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Introduction

Mammalian development follows a carefullylastrated unfolding of cell fate decisions whoseetiplace, and
specialization must occur robustly and consistetatlgnd with a healthy adult organism. How thig fisaachieved
time and time again remains a mystery and is @his® interest to the biological and medical comtresiOne of
the central aspects of this feat is the rapid shiftmolecular programs during developmental ttaors. These
shifts must occur at multiple levels including ttesyulation of transcription, mMRNA stability, pratefranslation,
protein stability, and protein activity. Regulati@tcurs with the help of transcription factors featiors and
suppressors), epigenetic enzymes, non-coding RNRMA binding proteins, ubiquinating enzymes, kinases
phosphatases, and more. Of great interest arecdisggoup of non-coding RNAs, the microRNAs, whiare only
18-24 nucleotides in length and function by botstaleilizing and inhibiting translation of MRNAs. crdRNAs are
compelling regulators of developmental progressisttheir promiscuous nature allows a single miRNAegulate
hundreds of MRNAs, simultaneously allowing rapidtshn the transcriptome and proteome of cells.

The Biogenesis of miRNAs and related small RNAs

MicroRNAs undergo a series of processing ts/&efore maturing into a functional miRNA-silenaamplex
(Figure 1). Typically, miRNAs are initially express$ as part of a longer RNA polymerase Il (pol Ifjven
transcript, the primary miRNA (pri-miRNA). Thesenlger transcripts can be either coding (often whiga miRNA
within the introns), or non-coding (Cat al, 2004; Leeet al, 2004). The miRNAs themselves are contained withi
hairpin folds along the length of the pri-miRNAshéBe hairpins are recognized by the RNA bindingegimp Dgcr8
(Denli et al, 2004; Gregoret al, 2004; Haret al, 2004; Haret al, 2006; Landthaleet al, 2004), which then
directs the RNase lllI-containing enzyme, Droshaclemve the RNA at the base of the hairpin regyltim the
precursor miRNA (pre-miRNA) (Leet al, 2003). Dgcr8 and Drosha form the Microprocessamplex. Two
pieces of evidence suggest that the Microprocgasmesses the hairpins as the pri-miRNA is beiagdcribed, as
opposed to following transcription. First, Drosha@&NA pol Il can be cross-linked to DNA near thre-miRNA
hairpins, suggesting that the Microprocessor i€lose proximity to the DNA (Morlandet al, 2008). Second
intronic pre-miRNAs can be released by the Micrapessor prior to splicing of the surrounding exokisn( and
Kim, 2007).

*This article was reproduced, with permission, fr&@temBook, edited by Kevin Eggan and George Daldéye Stem Cell
Research Community, StemBook, doi/10.3824/stemla@&.1, http://www.stembook.org. This is an opeoess article
distributed under the terms of the Creative Commatigbution License, which permits unrestrictedeuslistribution, and
reproduction in any medium, provided the originakkvis properly cited.
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Figure 1: The Cononical miRNA biogenesis pathwainpRNAs are transcribed primarily as RNA pol thhscripts. The pri-
miRNAs are processed co-transcriptionally by thecrulprocessor (Drosha/Dggr8Following Microprocessor cleavage,
Exportin-5 transports the pre-miRNA hairpin inteethytoplasm. There, the pre-miRNA is cleaved byeRicesulting in a
miRNA/MIRNA" complex. With the help of TRBP, the mature miRNAloaded into the Argonaute subunit of the silegcin
complex. This complex then goes onto silence tang@NAs post-transcriptionally by translational ibition and/or transcript
destablization. Adapted from Babiatzal, 2008

Following production of the pre-miRNA hairgiy the Microprocessor, Exportin-5 transports tremiRNA to
the cytoplasm (Bohnsaakt al,, 2004; Lundet al, 2004; Yiet al, 2005; Yiet al, 2003). Once in the cytoplasm, a
second RNase lll-containing enzyme, Dicer, cleatres pre-miRNA to liberate the mature miRNA and the
complementary “star” sequence (Reviewed in (Hamm@005)). Similar to the Microprocessor, where ti¢ase
[l Drosha pairs with the RNA-binding protein DgerBicer pairs with the human immunodeficiency vifus
transactivating response RNA-binding protein (TRBEhendrimadaet al., 2005; Haaset al, 2005). However,
unlike the Microprocessor, where Dgcr8 is essertfial activity (Wanget al, 2007), TRBP appears to be
dispensable for Dicer activity in vitro, but impant for choosing the correct strand for transfetht® silencing
complex and downstream gene silencing (Chendrireadh, 2005; Gregorgt al, 2005; Haaset al,, 2005).
In addition to miRNA hairpins, Dicer is also capalof cleaving long, double stranded RNAs to smallAR. The
resulting small RNAs are named small interfering ARNSiRNA). Endogenous siRNAs are found across many
species and their function may be even more ewwnlaty conserved than miRNAs. Indeed, Dicer existshe
absence of the Microprocessor in many speciesdmutsithe metazoan lineage (Grimsatral.,, 2008). siRNAs are
capable of directing heterochromatin in non-mamamakukaryotes, such & pombgVerdel and Moazed, 2005),
TetrahymendLiu et al., 2007) androsophila(Riddle and Elgin, 2008). Whether there is a samible for siRNAs
in mammalian cells remains unclear. However, endoge siRNAs have been recently discovered in masmal
(Babiarzet al, 2008; Tanet al, 2008; Watanabet al, 2006; Watanabet al, 2008; Yang and Kazazian, 2006).

