1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Cell Biol. Author manuscript; available in PMC 2019 August 13.

-, HHS Public Access
«

Published in final edited form as:
Nat Cell Biol. 2012 November ; 14(11): 1114-1121. doi:10.1038/nch2613.

The functions of microRNAs in pluripotency and reprogramming

Trevor R. Leonardo, Heather L. Schultheisz, Jeanne F. Loring
Department of Chemical Physiology, The Scripps Research Institute and the Center for
Regenerative Medicine, La Jolla, California 92037, USA.

Louise C. Laurent
Department of Reproductive Medicine, University of California, La Jolla, California 92037, USA.

Abstract

Pluripotent stem cells (PSCs) express a distinctive set of microRNAs (miRNASs). Many of these
miRNAs have similar targeting sequences and are predicted to regulate downstream targets
cooperatively. These enriched miRNAS are involved in the regulation of the unique PSC cell cycle,
and there is increasing evidence that they also influence other important characteristics of PSCs,
including their morphology, epigenetic profile and resistance to apoptosis. Detailed studies of
miRNAs and their targets in PSCs should help to parse the regulatory networks that underlie
developmental processes and cellular reprogramming.

Human PSCs (hPSCs), which include human embryonic stem (ES) cells and induced
pluripotent stem cells (iPSCs), are a potential source of cells for both research and cell
therapy. Their ability to self-renew and to differentiate into all the cell types in the human
body makes them a promising system for modelling cellular differentiation and
development, as well as a valuable resource that could lead to treatments for many diseases.
But to realize the full potential of hPSCs, we must gain a better understanding of the
mechanisms that regulate self-renewal and the maintenance of pluripotency. Here, we focus
on a unique set of miRNAs that are highly expressed in PSCs, which provide clues about the
regulatory pathways that are active in these cells. We outline current work in hPSCs, in
which many disease models are being developed and tested. We also mention seminal
studies performed in mice that have informed much of the mechanistic work in the
reprogramming and miRNA fields today. Detailed reviews of miRNA biogenesis and
functionl-2, and of the role of miRNAs in development3, differentiation34, cancer® and
apoptosis®, can be found elsewhere.

miRNAs were first discovered in 1993, when regulation of the gene /in-14 by a small RNA,
lin-4, was reported in Caenorhabditis elegans’. It was not until seven years later that a
second small RNA, /et-7, was identifiedS. Since then, miRNAs have been discovered in
virtually all plant and animal species, and their biological functions and mechanisms of
action have become subjects of intense research. miRNAs are non-coding RNAs that are
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often encoded in clusters in the genome. Members of miRNA families have homologous
sequences, but are not necessarily transcribed from the same genomic region. However,
there are many cases in which miRNA families are found in clusters and their transcription
is co-regulated. According to the latest version of the miRNA database miRBase, released in
August 2012, approximately 2,042 mature miRNAs have been experimentally identified so
far in human, and approximately 1,281 in mouse®. After miRNAs are transcribed, they are
processed by a specialized set of enzymes into their short (about 22 nucleotide) mature form.
Through interactions with proteins in the RNA-induced silencing complex (RISC), each
miRNA can target many mRNAs in a sequence-dependent fashionl0. After a messenger
RNA transcript is bound by an miRNA associated with a RISC, expression of the target
mRNA is downregulated, either by mRNA destabilization or by inhibition of translation!1.

A unique set of miRNAs is present in PSCs

miRNAs are essential for development; knockout of the RNA-processing proteins Dicerl (a
ribonuclease) and Dgcr8 (DiGeorge syndrome critical region gene 8) in mice have shown
that disruption of active miRNA biogenesis is lethal during embryogenesis'213. With the
aim of using them as a model for human embryonic development, hPSCs have been profiled
using sequencing and microarray methods to identify miRNAs that have potential roles in
differentiation and development. These studies have revealed several miRNA families that
are upregulated specifically in hPSCs compared to mature differentiated cell types. These
include the human (hsa)-miR-302, hsa-miR-106, hsa-miR-372, hsa-miR-17, hsa-miR-520,
hsa-miR-195 and hsa-miR-200 families!4-17. Except for the hsa-miR-520 family, all of these
human miRNA families have a corresponding set of homologous miRNAs in the mouse,
which are also expressed in mouse ES cells. In most cases, the mouse and human
homologues follow the same nomenclature; an exception is the mouse homologue of the
hsa-miR-372 family, which corresponds to the mouse (mmu)-miR-290 family. As well as the
miRNA families that are enriched in hPSCs, there are also several miRNAs that are
expressed at significantly lower levels in hPSCs than in differentiated cells, most notably the
hsa-let-7 family1415,

