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Abstract With the groundbreaking work of Takahashi and
Yamanaka, induced pluripotent stem cells (iPSCs) have taken
the stage of international stem cell research as a novel source of
pluripotent cells and an alternative to embryonic stem cells
(ESCs). Apart from their enormous potential as a starting source
for the generation of patient-specific cell therapy products,
iPSCs also highlight the power of artificially modulating tran-
scriptional networks to induce dramatic changes of cell specifi-
cation. Since small non-codingRNAs play important roles in the
modulation and fine-tuning of transcriptional networks, micro-
RNAs also exhibit important functions in directing cell fate
decisions. In this review, we will discuss the role of microRNAs
in pluripotent stem cells and their impact on the induction of
pluripotency during reprogramming of somatic cells.
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Embryonic stem cells

Pluripotent stem cells

Pluripotent stem cells (PSCs) are defined by their ability to
differentiate into cells of all three germ layers and thus have

the capacity to generate all somatic cells of a given organ-
ism. In addition, PSCs exhibit a seemingly unrestricted self-
renewal potential. These unique features are enabled by a
global epigenetic signature facilitating expression of a high-
ly complex and intertwined set of factors, which suppress
differentiation and allow for rapid cell cycling. These tran-
scription factors act in a partially concerted manner and
often co-occupy genomic loci. Moreover, the three main
players of this network, Oct4, Sox2, and Nanog, collabora-
tively induce their own expression in an autoregulatory
positive feedback loop, thereby mutually sustaining their
expression [1].

Given their enormous differentiation as well as prolif-
eration potential, PSCs hold a great promise for regener-
ative medicine, since they potentially can replenish all
cells which are lost during acute or chronic diseases
associated with profound cell death such as myocardial
infarction, stroke, or hepatic failure; autoimmune disor-
ders like diabetes type I or multiple sclerosis; or neuro-
degenerative conditions like Parkinson's and Huntington's
disease. Likewise, PSCs represent a highly attractive
target population for gene therapy approaches, as the
genetic repair of initially only few cells would allow
the generation of large quantities of gene-corrected dif-
ferentiated progeny. This strategy currently is explored
for a number of congenital defects including muscular
dystrophies, hemoglobinopathies, lipid and glycogen stor-
age diseases, or immunodeficiencies [2, 3].

Pluripotent stem cells originally were obtained from pre-
or early post-implantation blastocysts as embryonic stem
cells (ESCs), and under appropriate conditions, they can
be propagated in vitro without losing their differentiation
potential. Although first-in-human clinical trials involving
human ESCs have already been initiated, the development
of ESC-based therapies faces a number of ethical as well as
biological problems. First, ESC generation depends on the
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destruction of surplus embryos—a fact that is diversely
discussed with regard to ethical reasons. Furthermore,
hESCs cannot be derived in a patient-specific manner and
thus may evoke immunogenic reactions upon transplanta-
tion into a host [4]. In this context, induced pluripotent stem
cells (iPSCs) appear as a promising alternative to ESCs as
they can easily be derived in a patient-specific manner and
suitable target cells can be procured easily. The generation
of iPSCs through transcription factor-mediated reprogram-
ming of somatic cells originally was performed from fibro-
blast cells with the four factors Oct4, Sox2, Klf4, and c-Myc
(OSKM) expressed from γ-retroviral vectors [5]. Mean-
while, alternative donor cell sources have been identified,
such as neural stem cells [6], keratinocytes, or hematopoi-
etic progenitor cells [7]. Moreover, reprogramming factor
delivery was modified, and iPSC generation nowadays is
possible with various techniques, such as transposon-based
vectors, non-integrating viruses, or direct protein transduc-
tion [8], thereby reducing the risk of insertional mutagenesis
and insufficiently silenced reprogramming factor expression
associated with integrating gene delivery systems. Further-
more, substantially modified reprogramming factor cock-
tails have been evaluated, and iPSC generation has been
demonstrated with three (OSK), two (OS), and even one (O)
factor cocktails [9]. In addition, alternative reprogramming
factors such as Lin28 or Nanog, or small molecules such as
valproic acid or inhibitors of transforming growth factor
beta (TGFβ) signaling, have been introduced to the field,
and reprogramming systems allowing optimal stoichiomet-
ric ratios of the reprogramming factors were shown to
enhance reprogramming efficiencies [10, 11].