Following processing by Dicer, one strand e tuplex miRNA enters into the silencing complése RNA-
induced silencing complex (RISC). RISC contains rgonaute proteins and plays a central role incetieg
mMiRNA based silencing. The mechanism for choicetodind and removal of the opposing strand is ntitebn
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clear. However, it appears the energetically lésisls 3 end of the duplex is preferentially loaded (Khwaret al.,
2003; Schwaret al., 2003), while the passenger strand is cleave@irggnaute-2 (Ago2) (Ranet al, 2005). Ago2

is one of four argonaute proteins (Agol to 4) inmmzals (Carmellet al, 2002). However, it is only one with
cleavage (or “slicer”) activity (Liet al, 2004; Meisteet al, 2004; Ranckt al, 2004) and is the only one essential
for development (Alisctet al, 2007; Liuet al, 2004; Moritaet al, 2007). Although Ago2 is essential for normal
development, it appears that the four Argonauteg fomactionally overlap in miRNA silencing. Deletiaf all four
Argonautes in mouse ES cells results in a losdlerficing and apoptosis (S al, 2009). Reintroduction of any of
the four Argonautes in these cells results in aueof both post-transcriptional silencing and dpsis (Suet al,
2009).

The miRNA loaded RISC decreases protein leeelsoded by the target mRNAs, both by destabilizimg
MRNA and by inhibiting translation. Although theepise mechanism for how a miRNA finds a partictéaget
and inhibits translation is the subject of intef®eestigation, many rules are already known (Bar2€l09). The
major determinant for miRNA targeting is the “sesduence — the 7mer sequence present at positibmsugh 8
of the mature miRNA (Lewi®t al, 2003). However, there are other components efniRNA sequence that
appear to influence target repression, includingeuatides 12 to 17 in the miRNA and the positioriref target site
in the 3 UTR of the target gene (Grimsat al, 2007). Roughly one-third of human genes containserved
mMiRNA binding-sites in their '3UTR (Lewis et al, 2005), and the number of recognized conservex$ sias
recently increased with more sensitive detectiothous (Friedmaret al, 2009). Furthermore, recent data show
that miRNAs can also act through binding in the GRRIEoding genes (Baedt al, 2008; Selbachkt al, 2008; Tay
et al, 2008), thereby further increasing the degremi®NA control of the transcriptome.

Advances in quantitative mass spectrometrgtenabled the study of the impact of miRNAs onptfiteome as
a whole, rather than selected targets. Using masstr®metry, two studies compared the impact ofgerously
added miRNAs on the proteome of HelLa cell nucledBet al, 2008; Selbaclet al, 2008). Additionally, these
groups analyzed the impact of removing a miRNAhegitby deletion in the mouse (Baek al, 2008) or by
endogenous MiRNA knockdown in Hela cells (Selbatkl, 2008). These complimentary approaches revealed
several important findings: First, bioinformaticadysis of downregulated genes confirmed that thetrimoportant
predictor of target recognition is a sequence maiche miRNA seed sequence in th&3R. Second, translational
repression is more often than not associated withrallel decrease in mRNA levels. Third, miRNAeet on their
targets are rarely dramatic, instead resultingnivals changes in levels across many proteins (Bae#l, 2008;
Selbacket al., 2008).

A surprising additional role for microRNAstating, rather than suppressing, translation teesn reported.
Specifically, when cells in culture were inducedeixit the cell cycle by serum starvation, miR-36%+8l let-7a
bound the BUTRs and upregulated translation of Ti\&éhd HMGAZ2 (Vasudevaat al, 2007). Under cell growth
conditions, these same miRNAs suppressed the sasgefgesting a switch between miRNA induced supes
and activation of translation depending on the cgtlle status (Vasudevagt al, 2007). Transcriptional activation
has also been proposed as an alternative role feNAs. Following introduction of exogenously synsimed
dsRNAs directed to their promoters, expression @a#éherin, p21, VEGF, and the progesterone recepé&ve
increased (Janowskit al, 2007; Liet al, 2006). The mechanism for such upregulation naglive the dsRNAs
targeting antisense transcripts produced at thesagiers and the recruitment of Agol (Schwaittal., 2008). An
endogenous MiRNA, miR-373, may act in a similahfas to these exogenously introduced dsRNAs suggpesat
potential physiological role for such a mechanistta¢eet al, 2008). It will be interesting to see how robtisse
novel mechanisms of miRNA action are in vivo.