For most miRNAs, the targeting of cognate mRNAs is strongly influenced by the
complementarity between the short ‘seed’ sequence at nucleotides 2-8 on the 5’ end of the
miRNA and sequences contained in the 3 untranslated regions (UTRs) of the mRNAs.
Interestingly, the seed sequences of many miRNAs that are highly expressed in hPSCs are
closely related. Several of the pluripotency-associated hPSC miRNA families (including hsa/
mmu-miR-17, hsa/mmu-miR-106, hsa/mmu-miR-302, hsa-miR-372/mmu-miR-290 and hsa-
miR-520) share 6/7 or 7/7 nucleotides in the seed sitel®. This suggests that these miRNAs
may have similar mRNA targets and regulatory functions that could be important in
maintaining the unique characteristics of PSCs (see Fig. 1 for a summary of published
miRNA/MRNA interactions from the murine system relevant to pluripotency, and Fig. 2 for
the human system).

The accurate identification of miRNA targets will help us to understand further the
functional role of miRNAs in PSCs. Although there are many bioinformatic algorithms that
predict the mRNA targets of miRNAs (Box 1), the experimental verification of functional
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targeting remains a relatively slow process. So far, only a handful of specific direct targets
have been identified, usually using luciferase reporter assays!®19 (Box 1). Global pull-
downs using enhanced cross-linking of the RISC-associated enzyme argonaute 2 (also
known as EIF2C2) to miRNAs and potential mRNA targets have validated previously
identified cell cycle and TGF-B (transforming growth factor p) signalling targets, and
provided evidence for additional endogenous pathways regulated by pluripotency-associated
miRNAs in mouseZ® and human?1,

Roles of PSC-associated miRNAs in cell-state change

Examining the effects of miRNAs on differentiation and on experimentally induced
reprogramming can provide clues about the endogenous pathways regulated by miRNAs.
hPSCs have been successfully differentiated in culture into many different cell types,
including cardiomyocytes, fibroblasts, hepatocytes and neurons. Recently, it has been
demonstrated that specific transcription factors can be used to transform human cells from
one mature cell type directly to another?223, and miRNAs have been shown to enhance the
conversion of fibroblasts to neurons2425 and cardiomyocytes26. However, the largest body of
research in cell-state conversion and the most informative evidence about the roles of
pluripotency-associated miRNAs, is in cellular reprogramming of differentiated somatic
cells to an iPSC state.

Reprogramming of somatic cells to iPSCs was first achieved by overexpressing a set of
transcription factors consisting of octamer-binding transcription factor 4 (Oct4; also known
as Poubrl), SRY-box-containing gene 2 (Sox2), Kruppel-like factor 4 (K/f4) and
myelocytomatosis oncogene (Myc) (collectively known as OSKM) in mouse fibroblasts
cultured under ES cell conditions?”. Shortly afterwards, human fibroblasts were successfully
reprogrammed using either the same combination of transcription factors2® or a similar
combination of reprogramming factors (OC74, SOX2, Nanog homeobox (MANOG) and the
RNA-binding protein lin-28 homologue A (L/N28A); collectively known as OSNL))2°. (For
an in-depth review of our current understanding of the mechanisms of reprogramming, see
ref. 30.) Although it has proved difficult to dissect the functions of individual miRNAs in
PSCs, the ability of certain miRNAs to enhance or inhibit reprogramming to pluripotency
has provided insights into their endogenous roles in the maintenance of pluripotency.

