
	 In 2006, the discovery that somatic cells can be directly  
reprogrammed into an Embryonic Stem (ES) cell-like pluripotent 
state (iPS cells) via ectopic expression of the four transcription factors 
Oct4, Sox2, Klf4, and c-Myc, referred to as the Yamanaka factor, has 
reformed the conceptions of stem cell biology [1]. Although several  
limitations remain in the potential application of iPS cells [2],  
including low efficiency and genomic modification, this discovery is 
considered a powerful and encouraging tool for basic research and 
clinical applications. Because patient-specific pluripotent cells can 
be generated while avoiding ethical concerns, iPS technology is a  
promising strategy for the use of patient-derived iPS cells to study 
the pathogenesis of human diseases [3-6]. The iPS cells derived 
from patient-specific somatic cells typically contain the genetic  
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information that is responsible for the corresponding human disease  
[7-10]. Recently, a series of studies reported the establishment of  
various disease-specific human iPS cell lines, including cardiac disease  
[11-13], diabetes [14], blood disorders [15] and neurological  
disorders [6,16,17]. The specific somatic cells that are differentiated  
from these patients-specific iPS cells retain disease-related  
phenotypes, so these patient-specific iPS cell lines serve as in vitro 
cellular models to examine the molecular mechanisms of human  
diseases, screen new drugs and develop new therapies. iPS cells also 
hold great potential in the field of regenerative medicine [18,19]. 
Some trials using iPS cell-derived somatic cells have demonstrated 
some effectiveness in certain pathological animal models, including 
Parkinson’s disease [20], hematopoietic diseases [21-24] and retinal 
dystrophy [25]. After performing genetic modifications to correct the 
defective genes via homologous recombination, iPS cells could also 
be applied as a therapy for some genetic mutation-related diseases, 
such as sickle cell anemia [23]. In addition to these diseases, iPS cell  
lines obtained from patients suffering from various diseases,  
including ALS, adenosine deaminase deficiency, Huntington  
disease, Gaucher disease, type 1 diabetes mellitus, muscular  
dystrophies, Down syndrome and Lesch-Nyhan syndrome [10],  
indicate the potential application of iPS cells to the treatment of these 
diseases. Given the potential of iPS cells for basic and clinical research, 
many investigators are highly interested in the molecular mechanisms 
underlying the transformation of differentiated cells into iPS cells.

	 Selected from a list of 24 candidate genes which were implicated 
in the biology of ES cells, Takahashi and Yamanaka identified four 
factors, Oct4, Sox2, c-Myc, and Klf4, which could directly induce the 
generation of iPS cells from mouse embryonic or adult fibroblasts.  
Recent studies have found that there are two transcriptional waves 
during somatic cell reprogramming, an initial wave driven by  
Klf4/c-Myc and a second wave driven by Oct4/Sox2/Klf4 [26]. Both 
waves contain epigenetic modification bursts, including histone  
modifications, and a biphasic pattern of microRNA (miRNA) and 
mRNA expression. However, DNA methylation gradually occurred 
during somatic cell reprogramming. During the first wave, the  
permissive cells gained proliferation ability and lost the identity  
of Mouse Embryonic Fibroblasts (MEFs), undergoing the  
Mesenchymal-to-Epithelial Transition (MET), the initial step of  
somatic cell reprogramming [27]. During the MET process, there 
are comparable changes in cell morphology and gene expression,  
including the up-regulation of epithelial genes and the  
down-regulation of mesenchymal genes, from the mesenchymal-like 
state to the epithelial-like state. The zinc finger transcription factor 
Klf4 was shown to maintain the self-renewal of ES cells in long-term 
cultures [28]. During iPS reprogramming progress, Klf4 was found 
to directly interact with Oct4 and Sox2. In addition, Klf4 acted 
as a cofactor with Oct4 to activate Nanog by binding to the Nanog  
promoter [29]. Some reports proposed that Klf4 triggers the MET 
process during iPS generation by regulating epithelial gene expression 
[30-32]. Klf4 was found to simultaneously repress somatic genes and 
activate pluripotency factors during the reprogramming process [26].
Myc is known to be required for early gene activation [33]. Previous  
research demonstrated that the transcription factor Myc was  
included in Yamanaka’s reprogramming cocktail due to its pivotal role  
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Abstract
	 The use of Induced Pluripotent Stem (iPS) cells, especially 
those reprogrammed from individual patients, has great potential for  
regenerative medicine and drug discovery. The transition from the 
somatic state to the iPS state involves multiple epigenetic events, 
including histone modification, DNA methylation and non-coding  
RNA (ncRNA). However, the mechanisms underlying the  
epigenetic modifications regulating somatic cell reprogramming are 
largely unknown. Here, we present the recent discoveries regarding 
the involvement of epigenetic modifications in an IPs cell generation.  
Further understanding the role of epigenetic regulation in this  
reprogramming process would help to accelerate the clinical  
application of iPS cell technology.
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in ES cell self-renewal via its function as a downstream effector of the 
LIF/STAT3 pathway-mediated [34]. In addition, Myc was reported  
to interact with histone acetyl-transferase (HAT) complexes and 
the ATP-dependent chromatin remodeling complex SWI/SNF,  
indicating that Myc mediates chromatin remodeling. Although 
the global binding pattern of Myc was separable from the other 
three factors in ES cells and iPS cells, Myc contributed to the initial  
reprogramming events by inducing the transcriptional repression 
of fibroblast-specific genes [33,35,36]. Furthermore, Yamanaka  
et al showed that the Myc family member L-Myc [37], which displays 
little transformation activity, promotes iPS generation. Additionally, 
during the second wave, the pluripotency process was established via 
the exogenous expression of the pluripotency factors Oct4/Sox2/Klf4, 
transforming the cells from an intermediate to a mature state.

