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SUMMARY

Embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC) are characterized by their
ability to self renew and differentiate into any cell type. The molecular mechanism behind this
process is a complex interplay between the transcriptional factors with epigenetic regulators and
signaling pathways. MicroRNAs are an integral part of this regulatory network with essential roles
in pluripotent maintenance, proliferation and differentiation. MicroRNAs are a class of small non-
coding RNAs that target protein-encoding mRNA to inhibit translation and protein synthesis.
Discovered close to two decades ago, microRNAs have rapidly emerged as key regulatory
molecules in several critical cellular processes across species. Recent studies have begun to clarify
the specific role of microRNA in regulatory circuitries that control self renewal and pluripotency
of both ESC and iPSC. These advances suggest a critical role for microRNAs in the process of
reprogramming of somatic cells to pluripotent cells.
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INTRODUCTION

Pluripotent stem cells hold immense promise for regenerative medicine due to their self
renewal and potential for differentiation. Human embryonic stem cells (hESC) derived from
the inner cell mass of a developing embryo can be propagated indefinitely in culture and
have the ability to differentiate into virtually every cell type in the human body [1]. Despite
this, their use in clinical applications remains a challenge owing to the potential rejection of
cells following transplant and ethical concerns surrounding the use of discarded embryos

[2]. Recently, the derivation of induced pluripotent stem cells (iPSC) via ectopic expression
of defined factors in somatic cells [3-10] circumvents these issues. It offers a method to
derive patient-specific pluripotent stem cells and also enables the creation of disease-specific
stem cells to dissect the molecular mechanism underlying genetic disorders [11-13].

The molecular circuitry that maintains pluripotency is thought to comprise a complex
network of transcription factors and epigenetic regulators externally connected via signaling
pathways [14]. Several studies of gene expression analysis of pluripotent stem cells have led
to the identification of a core regulatory network, composed of the transcription factors
Oct4, Sox2 and Nanog, that governs pluripotency [15-18]. This core circuit includes
mechanisms such as the epigenetic regulation of genes either by repressive chromatin
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marking of promoter regions by Polycomb family members or by promoter CpG
methylation by Dnmt proteins [19-23].

Recently, small noncoding RNAs molecules have emerged as posttranslational regulators of
gene expression in diverse species. These small RNAs complex with the Argonaute (Ago)
family of proteins as part of the RNA-induced silencing complex (RISC) to induce
degradation or to prevent or activate translation of the gene transcript of target genes [24],
ultimately regulating biological processes such as development, cell division, apoptosis,
metabolism and cancer [25-27]. In mammals, the class of noncoding RNA that is
predominantly associated with Ago proteins is termed microRNA (microRNA; Figure 1).
The primary transcripts of microRNA (pri-microRNA) are processed by the Microprocessor
(Drosha-DGCR8) complex to yield a stem-loop precursor microRNA (pre-microRNA)
[28,29]. In animals, pre-microRNA is exported from the nucleus to the cytoplasm by
Exportin-5, where it is processed by Dicer to yield the double-stranded 19-25 nucleotide
mature microRNA [30,31]. One of the strands of the mature microRNA is incorporated into
the RNA-induced silencing complex (RISC) and directed to 3’ untranslated region of
mMRNAs, targeting them for degradation, or by suppressing or activating translation [32—-35].
Two newer families of noncoding RNA are endogenous small interfering RNA (Endo-
siRNA) and Piwi-interacting RNA (PiRNA). The biogenesis of Endo-siRNA is similar to
microRNA and is processed by Dicer and loaded into the RISC complex but target mMRNA
with complete complementarity to mediate their degradation [36]. PIRNA are 23-32
nucleotides long and are generated by a mechanism independent of Dicer by a less
understood process involving the Piwi proteins [37,38]. PIRNA are thought to play a key
role in transposon silencing and epigenetic regulation [39].