An early report described the conversion of human cancer cells into an ES-cell-like state by
retroviral transduction of the hsa-miR-302/367 cluster3. Although these cells were not
demonstrated to have typical PSC morphology, the report showed that the ES-like cells
derived from cancer cells expressed hPSC markers and also shared similar gene expression
profiles and OC74 DNA methylation profiles to those of hPSC lines. Subsequently, several
publications have shown that members of specific pluripotency-associated miRNA families,
including mmu-miR-17/92 (ref. 32), mmu-miR-106a/363 (refs 32,33), mmu-miR-106b/25
(ref. 32), mmu-miR-290/hsa-miR-372 (refs 34,35) and hsa/mmu-miR-302/367 (refs 33-35),
were able to enhance reprogramming in mouse and human fibroblasts when using three of
the four standard reprogramming factors (Oct4, Sox2 and Klf4; OSK). The targets through
which these miRNAs have been reported to act on the reprogramming process are shown in
Figs 1 and 2.

Nat Cell Biol. Author manuscript; available in PMC 2019 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leonardo et al.

Page 4

There is an increasing body of evidence that the standard reprogramming factors act in part
by trans-activating pluripotency-associated miRNAs (Figs 1 and 2). For example, using
chromatin immunoprecipitation (ChlP)-sequencing assays, it was shown that Oct4, Sox2 and
Nanog were bound to the promoter regions of the mmu-miR-106a/363, mmu-miR-290 and
mmu-miR-302/367clusters in mouse ES cells, and that OCT4 was bound to the same
conserved promoter regions of these clusters in human ES cells36. Furthermore, OCT4 and
SOX2 were demonstrated to trans-activate the hsa-miR-302/367 cluster, and the hsa-
miR-302 and OCT4 levels decrease in parallel during human ES cell differentiation3”. MYC
has been shown to bind and trans-activate the hsa-miR-17 cluster in human cells38, and to
repress hsa-miR-34 (ref. 39) and hsa-miR-29 (ref. 40) in human cancer cells. Together, these
results suggest that transcription factors and miRNAs that are highly expressed in PSCs act
together during reprogramming of fibroblasts to iPSCs.

A logical corollary to the discovery that PSC-associated miRNAs can enhance
reprogramming is that repression of the miRNASs expressed at lower levels in PSCs
compared to differentiated cells might also promote reprogramming. Indeed, repression of
mmu-miR-21or mmumiR-29a has been shown to enhance reprogramming by OSK (ref. 41),
and repression of mmu-let-7 enhances reprogramming by OSKM (refs 41,42), at least
partially through de-repression of the reprogramming factor Lin28 (ref. 42) in mouse.
Interestingly, Lin28 inhibits the processing of hsa/mmu-let-7 miRNA precursors in both
mouse ES cells and human cancer cells, possibly explaining the initial success of
reprogramming with the OSNL factors#3-46. Moreover, mmu-miR-34 has been shown to
obstruct iPSC generation by targeting and repressing Nanog, Sox2and Mycn, and knockout
of mmu-miR-34 facilitates reprogramming of mouse embryonic fibroblasts (MEFs) by OSK
or OSKM, possibly by eliminating its pro-apoptotic effects*’.

Recent reports suggest that reprogramming of mouse and human somatic cells can be
achieved using only miRNAs introduced either by lentiviral transduction or transient
transfection?®49, Lentiviral expression of the mmu-miR-302/367 cluster was reported to
reprogram mouse and human fibroblasts with up to two orders of magnitude greater
efficiency than the OSKM transcription-factor-based method*8. Reprogramming mouse or
human somatic cells using direct transfection of mature miRNAs*? (including hsa/mmu-
miR-200c, hsa/mmu-miR-302s and hsa/mmu-miR-369s) was, however, far less efficient.
Nevertheless, it is notable that reprogrammed cells were obtained with mature miRNAs,
because at present it is the only reported method that does not use either vector-based gene
transfer, or oncogenic genes, transcripts or proteins, to induce reprogramming. Although
these techniques have yet to be widely reproduced, reprogramming using miRNAs alone
holds great promise in the stem-cell field.

Specific roles of miRNASs in reprogramming pathways

Reprogramming involves rapid and marked changes in cellular phenotype, which typically
include an increase in proliferation, transition through an epithelial phenotype, changes in
DNA methylation and a decrease in apoptosis. Many of the miRNAs that are highly
expressed in PSCs promote these changes. A summary of the specific regulatory interactions
between miRNAs and the targets that mediate these effects is shown in Figs 1 and 2.
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PSC-associated miRNAs enforce the ES cell cycle.