	 Among these factors, the POU domain transcription factor Pou5f1 
(also known as Oct4) was identified as a crucial gene in the core  
transcription regulatory pathway of ES cells [38-42]. Currently, a  
single factor, Oct4, is sufficient to reprogram the somatic cells into iPS 
cells [30,43,44]. A recent study showed that Oct4 is highly involved in 
the molecular wave that leads to the activation of pluripotent genes to 
establish an ES cell-like state [26]. Because Oct4 is the most important 
reprogramming factor, ectopic expression of Oct4 alone together with  
different combinations of small molecule inhibitors induces  
somatic cell reprogramming. Self-renewal and lineage specialization 
in the pre-implanted embryo primarily relies on intrinsic regulators, 
such as the transcription factor Sox2 [36,45]. Recently, Sox2 was found 
to bind to the promoter regions of the mir-200a/b/429 cluster and  
activate miR-200 family genes during iPS generation [46].  
Furthermore, mechanistic study of Yamanaka factor-mediated  
reprogramming revealed a transcriptional basis for the requirement of 
Sox2 during reprogramming [26,30].

	 The modulation of regulatory genes underlying iPS formation has 
been extensively studied and reviewed. The epigenetic state of cells is 
determined by their unique pattern of DNA methylation and histone 
modifications, which are responsible for the cell- and tissue-specific 
gene expression patterns. An emerging body of evidence suggested 
that during reprogramming, the mechanisms responsible for altering 
the epigenetic status of both DNA and histones also play important  
roles in iPS generation. Here, we provide a brief overview of iPS  
formation and the current state of knowledge regarding the roles of 
epigenetic modifications and ncRNA functions in this process.

	 Epigenetics was initially defined as “the study of mitotically  
and/or meiotically heritable changes in gene function that could 
not be explained by changes in DNA sequence” by Riggs et al. 
[47]. In 2008, at a Cold Spring Harbor Meeting, a consensus  
definition of a epigenetic trait was deemed as a “stably heritable  
phenotype resulting from changes in a chromosome without  
alterations in the DNA sequence’’ [48]. Currently, epigenetic research 
has converged on the study of modifications in DNA and histones and 
the influence of these modifications on gene expression [49,50]. These 
modifications include histone modification, chromatin remodeling,  
DNA methylation and ncRNA-mediated regulation. Epigenetic  
regulation affects nearly all biological processes, including somatic  
cell reprogramming. For example, valproic acid (VPA), a histone  
deacetylase (HDAC) inhibitor, improved MEF reprogramming  
efficiency in the presence of all four Yamanaka factors or the  
Yamanaka factors except for c-Myc [51]. In addition, VPA facilitates 
the reprogramming of human fibroblasts induced using Oct4 and 
Sox2 [52]. Vitamin C (Vc) enhances iPS generation from both mouse  

and human somatic cells by alleviating cell senescence and enabling 
chromatin configuration, as well as by modulating the H3K36me2  
level at the activated epithelial gene locus [53-55]. Furthermore,  
different combinations of a miRNA cocktail successfully and  
effectively reprogram somatic cells into a pluripotent state [56-58]. 
Therefore, in this review, we focus on the recent advances in the  
epigenetic landscape of and the involvement of ncRNA in somatic cell 
reprogramming.

Histone Modifications
	 Histones are highly alkaline proteins expressed in eukaryotic 
cell nuclei that package and organize DNA into special units called  
nucleosomes, which are composed of an octamer containing two  
molecules of each of the four histones (H2A, H2B, H3, and H4)  
[59-61]. Because gene expression occurs on chromatin, the wrapping 
of the genomic DNA around histones is now known to be a critical 
characteristic of the regulation of gene expression. Post-translational  
modifications of histones alter their interaction with DNA and  
nuclear proteins, thereby affecting gene expression. Histones are  
primarily post-translationally modified on their N-terminal tails, but 
occasionally in their globular domains, by specific enzymes. Multiple 
dynamic modifications regulate gene transcription in a systematic and 
reproducible manner defined as the histone code. In an early study 
in 1964, Allfrey et al. found that histones could be acetylated and  
methylated and these modifications were found to affect RNA  
synthesis. To date, more than 130 sites of post-transcriptional covalent  
histone modifications, including propionylation, butyrylation,  
formylation, phosphorylation, ubiquitylation, sumoylation,  
citrullination, proline isomerization, ADP ribosylation, tyrosine  
hydroxylation, and lysine crotonylation, have been identified and 
characterized to be involved in biological processes. Among these 
modifications, histone methylation and acetylation are the most  
studied regarding somatic cell reprogramming [62].

