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1. Abstract

microRNAs (miRNAs) are small noncoding endogenogstyduced RNAs that play key roles in controlling the
expression of many cellular proteins. Once theyraceuited and incorporated into a ribonucleoprommplex miRISC,
they can target specific mMRNAs in a miRNA sequengeeddent process and interfere in the translatitmproteins of the
targeted mRNAsvia several mechanisms. Consequently, miRNAs can regutainy cellular pathways and processes.
Dysregulation of their physiological roles may lkalsg contribute to disease. In particular, in canceiRNAs can be
involved in the deregulation of the expressionmpartant genes that play key roles in tumorigenésimor development,
and angiogenesis and have oncogenic or tumor ssgipreoles. This review focuses on the biogenewisraaturation of
miRNAs, their mechanisms of gene regulation, andvthg their expression is deregulated in cancer. ilitaelvement of
miRNAs in several oncogenic pathways such as angexie and apoptosis, and in the inter-cellularodiahediated by
miRNA-loaded exosomes as well as the developmenéwftherapeutical strategies based on miRNAs willliscussed.



2. Introduction

miRNAs were described ifCaenorhabditis eleganst the beginning of the 1990s (1) as small nonapdin
endogenously produced RNAs that inhibit mRNA transiat Nevertheless, the existence in eukaryoticscefl RNA
molecules called tcRNAs (translational control RNA)at were able to inhibit the translation of mRNA®d been
previously suggested by Heywoed al. (2). The first miRNA described i€. eleganslin-4, is a small RNA containing
complementary sequences for repeated elemente @UMR region of the lin-14 and lin-28 mRNAs. Leeal. proposed a
lin-4-dependent regulation of the translation & lim-14 and lin-28 mRNAs due to a sense—antisensg iRtéraction. This
regulation model was validated by Wightmetrael. who used reporter genes and demonstrated that tinigranslated region
(UTR) of lin-14 mRNA was essential for the regulatioiits translation by lin-4 (3)A second small RNA, let-7, which,
similar to lin-4, comes from the family of heterochic switch genes, and controls the larval devalept ofC. eleganavas
then discovered by Reinhagt al. (4). let-7 plays a role in the transition of thevial L3/L4 stage to the adult stage,
repressing the expression of LIN-41 by interactiiiy the 3UTR region of the mRNA.

lin-4 and let-7 were first called small temporal RNGtRNAS) (5) due to their role in the control evdlopment
and were renamed miRNAs in 2001 (6) (Figure 1)eAdtards, several miRNAs were described in otherrosgss such as
Drosophila melanogastemice, and plants as well as in human cell lie&3).

3. miRNA: nomenclature, biogenesis and functions

3.1. miRNA nomenclature
miRNAs are identified either by cloning and sequegcstudies or informatics approaches using prexicti
programs based on conservation of miRNA within sgeand on the detection of the stem-loop structypsal of miRNA
precursors. All miRNAs named in scientific publicats and generally found using cloning and sequgngohniques are
listed in the database called miRBagetd://microrna.sanger.ac.ukl4)). miRBase version 18 (November 2011) now
classifies 1527 miRNAs for humans.

miRNA-encoding genes are first transcribed in steaplstructured primary transcripts called pri-miRN#&ich
are then excised by RNAse lll Drosha and its cofaBt6CRS8, freeing a precursor called pre-miRNA. Theseyrsor
molecules are then exported from the nucleus tacy@plasm with exportin-5. They are then maturgdhe RNAse I
Dicer to free a duplex miRNA-miRNA*. One strand, edllmature, is then incorporated into the RISC corp@lecomplex
containing essentially Argonaute-type proteinsg(ife 2).

While genes or pre-miRNAs are noted frX”, mature miRNAs are noted “mRi-X” where X is a numeric value.
A three-letter code is added as a prefix to refehe organism they originate from. One letter dsafor the organism genus
and the two others for the speciegy, hsafor Homo_spiensor mmufor Mus msculus
When mature miRNAs differ by a few bases, a legaadded as a suffix, reflecting the differeneg, miR-181a and miR-
181b:

- miR-181a: aacauucagougucgguggu

- miR-181b: aacauucagaugucgguggu

When both strands of a pre-miRNA are processedaarsmmiRNAs, an indication is given to specify whiarm of the
hairpin structure of the pre-miRNA generates ongherother of the two miRNAs. Several nomenclatuegsle used:
- miR-X and miR-X*: miR-X* is the less abundant oftbwo mature miRNAs in the cells.
- miR-X-5p and miR-X-3p: 5p and 3p stand for tHeal®d 3 arms of the stem-loop structure of the pre-miRNA,
respectively. This nomenclature is mainly used wtienrespective abundance of the two miRNAs is still
unknown (15).
- miR-X-s (8 arm) and miR-X-as (&rm).

Moreover, a mature miRNA can result from the traipgion and maturation of transcripts from sepaggaomic
loci. A numeral suffix is added to the names ofth# multiloci miRNAs,e.g, miR-181a-1 and miR-181a-2 (miR-181a-1
originates from a locus on chromosome 1 and miRaiBfrom a locus on chromosome 9). NeverthelesaesmiRNAS,
such as hsa-let-7 and cel-lin-4, do not follow @heve-described nomenclature.

3.2. Interfering RNAs. similarities and differences

RNA interference (RNAI) is mainly responsible for thest-transcriptional regulation of gene expresgioRNA
cleavage or decay, translation repression or dmivabut is also involved in transcriptional regtibn as described by
various studies (16-19).

Mainly two classes of small RNAs interfere in the RNhterference process: miRNAs and siRNAs (short
interfering RNA). These RNAs share similarities sw@shtheir short size (about 22 nucleotides), theitumation by the
ribonuclease Il Dicer, and their implication iretRISC complex for post-transcriptional repression.

Nevertheless, there are a number of importantréiffees, such as the following:

- miRNAs are exclusively endogenously produced. T¢mye from intrinsic genes of the organism thegriietre
in, whereas siRNAs may originate from viruses, tpmssble elements, perfectly paired endogenous eati@nded RNA
resulting from an antisense transcription of vasitaci (20), or transfected exogenous and douléeided RNAs.



- miRNAs play a role in the regulation of genes ttatnot generate them, whereas siRNAs mainly regubes
genes that produce them. This point is criticabiider to secure host cell defense against parmadites such as viruses or
transposons.

- In mammals, miRNAs have a varying degree of complgtarity with their target, whereas siRNA alwayséha
perfect complementarity with their targets. Whee tomplementarity is perfect, the target mRNA igrdded in the
presence of the Ago2 protein, which is the solégincof the four Argonaute family proteins respdtesifor endonucleolytic
cleavage. In plants, the difference between miRNAG siRNAs is very small because the pairing betwa#RNA and
mMRNA is often perfect (21).

In addition to miRNAs and siRNAs, there are otherabrmRNAs that contribute to maintaining the genome
integrity: the piRNAs (piwi-interacting RNAs). Theyealonger (26—31 nucleotides), abundant in germge#s but can also
be found in somatic tissues (22-24) (Figure 3).SEnBNAs, formerly called repeat-associated siRNAIRMHS), were
discovered irD. melanogaste(25). In 2006, several studies showed the presehp&RNAs in mammals (25-28). Contrary
to siRNA and miRNA, it seems that they come from I@mple-stranded RNA precursors and their biogen#sés not
include the RNAse Ill Dicer. Once matured, piRNAsoasste themselves with PIWI proteins, a subfamiiyAcgonaute
proteins, principally to target transposons andgmes genome integrity (22).

3.3. miRNA biogenesis

3.3.1.  Localization and structure of miRNA coding genes
These genes are widespread on all chromosomes tefaephromosome Y and approximately 50% of the
described miRNAs are located in clusters. When tiekssterized miRNAs are under the control of a gnglomoter, they
are dubbed polycistronic miRNAs.

miRNA coding genes can be independent gene unitsréRNAs are then called intergenic; they can alsgdree
units coding for pre-mRNA that either code for piogeor do not code for them. In this case, miRNAs be intronic or
exonic (Figure 4) (29-31).

3.3.2.  Transcription of primary miRNA transcript

Most of the miRNA coding genes are transcribed eyRINA polymerase Il, producing long primary transtsi
(pri-miRNASs). These pri-miRNAs have a typical strueteomposed of a stem (about 33 nucleotides), mdoanecting the
two strands of the stem, and single-stranded ffanlsequences (Figure 5). Like mRNAs, these sequerargsin a 7-
methyl-guanosine (m7G) cap at thelrehd and a ‘3polyA tail (32, 33). With the transcription perfoed by the RNA
polymerase |l, the regulation of this mechanisml@¢dee similar to the regulation of the transcriptiof protein-coding
genes. The localization of promoter regions of miRdbding genes was predictéa silico by genomic mapping of the
transcription start sites (TSS) and by mappingrahgcription factor binding motifs. This was repaltin Arabidopsis
thaliana C. elegansandH. sapieng34-36). Furthermore, two studies highlighted thealization and characteristics of TSS
sequences of miRNAs in human using high-throughpabgic analyses such as chromatin immunoprecipitg87, 38).

