPSCs). Oct4 has 

a fundamental role in the development and maintenance of 

pluripotency by activating or repressing specific genes,25 such 

as Nanog,26 Fgf4,27 Utf1,28 and Zfp206.29 Indeed, cells lacking 

functional Oct4 can no longer support this key property.30 

In addition to activating pluripotency, Oct4 prevents the 

differentiation of pluripotent cells by acting as a depressor 

of lineage-specific transcription factors. Oct4 forms a repres-

sive complex with Cdx2 (a transcription factor important for 

trophectoderm specification), and hinders its transcription.31 

Moreover, Oct4 has been shown to suppress the transcription 

of the epithelial mesenchymal transition mediator Snail to 

encourage reprogramming.32 Recently, Oct4 was found to 

interact with nuclear β-catenin and to enhance its protea-

somal degradation, thus maintaining the undifferentiated 

state of embryonic stem cells (ESCs).33 Despite the fact that 

Sox2 is involved in the self-renewal of stem cells, one of 

its essential capacities is to maintain Oct4 expression at the 

levels required to maintain pluripotency.34 It has been shown 

that Sox2 may act with Oct4 to activate Oct-Sox enhancers 

that in turn upregulate the expression of many pluripotency 

genes, including Nanog, Oct4, and Sox2 itself.34 During 

development, Nanog is expressed by the pluripotent cells 

of the inner cell mass, and appropriately, embryos that fail 

to express this gene fail to develop the inner cell mass.35 

Nonetheless, if Nanog is removed from cells that have 

effectively accomplished pluripotency, they still hold many 

stem cell features.36 Subsequently, it appears that the major 

role of Nanog is in sustaining pluripotency. Interestingly, 

the cells most adjustable to reprogramming have been neural 

stem cells, which only require Oct4.37 Why certain cell types 

require fewer factors for reprogramming remains debatable. 

One possibility is that less differentiated cells are closer to 

pluripotency and subsequently need fewer factors. Another 

possibility is that certain cell types already express some 

of these factors. However, the strongest evidence points to 

the fundamental role of Oct4 in reprogramming. A recent 

study showed that Tet-1, a 5-methylcytosine hydroxylase, 

could replace Oct4 in reprogramming somatic cells and 
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generating fully pluripotent iPSCs,38 which indicates that 

DNA methylation and hydroxymethylation play important 

roles in epigenetic remodeling in pluripotency.

All of the three processes discussed so far can prompt 

terminally differentiated cells to become highly plastic and 

suitable for therapeutic purposes However, one of the major 

differences between reprogramming and both transdif-

ferentiation and dedifferentiation is their current potential 

for in vivo therapy. Although both transdifferentiation and 

dedifferentiation can be successfully accomplished in vivo, 

directing pluripotent cells into a new lineage is a complex 

process, that has so far been successful only in vitro. Although 

the three processes can induce considerable changes in dif-

ferentiated cells, each has definite advantages in terms of 

regenerative medicine. If the aim is to replace cells lost as a 

consequence of injury or disease, this could be accomplished 

by reprogramming cells taken from the patient in vitro and 

afterward differentiating them into the desired cell type, fol-

lowed by engraftment back into the patient. A simpler in vivo 

approach would be either to induce cells to dedifferentiate 

and then proliferate or to induce a more abundant or less 

specialized cell type to transdifferentiate into the desired 

cell types. If, however, the objective is to correct a genetic 

mutation, attempting to transdifferentiate or dedifferentiate 

any of the patient’s cells would not cure the disease, as the 

new cells would still contain the mutation. In this situation, 

the more feasible option would be to reprogram the patient’s 

own cells in vitro, followed by correcting the damaged gene 

before differentiating the cells into the desired lineage and 

injecting them back to the patient.39

MicroRNAs involved in pluripotency
The role of microRNAs (miRNAs) in pluripotency has been 

investigated by several laboratories. MiRNAs are small 

noncoding RNAs, typically comprising 19–25 nucleotides, 

that regulate gene expression post transcriptionally by 

translational silencing of their targeted messenger RNAs 

(mRNAs).40 In most cases, the effect of miRNAs in ESC 

physiology remains unknown. However, the presence of a 

subset of miRNAs that are only expressed in ESCs (Table 1) 

and, most importantly, the failure to create viable ESCs from 

mice deficient in Dicer,41 the enzyme needed for miRNA 

processing, suggest an essential role for miRNAs in ESC 

self-renewal.

