
Summary. Cell reprogramming is a process involved in
changing epigenetic landscapes, including histone
modification, DNA methylation, and expression of non-
coding RNAs; and reprogramming finally leads to
changes in gene expression profile and cell fate. A great
challenge to this field is to overcome epigenetic
suppression exerted by highly differentiated cells of
those key regions that are critical for establishment and
maintenance of final cell types or induced pluripotent
stem cells (iPSCs). As a new class of small non-coding
RNAs, piwi-interacting RNAs (piRNAs) have been
shown to play important roles in transposon silencing,
transcriptional/post-transcriptional regulation, and
epigenetic modifications. In this review, we discuss
recent advances in which piRNAs were proposed or
shown to be barriers to reprogramming suppression
through epigenetic silencing, and it may be necessary to
overcome this piRNA-derived barrier to achieve final
cellular status during reprogramming. Therefore, gaining
deeper insights into the mechanism(s) by which piRNAs
mediate epigenetic regulation of gene expression,
genome stability and chromatin status may offer a new
avenue for efficient reprogramming of somatic cells
toward a pluripotent state.
Key words: Piwi-interacting RNAs, Small non-coding
RNAs, Epigenetic modification, Stem cells, DNA
methylation, Cell programming and reprogramming

Introduction

Epigenetic modifications, such as DNA methylation,
histone modification and the regulation of non-coding
RNAs (Dulac, 2010), is a process in which change
occurs in gene expression and in cellular phenotypes that
are independent of alterations in genomic DNA
sequences. ES cells have a unique “open” chromatin
state compared to terminally differentiated somatic cells
(Meissner et al., 2008), suggesting that resetting
chromatin state is a key process in changing cell fate
during iPSC generation. An increasing number of studies
point out that changes in epigenetic status are closely
linked to reprogramming, cellular differentiation,
apoptosis, and many diseases (Surani, 2001; Gopisetty et
al., 2006; Portela and Esteller, 2010; He et al., 2013).
Interestingly, these biological events are often
accompanied by changes in the expression of small non-
coding RNAs, such as miRNAs, siRNAs, and piwi-
interacting RNAs (piRNAs), indicating their potential
roles in reprogramming (He et al., 2011a; Watanabe et
al., 2011; Yan et al., 2011; Onder et al., 2012). As
regulators of gene activity, small non-coding RNAs play
important roles in regulation of gene transcription,
protein translation, epigenetic modification, genomic
stability, and chromatin organization (Bagga et al., 2005;
Lytle et al., 2007; Folco et al., 2008; Tay et al., 2008;
Varambally et al., 2008). However, the underlying
mechanisms by which small non-coding RNAs perform
such functions have not yet been clarified (Duursma et
al., 2008). Therefore, further studies are needed to better
understand how small RNAs function in regulating
epigenetic status, gene expression, genome stability, and
cell fate determination. In this review, we focus on the
function of piRNAs in epigenetic regulation and cellular
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reprogramming during generation of iPSC. 
Induced pluripotent stem cells (iPSCs)

Induced pluripotent stem cells (iPSCs) are cells that
acquire ES cell-like properties by reprogramming
somatic cells and changing the epigenetic landscape
back to a pluripotent state. Takahashi et al. first found in
2006 that four transcription factors (TFs)-Oct4, Sox2,
Klf4, and cMyc could reprogram mouse fibroblast cells
into iPS cells (Takahashi and Yamanaka, 2006). In 2007,
Takahashi et al. successfully induced human skin
fibroblasts into iPS cells by using the same set of TFs,
highlighting the conserved mechanism for the
reprogramming process across species (Takahashi et al.,
2007). Given its great promise in regenerative medicine,
a tremendous amount of effort has been exerted to better
understand the mechanism(s) of iPSC generation and its
potential future applications. In order to avoid activation
of pro-oncogenes along with iPSC induction and to
improve the induction efficiency of iPSC, researchers
from Harvard University successfully induced
fibroblasts into iPS cells only using two factors (Oct4,
Sox2) combined with histone deacetylase inhibitors,
suggesting that epigenetic modification plays a role in
iPSC generation (Huangfu et al., 2008). In 2011, a study
by researchers from the University of Pennsylvania
demonstrated that over-expression of the miR302/367
cluster, coupled with inhibition of HDAC2, is able to
reprogram adult differentiated cells into iPS cells with
significantly improved efficiency, but without a
requirement for exogenous factors; this indicates that
miRNA and epigenetic pathways cooperate in a
powerful way in the reprogramming process (Anokye-
Danso et al., 2011). To further demonstrate its power in
creating models for development and disease, a Japanese
group showed in 2011 that iPSCs can be efficiently
induced into functional cardiomyocytes; and this
provided a unique platform for the in-vitro study of
cardiovascular development and disease. Collectively,
iPSCs provide a useful resource for developmental
studies, disease modeling, drug screening, and disease
treatment (Fujiwara et al., 2011).
The function of epigenetic factors in somatic cell
reprogramming 