3.3.3.  Maturation of pri-miRNAsinto miRNAs

3.3.3.1. Formation of the preemiRNA in the nucleus

In human, primary transcripts are processed innthgeus by a protein complex called microprocedhat is
composed of the ribonuclease Drosha associatedtwitofactor DGCR8 (DiGeorge syndrome Critical Regiene 8) (39).
The Drosha complex also contains several otherofacsuch as EWSR1, FUS, numerous heterogeneousanucle
ribonucleoproteins (hnRNPs), p68 (DDX5) and p72 (ODPX DEAD-box helicases. The roles of these accgssor
components in miRNA maturation is largely unknowams hnRNPs and p68/p72 may promote the fidelityaotiity of
the Drosha processing (40, 41). DGCRS8, which intsraith double-stranded RNA, is required to allow Kireding of the
Drosha/DGCRS8 complex to the pri-miRNA at the junctlmetween the flanking sequences and the stem-loape @he
complex is bound to the pri-miRNA, DGCRS8 specifies msha cleavage distance (~11 bp) away from thetijon
between the flanking sequences and the stem-ldo@.Drosha enzyme is a class 2 ribonuclease.ll,it contains two
RNAse Il domains and one binding domain for dowilended RNA. This structure allows an asymmeteawhge of the
double-stranded RNA and the release of a shortpnetiiRNA stem-loop (42). This shortened stem-lospcalled pre-
miRNA and contains two unpaired nucleotides at tren@ and a phosphate group at thera (43) (Figure 5).

Another pre-miRNA biogenesis pathway is the mirtqpathway, which is connected to the mRNA splicing
mechanism. After splicing and lariat release, tith structures itself in a stem-loop to genesapee-miRNA. In this case,
the mechanism of mirtron maturation bypasses ctgaby the pre-miRNA generating enzyme Drosha. TeenpRNA 5’
and 3’ ends correspond to the donor splicing $B&))(and the acceptor splicing site (AG), respedyivdhis mirtron
pathway, first described in the invertebralesmelanogasteet C. elegang44, 45), was then evidenced in mammals (such
as miR-877 and miR-1224) (46). The main differebetwveen the invertebrate and mammal mirtron patBwagms to rely
on the fact that the mature miRNA is usually locatecthe 3strand of the stem-loop in invertebrates whilis iiocated on
the B strand in mammals (Figure 6).

3.3.3.2. Pre-miRNAsexport from the nucleusto the cytoplasm
The export of RNAs (messenger, ribosomal, and tearRNAS) is made possible by the action of recepbthe
karyopherin family, such as CRM1 and exportin-t (ExpNevertheless, nuclear-export of pre-miRNAs ryoetlies on
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another receptor called exportin-5 (Exp-5) (47.. 48)is receptor, discovered in 2002, belongs tokérgopherin family.
Like all the other receptors of this family, it s directly and specifically to the RAN-GTP protéRAS-related nuclear
protein with bound GTP) in the nucleus and thersito nucleoporins to allow the pre-miRNA transfenf the nucleus to
the cytoplasm (49). Exp-5 specifically interactshadlouble-stranded RNAs longer than 14 bp that ¢orggrotruding 3
end (50), hence its binding specificity for pre-miRN(51). Once the pre-miRNA/Exp-5/RAN-GTP complexagsembled
and is bound to nucleoporins, it goes through thelear pores. Then the RAN-GAP enzyme (RAN-GTPaseadirtg
protein), located on the cytoplasmic side of theeppactivates the hydrolysis of the RAN-bound Git® RAN-bound GDP
(52), leading to the release of the pre-miRNA indh®plasm (Figure 7).

3.3.3.3. Mature miRNA production in the cytoplasm

In the cytoplasm, pre-miRNAs become the substrafeth@ ribonuclease Il Dicer, which completes their
processing. Previously described for siRNA procep$i8), Dicer was found to be involved in the finédavage of pre-
miRNAs into 21-nucleotide miRNAs i€. elegang54, 55). Dicer is a class 3 type Il ribonucleasenposed of two RNAse
Il domains, one double-stranded RNA (dsRNA) bindihgmain, one PAZ signature (Piwi/Argonaute/Zwillend a
helicase domain. The PAZ domain allows Dicer t@geize the single-stranded®erhangs of the pre-miRNA (56, 57). In
addition, the dsRNA binding domain allows the redgtign of the stem by Dicer (58, 59) and the cleavhy the RNAse I
domains of the dsRNA about 21 nt away from the PA#dfd end. This cleavage generates another sinmgledstd 3
overhang (Figure 8).

3.4. Geneexpression regulation by miRNAs

34.1.  miRISC (miRNA-induced silencing complex) for mation
During the maturation step catalyzed by Dicer, ttloer proteins, TRBP (TAR (HIV-1) RNA binding protein o

TARBP2) and Ago2 (Argonaute 2), were found to be im@d in the formation of the RISC loading complex BRLwith
Dicer (60-63). Most of the studies carried auwitro with recombinant proteins revealed that the astiociaf only three
proteins — Dicer, TRBP, and Ago2 — makes an equisitmicetric complex that is able to process the piRNA and to
select one of the two strands to form the miRISC. dingeric TRBP (64) first dissociates into monomer$oton the RLC.
In drosophila, the assembly of the Dicer/TRBP/Ago plax requires ATP (65), whereas in human, assemblthe
complex can be either ATP-independent (61-63) oPAlEpendent (66).

The RNA duplex obtained after maturation containst & overhang ends, resulting from the action of the tw
type Il RNases, Drosha and Dicer. In some rares;abe two duplex strands can accumulate in tHe(@e67) with both
strands acting as mature strands to guide the miRIG@2 mMRNA targets (68). Nevertheless, most ofithe only one of
the two strands is selected according to asymmethis (69, 70). The unselected strand is calledpssenger strand and
noted miR-X* (see nomenclature Part 3.1). The setestrand is called the guide strand or matusmdtand noted miR-X.
This strand has the less thermodynamically stablen8, i.e, with the weakest 4-bp-long duplex binding ene(@g).
Indeed, this thermodynamic instability can factitahe unwinding of the duplex by helicases, suehGamin3 (67) or
RCK/p54 (71). Unwinding of the duplex may also benpoted by Dicer’s helicase domain, since it was shtvat it can be
performed by thén vitro associated RLQonly containing Dicer/TRBP/Ago2) (63). ATP does seem to be necessary for
the dissociation of the two strands by a helicksdeed, the energy released after the cleavagleeofio phosphodiester
bonds by Dicer could provide energy to achieve thésociation step (63). Another recent study ssggthat Agol and
Ago2 may participate in the separation of the dxipléwo strands (72). For siRNA duplexes, after digsociation of the
two strands, the passenger strand is degradecehyade by Argonaute proteins (73, 74). As for tliRNs duplexes, the
fate of the passenger strand seems less cleariyifidd. According to Matrangat al, degradation by cleavage does not
occur because of the imperfect complementarity betwthe two strands (75). According to Sétiral, the passenger strand
of a miRNA duplex may be degraded if strong completangty is observed in the middle part of the dup(é6). Another
pathway has also been proposed by Diederichs abérHavho claim that the passenger strand is cleyefigo2 before
Dicer’s action (77).

RLC allowsin fine the loading of the mature miRNA into the miRISC afteg dissociation of the two strands.
Among the three proteins that take part in the RD{€€r, TRBP, and Ago), only the Ago component is megflifor RISC
activity in the miRISC (Figure 9). Argonaute proteare composed of two main regions: one contairtieg\-terminal and
the PAZ domains, the other one containing the Mid BIWI domains (78). Although the functions of¢eedlomains are
poorly defined, it seems that the three domainsAZ,Mid, and PIWI — play an important role in the RNnterference
phenomenon as they are required for the interagtitnthe miRNA. Indeed, the PAZ domain, which imsar to the Dicer
domain, binds to RNA duplexes containing two unphinecleotides on the’ @nd and therefore recognizes tHeeBd of
mature miRNAs (56, 57, 79). The Mid domain recogsittee phosphate’ 8nd of mature miRNAs and also mRNA m7G
capping (80, 81). Finally, the PIWI domain contamdertiary structure specific of the RNase H fanplpviding an
endonucleolytic activity to RISC (82). In drosophilanly Agol is specialized in the loading of miRNA&g62 is
specialized in loading siRNAs) (83). In human, there four Argonaute proteins (Agol-4). All four e can load
miRNAs, but only Ago2 has an endonucleolytic acyiy@4, 85).

34.2. Inter action between miRNAs and mRNA targets
3.4.21. Mechanismsof interaction

The main interaction between miRNAs and target nmeggseRNAs occurs at the level of the mMRNAJBR and
generates duplexes. In plants, most miRNAs showrf@qgiecomplementarity with their mRNA targets andfeet duplex



formation is associated with the degradation of tigets by endonucleolytic cleavage (86, 87). @& dontrary, in
metazoans, a perfect complementarity between miRihistheir mMRNA targets is not always the rule.

Several specific features of duplex formation hbgen described which were used to define algoritionpsedict
miRNA targets. In 2003, Lewist al. reported that the hybridization between miRNA atelmRNA target has to be
perfectly complementary between nucleotides 2 afrdrii the 5 end of the miRNA; this region was called the sesgian
(88). Any mismatch in this region and in particuery G:U type mismatch would more or less sevaiadyice the miRNA
efficiency to interact with a given mRNA target, daging on the size of the seed region (89, 90)ekample, with a 6-nt
seed region, a G:U type mismatch leads to a compdes of the miRNA activity. In addition, the prese of an A residue
in position 1 and/or an A/U residue in positionr@nfi the 5end of the miRNAi(e., on both sides of the seed region) may
improve the interaction between miRNA and the taadehRNA (91).

Another feature is the presence of a mismatchegebinl the middle region of the miIRNA-mRNA duplex, aHi
prohibits the endonucleolytic cleavage catalyzed\gg2 (92). In addition, a sequence complementanitghe 3end of the
miRNA stabilizes the miRNA-mRNA duplex, especially whe occurs between nucleotides 13 and 16 frombthrend of
the miRNA (93).