DGCR8 is a nuclear protein, essential for miRNA 

processing. Like the Dicer-null ESCs, DGCR8-deficient 

ESCs show either delayed or decreased expression of dif-

ferentiation markers, in addition to delayed kinetics of 

cell cycle progression.42 Most DGCR8-deficient ESCs are 

arrested in the G1 phase. This indicates that the fundamental 

role of the miRNA pathway is to regulate the ESC cycle at 

the G1-S phase transition. In addition, DGCR8-null ESCs 

display differentiation defects as they fail to steadily silence 

the expression of self-renewal markers, including OcT4, 

Sox2, Nanog, and Rex1.42

The pattern of expression of miRNA in human ESCs 

seems to vary extraordinarily from that of differentiated 

cells.43 Studies showed that the miR-290–295 cluster and 

miR-296 are peculiar to ESCs and play specific roles in 

maintaining pluripotency44 and that their levels are reduced 

as the stem cells differentiate (Figure 2).44 In contrast, levels 

of miR-21 and miR-22 increase significantly after induction 

of differentiation, indicating that these miRNAs may play 

a critical role in stem cell differentiation (Figure 2).43 Other 

miRNAs, including miR-134, miR-296, and miR-470, were 

Table 1 MicroRNAs involved in pluripotency, self-renewal, 
differentiation, and reprogramming

Stem cell  
process

MicroRNAs involved References

Pluripotency miR-290, miR-291, miR-292, miR-293,  
miR-294, miR-295, miR-302, miR-317,  
miR-327, miR-373, miR-367

44,43

Self-renewal miR-21, miR-141, miR-200, miR-429 119,120
Differentiation miR-134, miR-296, miR-470, miR-145 45,46
Reprogramming miR-302–367 cluster 121

miR-21

ESC Self-renewal

D
ifferentiation

miR-141

miR-296

LIN28 Let-7

Somatic cell

Inhibit

keys

Induce

miR-290–295 cluster

Figure 2 microRNA regulation of self-renewal and differentiation. eSCs have the 
potential to self-renew or differentiate into somatic cells. MicroRNAs regulate both 
self-renewal and differentiation pathways of eSCs. miR-21 and the miR-290–295 
cluster are essential for self-renewal of eSCs.43 Another regulator of eSCs is Lin28, 
which binds to Let-7, promoting self-renewal.51 However, miR-296 promotes 
differentiation of eSCs.45 
Abbreviation: eSCs, embryonic stem cells.
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recently found to target coding regions of Oct4, Sox2 and 

Nanog to promote differentiation.45 Suh et al reported a group 

of miRNAs that are abundantly expressed in human ESCs. 