The role of small RNAs in embryonic stem cells

The first miRNA, lin-4, was identified based the alterations in cell lineage specificatiorCofelegangLee et
al., 1993). Analysis of many other organisms has iomed a central role of miRNAs in normal metazoan
development. In mammals, multiple components ofrtiiRNA pathway are essential and their deletionultesn
early embryonic lethality. This embryonic lethalitas been observed for the deletionDi¢er(Bernsteinet al,
2003),Dgcr8 (Wanget al, 2007), andAgoZAlisch et al, 2007; Liuet al, 2004; Moritaet al., 2007). To gain
insight into early development, embryonic stems#iiat contained null alleles Bigcr8 andDicer were generated
(Kanellopoulouet al., 2005; Murchisoret al.,, 2005; Wangt al,, 2007). ES cells lacking eithBxgcr8 or Dicer have
defects in proliferation and differentiation. TBeer4/4 ES cells appeared to have more severe phenotypestie
Dgcr84/4 ES cells, including a stricter block in differatton, a severer proliferation defect immediateljyaiwing
loop out, and an inability to form teratomas. Thddferences suggested the presence of Dgcr8-inmikgpe, Dicer-
dependent small RNAs — a conclusion that has bssemtly confirmed (Babiaret al., 2008).
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Although these phenotypes occurred in theratesef all canonical miRNAs, it remained possilhiattthey could
be explained at least in part by one or a few miRNRBat are highly expressed in ES cells. For exammhe
important difference between wild type abdcr84/4 ES cells is that the ES cells accumulated in thepBase of
the cell cycle in mutants (Wargg al, 2007). Initial attempts at uncovering miRNAspassible for this defect in a
wild-type background failed, presumably due to rethncy among the ES cell miRNAs. Supporting thisomo
relatively few individual miRNA knockouts i€. eleganshave defects in development or viability (Mis&aal.,
2007). To circumvent the issue of redundancy aermditive approach was taken. Starting with Blger84/4 ES
cells lacking all canonical miRNAs, individual miRN were added back in the form of miRNA mimics, roiieally
synthesized double stranded miRNAs representingdise-Dicer miRNA duplex. This approach enabled ghely
of each miRNA in isolation from the normal milie@.screen using miRNA mimics representing 266 of 464
annotated miRNAs (Griffiths-Jones al., 2008) revealed a large family of miRNAs, sharihg same sequence that
could rescue the G1 defectbycr84/4 ES cells (Wanget al, 2008). This family includes a subset of thg-290
cluster of miRNAs, which are specifically expressedES cells (Houbavigt al, 2003; Wanget al.,, 2008). These
miRNAs were coined ESCC for ES cell-specific cgltle-regulating miRNAs. Further analysis uncoveia@gets
for the ESCC miRNAs that included multiple inhibgoof the G1/S transition, regulators of the cyclitk2
pathway, including p21 (Cdknla), Rb, Rbl2, and Rafd/anget al, 2008). These results correlated nicely with
previous results with p21, which showed that wliike MRNA levels changed little, its protein levebspidly
increased upon differentiation coincidently witte tiengthening of the G1 phase of the cell cycldépathyet al,
1997). Taken together, these findings show thancells, themir-290 cluster is highly expressed, members of
which suppress inhibitors of the G1/S transitioorpoting an abbreviated G1 phase and hence a shdrizsil
cycle. Upon differentiation, thenir-290 cluster is rapidly down regulated, allowing thanslation of the G1/S
inhibitors and the lengthening of G1.

In addition to the role thmir-290 cluster plays in the unique ES cell cycle, twoup® identified an indirect
control of DNA methyltransferase by thar-290 cluster (Sinkkoneet al, 2008). Similar to Wangt al, the authors
found that themir-290 cluster controlled Rbl2. The authors also fourat thembers of the DNA methyltransferase
complex, Dnmt3a and 3b, were downregulateDirer4/4 relative to wild type. Rbl2 had previously beewwh to
transcriptionally suppresBnmt3kLitovchick et al, 2007) and the authors showed that inhibitiorRbf2 in the
knockout cells rescues Dnmt3a and 3b levels. Thbkoasl suggest that the diminished Dnmt levels éxptlae
deficiency ofDicer null cells to differentiate as de novo DNA methiga is important in suppressing pluripotency
genes (Feldmaet al., 2006). However, unlike thBgcr8 and Dicer knockouts, differentiation appears to initiate
normally and pluripotency genes are downregulatethé absence of DNMT3a and3b, with a fraction elfsc
reactivating the pluripotency program when returte&S cell conditions (Feldmaat al,, 2006). Furthermore, the
mir-290 cluster members do not rescue differentiation {deland Blelloch, unpublished observation). In &ith
case, the de novo DNMTs appear to be importanténtitargets of their-290cluster in ES cells.

Taken together, the study of ES cells thekdd miRNAs specificallydgcr81/4) or even broader classes of
small RNAs (licerd/4) have been used successfully to uncover importdes for themir-290 cluster of miRNAs:
ES cell cycle regulation and DNA methylation. Altlgh earlier studies had identified timér-290 cluster as highly
enriched in ES cells and the early embryo (Houbavigl, 2003), the precise function of these abundafN®#is
had not been appreciated. The combination of gloi&NA knockout models along with miRNA mimics and
inhibitors should continue to identify miRNAs respible for specific phenotypes in ES cells and iothe
differentiated cell types.