One well-studied pathway that changes considerably between the differentiated and
undifferentiated cell state is the cell cycle. PSCs have a unique cell cycle that is essential for
self-renewal. hPSCs proliferate rapidly, with an abbreviated G1 phase owing to the lack of a
G1/S checkpoint, resulting in a cell-cycle length of approximately 15 h compared to
approximately 24 h for more differentiated human cells50-51.

The role of miRNAs in the PSC cell cycle has been primarily studied by using cells without
endogenous miRNAs, which has been achieved by the genetic deletion or knockdown of
specific components in the miRNA biogenesis pathway. PSCs without miRNAs have a cell-
cycle defect, which was partially rescued by the re-introduction of hsa-miR-372 and hsa-
miR-195 in hESCs and mmu-miR-290 family members in mouse ES cells1®52, Several
direct MRNA targets for the hsa-miR-372 family in the cell-cycle pathway have been
identified, including cyclin D1 (CCND1)37, retinoblastoma-like 2 (RBL2), cyclin-dependent
kinase inhibitor 1A (CDKN1A)3® and 1C (CDKN1C)®3. The homologous mmu-miR-290
family has been shown to target retinoblastoma 1 (Rb1), retinoblastoma-like 1 (Rbl1),
cyclin-dependent kinase inhibitor 1B (Cdkn1b), large tumour suppressor 2 (Lats2)%2, WEE1
homologue 1 (Weel) and F-box and leucine-rich repeat protein 5 (Fbx15)>*. The majority of
the hPSC-specific miRNAs are involved in accelerating the G1 to S transition. This suggests
that the miRNA-mediated repression of multiple factors involved in the G1/S checkpoint
contributes to the unique characteristics of the cell cycle and the self-renewal program in
hPSCs.

Recent work investigating how the miRNA and target mRNA landscape changes when a
PSC exits the self-renewal program and differentiates, suggests that the major switches
include downregulation of the highly expressed hsa/mmu-miR-17/106/302, hsa-
miR-372/520 and mmu-miR-290, and upregulation of the hsa/mmu-let-7, miRNAs.
Experiments in miRNA-depleted mouse ES cells revealed that these opposing miRNA
groups act on the same pathways through the direct and indirect regulation of several
essential targets, including sal-like 4 (Sall4), Mycn, Myc and Lin28a (ref. 42). Given the
effects these miRNA have on the cell cycle, these data from the mouse system suggest that
changes in cell-cycle regulation may also be integral to the process of differentiation.

miRNAs in the mesenchymal to epithelial transition.

Reprogramming cells with a mesenchymal phenotype, such as reprogramming fibroblasts to
a pluripotent state, is accompanied by a marked morphological transition from a
mesenchymal to an epithelial phenotype at an intermediate point in the reprogramming
process. Several miRNASs have been shown to promote the mesenchymal to epithelial
transition (MET), including hsa/mmu-miR-205 and the hsa/mmu-miR-200, hsa/mmu-
miR-302 and hsa/mmu-miR-372 families. Many of the initial studies on the roles of
miR-200 and miR-205 on MET were performed in non-PSC systems and then subsequently
related to the PSC system, whereas most of the miR-302 and miR-372 studies were
performed in PSCs. This difference is probably related to the fact that miR-302 and mir-372
expression are highly specific to PSCs, whereas miR-200 and miR-205 are more widely
expressed. Ectopic expression ofhsa-miR-205 and the hsa-miR-200 family in canine
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mesenchymal cells initiates MET, by directly targeting and repressing zinc finger E-box
binding homeoBox 1 (ZEB1) and ZEB2, which results in de-repression of E-cadherin®®.
Furthermore, overexpression of the mmu-miR-200 family has been shown to inhibit the
epithelial-to-mesenchymal transition (EMT) by directly targeting and repressing Zeb1 and
Zeb2 in mouse epithelial cells treated with TGF-°6. The reverse process, MET, seen in the
reprogramming of MEFs using OSKM, is thought to be driven by a strong bone
morphogenetic protein (BMP) response, which induces the expression ofthe mmu-miR-200
family and mmu-miR-205 (ref. 57). Photoactivatable-ribonucleoside-enhanced crosslinking
and immuno-precipitation (PAR-CLIP) experiments in human ES cells to identify the
MRNA targets of miRNAs (see Box 1) showed that hsa-miR-302/367 promotes BMP
signalling by targeting the BMP inhibitors transducer of ERBB2, 2 (TOB2), DAZ-associated
protein 2 (DAZAP2) and SLAIN motif family, member 1 (SLAIN1)2L. The hsa-miR-302
and hsa-miR-372 families may promote reprogramming-associated MET by repression of
TGF-p receptor 2 (TGFBR2) and ras homologue family member C (RHOC)35, which are
known to drive the reverse process of EMT (refs 58,59). Transfection of hsa-miR-302b and
hsa-miR-372 (either individually or in the context of retroviral transduction of OSK) has
also been shown to result in decreased levels of the mesenchymal markers ZEB1, ZEB2,
fibronectin 1 (FN1), and snail homologue 2 (SNAI2)35, These results suggest that the hsa-
miR-302/367 and hsa-miR-200c families promote MET during reprogramming of human
fibroblasts by repressing the TGF-p pathway and de-repressing E-cadherin.