These miRNAs, termed ESC-specific miRNAs, incorporate 

miR-302a, miR-302b, miR-302c, miR-302d, miR-367, and 

miR-371–373 (Table 1).43 Xu et al showed a critical role 

for miR-145 in repression of the 3′-untranslated regions of 

Oct4, Sox2, and Klf4. Loss of miR-145 ameliorated differ-

entiation and increased the expression of the most essential 

reprogramming factors, indicating its potential role in the 

creation of iPSCs.46

Another seemingly important regulator of pluripotency 

is survivin. Kapinas et al showed that survivin is selectively 

expressed under the control of miRNAs.47 They showed that 

miR-203 expression and activity is harmonious with the 

expression of survivin isoforms and subsequently controls 

expression of the Oct4 and Nanog transcription factors to 

maintain pluripotency.47

Efforts to identify the mRNA targets that underlie the 

capacity of ESC-specific miRNAs have been undertaken 

and reported by several groups.48 Subramanyam et al dem-

onstrated that miRNAs stimulate reprogramming by simul-

taneously targeting several discriminating cellular pathways 

involving regulators of the G1-S cell cycle checkpoint, the 

 mesenchymal-to-epithelial transition, and DNA methyl bind-

ing proteins.49 These cellular processes interact with a subset of 

the mRNAs targeted by these miRNAs. The ESC-specific miR-

NAs likewise target mRNAs that control apoptosis and bone 

morphogenetic protein signaling, although the role of these 

targets in reprogramming has not yet been elucidated.50

Despite these reports, regulators of miRNA biogenesis 

have been demonstrated to be among the handful of factors 

that can change differentiated cells into iPSCs. This is the 

case with the RNA-binding protein Lin28, which can pro-

ficiently change fibroblasts into iPSCs when transduced 

together with Oct4, Sox2, and Nanog.51 Evidently, Lin28 is 

an ESC-specific RNA-binding protein that interferes with 

and suppresses the action of let-7 miRNAs.52 let-7 miRNA 

is expressed at low levels in ESCs, and is rapidly induced 

upon differentiation.53 Additionally, Lin28 expression is 

activated by c-Myc in numerous human and mouse tumor 

models (Figure 2).54 These data provide evidence that Lin28 

has a central role in blocking miRNA-mediated differentia-

tion in stem cells and in substitution of c-Myc throughout 

iPSC formation. Evidently, using miRNAs to control the 

differentiation of stem cells can prompt diverse tissues to 

be generated from stem cells for the purpose of cell therapy. 

For instance, expression of miR-181 results in an increase 

in the number of cells entering the B-lymphoid lineage, but 

not the number of cells entering the T-lymphoid lineage, 

while ectopic expression of miR-142 or miR-223 has the 

opposite effect.55

Epigenetic modifications  
in pluripotency
Pluripotency of ESCs is maintained by epigenetic factors 

closely associated with the pluripotency transcription fac-

tor network (Table 2).56 Epigenetic modifications of gene 

expression include DNA methylation and histone modifica-

tion, each of which adjusts how genes are expressed with-

out modifying the underlying DNA sequence. Epigenetic 

factors involved in maintaining the pluripotency of ESCs 

must be activated throughout the reprogramming process,57 

as during reprogramming, pluripotency genes that are 

Table 2 List of epigenetic markers and their role in reprogramming

Epigenetic 
marker

Reprogramming effect Epigenetic regulators mechanisms References

H3K4 Required for self-renewal, and is needed during  
the initial phase of reprogramming

wdr5 catalyzes H3K4 methylation 122

H3K9 Required for differentiation, and its removal  
results in efficient conversion of partially  
reprogrammed cells to iPSCs

By depletion of Suv39h1, Suv39h2, Setdb1, or ehmt2 64

H3K27 Required for differentiation, and its removal  
is also involved in reprogramming

PRC2 and Utx interacts with reprogramming factors  
and impairs reactivation of pluripotency genes

123,124

H3K36 Knockdown decreases reprogramming, while  
overexpression improves reprogramming

Kdm2a and Kdm2b facilitates tearly transcriptional  
response to the reprogramming factors

125

H3K79 Depletion in the early phase enhances  
reprogramming

Kmt4 inhibition results in upregulation of pluripotency  
genes, such as Nanog and Lin28

126

Histone  
acetylation

HDAC2 knockout allows reprogramming to be  
driven by overexpression of only microRNAs

Small-molecule inhibitors of histone deacetylases (such  
as valproic acid, trichostatin A, and butyrate) enhance  
reprogramming and replace ectopic c-Myc or Klf4

121,127, 
128

Abbreviation: iPSCs, induced pluripotent stem cells.
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hypermethylated in somatic cells must be demethylated and 

activated. The genomes of ESCs express an open chromatin 

state that is highly accessible to transcription factors.58 The 

open chromatin status is locally stimulated by chromatin-

remodeling  factors, such as the SWI-SNF complex and Chd1. 