Transcriptional regulation of the miRNA content of a cell

Growing evidence suggests that, like thesiteptome and proteome, the miRNA content of aividdal cell is
unique (Houbaviet al, 2003; Marsoret al, 2008). For instance, ES cells are predominagetthémir-290 cluster
(Houbaviyet al, 2003; Marsoret al, 2008) and a more differentiated cell type, sashneural precursor cells
(NPCs), are predominated by the let-7 family (Marsbal, 2008). Several recent studies have begun to Igted
into regulation of the miRNA content of a cell (Manet al, 2008; Ozsolalkt al, 2008). Not surprisingly, many of
the mechanisms appear similar to the regulatiostteér developmental genes. Much of the work hagaded on ES
cells, but the themes of the findings presented thuare likely operating in other tissue types.

For instance, Marson and colleagues recently pudrdisevidence that the core pluripotency transanipfactors,
Oct4, Sox2, Nanog, and Tcf3, are present at thenprer of the ES-cell specifimir-290 and mir-302 clusters in
mouse ES cells. Additionally, these authors shotted Oct4 is present at the human ES-cell spedaifiic302
cluster. Intellectually, this result is very safisfy, as it ties themir-290 cluster into the ES cell transcriptional
network. Indeed, knockdown @ict4results in decreased expression ofrtiie290 cluster. Furthermore, during ES
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cell differentiation, the down-regulation of th@r-290 cluster is coincident with the loss of Oct4, Nan8gx2, and
Tcf3.

Beyond identifying how the core ES-cell tramstton factor machinery controls certain miRNAsaion and
colleagues also identified mechanisms for how gemaRNAs are epigenetically silenced in ES ceRsevious
work in mouse ES cells had identified a surprisépigenetic domain, coined a bivalent domain, widchtained
both active (Histone H3K4me3) and repressive (histBl3K27me3) marks in the same genomic region @eim
et al, 2006). These bivalent domains were predomindiatiynd at the promoters of developmentally impdrtan
transcription factors that were silent in ES celist became activated with differentiation in aelige dependent
fashion (Bernsteiret al, 2006). The bivalent domains appear to “resolwéth differentiation: genes that are
activated retain the H3K4me3 and lose the H3K27maeBk, while genes that are suppressed lose H3K4md3
retain H3K27me3 (Bernsteiat al, 2006; Mikkelseret al, 2007). By examining the H3K4me3 and H3K27me3
marks at miRNA promoters in ES cells and more difféiated cell types, Marson and colleagues weletabshow
that these bivalent domains also occur at miRNAegethat are silent in ES cells and are activated limeage
specific fashion (Marsoat al, 2008). The most compelling example the authoosige is that oimir-9, which is
present in NPCs but absent in ES cells and emhryfiimoblasts (MEFs). The promoter wiir-9 is bivalent in ES
cells and is resolved to H3K4me3 in NPCs, versuk2¥8ne3 in MEFs.

Taken together, these data suggest thatatgulof miRNAs during development follows manytbé same
rules as other developmentally important genes. Uhigue content of transcription factors and epégen
modifications found in any particular cell will deé¢ the diversity of miRNAs present. In turn, thesd&RNAs feed
back to regulate the signaling pathways, trandoripfactors and epigenetic status of genes resguiitin both
negative and positive feedback loops (Marsbral, 2008). Therefore, during cell fate transitiohege programs
will change in parallel reinforcing the shift froome cell type to another.

Post-transcriptional regulation of the processing bmiRNAs

Beyond transcription, there are additiongkfa of regulation of miRNA content of cells. Inrfieular, there is
growing evidence for regulation occurring at theeleof miRNA biogenesis (Table 1). This regulatioould occur
at any one of the steps in their biogenesis pathvirgluding Microprocessor cleavage, Exportin-5
nuclear/cytoplasmic export, Dicer cleavage, transfd&rISC, and RISC silencing. At the global levels now clear
that the levels of the Microprocessor are veryttighegulated. This regulation occurs through a boration of a
negative and a positive feedback loop (laml., 2009). The negative feedback loop consists @Microprocessor
cleaving hairpins in the 5’UTR and coding sequen€eDgcr8, thereby destabilizing its mRNA. The post
feedback loop involves Dgcr8 protein stabilizing throsha protein through an unclear mechanism.eRderesult
is that any transient shifts in the Microprocedseels will be rapidly corrected. However, Micropessor levels
can differ between cells both during normal develept (Shiohamat al,, 2003) and in disease (Amébsal., 2008;
Merritt et al, 2008; Muralidhaet al., 2007), suggesting a resetting of the homeoshéiticoprocessor levels.