Regulation of DNA methylation by miRNAs.

hPSCs are significantly hypermethylated globally compared to mature differentiated cell
types®0. As somatic cells undergo the reprogramming process, marked changes in DNA
methylation occur, although some debate remains about the extent of epigenetic remodelling
at certain sites in the genome®1-63, There is also indirect evidence that miRNAs regulate the
epigenetic state in PSCs. Dicer-null mouse ES cells express decreased levels of the DNA
methyltransferases Dnmt1, Dnmt3a and Dnmt3b, resulting in defects in DNA methylation.
The introduction of mimics of members of the mmu-miR-290 cluster into these DicerI -null
mouse ES cells resulted in repression of Rbl2 and subsequent de-repression of Dnmt3aand
Dnmt3b (refs 64,65). Repression of the DNA-binding protein genes methyl-CpG binding
protein 2 (MECPZ) and methyl-CpG binding domain protein 2 (MBDZ2) in human fibroblasts
has also been observed with experimental expression of hsamiR-302 and hsa-miR-372 (ref.
35). However, the only direct evidence for modulation of human DNMT proteins by
miRNAs is a report showing that the hsa-miR-29 family members directly repress both
DNMT3A and DNMT3B in human lung cancer cells®6, It is possible that miRNAs and
methylation status work in concert to silence and activate the necessary genes required for
the transcriptional network seen in the pluripotent state.

Effects of miRNAs on apoptosis.

Recently, the mmu-miR-295 cluster was linked to survival of mouse ES cells after DNA
damage through direct targeting of caspase 2 (Casp2) and etoposide-induced 2.4 mRNA
(Ei24), a TP53 target®’. Furthermore, members of the hsa/mmu-miR-34 family are induced
on activation of TP53, and have been shown to promote apoptosis (reviewed in ref. 68).
These results are consistent with reports that inhibition of TP53 using either deletion of the
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Tp53 gene in mice or by short hairpin RNAs (shRNAs) in human cell lines enhances
reprogramming to the pluripotent state, allowing for the generation of human iPSCs using
only two of the reprogramming transcription factors, OCT4 and SOX2 (refs 69-71). Human
TP53 targets have also been shown to be repressed by pluripotency-associated miRNAS
present in cancer cells. Specifically, hsa-miR-17/106 has an anti-apoptotic effect through
regulation of CDKN1A (ref. 72) in cervical cancer cells. Other studies in human cancer cells
have also shown that hsamiR-17 and hsa-miR-106 inhibit apoptosis via repression of
BCL-2-like 11 (BCL2L11)73-74 and the TGF-pB pathway®. It is likely that pluripotency-
associated miRNAs have similar targets in hPSCs; however, roles for these miRNAs in the
regulation of apoptosis in hPSCs have not yet been directly shown.

Conclusion

Over the past few years, it has become apparent that the distinctive pattern of miRNA
expression seen in PSCs contributes to many of the unique phenotypic properties of these
cells. Three main experimental approaches have been used to study miRNAs in PSCs. First,
the reintroduction of miRNAs to PSCs that have had their miRNA biogenesis machinery
disabled by knockout or knockdown of Dicer or Dgcr8. Second, the identification of
miRNAs that can enhance reprogramming when transfected or overexpressed in somatic
cells. Third, the immunoprecipitation of MRNAs cross-linked to protein components of the
RISC complex. These approaches have increased our understanding of the functional roles
of miRNAs in undifferentiated PSCs and reprogramming. In particular, it is clear that a
subset of upregulated miRNAs in PSCs target multiple G1/S checkpoint genes to promote
the establishment and maintenance of the unusually rapid PSC cell cycle.