Knockdown of Chd1 blocks the iPSC, while overexpression 

of the SWI-SNF complex enhances its formation.59,60

Histone modifications
During iPSC generation, somatic cell chromatin requires 

reorganization to an ESC-like state.61 It seems that the 

chromatin reorganization event occurs in a coordinated 

and sequential manner. Rearrangement of heterochromatin, 

distinguished by the presence of histone H3 lysine 9 trim-

ethylation (H3K9me3) and heterochromatin protein 1, occurs 

before activation of Nanog, while enrichment of euchromatin 

markers happens simultaneously with activation of Nanog.62 

Pluripotent ESCs are known for active histone markers, 

including H3K4me3, but as ESCs differentiate, the regions 

marked by repressive H3K9me3 and H3K27me3 extend and 

spread (Table 2).63 H3K9 methylation is a tangible barrier to 

reprogramming, so decreasing the levels of H3K9 methyl-

transferases or overexpressing H3K9 demethylases enhances 

the efficiency of creating iPSCs (Table 2).64,65 ESCs thus 

express bivalent histone modifications, ie, H3K4me3 and 

H3K27me3, which hinder many differentiation genes.66

DNA methylation
Like histone modifications, DNA methylations are well 

established in ESCs and iPSCs.67 Methylation is mediated by 

DNA methyltransferases, which stimulate the addition of Met 

groups to Cys residues in CpG islands. In general, regions 

rich in CpG that overlap gene promoters are unmethylated 

and their expression is decreased.68 Notwithstanding this, 

many promoters in CpG islands undergo methylation changes 

during differentiation, like promoters of pluripotency genes, 

which are free from methylation in undifferentiated ESCs and 

iPSCs, but become methylated at differentiation.69 Indeed, 

for ESCs to differentiate, DNA demethylation is needed as 

DNA methyltransferase-depleted cells conserve their stem 

cell characteristics, indicating that DNA methylation is 

essential for the maintenance of stemness.70

Chromatin remodeling
DNA is packaged into chromatin by associations with histone 

and non-histone proteins. The main unit of chromatin is the 

nucleosome, structured by the wrapping of 146 base pairs 

of DNA around a core of two copies, each composed of four 

histone proteins (H2A, H2B, H3, and H4).71 Pluripotent ESCs 

are characterized by a global chromatin structure that is gen-

erally dynamic and specific to the transcriptional machinery. 

Upon differentiation, chromatin is changed into a more repres-

sive state.58 Components of the chromatin structure also play a 

key role in controlling gene expression profiles in pluripotent 

ESCs. Direct interaction between reprogramming factors and 

chromatin regulators may be essential for pluripotency. For 

example, Oct4 can interact with subunits of the BAF chromatin-

remodeling complex,25,72 which improves reprogramming 

and could stimulate the binding of transcription factors to 

nucleosomal sites.59 Also, it has been shown that overexpres-

sion of Baf155/Brg1 (an ATP-dependent chromatin-remodeling 

complex) enhances reprogramming by enhancing the binding 

of Oct4 to its pluripotency targets.59 Additionally, Chd1, the 

chromatin-remodeling factor, is required to maintain the open 

chromatin state of pluripotent stem cells and is also required 

for efficient reprogramming of fibroblasts to the pluripotent 

stem cell state.60 Thus, somatic cell reprogramming using 

chromatin-remodeling molecules represents an efficient method 

of generating reprogrammed cells.

Recent work in iPSC programming showed that if cells 

are deficient in Mbd3, a nuclear protein of the Mbd3/NuRD 

(nucleosome remodeling and acetylation) complex, the effi-

ciency of reprogramming induced by Oct4, Sox2, Klf4, and 

c-Myc increases to nearly 100%.73 It is also worth pointing 

out that the peremptory reprogramming of Mbd3-depleted 

somatic cells reported by Brumbaugh et al has been chal-

lenged by a more recent study showing a need for function-

ing of Mbd3/NuRD for efficient reprogramming.73 Santos 

et al have showed that depletion of Mbd3 led to reduction in 

the efficiency of reprogramming and that overexpression of 

Mbd3 facilities reprogramming of neural stem cells when 

combined with expression of Nanog, but not with other 

tested reprogramming factors.74 It seems that a number of 

differences, including choice of reprogramming cassettes 

and reprogramming culture conditions, have influenced the 

differences between these results. Also, 5-azacytidine, a 

DNA methyltransferase inhibitor, encourages transforma-

tion of partially reprogrammed cells to iPSCs, and upgrades 

overall reprogramming efficiency when used at the late stage 

of reprogramming.75

The ability to establish patient-matched ESC lines is 

currently challenged by the fact that there are abnormal 

epigenetic modifications during the reprogramming process. 