miRNA function in embryonic stem cells

MicroRNAs (miRNAs) are 21–25 nucleotide (nt) long small
non-coding RNAs, which are able to bind complementary
mRNA sequences and repress their expression through
mRNA cleavage or inhibition of protein translation [12].
miRNAs are transcribed from either independent genes or
introns of other genes in a predominantly RNA polymerase
II-dependent manner and their processing involves the RN-
ase III family member Drosha and the DiGeorge syndrome
critical region 8 protein (Dgcr8). After Exportin-5-mediated
export into the cytosol, precursor miRNAs (pre-miRNAs)
are cleaved into ~20 nt long miRNA/miRNA* duplexes by
the double strand-specific ribonuclease mDCR-1 (Dicer)
[13]. Upon incorporation into the miRNA-induced silencing
complex, miRNAs then bind to target mRNAs depending on
their seed sequence (nucleotides 2–8 of the miRNA) and
inhibit protein translation. In cases of extensive base-pair
matching, miRNAs can even induce degradation of their
target mRNAs [14].

The importance of miRNAs for ESCs was demonstrated
in Dicer and Dgcr8 knockout mouse models. Both Dicer-
and Dgcr8-deficient ESCs display pronounced differentia-
tion defects and also show markedly delayed cell cycle
progression, indicating that miRNAs control both hallmarks
of ESCs, self-renewal, and pluripotency. Moreover, Dicer
and Dgcr8 knockout ESCs also fail to contribute to chimera
formation upon blastocyst injection [15, 16]. Interestingly,
ESCs only transcribe a limited number of miRNAs, some of
which are exclusively expressed in the pluripotent state and
rapidly decrease upon differentiation stimuli [17]. The two
most abundant miRNA families in ESCs are the 290 cluster
(miR-290, miR-291a, miR-291b, miR-292, miR-293, miR-
294, and miR-295) and the 302–367 cluster (miR-302a,
miR-302b, miR-302c, miR-302d, and miR-367) in mice,
and the miR-371 (consisting of the miR-290 homologues
miR-371, miR-372, and miR-373) and miR-302 families in
humans [18]. Importantly, the notion of a predominant ex-
pression of relatively few miRNA families in ESCs was
given further evidence by Leung and colleagues who per-
formed a photo-cross-linking-based immunoprecipitation of
Argonaute 2 followed by deep sequencing of coprecipitated
RNAs [19]. Intriguingly, it was demonstrated that also
pluripotency-associated transcription factors induce expres-
sion of specific miRNAs. In this regard, the core pluripo-
tency factors Oct4, Sox2, and Nanog were shown to co-
occupy the promoters of the miR-290/371 or the miR-302–
367 cluster [18], and recent work demonstrated that the
H3K26 demethylase Jhdm1b cooperates with Oct4 in the
induction of the miR-302–367 cluster, indicating that expres-
sion of these pluripotency-associated miRNAs is a complex
and tightly regulated process [20].

While miRNAs usually have hundreds of potential down-
stream targets, one of the main effects of the miR-290
cluster is to facilitate cell cycling and progression through
the G1-S transition, since reintroduction of members of
these miRNAs could at least partially rescue the prolifera-
tion defects in Dicer and Dgcr8 knockout models [21, 22].
Similarly, it has been shown that members of the miR-302
cluster, which are direct transcriptional targets of Oct4 and
Sox2, accelerate cell cycling in human ESCs through re-
pression of cyclin D1 and shortening of the G1 phase [23],
although the role of cyclin D1 in pluripotent stem cells is not
fully understood and cyclin D1 overexpression was demon-
strated to enhance the generation of hiPSCs [24]. Conse-
quently, the miR-290 and miR-302 clusters are also referred
to as embryonic stem cell-specific cell cycle-regulating
(ESCC) miRNAs [25] (Fig. 1a). Nevertheless, also repres-
sion of additional signaling pathways such as the canonical
NFκB pathway has recently been suggested as potential
cellular targets of the miR-290 family [26].