Finally, other factors can improve the miRNA effitdy such as AU-repeat mRNA sequences close to tR&lAi
binding site, or the proximity of the miRNA site tioe stop codon or to the polyA tail of the targetpecially for mRNA
with long 3UTR (>1300 nt). However, for a distance between ni&NA site and the stop codon shorter than 15
nucleotides a severe drop in miRNA efficiency iseotpd. Proximity to the stop codon and to the pdlihof the miRNA
site increases the accessibility of the miRISC. Meeecthe binding of several different miRNAs to 8# TR promotes the
cooperative repressing phenomenon (94). All thesetsiral features are summarized in Figure 10.

Besides the above-mentioned canonical mechanismmsRI¥XIA gene regulation througHUBTR interactions, other
“non-canonical” miRNA-mediated mechanisms of mRNA reggion modulation have been reported. Some miRN#e h
been shown to bind to the open reading frame (B%) the 3UTR of the target genes (96).

3.4.2.2. Categoriesof target sites

Several categories of target sites have been bBescaccording to their structural features (91, Jfgre are two
main categories, which can be called canonical angmal sites, and more rarely, atypical sites ffégl1). Canonical sites
are characterized by strong pairing in the seebmegnd contain three types of sites (8mer, 7meram@ 7mer-Al). The
8mer sites have an interaction on 8 nucleotiddsiditg the 6 seed region nucleotides (nucleotided,2and nucleotides in
positions 1 and 8. The 7mer-m8 and 7mer-Al sitelsidte the 6 seed region nucleotides and, respégtamy nucleotide in
position 8 (m8) or the A residue in position 1. giaal sites are characterized by a weaker painnthé 3 end of the
miRNA, with pairing of only 6 nucleotides locatedside the seed region (6mer) or located betweerentides 3 and 8
(6mer offset). Finally, atypical sites are chareztal by an increased number of complementary otidies at the ‘3nd.

3.4.2.3. Biocomputational toolsfor the prediction of target sites
Several tools and databases have been set upish iasthe identification of the mMRNAs that are pivaly
targeted by miRNAs in mammals. Target identificatisbased on different criteria such as the bindioglex stringency
characterized by the length of the pairing regiod the thermodynamic stability of this binding, thenservation of the
target sites between species, or the number of mi&fidiyeting a specificBTR part. The main biocomputational tools are
referenced in Table 1.

TargetScanS is considered the simplified and imgdoversion of TargetScan. Indeed, in this versitbe,
necessary pairing is only 6 nucleotides in the segbn and the target site number on a single mRN#t required in this
version. The three biocomputational tools, TargetS; PicTar, and EIMMo have many common putativgetasites
because the engines look for sites with strong-paséng in the seed region. However, there is Bdgtt overlapping
between the results obtained with these three erdimt use different UTR databases and/or miRNAesemgufiles (105).
Moreover, these algorithms have some intrinsiced#fices in the criteria for mRNA target predictiérar example,
TargetScanS requires that the mRNA target site éydan A residue located in complementarity to tingt iniRNA 5
nucleotide, whereas the two other algorithms abony Watson-Crick base pairing in this position (97).

The reliability of these algorithms is sometimessfionable (see for example (106)). In order taicedfalse-
positive or false-negative targets of miRNAs, a ubketool, TargetCombo hitp://www.diana.pcbi.upenn.edu/cgi-
bin/TargetCombo.cyi has been developed to combine many data separiicular it is possible to query files that cang
all the targets predicted by at least one of thaldeses, Diana-microT, TargetScanS, miRanda anchRiof the targets all
predicted by TargetScanS, miRanda and PicTar, aflyfithe results obtained with TarBase (105). Thecbimputational
tool TarBaselttp://diana.cslab.ece.ntua.gr/tarasempiles all the experimentally validated targés7, 108).

34.3. M olecular mechanisms of translation regulation of mRNA tar gets by miRNAs

3.4.3.1. mRNA maturation, stability, and translation: basic features
After transcription, mMRNAs are processed by additba cap m7G at the Bnd, a polyA extension at théehd,
and by appropriate exon splicing. Cap and polyA saiéngthen mRNA stability since they interact wsiecific protein
complexes that prevent exonuclease activity dustéoic hindrance. mRNA stability is also regulated tbe AU-rich
elements binding proteins (ARE-BP), which bind to Ath domains located in thélBTR of mMRNAs.



In the cytoplasm, mRNA translation requires thregomsteps: initiation, elongation, and terminatid®9, 110).
The initiation occurs at the level of the cap, witlst association of the 40S ribosomal subunitthimmine initiator tRNA,
protein factors to aggregate in a 43S preinitiatomplex, and involvement of the elF4F complex. #B8& complex then
shifts to the initiation codon AUG and partiallysdociates, while a 80S is assembled by binding®sribosomal subunit
prior to translation.

Alternatively, translation initiation may rely ohe recruitment of ribosomes by an internal ribos@ngy site
(IRES) and does not need the loading of the initrafprotein complex at the mRNA cap structure (1ThHe IRES
sequences are characterized by stem-loop secostlacyures in the mMRNA'BTR that contain an initiation codon at their
3’ ends. The 40S ribosomal subunit binds directlgheinitiation codon and initiates translation. &ftranslation initiation,
the ribosome moves codon by codon and recruits amdid-loaded tRNAs. At the level of a stop coddre action of
termination factors promotes ribosome dissociatind translation stops. Translation initiation ikey step for translation
regulation (110), and it is frequently repressedrigNAS.

3.4.32. Trandation initiation repression by miRNAs

Several studies carried out on cultured cells destnated that the functional m7G cap is requiredtfanslation
inhibition by miRNAs to take place. Indeed, miRNA ibition of translation is impeded when mRNAs havweoafunctional
cap structure or when they are translated from IRHER, 113). Some mRNAs have a bicistronic featuiith ane cistron
translated in a cap-dependent way and anotherranslated from IRES. In this case, only the traitadf the first cistron
is repressed by miRNA (113). The importance of tt#Gntap structure in the regulation of translatipitiation is also
illustrated by the fact that the central domainusgtres of Ago proteins share some similarities #ithcentral domain of
the elF4E factor, the cap-associated factor esdefoti translation initiation. In the Ago2 centrdbmain, there are two
phenylalanine residues that have proved to be sanedor binding Ago2 at the cap. Consequently, éhgoteins may
inhibit initiation translation by competition witbap-associated factors such as elF4E for bindinpeacap (112-114). In
addition, translation initiation repression medibby miRNA may rely on interaction between the miRI&nplex and the
elF6 factor. This factor prevents the associatietwben the 60S ribosomal subunit and the 40S rihaksubunit and
blocks translation initiation (115). The differemechanisms of the regulation of mRNA target expogsbly miRNAs are
shown in Figure 12.

3.4.33. Repression of the postinitiation step of trandation by miRNAs

Studies conducted o8. elegansighlighted that lin-14 and lin-28 mRNAs, the taggef the lin-4 miRNA, are
associated with polysomes, while they are poodypslated into proteins (116, 117). mRNA associatiith polysomes is
usually a sign of strong translation activity. AMdevel of lin-14 and lin-28 mRNA translation coulden be taken as an
indication that miRNAs can play a role in translatiohibition at a postinitiation step. Similar sitions were also observed
in mammals. Indeed, Petersehal. (118) reported that IRES-dependent translation RN (a process that does not rely
on a cap-dependent initiation step) can also beesspd by miRNAs. They found that miRNAs and their rAR&rgets are
present in translation-active polysomes and, inpghesence of puromycin, which aborts the transtagtongation step,
miRNAs and mRNAs are finally found in the translatioactive polysomes. It was then concluded thatgbstinitiation
repression mechanism is due to a premature reletisbosomes (called drop off) during the elongatistep (118).
Postinitiation repression was also observed in Hetlis in Kras mRNA, a let-7 target (119). Let-7de&o inhibition of
Kras expression and both the miRNA and its mRNA tasgere found associated with translation-activeypomes.
However, the authors suggested that in this cagemiRNA-mediated postinitiation repression mechangsems from a
decrease in the speed of translational elongafimrally, Nottrotet al. (120) also found miRNAs and mRNAs associated in
polysomes, and concluded that translation represbip miRNA could be the result of a degradationtlodé newly
synthesized polypeptide.

3.4.3.4. Regulation by degradation of the mRNA targets
Several studies reported that miRNAs repress pra®pmession with limited effects on the levels loé target
MRNAs. Nevertheless, other studies reported a miRMA&lated decrease in stability of the mRNAs. Fangxe, inC.
eleganslet-7 decreases lin-41 mRNA stability and lin-4 ueels the stability of both lin-14 and lin-28 mMRNARY). In
human, lin-28 MRNA stability is lowered by miR-12&ad miR-125b (122). Moreover, in mammals miRNAs weported
to reduce protein output mainly by destabilizatafrtarget mRNAs (123). Accelerated deadenylatiorthef polyA-tailed
target mMRNA was reported to be a key step in miRNAtated mRNA decay (124).

In eucaryotes, deadenylation is first initiatedthy PARN2/PARN3 complex and then requires a protempiex
composed of NOT and two deadenylases, CAF1 and CCRH).(Dnce deadenylated, mRNAs can be degraded by
exonucleases from their two ends. Th¢053 end degradation is performed by the Xrnl exonseledter cap removal. In
human, this step involves a complex made of DCP2sandral cofactors such as DCP1, EDC3, Ge-1, and [p82K/126).

All these proteins involved in the-®-3' end degradation are located in cytoplasmic grancddled p-bodies (processing
bodies) (125, 127, 128), while thét8-5 end mRNA degradation is carried out by protein demxgs called exosomes
(129).

These p-body cytoplasmic granules, also importafRNA interference phenomena, contain the GW182prpa
182-kDa protein containing glycine-tryptophane (Gk#peated elements (130). This protein is ableind b Argonaute
proteins, present in p-bodies associated with miRMAd MRNA targets (131). Stress granules are anddine of
cytoplasmic granule produced by eucaryote cellgestdd to stress, such as oxidative stress, thesmark, or UV
irradiation (132). Using immunofluorescent techm@gustress granules and p-bodies were proved twdmdependent and
distinct structures (133, 134). These cytoplasmemgles are a storage place for nontranslated mRNAs.