The potential number of MRNA targets for the 700-1,000 cellular microRNAS currently
known is yet to be defined, but has been estimated to reach >60% of all cellular MRNAs
[40]. microRNA targets mRNA with a short ~7 nt “seed” sequence (corresponding to
microRNA positions 2 through 8) using imperfect base-pair matching and therefore a single
microRNA is predicted to match common binding sequences in the 3° UTR or possibly
other regions of mMRNA. As mRNA targets were initially described, several bioinformatic
algorithms using computational modeling of the seed-target interaction listed predictions
from known 3’UTR sequences on publicly-available web sites [41,42]. However, results
among the target prediction algorithms vary and tend to show a high false positive rate
[41,43], leaving most investigators with huge lists of genes and very little confidence in the
validity of the potential interactions. These predictions are, by their nature, probabilistic and
so they normally require formal demonstration of action by biochemical methods.

microRNA analysis in stem cells

Novel methods

Methods for detection of microRNAs in hESC began with Northern blots but were quickly
expanded to take advantage of quantitative real-time PCR (qPCR) [44] and microarrays
[45,46]. More recently, deep sequencing to detect small RNAs has proven to be a sensitive
method [47], although careful comparisons have noted slight variations in results based on
different sequencing strategies [48]. Using SOLiD sequencing, we observed a strong
similarity between counted sequences and qPCR results [49] with a small number of
exceptions. In one case, levels of expression of one microRNA disagreed between
sequencing and qPCR results but it appears that variability in the 3’ terminus of the
microRNA may skew the qPCR results, since TagMan-based gPCR methods require high
stringency matching at the 3’ end. This observation argues that qPCR assays may not always
provide the most complete results—hybridization methods should detect all variants, with
arrays summing all hybridization products into a single measurement, Northerns separating
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them by molecular weight, and deep sequencing identifying all sequence variations
individually.

Identification of new microRNAs

Three groups have recently identified new microRNAs in hESC or early differentiation
products (Table 1). Earlier identification of stem cell-specific microRNAs utilized classic
cloning and sequencing approaches to identify the first stem cell-specific clusters [50,51].
One deep sequencing study used high-throughput 454 pyrosequencing of concatamers built
from small RNAs to detect more than 4 x 10° sequences [52]. From this starting point,
alignments representing mature and “star” sequences were computed into hairpins using
RNA folding algorithms. By these methods, Bar and colleagues identified 13 novel and 56
candidate microRNAS, using expression detection by a second method as validation.

Another group used Illumina sequencing and a custom microRNA prediction strategy to
identify 104 novel microRNA genes in hESC [53]. These methods allowed the detection of
10-fold more RNA sequences than the Bar study (about 6 x 106 reads in hESC). Analyses of
multiple aligned sequences also identified variability in processing, either by variation in
cleavage site positions or by addition of a non-template nucleotide, as well as sequence
modification by RNA editing. In some cases, most frequently variants were observed as
isomers different from the reported sequences in miRBase [54], which could potentially
confound prediction of seed sequences or construction of gPCR primers. Morin and
colleagues employed several strategies for predicting novel microRNA genes among small
RNA reads that did not align to known genes and ended up selecting 83 unique sequences
from up to 104 distinct genes [53]. Not surprisingly, most of these sequences were expressed
at moderate levels and were greatly regulated between ESC and embryoid body stages [53],
consistent with their predicted role as regulators important in early differentiation events.

A more recent study combined deep sequencing, precursor structure modeling, and RNA
immunoprecipitation (RIP) using Ago2-specific antibodies to identify 140 new microRNAS
found in hESC and NSC [49]. Here, some 108 individual RNA sequence reads were aligned
with human genome before matching the alignments with a computational model of
Microprocessor and Dicer substrates. That is, the miRDeep algorithm [55] searched for
adjacent RNA sequences, aligned along a hairpin sequence in genome, representing mature
microRNA, star strand, and, in rare cases, loop strand that were likely produced by Dicer
cleavage of a Microprocessor-produced precursor. This identified some 913 genomic loci
that were consistent with encoding microRNA-like stem-loop structures, after filtering for
previously-known microRNAs, other RNA genes, and highly repeated regions. These
genomic loci were found to have chromatin modifications consistent with regulated gene
expression [49]. To validate these predictions, RISC complexes were immunoprecipitated
with an antibody against Ago2 and small RNAs prepared from the immunoprecipitations
were sequenced. Of the 913 predictions, 140 RNAs could be identified in the Ago2 RIPs
with confidence and were therefore considered to be microRNAs.