Methylation
	 Histone methylation, one of the most studied histone  
modifications, is associated with both transcriptional activation and 
repression [63]. Trimethylated H3 lysines 9 and 27 (H3K9me3 and 
H3K27me3) are repressive histone marks that are associated with gene 
repression in heterochromatin and euchromatin [64,65]. To establish 
the appropriate epigenetic code, the removal or addition of histone 
methylation marks, plays a key role in somatic cell reprogramming. 
Researchers identified H3K9 methylation as the primary epigenetic  
determinant modification for the intermediate state of  
reprogramming. Furthermore, they found that H3K9 demethylase  
promotes the transition from the pre-iPS to the completely  
reprogrammed iPS state [66]. A mechanistic study showed that 
H3K9 methyltransferase, Setdb1 and Suv39h1 are targeted by BMPs,  
arresting reprogramming at the pre-iPS stage, which is considered 
as a barrier to somatic cell reprogramming. Alternatively, Trithorax 
group (TrxG) and Polycomb group (PcG) protein complexes are key 
regulators of chromatin structures that are required for segmental 
identity in the developing embryo and contribute to the maintenance 
of the pluripotent state [67,68]. TrxG complexes catalyze histone H3 
lysine4 trimethylation (H3K4me3) at the promoters of protein-coding 
genes, miRNA loci and long non-coding RNA (lncRNA) loci, which 
are associated with the activation of transcription, whereas the PcG 
protein complex PRC2 catalyzes histone H3 lysine27 trimethylation 
(H3K27me3), which is associated with transcriptional repression  
[69-72]. Similar to H3K4me3, trimethylated H3 lysine36 (H3K36me3),  
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which is also frequently located in transcriptionally active  
euchromatic regions, was initially detected predominantly at gene 
promoters and subsequently in the bodies of genes [73]. A previous 
report showed that Oct4 transcriptionally activates Wdr5, a core 
member of the mammalian TrxG complex, to enhance its expression 
during somatic cell reprogramming [74]. Moreover, Wdr5 co-operates  
with Oct4 to establish a high H3K4me3 level at the promoters of 
Oct4 itself and Nanog. Taken together, the Oct4/Wdr5 feedback loop  
facilitates the establishment of pluripotency during the  
reprogramming process. Furthermore, this loop is involved in the 
regulation of ES cell self-renewal. Additionally, histone demethylases  
have been found to be directly involved in somatic cell  
reprogramming, as two well-known Vc-dependent H3K36  
demethylases, Jhdm1a/Jhdm1b, play a pivotal role in the  
reprogramming process by counteracting p53/p21-induced cell  
senescence and by interacting with Oct4 to activate the expression 
of the miRNA-302/367 cluster, which was previously demonstrated  
to be involved in the pluripotency process [53]. In addition, the  
miRNA-302/367 cluster alone was previously reported to induce  
somatic cells to obtain a pluripotent state. Another H3K36  
demethylase, Kdm2b, was also reported to promote somatic cell  
reprogramming. By up regulating the expression level of epithelial  
genes, Kdm2b promotes the MET, the critical step of early  
reprogramming, which, in turn, facilitates the activation of  
pluripotent transcription factors. Although a previous study  
demonstrated that Kdm2b could suppress cellular senescence, the 
rate of cell proliferation during the reprogramming process was not  
accelerated in the presence of Kdm2b, indicating that Kdm2b  
promoted the somatic cell reprogramming in a proliferation-indepen-
dent manner [75].

Acetylation
	 The lysine tails attached to the end of histones are positively 
charged. The acetylation of these tails neutralizes these chromatin 
ends, allowing for DNA access [76]. Thus, both histone acetylation 
and deacetylation are essential histone modifications that regulate  
transcriptional activity. It is known that the level of histone  
acetylation, which is regulated by the balance between Histone  
Acetylase (HAT) and Histone Deacetylase (HDAC) activity, generally  
correlates to the activation of gene transcription [77]. Recent  
studies have provided further evidence demonstrating the  
distinctly important roles of histone acetylation in iPS generation. 
Several groups reported that HDAC inhibitors rectify the aberrant 
silencing of loci and eliminate the epigenetic memory of somatic 
cells in established iPS cell lines. During the reprogramming process,  
treating the somatic cells with an HDAC inhibitor, such as VPA, 
TSA, SAHA, or butyrate, significantly improves the efficiency of iPS  
generation [51,52,78,79]. Melton’s group found that the HDAC  
inhibitor VPA improves the reprogramming efficiency by more than 
100-fold in the presence of all four Yamanaka factors or the Yamanaka  
factors except for c-Myc based on the expression of the reporter  
Oct4-GFP [51]. After several months, they observed that VPA could 
enable the reprogramming of human fibroblasts induced using 
Oct4 and Sox2 [52]. Another HDAC inhibitor, butyrate, has been  
demonstrated to be associated with iPS generation, as well. Liang et al.  
showed that butyrate significantly facilitates somatic cell  
reprogramming and reduces the frequency of partially reprogrammed 
cells by improving the reprogramming fidelity, altering both the  
reprogramming dynamics and the ratio of iPS  cell colonies to total  
colonies [78]. Furthermore, Mali et al. found that butyrate  