34.4. Trandation activation by miRNAs

In most of cases, miRNAs play a role in negativeulatipn of gene expression by mRNA target transtatio
repression or by mRNA degradation. Neverthelessa few cases positive regulation by translationvatibn has been
observed and especially in conditions of celluteess. ARE sequences (AU-rich elements) locateHemtRNA 3UTR are
critical elements for translation activation. Itssshown that Ago2 and FXR1 bind to ARE sequencesderdo activate the
translation of the TNé& factor in cultured cells under serum privation amdtop the cell cycle (135). miR-369 which has a
seed region complementary to two target sites ®ARE sequence of the TMEoding mRNA was shown to recruit Ago2
and FXR1 and to activate TNRranslation under serum privation conditions.ds been concluded that miRNAs may play
a role of translation repressors in proliferatimfiscand a role of translation activators in céliscked at the GO/G1 stage.
Consequently, Ago2 may be involved in either acibrabr repression of mMRNA translation (135).

Interestingly, mRNA translation activation by miRN#as also reported to proceed through an indirctbraof
miRNA by Eiring et al. (136). In the specific case of the chronic myetages leukemia, miR-328 was found acting as a
decoy by binding to heterogeneous ribonucleoprot@RNP E2 in a miRNA's seed sequence independentandythis
relieves the hnRNP E2 dependent translational rejoresf the CEBPA mRNA involved in myeloid cell diféatiation.

miRNAs play an important role in translation regigdatsince it is assumed that up to 60% of the jmateding
genes can be under the control of miRNAs (98). Téweystrongly involved in many cell processes sllevelopment,
differentiation, proliferation, and apoptosis (2B7-140), all processes that are often deregulateédmors. miRNA are
believed to provide major contributions in tumorigsis and description of these pathological rolesmolecular level are
now increasingly documented.

4. miRNAsin tumorigenesis and tumor development processes

4.1. Moadifications of miRNA expression levelsin cancer
4.1.1. miRNA expression profilesin tumors
Different techniques can be used to assess the miejpession level in tumor samples such as Northton
analysis, quantitative PCR, oligonucleotide micragsy SAGE and RAKE techniques, and quantitative fiytometry or
Next Generation Sequencing. Most of these techsique useful for large-scale studies, involvingéanumbers of samples
to be analyzed, or large numbers of different miRXAassay, or both.

Two of the early large-scale studies assayed maR\N#s in several types of tumors, using a quaritigatlow
cytometry technique based on the use of beads (@4a)microarray technique and Northern blots (14pproximately
25% of the miRNAs studied were found to be signifibaderegulated in at least one tumor type. Thet ftudy mainly
revealed that miRNAs are underexpressed in tumsuds in comparison to normal tissues, whereas e¢hend one
uncovered that miRNAs are overexpressed in tumaeuéds The different conclusions reported by these dtudies
conducted on similar types of tumor tissue (breadtn, lung, pancreas, prostate, and stomach)apiglresulted from the
use of two different technical platforms or the ptarsize (142).

mMiRNA expression deregulation in several types ofcea were reassessed by taking into account theabowe-
mentioned original studies and the analysis of omlg type of tumor (143). This highlighted thatuamer of miRNAs such
as miR-21, miR-155, miR-221, and miR-222 appearedé consistently overexpressed in many tumor @sgbrain,
thyroid, gastrointestinal tract, liver, lung, anceést), whereas others such as miR-143, miR-14d&,tl@ let-7/miR-98
cluster were found to be underexpressed in tunssudéis. However, the expression of several miRNAsotsalways
modified identically in all types of cancer. Foraeple, the mir-17/92 cluster has been reportee tovierexpressed in seven
tumor types and underexpressed in three others.

miRNAs are also interesting diagnostic biomarkeintjuishing different subtypes of tumors from tame
tissue, such as in gliomas (144), thyroid cancéb)br renal cell carcinoma (146).

4.1.2. Deregulation of mMiRNA expression by defectsin the biogenesis mechanism
Altered expression of the proteins involved in thiRNA biogenesis and maturation machinery has béseroed
in several cancers. For example, deregulation osBa expression is associated with ovarian calddén),(skin epithelium
cancer (148), and esophagus tumors (149). A higistizr expression level is associated with a poorivalrprognosis.
Interestingly, when esophagus tumor cell lines wersfected by siRNAs designed to target the Drasiting mRNA, a
significant decrease in the cell proliferation wased (149).

Inactivating mutations in XPO5, coding for Exporfin have been discovered in several cancer celk limith
microsatellite instability (150). These mutatioread to trapping pre-miRNAs in the nucleus, thus @mémg miRNA
processing.

Dicer was also found to be overexpressed in lungimama and prostate adenocarcinoma (151, 152) and
underexpressed in high-grade ovarian carcinoma,ll-seia lung tumors with poor prognosis, and inwesilung
adenocarcinoma (147, 152, 153). In addition, frdnfemutations in the TRBP2 genes were found to dighi the TRBP
protein expression. This causes destabilizatich@DICER complex and a defect in the processingiBNAs (154).



Expression and activity of some major componentthefmiRNA processing pathway such as Drosha/DGCRS,
Dicer/TRBP2 or Argonautes may be regulated by thestndption factors p53, p63, and p73 (155). Tharmters of the
genes coding for Drosha, DGCRS8, Dicer and TRBP conp&B8-RE sequences indicating that they could bectdire
transcriptional targets of p53 and preferentiaflyp63/p73. Moreover, direct interactions between Wuvhains in p63 and
p73 and PY domains in DGCRS8 protein may influence niRi¥ocessing. In addition, the pro-apoptotic TA-pé8form
may indirectly decrease the expression of Dicargf@mple, by increasing the expression of let-miRNA that has been
reported to reduce the expression of Dicer. DroBI@&CR8, Dicer, and TRBP are also controlled by sevaiBNAs whose
expression is regulated by p53. This suggestsphatp63/p73 could regulate the expression of theNW processing
components, at both the transcriptional and paststriptional levels.

41.3. Deregulation of miRNA expression by chromosomal rear rangements

Two studies highlighted that miRNA genes are locate¢dhromosomal regions that are frequently altered
cancers (156, 157). Alterations of the copy nunibeB7%, 73%, and 86% of 283 miRNA coding genes vpén@ointed in
ovarian cancer, breast cancer, and melanoma, tesggcNearly 40 miRNA coding genes are alteread@mmon in these
three types of tumor (157). Modifications of thepmssion of miRNA coding genes may result from closomal
translocation, leading, for example, to overexpoessf the gene coding for miR-125b, due to traoatmn t(2;11) in some
types of leukemia (158). They may also be linkedrtplification or deletion of genomic regions. ThEsexemplified in the
17923 region, which was found to be amplified inmeblastoma (159). This region hosts the gene goidinmiR-21, which
is usually upregulated in tumors. Another examplthe presence of a deletion in the 13q14 regiaeueral cases of B-cell
chronic lymphoid leukemia. Genes coding for miR-Bpal miR-16-1, underexpressed in 68% of these tgp&smor, are
located in this region (160).

4.1.4. Deregulation of mMiRNA expression dueto point mutationsin coding genes

The number of point mutations or SNPs (single ratde polymorphisms) in human pri-miRNA or pre-miRNA
sequences has been reported to be usually very(16%). Nevertheless, several studies have indicdiatt SNPs may
explain changes in miRNA expression between tumdmammal tissues. One SNP (G:C) in the pre-miR-Is&pence (60
nucleotides from the first nucleotide) has beeraéd and associated with a decrease in the eigrexfanature miR-146a
in thyroid papillary carcinoma (162) and in prostatancer (163). Moreover, a G/C heterozygous statusssues is
associated with a higher risk of thyroid papillaigrcinoma in comparison to G/G or C/C homozygousustéi62). In
prostate cancer, a C/C homozygous status was reportaatrelate to halving the risk of cancer in camigon to G/G or
GI/C genotypes (163). Another SNP (G:U), identifiedhie seed region of miR-125a located 8 nt fronBtlend, could have
an impact on the interaction between miRNA-125aitthRNA target (164). A G/U heterozygous status wlaserved in
some cases of breast cancer (165). In non-smélleee) cancer, an SNP (U:C) in the pre-miR-196a-2 rfdcleotides from
the first nucleotide) has been identified and pasievith a C/C homozygous status had a shorteralrkate compared to
patients with a U/U or U/C genotype (166). Cainal. highlighted mutations in five out of 42 miRNAs 8% of chronic
lymphocytic leukemia (CLL) samples (167). In anothgpe of lymphocytic leukemia, MLL-AF4 acute lympdyic
leukemia, miR-128b has been found to be underespdes tumor samples, due to a mutation in the gmmtranscript
located 13 bp from the’ 8nd of mature miR-128b (168). This mutation alsotdbutes to glucocorticoid resistance of tumor
cells.

4.15. M odifications of miRNA expression dueto transcriptional regulation
Transcription of miRNA encoding genes by RNA polynserl can be regulated by several transcriptionetiof's.
In the flanking regions of miRNA-coding genes @ elegansand in humans the presence of patterns involved
transcriptional regulation has been studied (1LB2umber of transcriptional factors such as p53;,E2hd Myc have been
reported to play a role in this regulation.

n

p53, known to be a tumor suppressor, has beenifiigbtl as a transcriptional regulator of severd® s (170).
It acts as a transcription activator of the miR-géae, as it can bind to the promoter region & ggne (171-173). It may
also impair the expression of several miRNAs by hitlin of the transcription factor E2F1 (174). Aetiion by
transcription factors belonging to the E2F familgshbeen reported to increase the expression of saiRBIAs (175).
Another transcription factor, Myc, which has oncoigeproperties, has been described as an expressioiulator for a
number of miRNAs. Indeed, by binding to promoterioag, Myc has been shown to be an expression &mtivhthe miR-
17/92 cluster, for example (176), but also an esgiom repressor for many miRNAs involved in prolfion processes
a77).