Some overlap was found among these three studies. Two of Bar’s predictions overlap
Morin’s new microRNAs and 11 out of 13 were identified in at least one hESC line in
Goff’s SOLID expression dataset [49]. All but one of Bar’s 13 were Ago2-enriched in
Goff’s data. Of the 83 distinct mature microRNA sequences identified by Morin, 70 could
be identified in at least one hESC sample in the Goff data. However, only 31 of the Morin
predicted microRNAs could be found to be enriched in Ago2-immunoprecipitated
complexes. Note that each study specifically excluded the previously reported microRNAs
identified in each earlier study since they became part of the “known” control collection as
they were included in updated versions of miRBase. The overlaps listed here indicate that all
three studies detected largely similar sequences. Perhaps the minor remaining differences
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can be ascribed to differences in each sequencing technology, particularly in the assembly of
library mixtures, as has been noted previously [48].

Although these new microRNAs have not been demonstrated to exhibit regulatory function,
there is some overlap among new microRNAS and existing microRNA families. In the Goff
study it was noted that 10% of the 140 new microRNAs shared seed sequences with existing
microRNASs [49]. Morin analyzed seed sequences enriched in hESC and found specific
patterns of overlap between existing families and newly-described microRNAs [53]. Due to
the large numbers of predictions in these reports, a new high-throughput biochemical
approach for target identification may be required.

Discovery of microRNA targeting interactions

A novel high throughput targeting strategy is based on RNA immunoprecipitations (RIP) of
RISC, most commonly one of the Ago proteins, and associated mMRNAs and microRNAs.
After extraction, associated RNAs can be identified by deep sequencing or microarrays. The
major drawback of these techniques is the need to identify the mRNA and microRNA
interactions bioinformatically since the precise targeting site is not detected directly.

To avoid this problem Nonne and coworkers have developed a tandem affinity purification
method to sequentially pull down an Ago protein and then recover complexes binding a
specific biotin labeled microRNA along with their associated mRNA targets, referred to as
Tandem Affinity Purification of microRNA Target mRNAs (TAP-Tar) [56]. This approach
eliminates the need to match all the microRNAs to their respective mMRNA targets
bioinformatically. The limitation of this approach is that the technique currently will only
identify targets of a single tagged microRNA, thus limiting the high throughput
identification of all microRNA targets under a specific condition. This technique also fails to
identify the precise location of the microRNA response element on the recovered mRNAS.

On the other hand, some groups have begun to footprint the exact binding location of RISC
on the MRNAs in order to identify microRNA response elements. For example, Darnell and
co-workers have developed a method called high-throughput sequencing-cross-linking
immunoprecipitation (HITS-CLIP) [57-59] in which RNA-protein complexes are cross-
linked in situ, partially digested with RNAase to trim away RNA that does not interact with
the protein, and then immunoprecipitated with a specific antibody. The protein-bound RNA
is then isolated and sequenced by deep sequencing to produce a map of every position on
transcribed RNA where the RNA-binding protein is associated. This approach has been used
successfully to identify Ago/microRNA associated mRNAS in the mouse brain [59]. The one
caveat of this method is that even though all regulated response element sequences should
be identified, investigators still need to match them to the targeting microRNAs by in silico
analysis, since the precise location of the target is not determined by this method.

These techniques, even with their limitations, have the potential to verify computational
targeting predictions as well as to provide input for improved targeting algorithms, but, more
importantly, can provide direct evidence for microRNA interaction with specific isoforms of
MRNA expressed in the current condition. It has been suggested that alternative splicing and
alternative poly(A) site selection may contribute to affect microRNA targeting by changing
the choice of 3’UTR sequences expressed [60]. Computational target predictions cannot
include the variability in 3’UTR regulation if these variations have not been reported.
Therefore, it will be important to interrogate the extent of microRNA regulatory events in
ESCs or IPS cells directly using methods such as TAP-Tar or HITS-CLIP.
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MicroRNA in ESC and their functional targets