During iPSC generation, somatic cell chromatin
needs to be reset to an ES cell-like state characterized by
a transcriptionally permissive “open chromatin” state
that manifests high levels of histone acetylation and
H3K4me3, and lower levels of H3K9me3, etc (Pan et
al., 2007; Gaspar-Maia et al., 2011). One of the major
obstacles of reprogramming is the re-activation of
pluripotency factors whose expression is controlled by
the epigenetic status of their regulatory sequences, such
as promoters and enhancers. During reprogramming, the
inhibitory epigenetic signature of regulatory chromatin
regions of pluripotency factors has to be overcome to

finally achieve their ES cell-like chromatin state.
Therefore, how to efficiently convert a somatic to a
pluripotent chromatin state represents a major challenge
for researchers in this field. 

Consistent with an ES cell-like chromatin state,
many epigenetic factors that contribute to transcriptional
repression have themselves to be suppressed during
somatic cell reprogramming (Kaneda et al., 2004; Jia et
al., 2007; Ooi et al., 2007). A recent study found that
inhibition of H3K79 histone methyltransferase (DOT1L)
could speed up reprogramming significantly and
increase the number of iPSC clones . The inhibition of
DOT1L in the early reprogramming period showed
Nanog and Lin28 upregulation (Onder et al., 2012). At
the same time, DOT1L suppression de-repressed
pluripotency genes by demethylating the H3K79me2
mark, suggesting the importance of resetting the
chromatin status of regulatory sequences of pluripotency
factors (Ng et al., 2002; van Leeuwen et al., 2002;
Okada et al., 2005; Kim et al., 2012). Another study
from the University of Pennsylvania unveiled an iPSC
formation mechanism and found a reason for the low
efficiency of Yamanaka’s reprogramming; i.e., that there
existed some impediment to success of the procedure.
The obstacle was that of H3K9me3 histone modification
in the target region of the four transcriptional factors
(Oct4, Sox2, Klf, and cMyc) (Soufi et al., 2012).
Consistently, reprogramming was sped up when
H3K9me3 histone modification was repressed (Soufi et
al., 2012; Antony et al., 2013). These results provided
hope that induced efficiency could be increased when
epigenetic modification was weakened.

In addition to histone modifications, DNA
methylation also plays an important role in
reprogramming. Previous studies showed that activation-
induced cytidine deaminase (AID) played a role in active
DNA demethylation at the beginning of the
programming process to activate the expression of Oct4
and Nanog by acting on the Oct4 and Nanog promoter
regions (Rai et al.; 2008, Bhutani et al., 2010, 2011;
Deng, 2010). These data highlight the importance of
active demethylation in the reprogramming process.
However, the mechanism by which active DNA
demethylation is involved in somatic cell
reprogramming is still unclear.

Recent studies have shown that the Tet protein
family (Tet1, Tet2, and Tet3), a new class of active DNA
demethylases, is involved in maintenance of
pluripotency and somatic cell reprogramming (Gu et al.,
2011; He et al., 2011b; Ito et al., 2011; Koh et al., 2011;
Tan and Shi, 2012) . Consistent with their abundant
expression in ES cells, Tet1 and Tet2 have been shown
to contribute to ES cell maintenance and reprogramming
(Costa et al., 2013). It was reported that Tet1 was
necessary for the maintenance of Nanog gene expression
in embryonic stem cells by maintaining the
unmethylated state of its promoter (Ito et al., 2010). The
depletion of Tet1 led to a reduction in the expression of
Nanog by increasing DNA methylation on its promoter
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region.
It has been suggested that specific chromatin-

modifying enzymes play critical roles in somatic cell
reprogramming by either acting as a hindering factor or
a promoting factor. We can gain deeper insights into the
mechanisms by which chromatin-modifying enzymes
function in the reprogramming process, and this may
lead to efficient generation of high-quality and safe
iPSCs for future applications.
PiRNA