Transcription regulation, which can account for adolation of miRNA expression levels, can also refoim
epigenetic modifications at the promoter regionsp#cific miRNA coding genes. One important epigenabdification is
DNA methylation, which is a reversible phenomenad &volves only cytosines belonging to CpG dinutite® motifs.
CpG-rich genomic domains, called CpG islands, catobated in several promoter regions. DNA methylatad CpG
islands in promoters is a phenomenon that continel®xpression level of downstream genes, as thdifims the chromatin
structure and consequently the binding of transiompfactors; in addition it favors MBD (methyl-DNAinding) protein
fixation (178).

The role of DNA methylation in repression of miRNApeession was confirmed by using DNA demethylation
drugs on cultured tumor cells that promote miRNArexpression (179-181). Several miRNAs have beeniestuchore
specifically, such as miR-124 (181) and miR-34&2)1&r which the lower expression in cell linesmtumor tissues is due
to a hypermethylation of CpG islands, and miR-1283fland let-7a-3 (184), which are overexpressed wuea
hypomethylation of CpG islands.



4.2. Modifications of the interactions between miRNAs and their mRNA targets
42.1. Deregulation by chromosomal modification
As mentioned above, several genomic alterationsh sis chromosomal rearrangements or point mutatioayg
rationalize the differences observed in miRNA exgi@s between tumor and normal tissues. These tidtesaare important
events in the tumor genesis process, as they pgreveper regulation of normal cellular processesmiiRNAs. In addition,
and similarly, genomic alterations can also affée 3UTR sequences of mRNA targets and lead to gene tegula
modifications by impairment of the miRNA/mRNA tardgtbridizations.

One study demonstrated that a 4-nt TTCA insertiothe 3UTR of the IL-1 alpha mRNA significantly disrupts a
binding site for miR-122 and miR-378 and has a &gl influence on IL-1 alpha expression regolat{185). Studies
conducted on mantle cell lymphoma have shown higitession of CCND1 in these tumors due to deletiowsrautations
in the CCND1 mRNA 3JTR (186). These sequence madifications impair tiberaction between CCND1 mRNA and miR-
16, increasing the expression of the CCND1 prote@7Y1Genomic translocation can delete the norMidlR part of the
MRNA coding for HMGA2, making let-7 unable to bitalthis region and to restrain HMGA2 expressior8(18his protein
has been shown to be involved in the tumorigenasimany malignant tumors such as lung cancer (189-and pancreas
cancer (192).

In the case of ABCG2 (a ubiquitous ATP-binding ctieséABC) transporter, playing a role in absorption,
distribution, and elimination of drugs), a shorteniof the 3JTR mRNA has been detected in drug-resistant coborcer
cell lines, leading to a loss of a miR-519c¢ bindgiig. This relieves the repression of ABCG2 traitata contributes to the
overexpression of the transporter, and confers dasigtance to the tumor cells (193).

4.22. Deregulation by point mutations
Yu et al. (194) investigated SNPs in the mMRNAJIR sequence complementary to several miRNAs. Thégdno
fewer SNPs in the regions that are complementatiygamiRNA seed region than in the other part ofbERs (194). This
was taken as evidence of a selection pressureharichportance of the regulatory mechanism by miRNAs.

SNPs located in miRNA complementary regions have lstedied in a tumor context in an increasing nunabe
reports. Two SNPs in theBTR of the KIT mRNA (tyrosine kinase receptor) in iibigl papillary carcinoma have been
described. These SNPs (G:A and G:C) affect the bindf miR-221/222 and miR-146a/146b miRNAs to thd KIRNA,
favor expression of the protein, and consequenttyeiase the risk of cancer (195). In CD86 mMRNATR, a (G:C) SNP
was found associated with a higher risk of sporadlorectal cancer. This site is the target of fiilRNAS; three experience
a decrease in their binding affinity with the mRNzgntrary to the other two (196). Another study wasducted on the
MRNA 3UTR region coding for KRAS in non-small-cell lung can in moderate smokers. This mRNA contains teretarg
sites in the }ITR for the miRNA let-7 family. The authors describmady one SNP per target site and most of thesesSNP
are infrequently found in tumors (197). Only onePSRU:G) was found in about 20% of tumors and ttweefcan be
associated with a higher risk of developing thesears, and this type of mutation leads to an irsmaa KRAS mRNA
expressiornn vitro (198). Another study was conducted on breast caarm most particularly on integrins, proteins itweal
in the control of cellular attachment to the exéthdar matrix. SNPs were found in th&J3R of integrin coding mRNAs, in
particular ITGB4. A strong correlation was foundvaen the presence of the polymorphic allele anchégative status of
hormonal receptors in breast cancer (199).

4.3. Oncogene and tumor suppressor miRNAs involved in molecular pathways of tumor development
miRNAs can be considered as oncogenes when an secri@atheir expression contributes to a malignant
transformation of normal cells, or on the contray,tumor suppressors in the reciprocal. The st#toscogenes or tumor
suppressors is generally given to miRNAs that haaenkfound to be deregulated in many tumor typeger@e miRNAs
have been described as oncogenes (frequently callsamiRs). A few specific examples are given héeeaf

miR-372/373 are two miRNAs that have been descrizeplaying a role in the development of testicgkeim cell
tumors in presence of active wild-type p53 and geoic RAS (200). The polycistronic cluster miR17-3aseems to
have an oncogenic role such as in lung cancer acellBymphoma (201, 202). Indeed, overexpressiothis cluster seems
to accelerate tumor development of B-cell lymphamanice expressing c-myc. miR-155 is also descri®én oncogenic
mMiRNA, as it is overexpressed in B-cell ymphoma2,1203-206). Some miRNAs, such as miR-21, are assidered as
oncogenes when they can repress the expressiomof suppressor proteins. miR-21 is overexpressetany tumor types
and targets the mRNAs of tumor suppressors PDCD4ranl (143, 207-210). On the contrary, other miRNAsédbeen
described as tumor suppressors: let-7 (156, 188228) as well as miR-15a and miR-16-1 (160, 210)2&iR-34a is also
considered a tumor suppressor repressing severagenic genes, such as c-Met in brain tumors (a8d)uveal melanoma
(222) or Bcl-2 in neuroblastoma (223).

For a more comprehensive list of oncogenic or tuswppressor miRNAs, the reader is referred to the i
Disease databasenyw.mir2disease.or(224)).

miRNAs involved in tumor development can control m&ry signalization pathways such as apoptosigjlael
proliferation, and angiogenesis.



43.1. Apoptosis and cellular proliferation processes

The apoptosis process can be activaiadwo pathways, the intrinsic and the extrinsic patys (Figure 13). In
the intrinsic one, several pro-apoptotic and aptgotic members of the Bcl-2 family are involveddaheir actions are
antagonized to regulate mitochondrial membrane eahility. The anti-apoptotic proteins Bcl-2 and Btl-are often
overexpressed in tumors (225-227) and prevent imitodrial permeabilization by inhibition of the cgtdic pro-apoptotic
Bax and Bak (228). After a cellular stress, expressiopro-apoptotic members of the Bcl-2 family sashPuma and Noxa
is enhanced by p53-dependent transcriptional amivaSubsequent activation of Bax and Bak protelven tallow their
migration to the mitochondrial membrane where thegcur to increase the permeability of the mitoahriaad membrane.
This permeabilization is associated with a releafseytochromec into the cytoplasm (229), which binds to the APAF-
protein (apoptotic protease-activating factor-1g &mtwo procaspases-9 to form the apoptosome. Tiismprotein complex
promotes the activation of caspase-9, an apopiisiating caspase (230). Activated caspase-9 eleavocaspase-3, -6, or -
7. In normal conditions, activation of these caspais inhibited by proteins called IAPs (inhibitf apoptosis protein).
IAPs are inhibited by Smac/DIABLO proteins that aetdeased into the cytoplasm after membrane periliesdton of
mitochondria (231, 232).

As for the extrinsic apoptotic pathway, it startgside of the cell with an activation of the proepfotic receptors
at the surface of the cell by ligands such as CD@AS-L). Ligand binding to the extracellular domaéteptors promotes
intracellular domain binding to the FADD proteinaf~associated death domain) (233). Then this commeruits
procaspase-8 or -10 and activates it. Activateghasess-8 and -10 then participate in the downstrgeps of the intrinsic
apoptotic pathway as they activate activator casf3as6, or -7 and can also cleave and activateBilleprotein. The
truncated protein tBid allows the relocalizatiorBaix and Bak (234).

A number of miRNAs have been shown to be able tolatg the apoptotic pathways at different stag@s).2
Several proteins of the Bcl-2 family are regulatgdniiRNAs. The Bcl-2 mRNA is the target of miR-15a/Ifdat was
demonstrated that both miRNAs negatively regulateBat a post-transcriptional level and induce apsigt(236). The
Bcl-xL protein is inhibited by the pro-apoptotic pgm Bim whose expression level is downregulateaddayain miRNAs of
the miR-17/92 and miR-106b/25 clusters. Indeedntife-17/92 cluster is essential for B cell developmand absence of
miR-17/92 leads to increased levels of the pro-tgiapprotein Bim and inhibits B cell developmen872. miR-17/92 was
found to be overexpressed in many cancers such -esll Bymphoma. The miR-106b/25 cluster was fournd be
overexpressed in many gastric and prostate carféense miRNAs, most particularly miR-106b, are assuitoetarget Bim
but also p21, which is involved in cell cycle canifrand E2F1 (238, 239). miR-34a is also an impurtagulator of the
initiation of the apoptosis pathway, as this miRNoAvers the expression of the deacetylase SIRT1. Hads to the
acetylation of p53, the increase in its transaoipi activity, and the induction of the pro-apojatgirotein Puma (240). A
recent study showed that Puma is the target oftWRNAS, miR-221/222, in glioblastoma cells (241).e5k two miRNAs
also play an important role in cellular prolifeatiby regulation of p2%* expression (242).