The above data thus provide strong evidence that epigenetic 

modifications have significant control over pluripotency, and 

should be considered when using iPSCs for cell therapy.
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Signaling pathways involved  
in pluripotency
wnt/β-catenin signaling pathway
The Wnt signaling pathways function through groups 

of surface proteins, such as Wnt, which has been linked 

to embryonic development. β-catenin, a part of the cad-

herin cell adhesion complex, assumes an essential role in 

E-cadherin-mediated cell-cell adhesion and is an essen-

tial intermediate in the Wnt signaling pathway. It is well 

established that human and murine ESCs can be maintained 

in an undifferentiated state by the activation of Wnt sig-

naling, which upregulates the expression of Oct4, Nanog, 

and Rex1 through the action of β-catenin (Figure 3).76 

The role of Wnt signaling in the reprogramming pro-

cesses is confounding since high levels of Wnt activity 

in glycogen synthase kinase (GSK)-3 double-knockout 

mice were shown to prompt differentiation of ESCs.77 

(GSK-3 is a serine/threonine protein kinase that has been 
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demonstrated to phosphorylate β-catenin, thus targeting 

it for recession).

Wnt has been definitively shown to regulate dedifferen-

tiation. Without Wnt signaling, β-catenin is phosphorylated 

by functional interaction with GSK-3β and hence targeted to 

degradation by the ubiquitin-proteasome system.78 Another 

putative “reprogrammer” enacted by Wnt signaling might 

be T-cell factor/lymphocyte enhancer factor, which indicates 

a high level of colocalization with Oct4, Sox2, and Nanog 

(Figure 3).79 Additionally, Wnt could activate endogenous 

c-Myc directly, substituting the need for exogenous c-Myc. 

This supports the evidence that Wnt signaling can promote 

reprogramming of somatic cells to pluripotency.80

TGF-β signaling pathway
Transforming growth factor-beta (TGF-β) is a protein 

that controls proliferation and cellular differentiation in 

different capacities in most cells. The signaling role of 

TGF-β in stem cell reprogramming has been investigated 

by Ichida et al, who showed that inhibiting TGF-β sig-

naling replaces Sox2 in reprogramming by inducing the 

transcription of Nanog (Figure 3).81 It is well established 

that bone morphogenic protein 4, a member of the TGF-β 

superfamily, participates with leukemia inhibitory fac-

tor in maintaining pluripotency in murine ESCs. Under 

serum-free culture conditions, leukemia inhibitory factor 

alone prompted neural differentiation of murine ESCs. This 

effect was annulled by treatment with bone morphogenic 

protein 4, which maintained the undifferentiated state of 

ESCs, and without serum.82

In 2009, Maherali et al demonstrated that hindrance of 

TGF-β receptor I kinase with an Activin-like kinase 5 inhibi-

tor upgraded both the proficiency and kinetics of murine 

embryonic fibroblasts reprogrammed by Oct4, Sox2, Klf4, 

and c-Myc. Activation of the TGF-β signaling pathway on 

the other hand blocked reprogramming.83 This discrepancy 

suggests that hindrance of TGF-β acts only on direct repro-

gramming pathways that are already working in ESCs. Inhibi-

tion of TGF-β could replace Sox2 and c-Myc in induction of 

iPSCs. This highlights the dual role of TGF-β as an inducer 

of pluripotency by replacing Sox2 and c-Myc.83 Inhibition 

of TGF-β signaling also promotes the mesenchymal-to-

epithelial transition process, which is a critical step in somatic 

reprogramming.32 TGF-β prevents mesenchymal-to-epithelial 

transition by inhibiting both upregulation of epithelial mark-

ers and downregulation of the mesenchymal transcriptional 

repressor Snail.32

Pi3K/Akt signaling pathway
Phosphoinositide-3-kinases (PI3Ks) are lipid kinases that 