At the individual miRNA level, there is moimy evidence for both positive and negative reguitatof
biogenesis. For example, analysis of TERnd BMP4 activation of primary human pulmonaryegrtsmooth
muscle cells revealed that miR-21 levels are irsrdgost-transcriptionally following growth factidition (Davis
et al, 2008). Because the SMAD proteins are directetigrgf TGFB and BMP4, the authors initially investigated
whether receptor-specific SMADs would induce traipgion of the pri-miR-21transcript. However, the-miR-21
levels remained unchanged while the pre-, and rmatiR-21 levels rose following TGfFor BMP4 treatment. To
confirm a lack of transcription was modulating miRNevels, the cells were treated with both BMP4 and
amanitin, which inhibits RNA polymerase II. In theesence ofi-amanitin, there was a similar rise in pre-miR-21
and mature miR-21 levels, but an absence of trgptgmr of a known downstream BMP4 target. SMAD1 was
previously shown to interact with p68 (Warnetr al, 2004), an RNA-helicase present in the Micropssoe
complex. Furthermore, it was shown that the losp&ff causes a decrease in miR-21 in E9.5 embrydaifiaet
al.,, 2007). Therefore, Daviet al tested and showed that the SMADs interact withmpr-21, recruit the
Microprocessor via the p68 subunit, thereby enhamiceo pre-mir-21 processing (Daws al., 2008). These results
showed that signaling molecules are able to dipedt-transcriptional increases in miRNA processwgjch
enables rapid miRNA mediated responses.

Table 1: miRNAs exhibiting post-transcriptionally regulated processing
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MiRNA Biogenesis Step Type of Factor Cell Type References
Regulation
miR-21 Microprocessor Promotes SMADs  primary human (Daviset al., 2008)
pulmonary artery smooth
muscle cells

miR-18a Microprocessor Promotes hnRNP Al (Guil and Caceres
2007; Michlewskiet
al. 2008)

let-7 family Microprocessor Inhibits Lin-28 mES amEC (Newmaret al. 2008;
Viswanatharet al.
2008)

let-7 family Dicer Inhibits Lin-28 mES (Rybakt al 2008)

let-7 family Dicer Inhibits Lin-28  Hepatocellular (Heoet al. 2008)

Lin-28B  Carcinoma Cell Lines

miR-221, miR- RISC translational Inhibits Dnd1 Human Germ Cells (Keddeal 2007)

222 Inhibition of p27

miR-138 Dicer Inhibits Unknown Hela (Obernostesenl.
2006)

miR-101-1, let- Microprocessor Promotes Unknown In vitro (Michlewskal

7a-1, miR-379, 2008)

miR-31

Another example of positive post-transcripéibregulation of miRNAs is the ribonuclear proteimRNP Al,
which regulates the processing of miR-18a. UsingPOlcross-linking and IP) (Ulet al, 2005; Uleet al, 2003) to
identify targets of hnRNP Al, Gudt al pulled down miR-18a and showed that binding dRNP Al to the pri-
miR-18a transcript facilitates its processing(Guitl Caceres, 2007). Depletion of hnRNP Al in Hetlls cesulted
in a reduction in the amounts of miR-18a (Guil &ateres, 2007). A follow-up study showed that hnFNbinds
to the stem of pri-miR-18a, altering the secondstrycture of the hairpin, which facilitates cleagaly the
Microprocessor (Michlewsket al, 2008). The authors suggest this type of requiathay be widespread, as they
found evolutionary conservation in the stem loopa wariety of pre-miRNA hairpins suggesting sdlattto keep
the loop intact, and hence a likely regulatory réiarthermore, anti-sense oligonucleotides agdhestconserved
loop of the pre-miRNA hairpins often diminished gessing in vitro (Michlewsket al, 2008). These results
suggest that there may be an entire class of potkat bind the loop of the pri-miRNA hairpinsarder to promote
Microprocessor cleavage. The lack of a Microprooesacilitating protein may allow pri-miRNAs to aotulate
and then be rapidly processed to mature miRNAsviofig the expression of that facilitator.

In contrast to the hnRNP story, another pinptein-28, has been shown to block miRNA procegsifhe exact
step where the processing is blocked has beenosensial as two studies identified a block at thiervprocessor
step (Newmaret al, 2008; Viswanathaat al, 2008) while two others identified the block la¢ Dicer step (Heet
al., 2008; Rybalet al, 2008). Importantly though, they all agree that-28 inhibits the maturation of a particular
subset of miRNAs, the let-7 miRNAs. The searchlfor-28 began with the finding that while mature-fetvas
absent in ES cells and the early embryo, the pRMA was being transcribed (Thomsehal, 2006; Wulczynet
al., 2007). With ES cell differentiation or embryonmitaturation, mature let-7 levels rose with littleaoge in the
steady state pri-let-7 levels. This finding suggdsa block in processing somewhere between theapd-mature
mMiRNA. As the pri-let-7 miRNAs were present in B8 cells, two groups hypothesized that the bloakthabe at
the pri- to pre-miRNA processing step (Newnaral., 2008; Viswanathaat al,, 2008). They determined that there
was indeed a protein present in ES, but not diffiéed cell extracts that could block pri- to pnéRNA
processing. Therefore, they used affinity columpsgwith an in vitro Microprocessor activity asdayidentify the
responsible protein(s). The affinity columns cotesisof beads linked to either pre-let-7g (Viswaaatét al, 2008)
or the let-7d loop (Newmast al., 2008). Purified extracts from these columnsineid inhibitory activity and,
therefore, were analyzed by mass spectrometry. Rifus analysis and follow-up experiments, both gu
identified Lin-28, and the closely related Lin-2®Botein as the inhibitory factors. Indeed, ectogipression of
Lin-28 in a cell line that has high mature let-vdis and low Lin-28 resulted in a decrease in neatet-7, while
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Lin-28 knockdown in ES cells resulted in elevatedtume let-7 levels (Newmaet al, 2008; Viswanathaet al.,
2008). These findings led the authors to conclud® tin-28 bound to thdet-7 hairpins in the pri-miRNA
preventing Microprocessor cleavage.