The second part of the intrinsic pathway, with apepme formation and activation of caspases, is r@gulated
by miRNAs. For example, miR-1 and miR-133 are codcaibed from the same polycistron, but they hatagonistic roles
in apoptosis, as miR-1 has a pro-apoptotic effgbgreas miR-133 is an anti-apoptotic factor. Ini,fatR-1 targets the anti-
apoptotic proteins HSP60 and HSP70, two proteias fihevent apoptosome formation, while miR-133 espes caspase-9
expression (243). miR-21 also plays an anti-apaptole initially observed in glioblastoma cells4@®, since this miRNA
regulates the expression of APAF-1, caspase-3,PiddD4 (245). In addition, PDCD4 also regulates cas{3aactivity
(246).

The extrinsic pathway can be the target of miR-2d @miR-182, which control the expression of FAS247) and
protein FADD (248), respectively.

4.3.2.  Angiogenesis process

Growth of new blood vessels from preexisting vessal process called angiogenesis, is a key stepnor
progression (249, 250). The control of this procbgsmiRNAs has been evidenced to occur after theeraxgntal
knockdown of Dicer, by the transfection of spec#iBRNAs in endothelial cells. Indeed, the reductidrihe expression of
Dicer led to a decrease in angiogenesis, by a tetuof capillary sprouting of endothelial cellsdatube-forming activity
(251). After Dicer knockdown, Suarez al. have shown an alteration in the expression ofgenes in angiogenesis such as
IL-8, angiopoietin receptor Tie-2, and VEGFR2 (252gveral studies analyzed the expression levelmiBNAS in
endothelial cells and highlighted their pro-anginigepropertiesn vivo (miR-126, miR-378, miR-296, and the miR-17/92
cluster), orin vitro (miR-210, let-7f, miR-27b, and miR-130a), or thaiti-angiogenic properties (miR-221/222, miR-15b,
and miR-16) (253). miR-126, the only endothelidl-specific miRNA, was studieéh vivoin a mouse model in which a
drop in the expression of this mMIRNA was correlatéith a decrease in angiogenesis and vascular itw€gb64). The same
conclusion was drawn in zebrafish in which knockdosi miR-126 leads to the loss of vascular intggrithis miRNA
plays a role in the repression of negative regutatd the VEGF pathway, such as SPRED1 and PIK3RRjtaiso seems
that miR-126 regulates the expression of EGFL7 Y25Bis protein is also involved in many procesaed particularly in
angiogenic sprouting (256).

Other miRNAs, nonspecific of endothelial cells, sashmiR-378, miR-296, and the miR-17/92 clustesp dlave
pro-angiogenic properties. The overexpression &-8%8 in glioblastoma U87 cells leads to angiogisnestumors after
injection of the cells in nude mice by repressidthe expression of tumor suppressors Fus-1 and £67). An inhibition
of miR-296 in the glioblastoma U87 cells injectedriude mice reduces angiogenesis (258). ConcerhmgniR-17/92
cluster, overexpression in cells promotes the d@raént of better-perfused tumors (259).
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miR-210, a hypoxia-inducible miRNA, stimulates theldar migration and the formation of vessel-liéeuctures
by downregulating Ephrin-A3 expression (260). miB3a shows pro-angiogenic properties by targeting AdRbdbding for
the anti-angiogenic proteins Gax and Hoxa5 (261).ti@ contrary, some miRNAs are more likely antfiagenic factors
such as miR-221/222, whose overexpresgowuitro in endothelial cells leads to a decrease in celloggration and the
formation of vessel-like structures by repressibn-&it (262). The miRNAs miR-15b and miR-16 targe¢ VEGF-coding
MRNA and thus have anti-angiogenic properties (263)

4.4. Exosomal miRNAs: new potential tumor biomarkers

Quantitative analyses of miRNA expression in tutigsues revealed that miRNAs can be regarded aspgte
biomarkers that can help discriminate tumor typeRNA profiling for tumor typing appears to be atrattive approach
for diagnosis as a complement to pathology mettidd4). This can be performed directly on tumoruésspecimens, but
other less invasive approaches are currently uingestigation. These approaches are based ondhthét miRNAs can be
found in detectable amounts in small membrane less{@bout 100 nm in diameter) called exosomes)(Zdsomes offer
miRNAs a protection against RNases (265) and areetget by a wide range of cell types such as hematp cells,
dendritic cells, mast cells, neurons, and tumols q@66-268). Exosome purification and analysistéiRNA content may
give new opportunities for diagnosis. In additi@xosomes and their RNase-protected miRNA are préseseveral
biological fluids. Indeed, their presence has beegidenced in blood (268-272), urine (273, 274)ivea(275, 276) and
amniotic fluid (277).

Assaying exosomal miRNAs in body fluids could befukfor cancer diagnosis. In fact, tumor-derivedsxmes
were proved to contain numerous tumor-specific mM¥RNFor instance, exosomes can be enriched eitheilet-7 miRNA
family if derived from metastatic gastric cance?&2 or in various pre-miRNAs if derived from meseymial stem cells
(279). miRNAs derived from glioma exosomes can tloeecbe envisioned for use as diagnosis biomar&ersurrogate
markers for therapy follow-up (268, 269). For exénphe exosomal miRNAs miR-21 and miR-155 extradtech blood
have been reported to be valuable biomarkers fgrdisis of patients with lung adenocarcinomas (2nldvarian cancer,
exosomal circulating miRNAs can also be informativedistinguish various tumor stages (280). In mtestcancer cells,
irradiation-induced premature senescence is agdedciaith an increased release of exosomes. Thuguaatitative
assessment of the tumor exosomes released in hody $hould constitute an easy means for theralhgvi-up (281).

It should be noted that exosomes may also havademable implications in cancer development, githeat these
vesicles have been reported to be involved in gerdallular transfer of the mRNAs and miRNAs theytain between
glioma cells (282), or from tumor cells into nornealls in the tissues (264, 283). Also, exosomewel@ from cancer stem
cells, which seem to be responsible for the in@eastumor growth, invasion, or vascularizationulco establish a
premetastatic niche away from the tumor tissue 284

4.5. miRNAsin cancer therapy
With the discovery of the role of miRNAs in continlj the expression of many proteins, and moredvat they
behave as oncogenic or tumor suppressor comporiest®n became clear that miRNAs can be involvethay be used in
new therapeutic approaches. It goes without sajfrag taking advantage of miRNAs in new antitumor elepments
requires that a number of hurdles be overcome (285)

Briefly, miRNAs intrinsically have a number of atttize features for therapy. Their mechanism of actjoides
the therapeutic process. In comparison to smaibittry molecules that reduce the activity of taegeenzymes but leave the
amount of cellular enzyme intact, miRNAs can be useduce the cellular concentration of targetextgins. miRNAs are
natural cellular components and they include arinisic signature that may ensure specificity taeéar These may have
important consequences in the control of side &ffeldevertheless, accurate miRNA-target recognit®omot perfectly
managed (see above) and off-target effects adedsthded. On the other hand, one single miRNA eaiget several
oncogenic proteins and the opportunity to simulbaiséy repress several oncogenes with only a simifRNA appears very
attractive in the search to improve anticancerapgr while limiting possible side effects. An exdenpf this multitarget
therapy can be found with miR-34a, which repressiktet, CDK4 (cyclin-dependent kinase 4), and Bcl-2c@ lymphoma
2), all involved in separate oncogenic pathway$)28

miRNA-based therapies can be tentatively class#iezbrding to two different criteria: the antitumloeéfects that
are strategically expected and the mode of actiggdred. First and most specifically, several tantbral effects can be
putatively promoted using miRNA-based strategie¥2Bideed, given the numerous roles played by iR the tumor
physiopathology mentioned above, modulation of miR&Mpression in tumor tissues may have direct effect several
biochemical pathways and proliferation, survivaffedentiation, and migration of tumor cells. Hentterapeutic strategies
can include direct tumor suppressive effects, agt@enic effects, antimetastatic effects, supjwassf imnmune evasion of
tumors, or sensitization of tumor cells to tradiibanticancer treatments such as radiotherapli@motherapy.

Second, miRNA-based therapies can be based on tleéogeent of miRNA mimicking compounds to increase
the cellular concentration of any given miRNA ortbe contrary of miRNA antagonists to reduce thereleUpregulation
of miRNA cellular concentration can be obtained @nsfection of the cells with exogenous miRNA,, pre-miRNA or
mature miRNA, whereas antisense-mediated inhibisooased on the use of complementary antisensemi@eotides of
mature miRNAs to downregulate miRNAs (287). A thatractive therapeutic approach called indirect mARMsed
therapy takes advantage of the fact that some miR&t& expressed in reduced amounts in cancerbedllare present in
high concentration in normal cells. The introduetimf specific vectors or constructs containing & WA-regulated suicide
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gene in cancer cells may result in the expressfaine given suicide gene only in the cancer céi tre devoid of the
suicide gene-regulating miRNA. This strategy mayéey safe and leave all normal cells unaffected.

miRNA replacement is the approach based on the astnaition of synthetic miRNAs so as to increasedsiular

concentration of tumor suppressor miRNAs whose seaet frequently lowered in tumors. For exampleéhancase of let-7,
which is a tumor suppressor downregulated in séeareer types, an intratumoral introduction of kie7 oligonucleotide
into a mouse model of non-small-cell lung cancdrtéea reduction of the tumor size (288). Exogerarlsrery of a miR-34
mimic by transfection or use of lentivirus constauesulted in a reduction of the tumor in gastaacer (289). miR-based
strategies are under investigation at a preclirstage for development of miRNA replacement thesapg@ainst cancers. For
example, several are based on the delivery of nsimfaniR-34 miR-16 or let-7, which are said to bebr suppressors in
tumors (Mirna Therapeutics, Austin, TX, USA) (286).