However, miRNAs also regulate differentiation processes
in pluripotent cells. In this context, members of the let-7
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family were demonstrated to rescue the differentiation de-
fect in Dgcr8-deficient murine ESCs, probably through an-
tagonizing transcriptional targets of the major pluripotency
factors Oct4, Sox2, and Nanog, such as Lin28, Sall4, and c-
Myc. Interestingly, members of the let-7 family and Lin28
mutually repress each other: In the undifferentiated state, the
RNA-binding protein Lin28 prevents let-7 from being pro-
cessed, whereas upon differentiation, rising let-7 levels al-
low downregulation of Lin28 and promotion of the
differentiation process [27]. In addition, miR-134, -296,
and -470, as well as miR-145 and miR-21, expression of
which is upregulated upon differentiation stimuli, were
demonstrated to directly target Nanog, Oct4, and Sox2,
thereby suppressing pluripotency and promoting differenti-
ation in murine and human pluripotent stem cells [28, 29].
Recently, the miR-125 and miR-181 families were also
reported to facilitate differentiation of murine ESCs through
repression of the Polycomb ortholog Cbx7, which supports
self-renewal and pluripotency in these cells [30]. Apart from
downregulation of target mRNAs, miRNAs might also be
directly involved in the transcriptional control of target

genes, as recent data suggest a global association of Dicer
2 and Argonaute 2 with transcriptionally active loci in
Drosophila [31]. This might add another level of complexity
to the pleiotropic effects miRNAs exert to regulate crucial
cell fate decisions.

miRNAs and cellular reprogramming

Although substantially improved protocols for iPSC genera-
tion are available today, transcription factor-mediated reprog-
ramming has remained a rather slow and inefficient process as
the generation of iPSCs still requires several rounds of cell
divisions and usually takes 8–14 days depending on the start-
ing cell source and the type of vector employed. This obser-
vation is in sharp contrast to cellular reprogramming by
somatic cell nuclear transfer, which is completed within the
first cell divisions. This discrepancy clearly calls for experi-
ments deciphering the molecular mechanisms underlying this
difference in order to enhance and accelerate transcription
factor-mediated reprogramming.

Fig. 1 MicroRNA-mediated effects during iPSC generation. a The
establishment and maintenance of an ESC-like self-renewal program
is supported by different miRNAs. Members of the miR-290 and miR-
302 cluster repress the cyclin-dependent kinase inhibitor Cdkn1a/p21,
which under normal conditions would inhibit activity of the cyclin E/
Cdk2 dimer, thereby preventing inactivation of p27 and arresting the
cell in G1 phase. Furthermore, miR-130b, -301b, and -721 have been
demonstrated to repress Meox2, which may lead to reduced Cdkn2a
and Cdkn1a levels and helps in facilitating proliferation. b During
iPSC generation, somatic cells with mesenchymal origin need to

undergo an MET. Several miRNAs have been documented to facilitate
this process, which allows expression of characteristic epithelial
markers such as E-cadherin or Epcam. Members of the miR-106a–
363 and miR-302–367 cluster as well as miR-93 have been shown to
repress TGFβR2 thereby inhibiting anti-epithelial stimuli. In addition,
the miR-106a–363 and miR-302–367 cluster induce expression of the
epithelial surface marker E-cadherin, which is also supported by mem-
bers of the miR-200 cluster and miR-205, which repress the E-cadherin
antagonists Zeb1/2
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In addition to their role in promoting pluripotency and
self-renewal in ESCs, miRNAs have repeatedly been dem-
onstrated to enhance the generation of iPSCs. The support-
ive effect of miRNAs on iPSC generation was initially
demonstrated by Blelloch and colleagues, who observed a
marked increase in reprogramming efficiencies upon over-
expression of members of the ESCC miR-290 and miR-302
clusters, which was mainly caused through cell cycle pro-
motion [32]. Apart from facilitating proliferation, the induc-
tion of pluripotency in somatic cells also involves
pronounced phenotypic changes severely affecting cell mor-
phology and architecture. Since embryonic and induced
pluripotent stem cells exhibit characteristic features of epi-
thelial cells and many strategies to obtain iPSCs employ
mesenchymal cells, such as adult or embryonic fibroblasts,
these cells need to undergo a mesenchymal-to-epithelial
transition (MET) while being reprogrammed. This process
has convincingly been shown to be promoted by several
miRNAs, such as miR-205 and members of the miR-200
family, which repress the E-cadherin antagonists zinc finger
E-box-binding homeobox 1/2 (Zeb1 and Zeb2) and thereby
elevate E-cadherin levels during iPSC generation [33, 34].
Accordingly, the miRNA clusters miR-106a–363 and 302–
367 were demonstrated to facilitate MET through the induc-
tion of E-cadherin and inhibition of TGFβ receptor 2 [35],
repression of which could also be shown by miR-93 [36]
(Fig. 1b). However, miRNA-mediated effects during the
induction of pluripotency certainly are pleiotropic since
targets of miR-302 and miR-372 may also be involved in
other cellular processes, such as epigenetic regulation or
vesicular transport [37]. Noteworthy, Morrisey and col-
leagues could successfully generate iPSCs from both human
and murine somatic cells only by overexpression of the
miR-302/367 cluster and in the presence of the histone
deacytelase 2 inhibitor valproic acid [38]. However, miR-
NAs were constitutively expressed from integrating viral
vectors in this study. Meanwhile, also this limitation has
been overcome and a more recent report demonstrated iPSC
generation after repetitive transient delivery of mature miR-
NAs miR-200c, -302a/b/c/d, -369-3p, and 369-5p [39].