PiRNAs (piwi-interacting RNAs) are small non-
coding RNAs that have been found in recent years with
over 50,000 kinds; they are 26-3l nt in length and
possess a 5 'end of uracil bias (approximately 86%).
PiRNA clusters form a locus (loci) distributed in the
genome, and they specifically interact with the
Argonaute protein family and piwi subfamily proteins
(Aravin et al., 2006; Girard et al., 2006; Grivna et al.,
2006; Lau et al., 2006; Saito et al., 2007). In 2006,
piRNAs were first isolated from mouse sperm cells by
four groups independently and it was reported that
piRNAs played a key role in maintenance of
reproductive genome integrity, transposon repression,
and transcript interference involved in heterochromatin
formation; which implies epigenetic regulation in germ
cells (Aravin et al., 2006; Girard et al., 2006; Grivna et

al., 2006; Lau et al., 2006) (Fig. 1A). One study
correlated piRNAs with mitochondria, indicating that
piRNA/piwi-mediated gene silencing or transcriptional
element pathway regulation requires a conserved
enzyme located in mitochondria (Aravin and Chan,
2011) (Fig. 1A). Other than functions in germ cells,
recent studies have suggested that piRNAs are broadly
expressed in many somatic tissues, including heart,
brain, liver, spleen, kidney, lung, stomach, small
intestine, colon, ovary, uterus and testis (Ro et al.,
2007a,b; Dharap et al., 2011; Lee et al., 2011; Ragan et
al., 2012). So far, piRNAs have been found in a variety
of model organisms, such as plants, Drosophila,
zebrafish, nematodes, mice, and humans. Most of the
piRNAs were studied in Drosophila and mouse
(Houwing et al., 2007; Malone et al., 2009; Lee et al.,
2012). One of the earlier studies in somatic tissues
showed that piRNA degraded mRNA and suppressed its
translation in the early embryo. This study showed that
piRNAs regulate gene stabilization and translation by
targeting its 3’UTR region (Rouget et al., 2010).
Additionally, piRNA also may form piRNA complexes
and target mRNAs for post-translational gene regulation
(Fig. 1B).
The relationship between piRNAs and microRNAs

MicroRNAs are small non-coding RNA about 22
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Fig. 1. PiRNA-regulatory
pathways in germ cells and
somatic cells. A. piRNAs
involved in transposon
repression and epigenetic
regulation in germ cells. B.
Recent research shows that
piRNAs are broadly expressed
in many somatic t issues.
Although observed in fewer
reports, piRNAs may play a
key role in transcriptional
regulation due to their
involvement in promoter
methylation, and piRNA also
influences gene expression at
the translational level.



nucleotide long and act as negative regulators of mRNA
translation. MicroRNA were first characterized in the
early 1990s (Lee et al., 1993; Wightman and Ruvkun,
1993). However, this discovery was not brought to the
scientific forefront until 2001 when the field focused its
efforts on these regulatory RNAs following the
identification of numerous endogenously expressed
small RNAs in worms, flies, and mammals (Lagos-
Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,
2001; Kim et al., 2009). The cardiovascular system is an
especially rich source of miRNAs with functions in
disease mechanisms.The expression of microRNA may
reflect the sensitivity of the cardiovascular system to
injury stress (Small and Olson, 2011). MiRNA profiling
in mouse models of cardiovascular disease revealed that
miRNAs played a role in the diagnostic markers under
physiological conditions, including heart failure,
cardiomyopathy, myocardial infarction and ischemia.
Loss-of-function studies in mice have also illustrated the
importance of specific miRNAs in the pathophysiology
of many disorders (Lu et al., 2009; Small et al., 2010;
Wang et al., 2011; Ye et al., 2011).