The importance of microRNA function in stem cells has been established in C. elegans,
Drosophila, Danio (zebrafish) and mice, where disruption of microRNA processing enzymes
such as Dicer or DGCRS8 leads to defects in cell proliferation and embryo development [61-
67]. In mouse, Dicer-null animals are embryonic lethal demonstrating its critical role during
early embryonic development [62]. However, dicer-null mouse ESC are viable albeit with
marked defects in proliferation and differentiation. Notably, dicer-null ESCs show
prolonged GO and G1 phases of the cell cycle and this defective cell cycle progression could
have an effect on other processes such as differentiation. Dicer-null ESC are defective in
undergoing differentiation upon induction and fail to express differentiation markers such as
HNF4a, BMP4 and GATAL [64]. Further Dicer deficient cells show decreased levels of
DNA methylation and methyltransferases (Dnmts) [68,69] and increases telomerase
recombination and elongation [68]. This defect in DNA methylation leads to incomplete and
reversible silencing of the Oct4 pluripotent gene, thereby resulting in lack of differentiation
[68,69]. Since Dicer is needed for microRNA and endo-siRNA biogenesis, it can be argued
that the phenotype may not be solely caused by lack of microRNA. One study reports that
Dicer mutants had altered profiles of microRNA and not other small RNAs and half of the
microRNAs detected were known regulators of cell cycle and oncogenesis [70].

More stringent evidence for microRNA requirement in ESC self-renewal and differentiation
comes from the DGCR8-deficient ESC [65]. DGCR8 knock out mouse ESC show
phenotypes similar to Dicer-deficient mouse ESC with reduced cell proliferation, abnormal
cell cycle control and deficiencies in differentiation. DGCR8-null ESC arrest in the G1
phase, implicating a role for microRNA in ES cell cycle in promoting transition from G1 to
S phase. These cells cannot fully silence the expression of self-renewal genes such as Oct4,
Rex1, Nanog and Sox2 and subsequently show reduced expression of differentiation
markers. DGCR8-mutant ESC when injected into host mice do not differentiate into the
three germ layers to form teratomas, a features characteristic of normal embryonic stem cells
[71-73]. Taking advantage of the simplified microRNA background in DGCR8-null mouse
ESC, Blelloch and colleagues have discovered specific functions for families of microRNAs
controlling cell cycle and self-renewal [74,75], to be described in detail below.

However several differences were observed between the Dicer and DGCR8 mutant cells.
While the Dicer-deficient ES cells did not expresses any differentiation markers [64],
DGCRS8 deficient ESC do express some differentiation markers and the defects in cell
proliferation and cell cycle progression were less pronounced than Dicer-mutant cells [65].
These studies confirm the essential regulatory role of microRNAs in ESC proliferation, cell
cycle and differentiation but also suggest that other small RNAs may play a role in this
process as well.

Embryonic stem cells have been reported to express a small subset of unique microRNAs
[50,51,53,70,76]. Most of these ES-specific microRNAs occur as two clusters. The human
miR-371 cluster is located on chromosome 19 and is analogous to the mouse miR-290
cluster and the miR-302 cluster located on chromosome 4 is associated with both murine
and human ESC [50,51,77]. Two additional clusters, miR-17 on chromosome 13 and the
miR-106a cluster on chromosome X, have also been shown to be upregulated in ESC [78].
What is the evidence for these microRNAs having function in pluripotency and what are the
targets of these microRNAs?

miR-290 and miR-371 Cluster

Transfection of Dicer-null cells, presumed to lack all microRNAs, with exogenous miR-290
family members can partially rescue a portion of their self-renewal phenotype, including
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Oct4 expression and reduced growth rate when [68,69]. This miR-290 cluster comprises six
microRNAs (miR-290 to miR-295) and all are expressed at high levels in undifferentiated
cells, decreasing upon differentiation in mouse embryonic stem cells [50]. The human
homolog of the miR-290 cluster on chromosome 19 includes miR-371, -372, -373 and
-373*. These microRNAs have been identified as specific for human embryonic carcinoma
and embryonic stem cells [51,76,79]. The cluster is transcribed as a single polycistronic
transcript and therefore it is thought to be regulated by a common promoter [51]. Mouse
mutants with a homozygous deletion of the miR 290-295 cluster are embryonic lethal,
demonstrating its importance during embryo development [80]. Addition of miR-294 to a
DGCRS8-null ESC antagonizes the effect of added let-7, stabilizing the self-renewal
phenotype [74]. This family of microRNAS plays a direct role in regulating ESC
pluripotency and differentiation by down regulating Oct4 by targeting its epigenetic
repressor DNA methyl transferases (DNMTSs) such as retinoblastoma like 2 (RBL2) [68,69].
The ES core transcriptional regulatory circuit, consisting of Oct4, Sox2 and Nanog, has
recently been shown to be physically associated with promoters for microRNAs that are
preferentially expressed in ESC such as the miR-290 cluster [81]. These findings
demonstrate that the miR-290 (mouse) or miR-371 (human) cluster mediates the
stabilization of pluripotency through de-repression of an Oct4 inhibitor, which in turn favors
expression of this cluster through promoter binding. The miR-290-295 cluster has also been
suggested to play a role in early germ cell development and spermatogenesis [82].