enhances histone H3 acetylation, promoting DNA demethylation and 
the expression of endogenous pluripotency-associated genes, which 
increases the efficiency of human iPS generation from fibroblasts [79]. 
The histone deacetylation-associated repressor complex Mbd3/NuRD 
was found to be highly involved in iPS generation. In 2013, Hanna’s  
group reported that depleting Mbd3 expression increases the  
reprogramming efficiency to nearly 100% in both mouse and human 
fibroblasts [80].

	 Anokye-Danso et al. found that ectopic expression of the  
miR-302/367 cluster rapidly and efficiently reprograms mouse and 
human somatic cells into iPS cells without any requirement for the 
Yamanaka factors, although the suppression of HDAC2 was also  
required for this process [56]. This study showed that miRNAs  
cooperate with HDAC-mediated epigenetic signaling in a powerful  
manner, thereby playing an essential role in the reprogramming  
process. Furthermore, Zhuang et al. demonstrated that class IIa 
HDACs and myocyte enhancer factor-2 (MEF2) proteins constitute  
a cascade that regulates iPS generation. MEF2 blocks the  
reprogramming process by inducing TGF-β cytokines, which are 
highly associated with the MET, and class IIa HDACs tend to suppress 
the activity of MEF2, promoting the MET and, in turn, enhancing the 
reprogramming efficiency [81].

Chromatin Remodeling

	 Chromatin is a highly organized structure consisting of DNA, 
histones, non-histone proteins and RNA in the eukaryotic genome.  
Chromatin remodeling, an enzyme-assisted nucleosome  
architecture reformation process, regulates the access of condensed 
genomic DNA to regulatory transcription machinery proteins. Recent 
studies found that the spatial organization of chromatin between the 
open and closed conformations at specific regions determines gene 
expression and cell fate. Two major classes of protein complexes are 
involved in this process: histones and ATP-dependent chromatin  
remodeling complexes [82]. Whereas the chromatin structure in  
pluripotent stem cells is open and highly dynamic, that in somatic 
cells is an inactive heterochromatin conformation, implicating that 
chromatin remodeling is involved in somatic cell reprogramming. 
In a previous study, researchers identified the SWI/SNF complex, a 
component of the BAF chromatin remodeling complex, promotes  
somatic cell reprogramming [83]. The activity of Brg1 and Baf155, 
two subunits of the SWI/SNF complex, accounts for the enhancement  
in the reprogramming efficiency. Brg1 and Baf155 increase the 
number of active histone methylation marks at the promoters of  
pluripotency-specific genes by converting the chromatin from a 
passive inactive state to a euchromatin state. In addition, the active 
chromatin state induced by Brg1 and Baf155 enhances the binding of 
the reprogramming factor Oct4 to downstream reprogramming gene 
promoters to establish a pluripotent state. Furthermore, in a recent  
study, long-range chromosomal interactions were found to occur  
prior to the activation of endogenous Oct4 during the reprogramming 
process. Researchers showed that the reprogramming factor Klf4  
interacts with the cohesin complex, which mediates DNA looping  
between enhancers and promoters, and recruits cohesin to the  
enhancer regions of the Oct4 locus. In turn, Oct4 and other  
pluripotent genes are reactivated by the formation of these  
intra-chromosomal loops. In addition, knockdown of the  
cohesion-complex gene SMC1 was suggested to abolish these  
intra-chromosomal interactions and this induction of pluripotency 
[84].
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DNA Methylation
	 DNA methyltransferases (DNMTs) regulate DNA methylation 
by recognizing CpGs and catalyzing the transfer of a methyl group 
to the cytosine residues on DNA. It is well established that high 
CpG methylation in a promoter region correlates to the inhibition 
of the expression of the corresponding gene. DNA methylation has 
also been considered as a major epigenetic barrier to somatic cell  
reprogramming. Mikkelsen et al. suggested that a large portion of 
cells treated with the four Yamanaka factors are unable to overcome 
this major reprogramming barrier and are trapped in a partially  
reprogrammed state. Treatment of mouse fibroblasts with the DNMT 
inhibitor 5-Azacytidine (5-Aza) significantly increased the number 
of induced ES cell-like colonies and enhanced the reprogramming  
efficiency using all four Yamanaka factors or the Yamanaka factors 
except for c-Myc [10,52,85]. In the partially reprogrammed cells, 
the endogenous pluripotent genes were not completely reactivated  
because DNA hyper-methylation was retained at their promoters.  
5-Aza treatment facilitates the transition from the partially  
reprogrammed state to the iPS state by reactivating these pluripotent 
genes, such as Oct4, Nanog, Utf1, and Dppa5, thereby promoting 
complete reprogramming. Treatment of partially reprogrammed cells 
with shRNAs reducing the level of Dnmt1 expression also induced this 
stable transition [85]. The de novo DNA methyltransferases Dnmt3a 
and 3b are directly recruited by G9a to the promoters of pluripotent 
genes, such as Oct4 and Rex1, during early embryogenesis, suggesting 
that these de novo DNMTs might also be involved in the re-activation 
of pluripotent genes [86].