induce generation of phosphatidylinositol trisphosphate, 

a signaling lipid, upon stimulation by numerous growth 

factor receptor tyrosine kinases, such as epidermal growth 

factor, fibroblast growth factor, and platelet-derived gro-

wth factor. Akt1, a serine/threonine kinase, is one of the 

fundamental players in this pathway. It modulates the 

functions of different cellular responses, including cell 

proliferation, growth, adhesion, and death, in addition to 

inducing tumorigenesis.84 Activation of Akt1 signaling is 

sufficient to maintain the pluripotency of murine ESCs 

without leukemia inhibitory factor (Figure 3).85 However, 

despite what might be expected, treatment of murine ESCs 

with the PI3K inhibitor LY294002 promoted a loss of ESC 

characteristics, even in the presence of leukemia inhibitory 

factor.86 Further, initiation of PI3K signaling is critical to 

the advancement of dedifferentiation in embryonic germ 

cells from primordial germ cells.87 The role of the PI3K 

pathway in ESC biology and in reprogramming remains 

largely unknown. Nakamura et al showed that activation 

of Akt signaling stimulated reprogramming after fusion of 

ESCs with thymocytes or murine embryonic fibroblasts, 

which prompted the formation of ESC-like hybrid cells.88 

Supporting these results, it has been shown that ERas, an 

ESC-specific Ras gene, is closely associated with Akt in 

enhancing reprogramming89 and modulation of Akt signaling 

by genetic or chemical means.89

Jak-Stat signaling pathway
The Jak-Stat signaling pathway transmits information 

from chemical signals outside the cell through the cell 

membrane and into gene promoters in the DNA in the 

nucleus, causing DNA transcription and activity. Activa-

tion of the Janus kinase/signal transducer and activator of 

transcription 3 (Jak/Stat3) signaling pathway maintains 

murine ESC pluripotency.90 The Jak/Stat3 signaling path-

way is principally initiated by leukemia inhibitory factor, 

which likewise initiates the PI3K/protein kinase B (also 

known as Akt) and extracellular signal-regulated kinase 

1/2 (Erk1/2) pathways in ESCs (Figure 3).91 Artificially 

activated Stat3 sustains self-renewal of murine ESCs in 

the absence of leukemia inhibitory factor.92 Little is known 

about the downstream mechanism of Stat3 in maintenance 

of pluripotency, despite reports that leukemia inhibitory 

factor/Stat3 upregulates expression of Klf4 and Myc in 

murine ESCs.93
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Activin/Nodal pathway
Nodal, a member of the TGF-β superfamily, acts by binding 

to heteromeric complexes between type I and type II Activin 

receptors, which in turn act through the Smad2/Smad3 sig-

naling pathway.94 Recent data indicates that overexpression 

of the Nodal growth factor in human ESCs can obstruct 

their default neuroectoderm differentiation by formation of 

embryoid bodies.95 Nodal itself is expressed in human ESCs 

and disappears rapidly upon differentiation, indicating that 

Nodal signaling could be included in the maintenance of 

pluripotency. Restraint of Nodal does not induce differen-

tiation of human ESCs. However, hindrance of the Activin/

Nodal/TGF-β signaling pathway induces differentiation of 

human ESCs, showing that the Activin/Nodal pathway is 

fundamental for support of pluripotency.96 Evidently, under-

standing the molecular mechanisms and signaling pathways 

that regulate stemness is a mandatory step toward the design 

of rational clinical treatments.

Toll-like receptors involved  
in pluripotency
Toll-like receptors (TLRs) are a class of proteins with a key 