The expression of the miR-371 cluster is diverse and, in addition to ESC, has been shown to
be expressed in embryonal carcinoma cells such as NTera 2 and 2102EP cells [76,79,83].
Expression of the miR-372/373 cluster associates with oncogenes involved in cellular
transformation [84,85]. Its expression and oncogenic properties correlate with p53 status of
the cells and is thought to be inhibited by cisplatin [84,86]. MiR-373 and miR-520 have also
been shown to stimulate cancer cell migration and invasion in vitro and in vivo [87].

miR-302-367 Cluster

Another ESC-specific microRNA cluster is the miR302-367 cluster, shown to be highly and
specifically expressed in undifferentiated ESC [53,76,79]. This cluster, encoded by human
chromosome 4, consists of nine different microRNAs: miR-302a, -302a*, -302b, -302b*,
-302c¢, -302c*, -302d, -367 and -367* [88]. Recently the putative promoter of miR-302-367
was identified and its transcriptional activity found to correlate with miR-302-367 levels
[89]. Further, the ESC-specific transcription factors, Oct4, Nanog, Sox2 and Rex 1, were
shown to be upstream regulators of the miR-302-367 promoter, based on effect of
miR-302-367 promoter transcriptional activity with siRNA-mediated knockdown of these
transcription factors and physical interaction of Oct4, Sox2 and Nanog with miR-302-367
promoter [89,90]. In addition, miR-302-367 has been identified to post-transcriptionally
regulate cyclin D1 and Cdk4, affecting cell cycle progression [90]. In addition to their role
in self renewal and proliferation, miR-302-367 may indirectly induce the TGFB/Nodal/
Activin pathway via inhibition of intermediate negative regulators to maintain cells in the
undifferentiated state [91].

miR-17-92 Cluster

This cluster, highly expressed in ESC and downregulated with differentiation, is located on
chromosome 13 and a single polycistronic transcript generates six microRNAs: miR-17,
-18a, -19a, -20a, -19b-1 and -92a-1 [50,53,92]. This cluster is a known OncomiR that
promotes cell proliferation in several forms of cancer [93-97]. This cluster is activated by c-
Myc, a repressor of other microRNASs such as miR-15 and let-7 [98]. The promoter region of
this cluster contains putative transcription factor binding sites for E2F1, E2F2 and E2F3.
miR-20a is thought to play a role cell proliferation and inhibition of apoptosis at the G1 to S
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transition via a feedback loop with E2F factors [97,99-101]. The role of c-Myc in
combination with Oct4, Sox2 and KIf4 in inducing somatic cells to induced pluripotent stem
cells suggests that associated microRNAs play a key role in stem cell renewal and
pluripotency. The down regulation of the miR-17-92 cluster with retinoic acid (RA)-induced
differentiation suggests that down regulation of this microRNA maybe important for the
process of stem cell differentiation [92]. Indeed, Melton and colleagues demonstrated that a
let-7 inhibitor was able to replace exogenous c-Myc in the production of iPSC cultures,
suggesting that Myc regulation of the miR-17-92 cluster may be a key component of
achieving pluripotency, and that multiple stimuli (exogenous c-Myc or antagonism of let-7)
can push the cell towards the same state [74].