	 Inappropriate or aberrant transcriptional silencing of imprinted 
genes via DNA methylation during the reprogramming process may 
shed the light on the developmental potential of iPS cells. Studies 
by Stadtfeld showed that the Dlk1-Dio3 region was predominantly  
aberrantly silenced by DNA methylation in Yamanaka factor–induced 
iPS cells and that the reactivation of this imprinted region might  
correlate to the degree of iPS pluripotency [87]. The addition of 
5-Aza eliminated the improper DNA methylation marks from these  
imprinted genes and helped to establish iPS cells exhibiting complete 
differentiation potential, similar to ES cells [88]. The de novo DNMT 
Dnmt3a might be responsible for the hyper-methylation of the  
Dlk1-Dio3 locus and the aberrant silencing of this imprinted region 
during iPS generation, which was prevented by VPA treatment [89] or 
miR-29b transduction [90]. A recent study also showed that treatment 
with ascorbic acid impedes the binding of Dnmt3a to the promoter of 
the Dlk1-Dio3 locus, thus preventing the loss of expression of these 
imprinting genes [89].

	 RG108, another DNMT inhibitor [91], enhances the  
reprogramming efficiency by 30-fold when applied in combination 
with an L-calcium channel agonist BayK8644 (BayK) and HMT  
inhibitor (BIX-01294) in the presence of only Oct4 and Klf4 [92]. 
These findings demonstrated that DNMT inhibition plays a pivotal  
role in iPS generation and that DNA methylation is a critical  
epigenetic obstacle to overcome during the reprogramming process.

	 Recent studies convincingly demonstrated that active DNA  
demethylation, which is independent of DNA replication, is essential  
for rapid and stable reprogramming. Cytidine deaminases  
(activation-induced cytidine deaminase; AID) and 5-methylcytosine 
DNA hydroxylases (Tets) are two major classes of molecules that are 
known to be responsible for active DNA demethylation.

	 Bhutani et al. developed a strategy to examine the initiation of  
reprogramming by fusing mouse ES cells to human skin cells to  
generate hybrids referred to as heterokaryons [93]. AID [94] was 
shown to be required for demethylation at the promoter regions  
of two well-known pluripotent genes: Oct4 and Nanog. A  
loss-of-function experiment using siRNA against AID showed that 
knockdown of AID remarkably repressed the demethylation and  
reactivation of expression of Nanog and Oct4 in heterokaryons. These 
results suggested that demethylation of these two key pluripotent  
genes by AID is an essential step in reprogramming and  
demonstrated that the effect of AID on active DNA demethylation 
is crucial for the reprogramming process. In addition, it has been 
suggested that global genomic demethylation in Primordial Germ 
Cells (PGCs) [95] and in zebrafish embryos [96] might occur via 
an AID-mediated active demethylation mechanism. A recent study 
confirmed that AID does bind to methylated gene regions but not 
to unmethylated regions based on an AID ChIP assay and that AID  
cooperates with the Gadd45 protein to demethylate DNA during DNA 
repair [96]. The deaminase activity of AID is critical for the initiation  
of reprogramming, and loss of AID significantly impairs the  
reprogramming efficiency by 80% [97]. In addition, AID was  
suggested to be involved in the regulation of epigenetic memory  
based on an assay of differentiated cells lacking AID during the  
reprogramming process from the somatic to iPS state. The results  
showed that AID-lacking cells maintained a hypermethylated  
genome, displayed low expression levels of pluripotent genes and 
failed to remain stabilized in the pluripotent state [98]. These findings 
emphasized the effect of AID on DNA demethylation and the crucial 
role of AID-mediated active DNA demethylation in reprogramming.