Antagonists of miRNAs are required to reduce thé&ulzsllevels of oncogenic miRNAs that are overexpeesin
tumors. This can be achieved using antisense aligeatides (ASO) that can hybridize to miRNAs anghtiprevent miRNA
interactions with the mRNA targets. Chemical modifimas are needed to protect ASOs from nucleaseadatjon and to
improve their affinity for miRNAs (290). The main wlifications are the use of-©-methyl-RNA nucleotides or locked
nucleic acid (LNA™) nucleotides. In the locked reiclacid nucleotides, the ribose ring is modifigdabmethylene bridge
connecting the '20 atom and the '4C atom.A recent study has successfully usédd2methyl- and DNA/LNA-mixed
oligonucleotides to specifically knock down miR-2hd to investigate the potential contribution oftmiRNA in the
regulation of apoptosis-associated genes in glgbiaa cell lines (244)in these cell linesPapagiannakopoulost al.
compared these two miR-21 downregulating types 808 and observed greater knockdown using ldéAwplementary
antisensaniR-21 than the 20-methylcomplementary antisengeiR-21, increasing the levels of major componeritthe
apoptotic pathway (245).

miR-122 is a miRNA expressed in liver that is essérfor replication of the hepatitis C virus (HCV) RNA
genome, causing liver disease and increased ridgkepétocellular carcinoma. Therapeutic silencingniR-122 using a
locked nucleic acid (LNA) -modified oligonucleotid&SPC3649) complementary antisense to miR-122 wasefr to
suppress viremia in primates (291). The antgomiR{BPC3649 or Miravirsen - Santaris Pharma A/S, i#ns, Denmark)
is currently being evaluated in Phase 2a clinidals. Regulus Therapeutics (San Diego, CA, USAkigetbping proprietary
chemically modified anti-miR oligonucleotides deligd systemically to target miR-21, which is overegsed in many
cancer types (142) and can promote tumor prognessid metastasis (292). Regulus’s anti-miR-21 doguiatées miR-21 in
the liver and reduces hepatocellular carcinoma (HCC).

Sensitization of tumors to chemotherapy or radi@pg by miRNA-based therapy also seems to be a haua
approach according to a number of published resktis example, the oncogenic cluster miR-17/92 ieen shown to be
involved in the radioresistance of tumor cells.ded, overexpression of these clustered miRNAs intlmaell lymphoma
cells decreases the radiosensitivity of these tsilsEargeting PTEN and activating the PI3K/Akt sigpathway (293). In a
similar way, miR-221/222 are also described asdiwvolved in the radioresistance of tumor cellsgastric cancer. A
knockdown of these miRNAs in cancer cell lines usiogmplementary antisense oligonucleotid@sQ-methyl-
oligonucleotides) increases PTEN expression angases the radiosensitivity of the tumoral cel4{2

The role played by miRNAs in the chemoresistancecgss ((295) for review) and as biomarkers of
chemoresistance has been demonstrated. Rataddound that miR-92* miR-147, and miR-574-5p are@xpressed in
small-cell lung cancer and are potential biomarke#rshemoresistance (296). In other types of casaeh as colon cancer
or ovarian cancer, several other miRNAs have besaorilied as being involved in chemoresistance. dtiieen shown that
miR-140 and miR-215 are overexpressed in drugteegi€olorectal cancer cell lines and the targgiedeins involved in
this resistance may be HDAC4 and DHFR, respecti29y (298). In ovarian cancer, several miRNAs avelied in drug
resistance, such as miR-30c, miR-130a, and miR-88fich are downregulated in drug-resistant celédirand promote
upregulation of M-CSF (macrophage colony-stimulafiagfor), a previously described resistance faftitbovarian cancers
(299).

Collectively, all these studies show that appropr@introl of specific mMiRNA concentrations in tumaonay have
beneficial impacts on tumor initiation and promati®©ne main obstacle to these therapeutic strategiepointed by Purow
(285), probably relates to the correct deliveryhaf miRNA mimics or antagonists to tumor cells.

5. Conclusion

miRNA appears to be an original class of noncodingA\RMpproximately 1000 different miRNAs are exprakse
in human. This rather limited number may facilitttte understanding of their global physiologicalpathological roles in
cells. However, the large number of mRNAs that thag individually target makes the analysis extrgnueimplicated.
Moreover, additional factors or events probably aento be identified to achieve a complete applaitdéhe way mRNA
expression is finely tuned in cells under the aalrif miRNAs.

Study of miRNAs in cancer obviously provides new appnities for diagnosis. On the other hand, gittesir
critical role in the control of gene expression am¢heir possible involvement in molecular dialdgstween cells driven by
exosomes, research programs in which miRNAs arerdedaas targets for new therapeutic drugs or aphesaseem
perfectly warranted and look promising.
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Table 1: Biocomputational tools for prediction of MRNA target sitesin metazoans.

Biocomputational tools Criteria Websites References
Targetscan a;d;e;f,g http://www.targetscan.org (88, 98)
TargetscanS a; b (6-nt pairing necessary); d; [f; g http://www.targetscan.org (91)

PicTar a;c;d; e http://www.pictar.mdc-berlin.de (99)
MiRanda a; b;d; e http://www.microrna.org (100, 101)

http://www.ebi.ac.uk/enright-
srv/microcosm/htdocs/targets/v5/

Microcosm targets Based on MiRanda software (14)

~

http://genie.weizmann.ac.il/pubs/mir0Y.
PITA Top a;b;d;e;g;h _ o (102)
mir07_prediction.html

EIMMo a;d;e http://www.mirz.unibas.ch/EIMMo2 (103)

Diana-microT a;b;cd;f http://diana.cslab.ece.ntua.gr/microT (104, 105)

Strong pairing in the seed region

Moderate pairing in the seed region

Thermodynamic stability

Interspecies preservation of target sites

Number of target sites on th&JIR of a given mRNA

Sequence context (location of the miRNA sites withard to the stop codon and to the polyA tail @spnce of
AU-rich clusters)

Accessibility of the target site to the RISC complex

Possibility of tuning the search parameters
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Figure 1. Time-dependent expression of lin-4 and let-7 niddés duringC. elegandarval development and their impact
on the expression of key proteins involved in larggage transitions.

Figure 2. The biogenesis mechanism of microRNAS.

The transcription of a miRNA coding gene by a polyase (yellow symbol) or the splicing of an intragngrates a primary
transcript called pri-miRNA. The cleavage of thianscript by the RNAse Drosha associated with DGCRan(m)
generates an RNA precursor called pre-miRNA. Thisymsor is then exported to the cytoplasiathe exportin-5 (purple)
where it will be excised by the Drosha enzyme aased with the TRBP protein (blue). Only one of the tduplex strands
of the miRNA, called the mature strand, is incorpedainto the RISC complex, mainly composed of Argaearoteins
(green).

Figure 3. Comparison of miRNAs, SsSRNAs, and piRNAs.

miRNASs are processed according to the pathway destin Figure 2.

siRNAs come from exogenous double-stranded RNA (BSRNA; viral infection) or endogenous double-strandRdA
(Endo-dsRNA; reverse transcription or transposobi&e miRNAs, siRNAs are matured by Dicer associatéth WRBP
and then incorporated into the RISC complex maimmposed of Ago2. siRNAs play a role in cell defeafter a viral
infection, in the inhibition of transposon propagat or in the simple regulation of gene expression

piRNAs are different from miRNAs and siRNAs mainly hase of their origin and their maturation; they @eeived from
single-stranded RNAs and are not processed by Ditety are also a few nucleotides longer than miREAd siRNAs, are
mainly present in germinal cell lines, and contrébto maintaining the genome integrity targetiramgposable elements.

Figure 4. Localization of miRNA coding geneslocated in gene units coding for pre-mRNAs (31).
miRNAs can be located in transcription units notingdor proteins (A) or coding for proteins (B). miRRN can also be
located in either the intron (1) or exon (2).

Figure 5: Maturation of pri-miRNA into pre-miRNA by the Drosha/DGCR8 complex (43).

DGCRS binds to double-stranded RNA, recognizes thenpRINA flanking sequences, and allows the stem-lolevage
by the ribonuclease Drosha, approximately 11 bmftioe junction between the flanking sequences hadtem-loop. This
asymmetric cleavage leaves two unpaired nucleotitifee 3OH end.

Figure 6: mirtron pathway (44,45).

In the nucleus, short introns with hairpin poteintiermed mirtrons, can be spliced and debranchidare-miRNA hairpins.
Hairpin potential is due to the complementaritytié sequences of the 5’ and 3' domains of the mstr@ged and blue
domains of the intron in the figure, respectiveljne intron donor splicing site (GU) and the acoepplicing site (AG)
constitute the 5’ end and the 3’end of the prenairt respectively.

Figure 7: M echanism of pre-miRNA export from the nucleusto the cytoplasm (48).
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The Exp-5/RAN-GTP/pre-miRNA complex binds to nucleops in the nucleus and goes through the nuclesgspdhe
release of pre-miRNAs into the cytoplasm is linkedhe hydrolysis of RAN-bound GTP by the RAN-GTPas#vating
protein. Exp-5 is then transported back into thelews and RAN-GTP is regenerated with RCC1 (Ran guaniokeotide
exchange factor).