Both microRNAs and piRNAs are small non-coding
RNAs whose similarity is very high (Fig. 2A,B): (1) The
microRNAs are approximately 21-23 nt long, and
piRNAs are only slightly longer at approximately 26-31
nt in length. (2) microRNAs are mainly localized in the
cytoplasm, while piRNAs can be found in both the
cytoplasm and the nucleus. (3) microRNAs associate
with Argonaute protein family members, while piRNAs
associate with Piwi subfamily proteins (Deng and Lin,

2002; Kuramochi-Miyagawa et al., 2004; Carmell et al.,
2007). (4) The biogenesis of both microRNAs and
piRNAs is similar, and both of their RNA precursors are
transcribed from the genome of a long chain, followed
by a series of enzymatic processing to produce mature
small RNAs (Klattenhoff and Theurkauf, 2008). Current
results show that microRNAs and piRNAs may share
similar roles in post-transcriptional regulation of genes.

In contrast to their similar features, many differences
exist between piRNAs and miRNAs: (1) Biosynthesis of
miRNAs depends on the RNase III family of enzymes
while the biosynthesis of piRNA relies on Piwi
subfamily proteins (Kim, 2006; Saito et al., 2006;
Brennecke et al., 2007; Gunawardane et al., 2007). (2)
There are more than 50 000 kinds of piRNAs and only
hundreds of miRNAs. (3) Most of the piRNAs originate
from single strands of transcripts and usually form loci
in the genome; either strand of genome may represent a
long piRNA precursor. MiRNAs are derived from
double-stranded and short hairpin RNA precursors (Lee
et al., 2004; Grivna et al., 2006; Kim, 2006; Aravin et
al., 2007; Kirino and Mourelatos, 2007). (4) In addition
to the negative regulation of gene silencing, some
piRNAs may function as positive regulators, increasing
mRNA stability and translation (Wang et al., 2011).
PiRNA may therefore play an important role in cell
growth, differentiation and disease development (Lin
and Spradling, 1997; Cox et al., 1998, 2000; Cook et al.,
2004; Chen et al., 2007) PiRNAs have been shown to
possess a potentially wide range of functions, both in
post-transcriptional and transcriptional regulation of
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Fig. 2. MicroRNAs and
piRNAs manifest
different mechanisms of
processing and
regulation. 
A. MicroRNA pathway.
The mature microRNAs
are approximately 21-23
nt in length, mainly
localized in the
cytoplasm and derived
from double-stranded
and short hairpin RNA
precursors. MicroRNAs
are mainly involved in
post-transcriptional
regulation of genes. B.
piRNAs are
approximately 26-31 nt
in length, localized in
the nucleus and
cytoplasm, and are
derived from single-
stranded and long RNA
precursors. piRNAs are
not only involved in
post-transcriptional
regulation of genes, but
also direct epigenetic
modification and
transposon
suppression.



genes, especially a critical role in activating epigenetic
modification (Figs. 1B, 2B).
piRNAs involved in epigenetic mechanisms

The cytoplasm-localized piRNAs can be found in
the nucleus as well. Researchers have reported that
piRNAs play an important role in transposon silencing
and epigenetic modification of genes (Brennecke et al.,
2008; Shirayama et al., 2012). Studies have shown that
piRNA complexes bound to nascent transcripts may
simultaneously cleave those RNAs and recruit
chromatin-modifying enzymes (DNMT3) to establish
epigenetically stable repression marks that eventually
lead to de-novo DNA methylation. The Piwi pathway
lies upstream of known mediators of DNA methylation,
since piRNAs are still produced in Dnmt3L mutants,
which fail to methylate transposons (Fig. 3A,B).

As a transcriptional regulatory factor, piRNAs not
only function in transposon silencing in germ cells but
also act on protein-encoding gene regulation in non-
germ cells. Recently, researchers from Columbia
University found that the piRNAs down-regulated
CREB expression through DNA methylation, improving
long-term memory in neuronal cells. This study pointed
out that piRNAs control memory-related synaptic
plasticity by DNA methylation-mediated inhibition of
gene promoters (Figs. 2B, 3A). The research suggested
functionality of piRNAs in somatic, non-germ cells