	 Several studies identified that Tet-mediated active DNA  
demethylation plays an important role in somatic cell  
reprogramming. Recent findings indicated that Tet1, which always  
binds to the transcriptional start sites of genes, might help to  
prevent aberrant DNA methylation at CpG-rich promoters [99],  
suggesting that DNA hydroxymethylation might play an critical role 
in genome-wide epigenetic remodeling during reprogramming. Gao’s 
group also found that Tet1 directly promotes Oct4 demethylation and 
reactivation, facilitating iPS generation. Their finding implicated that 
Tet1 could substitute for Oct4 to trigger the initiation of molecular  
events involved in the reprogramming process and that both  
5-methylcytosine and 5-hydroxymethylcytosine (5hmC)  
modifications are increased during reprogramming [100]. It is known 
that enrichment of 5hmC in gene regions during reprogramming is 
required for effective gene demethylation and reactivation. Although 
all Tet family members (Tet1, Tet2 and Tet3) catalyze the conversion 
of 5mC to 5hmC [101], only Tet1 is involved in the maintenance of 
pluripotency and is required for the regulation of Nanog expression in 
ES cells, which negatively correlates to the level of DNA methylation 
at its promoter [102]. Tet1 and Nanog may also interact to promote 
the hydroxylation of Oct4 and Esrrb. It has been suggested that Tet1 is 
up regulated during iPS reprogramming and participates in the active 
DNA demethylation of pluripotency genes.

	 Tet2 may also physically associate with Nanog to enhance the  
efficiency of iPS formation [103]. Doege showed that the Yamanaka  
factors activate the expression of Tet2, but not Tet1 or Tet3, and act 
together with Parp1, a poly (ADP-ribose) polymerase, to prevent  
further methylation of the Nanog and Esrrb promoters and to enhance 
the hydroxylation of these pluripotent genes [104], indicating that 
Tet2 might predominantly mediate the hydroxylation, demethylation,  
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and reactivation of genes during the reprogramming process. Tet2 is 
also responsible for the rapid accumulation of 5-hmC at the loci of 
pluripotent genes, such as Oct4, during the reprogramming process in 
newly formed heterokaryons from the fusion of differentiated cells to 
pluripotent cells [105]. Consistently, Tet2-depleted mouse fibroblasts  
are unable to generate iPS cells in the presence of the Yamanaka  
factors because the MET is blocked by Tet2 deficiency. Reactivation  
of the key miRNAs (miR-200 family), depending on oxidative  
demethylation promoted by Tet and TDG sequentially, partially  
alleviates this inhibition of iPS generation [106].

	 Vc has been reported to interact with the catalytic domains of Tet1 
and Tet2 and to enhance their enzymatic activity. The addition of Vc 
was also reported to increase the genome-wide 5-hmC level [107,108]. 
Yin et al. showed that the global 5-mC levels in ES cells decreased  
by 40% in the presence of Vc for 3 days [108]. Thus, oxidative  
demethylation to promote pluripotency gene reactivation was  
suggested to be functionally required for the reprogramming of  
fibroblasts into iPS cells.

miRNAs
	 miRNAs are hairpin-derived small ncRNAs containing 22-24  
nucleotides. miRNA-coding genes are transcribed into long primary 
miRNAs (pri-miRNAs) that are processed into precursors, defined 
as pre-miRNAs, by the DGCR8 complex and are then exported and  
processed into mature base-paired miRNAs by Drosha and Dicer [61]. 
miRNAs may act as post-transcriptional regulators to repress gene  
expression by binding to the 3’UTRs, the 5’UTRs and the coding  
sequences of target genes [109]. By post-transcriptionally modulating  
gene regulation, miRNAs are likely involved in most biological  
processes and are known to play important roles in somatic cell  
reprogramming.

	 Recently, several studies showed that the combination of a few 
miRNAs can successfully and effectively reprogram somatic cells into 
a pluripotent state [56,58]. Interestingly, miR-302 was the common  
factor in these three studies. miR-302 was initially reported to  
induce pluripotency independently of transcription factors, by the 
Wu’s group in 2008. Direct transfection of mature miRNAs may  
reduce the risk of tumorigenesis and mutations without genomic  
integration. Wu et al. introduced a doxycycline-induced construct of 
miR-302a-d into normal human hair follicle cells via electroporation. 
Approximately 5-6 days after inducing miR-302 expression, more than 
90% of the cells had been reprogrammed, displaying the expression of 
pluripotency markers, such as Oct4, Sox2, and Nanog [57]. Further  
investigation revealed that miR-302 enhances multiple aspects of  
reprogramming [31,110]. First, miR-302 and -372 have been found 
to regulate the MET, which is an early event of reprogramming that 
is primarily triggered by Klf4. Researchers found that miR-302 and 
-372 negatively regulate TGF-β signaling to increase the rate of the 
MET by directly repressing the expression of TGF-β receptor 2 and 
the TGF-β superfamily ligands LEFTY1 and LEFTY2 during human 
fibroblast reprogramming [31]. Furthermore, the induction of bone  
morphogenetic protein (BMP) signaling may also promote the MET 
and the reprogramming process, and miR-302 has been shown to 
play a role in the regulation of BMP signaling during reprogramming 
[110]. Lipchina et al. showed that miR-302 targets multiple inhibitors  
of BMP signaling (e.g., TOB2, DAZAP2, and SLAIN1) in hESCs.  
Inhibition of miR-302 and -367 using miRNA antagonists decreased 
the expression level of Inhibitor of DNA Binding 1 (ID1) and T-cell 
Leukemia Homeobox 2 (TLX2), both of which are downstream genes  