As more sophisticated methods for manipulating individual miRNAs in the native PSC
cellular environment are developed, additional insights into the interaction of miRNAs with
the complex networks that maintain cellular identity will be revealed. The introduction or
depletion of miRNAs involved in regulating cell-state transitions may prove useful in
inducing reprogramming or differentiation along a particular lineage. In tandem with current
PSC differentiation protocols, it may also be possible to accelerate differentiation processes
by the depletion of highly differentially expressed miRNAs in PSCs. Manipulation of
miRNAs might also be used to improve the stability of a specific differentiated cell type.
Our knowledge of the roles of miRNAs in regulating cellular phenotypes may expand the
utility of hPSCs for understanding human disease, in drug development pathways, and for
cell therapy.
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Box 1 Methods for identifying miRNA/mRNA target interactions

Because the primary function of miRNAs is thought to be the repression of target
mRNAs, the biological effects of a given miRNA depend on the functions of its targets.
Empirical methods used to detect the physical and functional interactions between
miRNAs and mRNAs are labour intensive and must be interpreted with care, as the
results can be influenced by the cellular context and the specific characteristics the
experimental methods. Consequently, bioinformatic tools are often used to predict
potential MiIRNA and mRNA targeting interactions. In metazoans, miRNA targeting of
mRNAs is mediated by partial complementarity, with the degree of complementarity
correlating only imperfectly with the strength of the functional interaction, making such
predictions challenging. Some algorithms predict whether a given miRNA has the
potential to target a given mRNA according to specific criteria, while others use paired
MRNA and miRNA expression data to train machine-learning algorithms, and still others
incorporate both outputs from target prediction methods and experiment-specific paired
MRNA/MIRNA expression data to enrich for the functional targeting active in a particular
experiment.

Empirical methods.

The results can be influenced by the cellular context, including the levels of endogenous
miRNAs and their mRNA targets. Many studies have been performed using cells in
which miRNA biogenesis is deficient to eliminate endogenous miRNAs19-52.

Overexpression/knockdown of individual miRNAs.

The levels of selected miRNAS can be manipulated in a stable or transient manner. The
levels of target MRNAs and/or the encoded proteins can be measured (for example, see
refs 10,77). It can be difficult to ensure that observed effects are direct mMiRNA/mRNA
targeting, rather than secondary effects.

Manipulation Method Notes

- ; . Requires intact miRNA biogenesis for
Stable Lentiviral vectors expressing pri- processing of the exogenous pri-

overexpression miRNA sequences. miRNAs.

Lentiviral vectors expressing
‘sponge’ sequences’® (tandem
repeats of target sequences) to

sequester endogenous miRNAs.

miRNA sponges generally result in
knockdown of miRNAs with similar
seed sequences.

Stable knockdown

Transient Transfection of synthetic miRNA
overexpression mimics.
T Transfection of synthetic miRNA Synthetic miRNA inhibitors are more
e inhibitors to knockdown endogenous specific than miRNA sponges, but can
miRNAs. have off-target effects.

Luciferase reporter assays.

These assays typically involve co-transfection of a selected miRNA mimic and a reporter
plasmid containing a candidate 3° UTR target sequence inserted downstream of the
firefly luciferase gene. This technique allows for mutagenesis of the target sequence to
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assess the specificity of the miRNA/mMRNA interaction, and to demonstrate that the
targeting is due to direct miRNA/mRNA interactions.

Detection of physical associations between miRNAs and mRNAs.

These methods are based on the assumption that the mRNAs found in complexes
containing RISC-associated proteins are potential regulatory targets.

Method

Notes

Reference

Page 13

HITS-CLIP

Involves pull-down of ultraviolet-crosslinked ribonucleoprotein
complexes by anti-EIF2C2 antibodies, followed by deep sequencing
of both the associated miRNAs and mRNAs. Because direct miRNA/

mRNA interactions are not identified, data from this technique can
be analysed in conjunction with miRNA/mRNA target predictions
and mRNA expression data from miRNA knockdown or
overexpression experiments to infer which mRNAs are the targets of
the miRNA of interest.