ESC are characterized by the presence of low levels of let-7, which is highly expressed in
differentiating cell types and most, if not all, adult cell types [76,92]. Dysregulated let-7 is
also associated with multiple cancers [102-109], demonstrating its central role in stabilizing
cell phenotype. Let-7g levels have been shown to be regulated by LIN28, a gene highly
expressed in pluripotent cells, by inhibiting the Dicer-mediated processing of Pre-let-7 to
mature let-7 [110]. The LIN28 gene is in turn targeted by let-7 via target sites in its 3> UTR
[110-113]. Both LIN28 and let-7g genes are associated with Oct4/Sox2/Nanog/Tcf3 binding
in ESC, resulting in a regulatory loop where the core pluripotent transcription factors
activate the LIN28 gene associated with maintenance of self-renewal and pluripotency while
repressing let-7g to prevent differentiation [81]. The Lin28B promoter has been shown to be
transcriptionally transactivated via direct association with Myc to mediate let-7 repression
[114]. The let-7 family is also though to target RAS, a gene associated with cancer [115-
118]; and HMGAZ2, a known regulator of differentiation and proliferation in mouse and
human embryonic stem cells [119,120]. A recent study reports that exogenous addition of
let-7 microRNA can suppress self renewal in DGCR8 null mouse ESC but not wild type
ESC and this suppression can be inhibited by introduction of ESC cell cycle regulating
microRNAS such as miR-294, suggesting that they act via intersecting pathways to drive cell
fate towards self renewal or differentiation [74]. There is however emerging evidence that
Lin28 may alternate modes to sustain self renewal that does not involve regulation of let7
[121]

microRNA expression pattern in iPSC

Induced pluripotent cells (iPSC) have been compared with embryonic-derived stem cells for
gene expression by several groups, but only three published studies [49,122,123] compare
microRNA expression with those found in human ESC (Figure 2). All three highlight
differences between iPSC and hESC with microRNA expression patterns interpreted to
show that iPSC do not appear to be as “undifferentiated” as hESC (Figure 3). For example,
Wilson identified several members of the microRNA cluster encoded on chromosome 19,
including miR-371/372/373 and many others, as more highly expressed in hRESC compared
to iPSC (Figure 2, red squares labeled in the lower right). Chin discovered several
microRNAs that are predominantly expressed in either hESC or iPSC and several of these
were confirmed by Goff, particularly the iPSC-specific microRNAs, including miR-181a,
199b-3p, and 214 (Figure 2, labeled in blue in upper left). These opposing groups of
microRNAs that are differentially expressed between these two cell types indicate
underlying differences in gene expression patterns between hESC and iPSC. The reduced
expression of the ES-specific chromosome 19 cluster in iPSC predicts that regulatory signals
are not sufficiently driving expression of microRNASs believed to help maintain self-renewal
by stimulating cell cycle [74,124]. This group of microRNAs, corresponding to the miR-294
cluster on mouse chromosome 7, has been shown to act in opposition to the let-7 family
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[74]. Reduced expression of this cluster can be predicted to be associated with reduced self-
renewal and resistance to pluripotency.

Relevance of microRNA regulation in ESC/iPSC

Hornstein and Shomron propose that the interactions between microRNAs and the network
of protein-coding genes evolved in order to buffer stochastic perturbations and thereby
confer robustness to developmental genetic programs [125]. The concept of this proposed
role for microRNAs arose from Waddington’s original canalization hypothesis [126],
originally utilized to describe evolution of populations. This hypothesis can be extrapolated
beyond its original vision to explain cellular processes such as pluripotency or
differentiation in ESC.

The core stem cell circuitry, composed of pluripotent transcription factors, clearly interacts
with groups of microRNAs [81] which coordinate to de-repress the genes involved in
pluripotent cell maintenance and suppress genes involved in development and differentiation
[74]. Indeed, the pluripotent-specific microRNAS serve to maintain ESCs in their pluripotent
state by inhibiting genes that would favor differentiation or cause cells to leave the cell
cycle, usually considered to be a trigger for differentiation (Figure 4).

Specifically, miR-302, which has been shown to maintain “stemness” in ESCs, is a negative
regulator of G1 and promotes entry into S phase by regulating cyclin D family members
[90,127]. On the other hand, upon hESC differentiation, miR-145 is induced, which in turn
serves to inhibit OCT4, SOX2, and KLF4 [128]. Upregulation of miR-145 expression
caused a significant diminution of the self-renewal marker SSEA4 and an increase in
multiple differentiation markers associated with all three germ layers [128]. These few
examples indicate how microRNAs can be understood to stabilize the cellular state
endogenously —either as self-renewing/pluripotent or differentiated cultures.