of BMP signaling [111]. Second, miR-302 and other miRNAs,  
including miR-291, -294, and -295, defined as ES Cell-specific Cell 
cycle regulating (ESCC) miRNAs, regulate the G1/S phase transition 
in ES cells [112]. Compared to somatic cells, ES cells exhibit a high 
rate of cell proliferation and a shorter G1 phase [113,114]. It was  
reported that ectopic expression of miR-302 in human fibroblasts  
accelerated the G1/S transition [115]. Moreover, Judson reported that 
transient transfection with ESCC miRNAs in the presence of three 
transcription factors (Oct4, Klf4, and Sox2) enhance the formation of 
mouse iPS cells [116]. Furthermore, miR-302 is thought to enhance  
the generation of iPS cells by targeting and repressing p21 and the 
retinoblastoma family member Retinoblastoma-like 2 (RBL2),  
inhibiting the cell proliferation rate [117]. miR-302 has also been  
reported to function in resetting the chromosome and enhancing 
reprogramming by targeting several chromatin-modifying enzymes, 
including AOF1, AOF2 (also known as KDM1B and KDM1A,  
respectively), and the methyl-CpG-binding proteins GATAD2B and 
MECP2 [57]. It is possible that the miR-302-367 cluster reprograms 
differentiated cells into iPS cells by targeting and down regulating  
epigenetic repressors, which bind to the promoters of pluripotent  
genes. Hu reported that miR-302s also promotes induced  
pluripotency by targeting NR2F2, which directly inhibits Oct4  
expression [118]. It remains to be clarified which chromatin regulators 
that are targeted directly or indirectly by the miR-302-367 cluster are  
responsible for triggering and amplifying these epigenetic  
modifications.

	 In addition to the miR-302-367 cluster, many other miRNAs 
have been reported to be involved in the regulation of somatic cell  
reprogramming. The miR-205 and miR-200 families have also been 
shown to enhance reprogramming by facilitating the MET in both 
mouse and human cells during the early step of reprogramming and 
to initiate the MET in canine mesenchymal cells by directly targeting 
and repressing Zinc Finger E-box Binding Homeobox 1 (ZEB1) and 
ZEB2, which serve as the primary repressors of Ecadherin [119,120]. 
Further, the miR-141/200c and miR-200a/b/429 clusters are activated  
by exogenous Oct4 and Sox2, respectively, and BMP signaling  
strongly induces the expression of both the miR200 family and  
miR-205, thereby promoting the MET in MEFs [31,46,120]. In  
addition, it has been reported that miR-130b, -301b, and -721 enhance 
reprogramming by reducing the expression of the transcription factor 
Meox2, which is also involved in the MET [121].

	 let-7 miRNAs antagonize the function of ESCC miRNAs. Melton 
demonstrated that knockdown of let-7 significantly improves  
reprogramming [122]. Moreover, miR-294 might enhance  
reprogramming by increasing the expression of LIN28, which has 
been shown to regulate the biogenesis of let-7 in ES cells [122,123]. 
The opposition of the effect of let-7 on reprogramming might  
partially explains the mechanism by which ESCC miRNAs  
(miR-291, -294, -295 and -302) promote the generation of iPS cells in 
the presence of either three or four Yamanaka factors [116].

	 Cellular senescence has been identified as a critical barrier to the 
generation of iPS cells. Ectopic expression of reprogramming factors 
also leads to the up regulation of p53 and p21 and the induction of 
the DNA damage response, both of which result in cell senescence. 
Several groups have focused on the functional links between miRNAs  
and the p53 pathway during reprogramming. Over-expressing  
miR-138 enhances OSK (Oct4, Sox2, and Klf4)-mediated  
reprogramming by directly targeting and repressing p53 expression  
[124]. Suppressing miRNA-21 and -29a also reduces the p53  
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expression level by targeting CDC42 and p85a, respectively [125]. 
Importantly, the miRNA-34 family, which is activated by p53,  
prevents the generation of iPS cells by targeting Nanog and Sox2. 
The miRNA-34 family has emerged as a direct p53 target gene that  
mediates the induction of cell cycle arrest and senescence via p53 
[126]. Furthermore, miRNA-199a-3p is up regulated by p53 and 
negatively regulates somatic cell reprogramming [127]. miR-199a-3p  
might function as another mediator of p53 and has recently been  
reported to target p21-activating kinase 4 (PAK4), thereby  
suppressing HCC growth [128]. In contrast, either over-expression 
of miR-199a-3p or deletion of PAK4 leads to an increase in the p21  
expression level [127,129,130].

lncRNAs
	 The discovery of lncRNAs from the so-called transcriptional  
noise during the last decade has gradually aroused interest in the 
field of epigenetic regulation. Additional evidence has been shown  
demonstrating the remarkable function of lncRNAs in different  
biological processes, including somatic cell reprogramming  
[131-134].