However, more miRNAs may have a role during the
generation of iPSCs than the ones that—mostly based on
educated guesses—have been described so far. In order to
identify novel miRNAs, which facilitate the generation of
iPSCs, it is necessary to screen larger numbers of potential
candidates in an experimental setup faithfully indicating
reprogramming events. To this end, we have recently per-
formed a full miRNA library screen using murine embryonic
fibroblasts derived from Oct4-eGFP reporter mice and
employing a polycistronic lentiviral vector expressing Oct4,
Klf4, and Sox2 from a spleen focus-forming virus-derived
promoter/enhancer [40] (Fig. 2). By applying this experimental
strategy, it was possible to reproducibly generate eGFP+ iPSC
colonies as early as day 7 after lentiviral transduction, and
several miRNAs potently enhancing the appearance of Oct4-
GFP+ colonies could be identified. These included an miRNA
family consisting of miRNAs miR-130b, -301b, and -721,
which share the transcription factor mesenchymal homeobox
protein 2 (Meox2) as a common downstream target. The
specific effect of this miRNA family was confirmed byMeox2
knockdown experiments, which recapitulated the miRNA-
mediated effects [41]. Mechanistically, Meox2 might impede
iPSC generation through upregulation of the cyclin-dependent
kinase inhibitor 2a (Cdkn2a/p16) and the tumor suppressor
protein Cdkn1a/p21, which were both suggested as down-
stream targets of Meox2 [42, 43] (Fig. 1a). Indeed, mRNA
levels of Cdkn2a/p16 and Cdkn1a/p21 were considerably re-
duced upon siRNA-mediated Meox2 knockdown (unpub-
lished data). In addition, our experimental system also
appears suited to screen for miRNAs, which repress the gen-
eration of iPSCs. Also, these studies may substantially increase
our understanding of the molecular mechanisms underlying
iPSC generation as it was recently demonstrated for miRNAs
miR-21 and miR-29 or miR-34 [44, 45].

In conclusion, miRNAs play important roles not only in
maintaining pluripotency and self-renewal programs in plu-
ripotent stem cells but also in the induction of pluripotency in
somatic cells. Thus, screening for miRNAs that modulate
iPSC generation clearly is a powerful tool to further elucidate
the molecular mechanisms underlying transcription factor-

Fig. 2 A screening assay allowing for the identification of novel small
interfering RNAs modulating iPSC generation: Transduction of Oct4-
GFP reporter fibroblasts with a polycistronic lentiviral vector encoding
for Oct4, Klf4, and Sox2 leads to robust and reproducible emergence of

GFP+ iPSC colonies. In a multi-well setup and by simple transfection,
library screens can be performed to identify novel miRNAs enhancing
or repressing iPSC generation
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mediated reprogramming. This strategy also should help to
reveal novel downstream factors of miRNAs and thereby will
enhance the generation of iPSCs. Optimized iPSC generation
protocols might also decrease the variability among iPSC
lines, which is an important step towards the generation of
clinical-grade differentiated cell therapy products derived of
iPSCs. In this regard, modulating miRNA networks might
also be a powerful tool to optimize the specification of distinct
somatic lineages during in vitro differentiation of iPSCs.
Eventually, microRNA-based cell fate induction might sup-
port strategies of “in vivo reprogramming,” where cell fate
decisions of somatic stem/progenitor cells are manipulated to
enhance endogenous regeneration or to functionally replace
scar tissue.
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