However, Lin-28 is predominantly a cytoplasmrotein (Balzer and Moss, 2007), while pri- tepprocessing
occurs in the nucleus. Work by two other groups rhaye shed some light on this conundrum. Rybak and
colleagues had previously suggested that prepmet-7 family members accumulated in ES cellsu{@2ynet al.,
2007). In vitro assays using the pre-let-7 hairggnopposed to the longer pri-let-7, revealed that28 blocks
mature let-7 accumulation at the Dicer step (Rybia&l., 2008). Additionally, He@t al. found that Lin-28B blocks
Dicer cleavage of pre-let-7 by promoting poly-unigation of the pre-let-7. This uridinylation bloxkDicer
cleavage and simultaneously targets the RNA foratkgion. Further, they found that the let-7 intabi function
was present primarily in the cytoplasm, consisteittt Lin-28's subcellular localization.

Recent evidence has emerged that suggesf8l.iand by extension, let-7 family members, ategrated into
the pluripotency circuit. Th&in-28 promoter is occupied by the core pluripotency scaiption factors Oct4,
Nanog, Sox2, and Tcf3 (Marsaat al, 2008). The high level of Lin-28 expression pregethe accumulation of
mature let-7 family miRNAs. Surprisingly, the protepof at least one member of the let-7 family;7gt is also
bound by Oct4, Nanog, Sox2, and Tcf3, likely driyimigh levels of transcription of pri-let-7g in E8lls (Marson
et al, 2008). Upon the induction of differentiation, t®@cNanog, and Sox2 are downregulated. This resultse
downregulation of Lin-28 and concomitant upregulatdf the processing of the accumulated pri- orler&g to
mature let-7g. This upregulation of let-7 furthemchregulates Lin-28 by targeting the Lin-28WBTR (Johnet al,
2004; Moss and Tang, 2003; Nelseinal, 2004; Reinharet al, 2000; Wu and Belasco, 2005) producing a positive
feedback loop or “bistable switch” (Hext al., 2008). This type of regulatory circuit allowsetpowerful and rapid
transition from a pluripotent stem cell that latdis7 to a more differentiated cell that has matater.

Finally, a recent report revealed that follogvprocessing and RISC loading, at least one RMAibg protein is
capable of inhibiting the silencing effect of RI®E certain mRNAs. Noting the a high level of conation of the
3 UTR of p27, outside of the miR-221 and miR-222dse&edde and colleagues speculated that an RNdirign
protein may recognize this sequence and moduld®281/222 silencing of p27 (Kedé al, 2007). Through co-
transfections of candidate RNA-binding proteins amiéR-221 in HEK-293 cells, the authors found Deadl &
(Dnd1) prevented miR-221 silencing of p27. Surpgsy, mutating the miR-221 site to a perfect magtigwed that
Dndl1 could not prevent the siRNA slicing of thenseript. This finding suggests that Dnd1 does netaty
function through steric hindrance, although it npagvent a stable, long-term association of RISG Wit 3 UTR.
The authors conclusively showed that Dnd1 inhibitR-221 silencing of p27. It will be interesting $ee if Dnd1
or similar proteins influence other mMRNA/miRNA ingetions.

Taken together, the findings discussed atstvav a broad range of control of mMiRNAs at neavlgrg step in
their biogenesis as well as execution of their fiomc At this point, descriptions of only a handfuiRNAs
controlled at any particular step are publishegilltbe fascinating to see how many miRNAs aretoafed at each
of these steps, and how many proteins are capétiese types of regulation.