	 Loewer et al. discovered ten Long Intergenic ncRNAs (lincRNAs) 
whose expression levels are robustly elevated in iPS cells compared 
to ES cells. Their results also revealed that these reprogramming-as-
sociated lincRNAs are directly regulated by specific key pluripotency  
transcriptional factors. In this study, they found that linc-RoR  
enhances iPS generation, providing the first evidence that lincRNAs 
function during somatic cell reprogramming [135]. Previous studies 
proposed a hypothesis which separated the process of iPS generation 
into several transcriptional factor-based waves, such as the MET,  
maturation and stabilization or stochastic and hierarchic, implying 
that the processes of cell reprogramming are separable. Moreover, 
the promoter regions of many ES cell-expressed lncRNAs have been 
demonstrated to be bound and regulated by key pluripotency-asso-
ciated transcription factors, such as Oct4, Sox2, and Nanog [136].  
Because the expression levels of these lncRNAs might be high relative 
to those of these key factors, the function of lncRNAs during somatic  
cell reprogramming is likely to be hierarchic, as well, based on the 
stepwise activation of the corresponding upstream transcription  
factors.

	 lncRNA may interact with chromatin-modifying complexes and 
mediate the epigenetic modification of target genes, resulting in 
the attenuation of the expression of key transcription factors [137].  
Increasing evidence has indicated physical interactions between  
lincRNA and chromatin-modifying complexes, such as PcG [138,139] 
and TrxG [140,141], which are associated with histone methylation.  
Kahlili et al. found that ~20% lincRNAs physically binds to  
chromatin-modifying complexes in various cell types [142].  
Another well-understood lincRNA, HOTAIR, has been revealed to 
tether PRC2 and Lysine-Specific Demethylase 1 (LSD1) by acting  
as a molecular scaffold to mediate histone methylation or  
demethylation, thus maintaining the silence of HOX genes [137]. As 
for histone acetylation, the lncRNA JADE has been demonstrated  
to  transcriptionally activate Jade1, a key component in the HBO1   
histone acetylation complex, and induces H4 acetylation [143]. 
A recent study of the function of linc-RoR in ES cells suggested  
that another intriguing function of lincRNA is its activity as an  
endogenous miRNA sponge to competitively repress  
pluripotency-related miRNAs [144]. Later, several other studies 
showed that lncRNAs act as an endogenous sponge of miRNAs that  

participate in multiple biological processes to regulate cell  
proliferation and tissue development [145,146]. Another study 
showed that the lncRNA ecCEBPA competes with genomic DNA to 
bind to DNMT1 with a high affinity, thus preventing the methylation 
of its target gene CEBPA. Deep sequencing of transcripts associated  
with DNMT1 combined with genome-scale methylation and  
expression analysis revealed that the RNA-DNMT1 interaction 
might globally modulate genomic DNA methylation [147]. These  
recently discovered mechanisms of lincRNA in the regulation  
network of pluripotency might imply a potential role of lincRNA in 
somatic cell reprogramming.

Perspectives

	 Since Yamanaka’s group first reported that the transcription  
factors Oct4, Sox2, Klf4, and c-Myc can convert differentiated cells 
to a pluripotent state, iPS cell reprogramming has been regarded as a 
useful cell model to investigate the molecular mechanisms of cellular 
pluripotency and differentiation, as well as a potential resource for cell 
replacement therapy. Increasing the efficiency of the reprogramming 
process and elucidating the mechanisms underlying the generation  
of iPS cells have become new hotspots of cell biology. The recent  
discoveries in iPS reprogramming, especially those using 
high-throughput technologies, such as RNA-seq and ChIP-seq, have 
allowed us to focus on epigenetic regulation. The reprogramming of 
differentiated cells into pluripotent cells is accompanied by dramatic 
changes in the epigenetic profiles of these cells. Histone modifications,  
such as H3K36me3, and DNA methylation are major epigenetic  
barriers to reprogramming. Application of a set of miRNAs alone 
or in combination with reprogramming factors, such as Oct4, Sox2, 
Klf4, c-Myc and LIN28, could break this epigenetic barrier and drive  
somatic cells to acquire pluripotency. lincRNAs mediate the crosstalk 
of the epigenetic landscape and perform multiple functions during 
iPS cell reprogramming. lincRNAs both bind to chromatin-modify-
ing complexes to regulate the epigenetic modification of target genes 
and act as competitive endogenous sponges to repress target miRNAs. 
Dissecting these epigenetic modifications during the reprogramming 
process will provide a novel understanding of the determination of 
cell fate between pluripotency and differentiation, as well as lead to 
the development of new methods to generate iPS cells more efficiently.
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