role in the innate immune response. TLR signaling comprises 

two different pathways, ie, a myeloid differentiation primary 

response gene (MyD 88)-dependent pathway and a MyD88-

independent pathway.97 The MyD88-dependent pathway is 

common to all TLRs, except for TLR3.98 The TLR3 pathway 

is initiated by viral double-stranded RNA and is indepen-

dent of MyD88. To investigate the role of this pathway in 

reprogramming using retroviral plasmid-containing stem 

cell factors (Oct4, Sox2, Klf4, and c-Myc), knockdown of 

TLR3 signaling diminished the pluripotency gene expression 

induced by Oct4. Similarly, short hairpin RNA knockdown 

of TLR3 diminished the ability of Oct4 to induce expression 

of the target pluripotent genes.99 This indicates that TLR3 

knockdown inhibits activation of downstream pluripotency 

genes when utilizing retroviral vectors or mRNA to overex-

press the reprogramming factors and reduces the efficiency 

and yield of human iPSCs. Taken together, stimulation of 

TLR3 produces substantial changes in the expression of 

epigenetic modifiers to enhance chromatin rebuilding and 

nuclear reprogramming and stimulates pluripotency genes 

and generation of human iPSC colonies.99

Emerging data suggest that TLRs may play a role in 

regulation of stem cell fate. TLR ligands have been shown 

to contribute to differentiation of mesenchymal stem cells 

(MSCs). Supplementation of adipogenic differentiation 

medium with TLR7 and TLR2 agonists induced MSCs to 

produce a significantly high percentage of adipose cells, with 

more promising results achieved with TLR7 (Figure 4).100 

Also, TLR9 increased the osteogenic differentiation of MSCs 

(Figure 4).100 Human bone marrow hematopoietic stem cells 

could be differentiated into myeloid cells just by stimulation 

with TLR7/8 agonists.101 TLR2 agonists have been shown to 

have similar effects in hematopoietic stem cell differentiation 

into the myeloid lineage (Figure 4).101 Interestingly, TLR7/8 

agonists were more effective at inducing CD11+CD14− cells, 

whereas TLR2 was more effective at inducing CD11+CD14+ 

cells.101 On the basis of these findings, it can be suggested that 

TLR signaling can influence the outcome of stem cell dif-

ferentiation, and that differentiation is not produced through 

the same signaling pathways.

Human MSCs have been shown to produce proinflam-

matory cytokines, such as interleukin (IL)-1β, IL-6, IL-8, 

CCL5, and tumor necrosis factor-alpha, in response to TLR 

agonists.102 TLR2 agonists stimulated CD34+ progenitors to 

secrete granulocyte-macrophage colony-stimulating factor.101 

It has been shown that production of cytokines in response 

to TLR stimulation occurs through nuclear factor kappa B 

signaling.103 MSCs from diverse sources express TLRs at the 

mRNA level, although expression at a protein level appears 

to be low (ie, compared with monocytes). Detection of TLRs 

in MSCs by flow cytometry has also been troublesome.104 

Pevsner-Fischer et al demonstrated that murine MSCs 

express many TLRs, and specifically TLR2, which was 
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essential for their differentiation capacity.105 Like murine 

MSCs, human MSCs also express many TLRs.106 In murine 

MSCs, TLR signaling may be connected to the multipotency 

of MSCs, as MyD88-deficient bone marrow MSCs failed to 

efficiently differentiate into chondrogenic and osteogenic 

lineages.105 In human MSCs, only activation of TLR9 has 

been shown to affect adipogenic differentiation.100

Giuliani et al have shown that TLRs can modulate the 

function of MSCs.107 TLR-primed adult and ESCs were more 

resistant than unprimed stem cells to natural killer-induced 

killing.107 In addition, TLR3-primed but not TLR4-primed 

MSCs showed enhanced suppressive functions against natural 

killer cells.107 On the other hand, Yan et al showed that TLR4 

priming of MSCs increased the expression of B-cell activat-

ing factor,108 which indicates that TLR4 has an important role 

in B-lymphocyte immune regulation of MSCs (Figure 4).

Lee et al observed that TLR ligands such as lipopolysac-

charide, a ligand of TLR4, and Poly (I:C), a ligand of TLR3, 

stimulated the proliferation of murine ESCs (ESD3) devel-

oped on gelatin-coated dishes in standard ESC culture medium 

containing leukemia inhibitory factor (Figure 4).99 The TLR 

ligands, lipopolysaccharide and Poly (I:C), were likewise 

found to induce ESCs to form primary embryoid bodies.109 

Evidently, the cells from the lipopolysaccharide-stimulated 

primary embryoid bodies were still capable of forming the 

secondary embryoid bodies more efficiently in the presence 

of lipopolysaccharide, suggesting that lipopolysaccharide-

stimulated ESCs retain competence for self-renewal.110

TLR signaling plays a similarly significant role in promot-

ing differentiation of murine ESCs into hematopoietic progen-

itors.109 Adding lipopolysaccharide to the ESC hematopoietic 

differentiation culture favorably increased the differentiation 

of myeloid lineage progenitors.109 Also, treatment with the 

TLR4 ligand stimulated hematopoietic progenitors to differen-

tiate from Twist-2-deficient ESCs,111 indicating the important 

role of the transcriptional repressor Twist-2 in controlling 

hematopoietic differentiation from ESCs.109

It appears that TLRs and their ligands can serve as 

regulators of stem cell proliferation and differentiation and 

might affect the maintenance of MSC multipotency. Our 

understanding of the biological significance of functional 

TLRs in stem cells and their role in dedifferentiation, trans-

differentiation, and reprogramming seem to be evolving, and 

further investigation is warranted.