In the case of iPSC, one can propose that by activating ES specific microRNASs in
differentiated cells one would induce de-differentiation and revert cells to a pluripotent state.
This is certainly the case. MiR-291-3p, -294 and -295 have been shown to increase the
efficiency of reprogramming mouse embryonic fibroblast when exogenously expressed with
Oct4, Sox2 and KIf4 [129]. In addition, exogenous addition of members of the miR-302
cluster has also been reported to enhance reprogramming of human skin cancer cells into a
pluripotent, ESC-like state [130]. These cell lines, constitutively expressing miR-302, began
to express several ES cell markers, such as Oct3/4, SSEA-3, SSEA-4, Sox2, and Nanog
[130]. Most importantly is that teratoma assays of EBs derived from these cells gave rise to
all three embryonic germ layers [130]. Finally, antagonism of the differentiation-specific
let-7 family can replace one of the four classic iPSC-inducing transcription factors (c-Myc)
in the production of iPSC cultures [74].

As these examples prove, microRNAs integrally participate in the switch between
pluripotency and differentiation. Regulation of microRNA levels is required for a full
transition from one state to the other. Stable expression of specific classes of microRNAs
stabilizes either pluripotency or differentiation. Slight differences in microRNA levels help
to distinguish pluripotent cells derived from embryos (ESC) from cells generated by
exogenous expression of pluripotency transcription factors (iPSC). As the full regulatory
network controlling the entry into or the exit from the pluripotent state is identified,
microRNAs clearly represent important stabilizers or actuators that cannot be ignored.

Executive summary
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»  Small, noncoding, regulatory RNAs known as miRNA have a critical role in
regulatory networks that maintain pluripotency in embryonic stem cells (ESCs)
and induced pluripotent stem cells.

»  miRNA expression analyses in stem cells utilize traditional tools to confirm
expression of known miRNAs as well as novel technologies such as deep
sequencing to identify new miRNAs.

»  Cells defective in the miRNA processing machinery such as Dicer- and
DGCR8-knockout ESCs have been utilized to identify specific miRNA function
in regulating pluripotency as well as downstream targets.

* These studies have led to the identification of distinct clusters of miRNAs
specific for ESCs.

* Recently, comparative miRNA studies between ESCs and induced pluripotent
stem cells have highlighted slight differences between the two.

»  These differences in miRNA expression patterns have an effect on the
pluripotency maintenance networks.

e Itis proposed that miRNAs interact with epigenetic regulatory mechanisms to
stabilize pluripotency or to switch to a differentiated state.
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Figure 1.
Schematic diagram of microRNA biogenesis.

Regen Med. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lakshmipathy et al. Page 17

Figure 2.

Scatterplot of microRNA sequence frequencies (per 10° reads) in iPS or hESC taken from
Goff et al. (2009) and highlighting overlapping microRNAs from Wilson et al. (2009), Chin
et al. (2009) and Morin et al. (2008). MicroRNAs found to be enriched in hESC over iPS by
Wilson are noted as red squares and those found to be at least 2-fold different in Goff are
labeled in black. Among those microRNAs found to be ESC enriched by Chin, labeled with
the character “E,” none was confirmed by Goff. However, several of those microRNASs
found by Chin to be enriched in iPS (labeled “P") are confirmed by Goff (labeled in blue to
the left of the “P” character if they were at least 2-fold different). Note also the number of
novel microRNAs found by Goff (black dots) that are enriched in iPS cells.
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ESC iPSC Differentiated

Figure 3.
Schematic of microRNA expression characterizing differentiation status. Representative

microRNAs are shown that are characteristic of each stage, with miR-302 being strongly
expressed in both ESC and iPSC, but the miR-371 cluster more highly expressed in ESC
than iPSC.
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Figure 4.
Regulatory network in pluripotent stem cells. Key genes are represented in italics and
microRNAs in bold.
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Table 1

Predictions of new microRNAs by deep sequencing in hESC.

Sequencing Initial Prediction Number of New
Reference Method Sequences Method microRNA Genes
Bar et al. (2008) 454 4 x 105 Custom 13
Morin et al. (2008) IHlumina 6 x 108 miPred and custom 104
Goff et al. (2009) SOLID 1.1x 108 miRDeep 140*

*

Goff originally reported 149 new genes but a revised analysis adjusts the number to 140.
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