(Rajasethupathy et al., 2012). 
One of the best studies linking piRNAs with

epigenetics and reprogramming is the paper published in
Cell in November, 2012 (Sienski et al., 2012). The
research clarified systematically how piRNAs and their
related piwi proteins work to silence transposons and
their nearby gene expression by regulating the level of
epigenetic Mark H3K9 tri-methylation (Fig. 3A). Based
on the evidence, the investigators devised an epigenetic
silencing gene- transcription model in which piRNAs are
responsible for setting up a barrier to gene repression
and cellular reprogramming. It is possible that in the
promoter regions of target genes there exist some special
sequences (e.g., transcriptional elements) that could
provide complementary base pairing with piRNAs.
piRNAs subsequently recruit piwi proteins and
H3K9me3 to the promoter region to form large
transcriptional silencing complexes. The complexes
cover transcriptional start sites (TSS), hindering the
ability of RNA polymerase II to recognize the TSS,
leading to silencing of target gene expression (Fig. 3A).
Cell reprogramming may then come about when the
silenced gene is again allowed to express itself if the
piRNAs are themselves repressed in some way, such as
with a piRNA “microsponge” (Fig. 3C). For example,
using low levels of piRNAs, the four transcription
factors Oct4, Sox2, Klf4 and cMyc can be derepressed in
somatic tissues, which may then initiate the cell
reprogramming procedure and efficiently induce somatic
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Fig. 3. PiRNAs may
regulate epigenetic
modifications and link
somatic cell
reprogramming. A.
piRNAs may regulate DNA
methylation at promoter
regions of stem cell
factors. B. piRNAs may
regulate expression of
stem cell factors and
demethylase by mRNA
translation and
degradation. C. piRNA
inhibitors may remove
epigenetic suppression
and promote expression of
stem cell factors and
somatic cell
reprogramming.



cells into pluripotent cells (Fig. 3A-C). However, more
reasonable pathways through which small RNAs act to
induce the deposition of methylation marks remain a
mystery at present (Aravin et al., 2008; Kuramochi-
Miyagawa et al., 2008; Li et al., 2009).
Potential role of piRNAs in somatic cell reprogramming

MicroRNAs are associated with epigenetic
modifications and reprogramming by regulation of DNA
methylation and histone deacetylation, and microRNA
are mainly involved in the regulation of mRNA
translation and degradation (Fabbri et al., 2007; Barroso-
delJesus et al., 2008; Benetti et al., 2008; Lin et al.,
2008). However, because of being limited to the
cytoplasm (without entering the nucleus), microRNAs
rarely direct methylation of key genes. Therefore, we
now introduce the concept of a relationship between
piRNAs and stem cell maintenance and a novel
regulation of methylation (Yin and Lin, 2007; Lin and
Yin, 2008). Notably, piRNAs function in the methylation
of genes directly by regulating gene transcription after
entering into the nucleus; and this suggests unique
advantages of piRNA in epigenetic maintenance.
Therefore, the current focus of piRNA research is to
"erase" this methylation obstacle and enhance gene
expression so as to further promote somatic cell
reprogramming (Verdel et al., 2004; Krutzfeldt et al.,
2005; Imamura et al., 2006; Fouse et al., 2008; Carey et
al., 2010), in addition to evaluating a role for piRNA in
disease and differentiation. 

Investigators have recently reported that some
piRNAs are highly expressed in heart and at low levels
in embryonic stem cells. The data suggest a hypothesis
that piRNAs are involved in the differentiation of
embryonic stem cells and their epigenetic modifications.
Somatic cell reprogramming and epigenetic
modifications may then be affected by reducing the
expression of some piRNAs. Conversely, we speculate
that differential expression of piRNAs in the heart may
be involved in healing and repair in heart disease.
Future directions

As a new kind of non-coding RNA, piRNAs play a
critical role in epigenetic modifications and gene
silencing. However, piRNA-mediated epigenetic
mechanisms in somatic cell reprogramming have not
been reported previously. Future studies must answer the
following questions regarding piRNA-mediated
epigenetic modification and cellular reprogramming:
1.Do piRNAs or piwi-like proteins affect iPSC
generation? 2. If this is the case, what piRNAs and their
interacting proteins are involved? 3. What is the nature
of the mechanism(s) by which piRNAs and their
complexes affect epigenetic signature and therefore
regulate reprogramming processes? 4. How do we
manipulate piRNA expression so as to foster efficient
reprogramming, differentiation, and disease treatment? 
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