mMiRNAs and induced pluripotency

The finding that a combination of transcripti@ctors can reprogram differentiated adult cells a pluripotent
state has revolutionized the regenerative medifield. Interestingly, alternative combinations dfal expressed
factors have been used to successfully reprograosenand human ES cells (Takahasthal, 2007; Takahashi and
Yamanaka, 2006; Yt al, 2007). The original mix of factors used to désfiéntiate mouse somatic cells to
induced pluripotent stem cells was a combinatio®c4, Sox2, c-Myc, and Klf4 (Takahashi and Yaman&006).
This same set of factors was later shown to protiucean iPS cells as well (Lowst al, 2008; Parlet al, 2008;
Takahashet al, 2007). However, another group identified a défé combination of factors that could reprogram
human cells consisting of Oct4, Sox2, Nanog, anat28 (Yu et al, 2007). From a “miRNA-centric” view of
reprogramming, these reprogramming factors areemdly intriguing. Oct4 and Sox2 (and Nanog) aredrtgmt
for driving the ES cell-specific miRNA clustersir-290 (mouse) andnir-302 (mouse and human) (Marsen al,
2008). Lin-28 inhibits let-7 biogenesis, and, tliere, may support reprogramming by depleting tHes a# mature
let-7. Finally, c-Myc controls the transcription miany miRNAS, in both a positive and negative fashc-Myc can
drive the expression of thair-17-92cluster (O’Donnellet al, 2005), which is one of the more highly expressed
families in ES cells (Calabres¢ al, 2007; Marsoret al, 2008). Additionally, c-Myc can downregulate amher of
mMiRNAs, including let-7 family members (Chaagal., 2008). Therefore, the reprogramming factors bagncting
in part by altering the miRNA content of the soroatell to that of a pluripotent stem cell in orderinduce
dedifferentiation.
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Indeed, a recent report has shown that tnestection of a subset of timair-290 cluster miRNAs can replace
Myc in reprogramming mouse fibroblasts to inducédtipotent stem cells (Judsaet al, 2009). These were the
same ESCC miRNAs that were previously shown to ptenthe ES cell cycle (Wargt al, 2008). This finding
suggests that the transcriptional activation ofrtie290 cluster and possibly the establishment of the umigS
cell cycle structure are critical steps in de-d#éfgiation. Indeed, both c-Myc and n-Myc bind threrpoter of the
mir-290 cluster, suggesting that one of the critical raédMyc in reprogramming is to activate these miRNA
However, there must be an intermediate step simeg@tomoter of thenir-290 cluster is epigenetically silenced in
fibroblasts (H3K27me3 positive, H3K4me3 negative)portantly, the ESCC miRNAs do not recapitulatetiad
downstream affects of Myc. In particular, unlike 8ythe ESCC miRNAs do not promote proliferationMiEFs
and they produce a homogenous population of felhragrammed iPS colonies. Furthermore, teratoneas Myc-
iPS, but not the ESCC miRNA-iPS cells, had a tengdeio be invasive. Together, these findings show ho
microRNAs can play a central role in induced platgncy.

Non-canonical miRNAs and endogenous siRNAs

While most miRNAs require both the Micropreser and Dicer for their biogenesis, exceptionseheen
recently uncovered (Figure 2). For example, deeueecing of small RNAs ibrosophila uncovered a novel
subclass of miRNAs, the mirtrons (Okametaal., 2007; Rubyet al, 2007). The mirtrons are generated from short
introns that fold into pre-miRNA hairpins followingebranching of the intron lariat. These mirtronsrev
discovered soon after in mammals (Babiaral, 2008; Berezikowet al, 2007). Babiarz and colleagues discovered
the mirtrons in mouse ES cells by analyzing all IsrRNAs whose biogenesis relies on Dicer, but ruog t
Microprocessor (Babiarat al, 2008). However, the mirtrons made up a smatitiva of small RNAs and as such,
their specific role remains unclear. Most of the®idependent, Dgcr8-independent small RNAs werngeatefrom
intergenic regions of the genome. The two most dhonh of these miRNAs, miR-320 and miR-484 had been
previously annotated and thought to be canonicBINis. Careful analysis of these two loci, as welcamparison
to another related locus, suggest that miR-320 raiRl484 may be transcribed directly as short haifgNAs,
similar to exogenously introduced short hairpinedugxperimentally by many labs (Dykxhoorn and Lreten,
2005; Elbashiet al, 2001; Hannon and Rossi, 2004). However, it cabeoruled out that there is a yet unknown
nuclease(s) that act on the transcripts from thesdo produce the pre-miRNA. The Dgcr8-indeperwmenf these
miRNAs was recently confirmed in mouse embryoniim gii et al., 2009). These findings make it clear that there
is a diversity of biogenic mechanisms in place ietamoan cells that can produce miRNAs. Whethereth@®NAs
act in the same manner as the canonical miRNAs tgpan question.
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Figure 2: The Non-canonical miRNA biogenesis pathwdirtrons are short introns which form pre-miRNWirpins following
splicing and debranching of the transcript. Theogiethous shRNAs are directly transcribed as pre-rAiRiirpins. Adapted
from Babiarzet al, 2008

Interestingly, botimiR-320andmiR-484are found upstream of genes and expressed imttse@se direction to
those genes. Therefore, it was hypothesized thgybreaegulating the promoter regions of their retige genes.
Indeed, in HelLa cells, where miR-320 levels aratiretly high, H3K27me3 was found in the promotertioé
adjacent gene. Additionally, the exogenous intréidacof miR-320 into HEK-293 cells, which normalhave
undetectable miR-320, enhances H3K27me3 withirptoenoter of its adjacent gene, suppressing exmmeg&iim
et al, 2008). However, analysis of genome-wide H3K27nmeBouse ES cells, embryonic fibroblasts, and aleur
precursor cells (Mikkelseeat al, 2007) revealed no enrichment of H3K27me3 atltiiss even though miR-320 is
clearly present (Babiarz and Blelloch, unpublisisbdervation). Therefore, it is unclear whether toie of miR-
320 may be cell context dependent.