78

PAR-CLIP

Involves the incorporation of a ribonucleoside conjugated to a
photoactivatable moiety, which improves the efficiency of
crosslinking. After this unique step, PAR-CLIP follows the same
process as HITS-CLIP.

79

Biotinylated
miRNA pull-
down

A specific biotinylated miRNA mimic is transfected into cells.
Ribonucleoprotein complexes containing these biotinylated miRNAs
are then pulled-down using streptavidin beads, and the associated
mRNAs are analysed by deep sequencing.

80

Tandem affinity
purification of
miRNA target
mRNAs (TAP-

Tar)

To decrease the high number of false-positive miRNA-to-mRNA
interactions that can be seen with other methods, a specific
biotinylated miRNA mimic is transfected, and then the
ribonucleoprotein complexes are selected first by
immunoprecipitation using an anti-AGO antibody, and second by
pull-down using streptavidin beads.

81

Bioinfor matic methods.

Bioinformatic methods can be divided into predictive algorithms, machine-learning
algorithms that use empirical data for training, and integrative methods.

Algorithms Notes References

e 2
RNA22 Pattern-based algorithm to predict miRNA/mRNA pairing. 83
miRanda Prediction based on corwgﬁgnigairétg/cgse.tween the miRNA and 84

Rﬁﬁj\;’ﬁrm’ig&ﬁar Thermodynamic prediction. 85-87
GenMiR++ Training with paired mi:?]lf\ﬁérr:llzNA data using Bayesian 88
MiRTarget2 Training with paired \?;::Ig\rl/;\nlgéﬁmeA data using a support 89
miDIPINAViGTOR T edraton o et fon e pus 0

MMIA Combination of predicted interactions and paired miRNA/ 91,92

mRNA data
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Figure 1.
Summary of the published interactions between pluripotency-associated miRNAs and the ir

target mMRNAs from experiments in the murine system. The diagram illustrates the
regulatory interactions between pluripotency-associated miRNAS and their targets in the cell
cycle, as well as those influencing the mesenchymal to epithelial transition, DNA
methylation and apoptosis pathways. These, in turn, influence the reprogramming of somatic
cells to pluripotency. The interactions shown are taken from studies on murine cells.
miRNAs that are upregulated in pluripotency are indicated in yellow, miRNAs that are
downregulated in pluripotency are in orange, proteins that regulate miRNAs are in blue, and
transcripts that are regulated by miRNAs are in red. Downstream functional effects are in
green. References supporting regulatory interactions are indicated next to the lines.

Nat Cell Biol. Author manuscript; available in PMC 2019 August 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leonardo et al.

66

Human

CDKN1A (p21),

B MYCDKN1C (p57)

v

36
OCT4 36,37
miR-302/367
SOX2 37 cluster
6

Cyclin/CDK
complexes

CONDT R

37

miR-372
cluster

NANOG ™ miR-106a/363
cluster
45
i} TP53 (p53)
@ 43,46

68

.‘ w" iﬁ‘ .
4

BBl
73

miR-17/92
cluster
741

BIM/BCL2L 11 R o

Figure 2.

v

Apoptosis

19,

DNMT3A
Ead DNA methylation  Eem!
DNMT3B

RB1

RBL1 — CIVAREURI (I —————

RBL2

WEE1 bl G2/M transition By
(E—ggjﬁlﬁn) Yy Mesenchymal to
Epithelial epithelial transition

ZEB1 = miR-205
ZEB2 —_— miR-200
o family

TOB2
SLAIN1

MECP2 [
Bl Epigenetic regulation
MBD2
TGFBR2
Epithelial-to-
— -
mesenchymal transition

RHOC

SNAI2
FN1

Page 15

v

| Reprogramming
pluripotency

Summary of the published interactions between pluripotency-associated miRNAs and their
target mRNAs from experiments in the human system. The diagram illustrates the regulatory
interactions between pluripotency-associated miRNAs and their targets in the cell cycle,
MET, DNA methylation and apoptosis pathways, which, in turn, influence the
reprogramming of somatic cells to pluripotency. Colour coding is as in Fig. 1. References
supporting regulatory interactions are indicated next to the lines.
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