Figure 8: Dicer-dependent cleavage of pre-miRNA (59).
The Dicer PAZ domain recognizes the single-strartledcleotide-long ‘verhang of the pre-miRNA. The dsRNA binding
domain (dsRBD) allows the positioning of the RNasaltinains and the cleavage of the pre-miRNA.

Figure 9: miRISC formation (77).

The RLC is composed of Dicer, TRBP, and Ago2. Two wails may lead to the formation of miRISC. One (leftjudes

dissociation of the two strands of the duplex afteavage of the pre-miRNA by Dicer. The secondh)idirst relies on the
cleavage of the complementary strand by Ago2, afiguhe formation of a transitory miRNA called AcepmiRNA (Ago2-

clived pre-miRNA) before cleavage by Dicer. In thiedel, the passenger strand is then degraded.

Figure 10: Schematic model of the interaction between miRNAs and target MRNASsin metazoans (94).

The major structural features are the followingRMAs target mMRNAs in the’3TR at a distance from the stop codon
greater than 15 nt. A perfect complementarity isnfibin the seed region between nucleotides 2 dnohythe 3 end of the
miRNA (pink rectangle). A central bulge prevents @macleolytic cleavage mediated by Ago2 (a majoiedénce with the
miRNA—-target mRNA interaction in plants). A few nuafiele matches in the miRNA 8nd (especially between nucleotides
13 and 16) is necessary for the best stabilizaifathe miRNA/MRNA target duplex (green rectangle)e fiesence in the
mRNA sequence of an A residue in position 1 andfoA or U residue in position 9 could increase miR&fficiency.

Figure 11: Thethree different categories of target sites: canonical, marginal, and atypical sites (97).

Canonical sites are composed of complementary gitér 8 nucleotides at the miRNA &nd (6 seed region nucleotides +
position 1 and/or 8).

Marginal sites encompass complementarity site®iidy 6 nucleotides in the seed region or 6 nuallestibetween positions
3 and 8).

Atypical sites show strand complementarity at ther@l of miRNA to compensate for weak base-pairinipén3 region.

m8: nucleotide in position 8

Al: nucleotide A in position 1

Figure 12: M echanisms of regulation of mMRNA target translation by miRNA.

(A) Regulation by translation initiation repressidiis regulation can occur either by inhibitionedF4E fixation at the cap
because of a competition with Ago proteins or byiliition of the recruitment of the 60S ribosomabsnit.

(B) Regulation by repression at the translation pdgtion step. Three mechanisms have been descrilegulation by
premature release of ribosomes (drop-off), by desaén the elongation kinetics, or by degradatiothe newly synthesized
peptide.

(C) Regulation by mRNA degradation. A complex contagniwo deadenylases (CCR4 and CAF1) and NOT protein
degrades the polyA tail. A decapping complex remsabe cap at the' 8nd and mRNA degradation can take place from 5
to 3 with the endonuclease Xrnl or frorit@ 5 with exosomes.

Figure 13: Implication of miRNAsin the apoptosis process (235).

In the intrinsic pathway, the pro-apoptotic protBiama is the target of miR-221/222 and is regulate@53, target of the
protein SIRTL, itself regulated by miR-34a. Anti-gpatic protein Bcl-2 is the direct target of miR-188, and Bcl-xL is the
indirect target of some members of the miR-17/9@ mniR-106b/25 clusters that regulate the pro-agapfwotein Bim.
Several miRNAs repress the apoptosome proteins,asiofiR-21 targeting APAF-1 and miR-133 targetingpase-9. miR-
1 is a pro-apoptotic miRNA targeting HSP60 and HSPV6teins that inhibit apoptosome formation.

In the extrinsic pathway, concerning the CD95 remephd its ligand CD95L (or FAS-L), miR-21 acts apressor of this
ligand, whereas miR-182 lowers FADD expression.4iRalso plays a role in caspase-3 regulation.

Running title:MicroRNAs: molecular featuresand rolein cancer

25



LIN-14, LIN-28 proteins
=ennnnn | IN-41 protein
= = = = LIN-4 RNA

A = = == LET-7 RNA

IIIIIIlIIIIIIIIIII.IIIIIIIIIIIIIIII..

L 4
*

*
L)
.
|
L
u

Protein of microRNA expression

Stage L1 Stage L2 Stage L3/L4 Adult Stage



miRNA coding gene

RMA pol I

l

Transcription

PrimiRNA ) __.,“.______QEH%EEO
/

FPre-miRNA

Mucleus

Cytoplasm

¥

M_EU_”GEEH_EMHO Pre-miRMNA
OH

Cleavage

5P

yon MIRNA/MIRNA® duplex

w.n__...:

miRISC E:jmﬁn_:%

** T ™ mature miRNA




Qngin miRMA coding gene antisense transcription single-stranded RMA

FPseudo-genes

e
¥

Fee o |
= |
M I Zﬂ_ﬂ..rm._..-m'
= I
m _\\I\
) \ cytoptas™
Endo-dsRMA Exo-dsRMA
TRBP
TRBP
v
v L 4
Involved RMAS
. T
PRI 22000 SIRNA (~22 nt) PIRNA (26-31 nt)
97 7 or
Argonautes
involved in RISC
Ago14 Ago2 PIWI
Cellular Gene expression regulation Antiviral defense Inhibition of transposon propagation

role




miR-15a-16-1

i

miR-133

-

\

N\ .

1 MCMT7

s mw | |]]]

miR-23-23-106b

-::: [ -.

miR-985

Y

Intron

: miRMA



b
WY

Pri-miRNA

Pre-miRMNA



Exonl

Intron
U AG,

e

Exon |l

Exonl

A

mRMNA Splicing Lariat formation

Exaonll

1P | | = m.

Lariat debranching
Release and folding of a shortened pri-miRNA stem-oop

UG, 5

ML

FPre-miRMNA

AG o

Fre-mRMNA



Mucleus

Cytoplasm




dsHED

[IJT

HMNAse llla

Helicase

5P

- ——-“—4 & Fre-miENA

RMNAse llib

3'0H

5P

304 L



icer
Ago2

. _L.:a i Sice{TREP)
@@_

Cleavage by Ago2

Cleavage by Dicer h
1] Ac-pre-miRNA

@ Cleavage by Dicer %@
5P 7 ¥ou a

g 3'0H
30H 1 5vp T—r o % 1T
} you L 5P

Dissociation ofthe

duplex strands
ou LLLL| LU UL L e

F Degradation
3P @ 30M

I
L L 1
miRISC n

g LLLLL LRI TR ]
oM 1. 5P




Central mismatch

NN
_, | , I | |
RN __ : ,ﬁ_

_ NNNNNNNNNN

——E

3' pairing

i

g

—

N
L
“

<< seed >>
region

— - polyA



Canonical sites

78\ 8\ B

a5

-~ _ Seed match
)\ +A1 + m8
~ — — — NNNNNNNNNN NNNNNNNA| = — — - polyA mRNA | o
RN QT
NNNNNNNNNN NINNNNNNNN| miRNA
3 b / 8 1 J
B o 7
- = _ Seed match
}o\ +m8
— — — — NNNNNNNNNN UINNNNNNN|- = = — - polyA mENA
Lttt (RN 7mer-m8
NNNNNNNNNN N[NNNNNNNN miRNA
3 \ ¥4 8 1 5
Ay 7
- = _ Seed match
)\ +A1
— — — — NNNNNNNNNN N[NNNNNNA| — = — - polyA m
BN (NN Rierl
NNNNNNNNNN N N|NNNNNNN|
3 \ /g 5
s 7
Marginal sites
~ = . Seed match
\

-- — — — NNNNNNNNNN ANINNNNNN]- — — — - polyA mRENA
R ST 6mer
NNNNNNNNNN NN|[NNNNNN|N miRNA

3 \ / 5
./ 8 1
Sl =
A
— — — — NNNNNNNNNN NNNNNNf — = = — - polyA mENA
RN AT | it BB
NNNNNNNNNN N[NNNNNN[NN miRNA
3 : /8 1

2N

Atypical sites

b + Seed match
A

3'-Supplementary

(>4-5bp)

Compensatory matchlng

~

3'-Compensatory

B -- - e TR - -
11 I
NNNNNNNNN‘N NN|INNNNNNIN
] 4\ p 5|
B'. /8 1
Supplementary matching - -
(>3-4bp)
~ Seedmismatch
. NNNNNTTTlirl\j G‘[\i [l\nlxjN[I\nl\jT A — — — - polyA mRNA
I
NNNNNNNNNL\I NNINNNNNN|N , miRNA
16 13 /8 1°




A Initiation repression

@l_.. ORF \e'pg
o
®

B. Postinitiation repression

Feptide

Decrease in degradation

the elongation
kinetic

C Regulation by mREMA degradation

- . —
complex IRISC
®| ORF AAAAA

@ CAF1

BXOS0Mes
C D)
~ g ORF i 3 ‘




CDY5L Jr= miR-21

CD95

FADD = miR-182 i .m_mj b= miR-34a

P53

Procaspase-8
\\' sl miR-15a/16
MIR-221/222 we .uczp ._.
f .g_ BCL-2
BID

. m}H/\ \
/ Truncated /

BID

Procaspase-3 ffn.fffff!ffff.lv.

B 2\

Apoptosome & Cytochrome C miR-17/92

\ mik-10650/23
Apaf-1
\j\l_l ezt (@) smacomeLo

] [ Procaspase-9 = miR-133
-1 I— . HSP&EO/T0

Caspase-8 L

Bl

<— <«

Caspase-3

AP s