In addition to identifying Microprocessor-ggendent miRNAs, the deep sequencing of small RiAthe
different mutant background uncovered endogendablAs (endo-siRNAs) in mES cells (Babiagt al, 2008)
(Figure 3). The presence of endo-siRNAs in mammatalls was thought unlikely, because the long,btu
stranded precursors to endo-siRNAs would triggerititerferon response to dsRNAs (Statlal,, 1998). However,
there are at least two known cell types where itherfieron response does not occur: oocytes ancelES(evianny
and Zernicka-Goetz, 2000; Yarmg al, 2001). Indeed, along with the Babiatzal study in ES cells, two other
reports identified mammalian endo-siRNAs, but inus® oocytes (Tarat al, 2008; Watanabet al, 2008). In the
mouse oocytes, endo-siRNAs arose from two primatyces: retrotransposons, both LINE L1 and LTR elets,
and gene/pseudogene pairs. A loss of Dicer in escysults in an increase in retrotransposonshiineg endo-
siRNAs associated with them and an increase irstrgsts associated with the gene/pseudogene gairs €t al,
2008; Watanabet al, 2008). However, it is currently unclear if theiease in transcripts is due to a loss of Dicer
degrading the dsRNAs, or if it is a secondary eftédsiRNAs normally feeding back to destabilizeititranscripts
of origin.
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Figure 3: The endo-siRNA biogenesis pathway.

The endo-siRNA biogenesis pathway. Hairpin siRNAe taanscribed and fold into a long hairpin, whishcleaved multiple

times by Dicer. cis-siRNAs are derived from traigéon on both strands of DNA, resulting in a twioasid dsRNA with perfect
complimentarity. trans-siRNAs are derived from gpseudogene pairs from distant sites in the gen8@eause of mutations in
the pseudogene, complimentarity of the dsRNA ispaofect. hp-siRNAs have been found in mouse oscgtel ES cells. trans-
siRNAs and cis-siRNAs have only been found in oesyAdapted from Babiaet al., 2008

In the mES cells, a very different populatairendo-siRNAs was uncovered (Babiatzal, 2008). The ES cells
did not contain any endo-siRNAs arising from geselmlogene pairs; instead, the endo-siRNAs arose $INE
B1/Alu elements, most of which could be mapped kadkvo loci within the genome (Babiaet al, 2008). These
loci contained two tandem, inverted SINE B1/Aluretmts, that when transcribed form a long hairpiiceDcould
then processively cleave this hairpin with an agjnate 21 nucleotide (nt) periodicity, giving risea number of
unigue small RNAs. The role of these endo-siRNAsrnislear; the most straightforward mechanism obesi@NA
function, degradation of SINE RNAs, does not appgearccur in ES cells. The loss of Dicer in mES<dbes not
result in an increase in SINE transcripts (Calabetsl, 2007).

Mammalian endo-siRNAs are developmentally f&tga. As described above, there was no overlapdsst the
species of endo-siRNAs found in oocytes and ES ¢8éabiarzet al, 2008). Whether the levels of the different
endo-siRNAs are regulated transcriptionally angiost-transcriptionally is currently unknown. Itpessible that
demethylation during germ cell development enalif@ression of the pseudogenes resulting in siRNAlpcton
which then play a critical role in the oocyte tgptess the function of the psuedogene's partnesn,Tas the
psuedogenes are methylated and silenced duringy eambryogenesis, the gene partners are stabilirel a
translated. Similarly, the presence of LINE and LIIRNAs in oocytes but not ES cells may represetiepns in
their expression. Interestingly, LINE L1 and IAP MRs are increased iDicerd/4 mES cells (Kanellopouloet
al., 2005), even though no Dicer-dependent small RE&sgenerated from those retrotransposons (Babiaak,
2008). How are these retrotransposons controlleal? e SINE endo-siRNAs control the LINE L1 and IAP
elements? Or, are there other, indirect methodd) as a decrease in DNA methylation due to the dagnlation
of Dnmt3a/b through RbI2 (Benett al., 2008; Sinkkoneet al, 2008)? Furthermore, it remains unknown whether
there are endo-siRNAs in somatic tissues and,,ifM@ther they are unique from those uncovereduoytes and
ES cells suggesting regulatory roles for endo-siRk#oughout development.
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Conclusion

The study of small RNAs has been occurring ftst pace with many exciting discoveries beingowered. The

importance of miRNAs in development is clear, wtvere phenotypes associated with their loss (Bz2met al,
2003; Kanellopouloet al., 2005; Wanget al.,, 2007). However, the mechanism of action of miRNAmammalian
development remains largely unknown and hotly pedsuAlthough a great deal has been learned about ho
mMiRNAs are generated, many questions remain unaadw€hief among those is what are the precises rofe
individual miRNAs in any particular cell. How areiRNA levels controlled? Are miRNAs in the same fgmi
redundant, or are there non-overlapping functiohshe different family members. How central is theRNA
content of a cell in determining the cell's idgyRitVhat is the developmental role of endogenoubl&g? Tackling
these and other questions will keep the miRNA feeldroductive area of study for years to come.
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