Conclusion and perspectives
One of the most significant challenges in regenerative medi-

cine is being able to provide transplantable cells.112 Stem cell 

transplantation has shown impressive results in the treatment 

of a number of intractable diseases, such as leukemia, lym-

phoma, and immune deficiency disorders. However, use of 

stem cells for solid tissue transplantation has not been met 

with similar success.113 Issues with safety and production effi-

ciency have hampered the progress and clinical applications 

of stem cell therapy, especially utilizing iPSCs.114 Evidently, 

the stress generated during reprogramming prompts the selec-

tion of iPSCs in which stress regulatory genes are mutated, 

rendering iPSCs more prone to tumor development.115 In this 

review, we have attempted to explain the role of miRNAs, 

epigenetic modifications, signaling pathways, and TLRs in 

pluripotency and the potential application of this knowledge 

in facilitating stem cell therapy.

The role of ESC-specific miRNAs in effective reprogram-

ming of ESCs looks very promising. ESC-specific miRNAs 

alone can accomplish successful reprogramming, leading to 

the conclusion that these miRNAs have an important role in 

the process. The primary advantage of miRNAs is that, unlike 

transcription factors, they are more effective and take less 

time to induce cell redirection. However, the mechanism by 

which ESC-specific miRNAs redirect somatic cells to assume 

pluripotency remains unknown. miRNA-based reprogram-

ming may herald a new era in regenerative medicine, and the 

introduction of miRNAs directly into patients to change the 

fate of certain cells does seem highly promising.

Epigenetic modifications have been shown to be closely 

connected to the pluripotent state of ESCs, as in the case of 

H3K4me3, which was shown to support the self-renewal 

capacity of ESCs.116 Further understanding of the regulatory 

connections between epigenetic modifications and pluri-

potency will aid in the generation of “high-quality” iPSCs 

suitable for therapeutic application.

Although the signaling pathways involved in dediffer-

entiation, transdifferentiation, and reprogramming have not 

been completely elucidated, recent evidence suggests that 

these pathways may have a critical role in application of 

stem cell therapy.117 The Wnt/β-catenin, TGF-β, PI3K/Akt, 

Activin/Nodal, and Jak-Stat signaling pathways all have an 

essential role in pluripotency.118 Recognizing which signaling 

pathways play a key role during dedifferentiation, transdif-

ferentiation, and reprogramming could conceivably allow 

development of new approaches to control these processes 

through better control of the process of pluripotency. By acti-

vating or inhibiting certain signaling pathways, pluripotency 

can be turned on and off.

Understanding of the molecular mechanisms that con-

trol pluripotency or stimulate differentiation will enhance 
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application of stem cell therapy in the clinical setting. Of 

special importance is the role of TLRs in embryonic and adult 

stem cells, with new reports suggesting that TLRs may play 

a dual activation and regulatory role in the immune system. 

This role may be more pronounced in regulation of mam-

malian stem cells, and highlights a previously unrecognized 

role for activation of innate immunity in pluripotency. These 

emerging data should have significant implications for under-

standing stem cell biology and applying stem cell therapy in 

the clinical setting.

Despite the large volume of research in the field, regenera-

tive medicine has shown slow progress at the bedside, largely 

because of issues related to the safety of ESCs and iPSCs and 

the limited efficiency of reprogramming technology. Most 

efforts to reprogram somatic cells to behave like stem cells 

have focused on genetic modifications. Data presented in this 

review highlight important, novel, and nongenetic factors that 

can significantly alter somatic cells, enhance pluripotency, 

and provide an efficient means for reprogramming and stem 

cell therapy.
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