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Preface

This thesis was carried out in the team "Systemic impact of small regulatory RNAs" under the
supervision of Dr. Hervé Seitz. During these four years, I studied a subfamily of small regula-
tory RNAs called microRNAs, discovered 25 years ago and considered as essential regulators
of a wide range of cellular processes by modulating the expression of numerous genes.

My thesis project was developed around two axes of study, each corresponding to a reg-
ulatory direction between miRNAs and their target genes. In order to present the product of
my work, this thesis is subdivided into four parts.

• The first part presents a general state of the art on miRNAs by first introducing the his-
tory of their discovery and then the molecular characteristics of these small RNAs: from
their biogenesis to their mode of gene silencing.

• The second part focuses on the physiological function of miRNAs. For this purpose,
the modes of control of the intracellular abundance of miRNAs, from which their func-
tionality derives, are introduced but also the current theories concerning the role of the
different types of miRNA targets.

• The third part relates to miRNA-mediated gene silencing which translates into a macro-
scopic phenotype, and the identification of such functional gene targets of miRNAs. A
review on the different techniques of identifying miRNA targets introduces this part
and is followed by the results of my work on the miR-34a miRNA, a supposedly anti-
proliferative miRNA. The product of my work has resulted in the writing of a paper that
is currently under revision.

• Finally, the fourth part of this thesis focuses on the reciprocal regulation of miRNAs by
their targets. My project consisted in developing a bioinformatics tool to predict the
targets inducing such miRNA degradation, and my efforts to experimentally validate
our in silico results are presented.

I also had the opportunity to participate in collaborations during my thesis, and some of my
work is presented in the text and the appendices.
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Chapter 1

History and Molecular Overview of
microRNAs

1.1 History of microRNA Discovery

From heterochronic gene identification to stRNA definition

The first described miRNAs result from dissecting the genetic control of developmental tim-
ing in Caenorhabditis elegans. This model organism exhibits some ideal traits for the study of
development: a transparent body, a fixed number of somatic cells characteristic to eutelie, an
invariant cell lineage, and four larval stages defined by molts, which altogether facilitate the
detection and reliable scoring of mutant phenotypes with altered post-embryonic develop-
ment. Thereby, mutagenesis screening in C. elegans resulting in temporal defects in cell fates
enabled the identification of heterochronic genes (Ambros et al., 1984; Sulston et al., 1981), i.e.
genes controlling the proper timing and sequence of developmental stages.

Such heterochronic mutations in C. elegans initially defined four genes: lin-4, lin-14, lin-28,
and lin-29, in reference to “cell lineage abnormal” mutants (Ambros et al., 1984). Later, more
than twenty genes were described to constitute the heterochronic gene pathway in the lar-
val development of C. elegans with stage-specific expression patterns and genetic interactions
among them (Moss et al., 2014). Following the discovery of the first heterochronic mutants, the
laboratories of Ambros and Ruvkun deciphered the molecular mechanism behind the genetic
interrelationship between lin-4 and lin-14: decrease of lin-14 activity is required for proper
progression from the first larval stage to later stages and is lin-4–dependent (Ambros, 1989;
Ambros et al., 1987). They first demonstrated that this down-regulation was mediated by neg-
ative regulatory elements located in the 3´-UTR of lin-14 mRNA, likely interacting with lin-4
product (Wightman et al., 1991). However, they found that lin-4 does not encode a protein,
instead its product is a pair of small transcripts: a short one of approximately 22 nt and a long
one of 61 nt, containing the shorter sequence and predicted to fold in a hairpin structure (Lee
et al., 1993). The longer transcript was suggested to act as a precursor of the shorter one, and
this hypothesis was later confirmed, as detailed in section 1.2. Interestingly, the lin-4 prod-
uct sequence was partially complementary to regulatory sites located in the 3´-UTR of lin-14
mRNA and conserved in the Caenorhabditis genus (Wightman et al., 1993), suggesting that

3



Chapter 1. History and Molecular Overview of microRNAs

the base pairing between lin-4 small RNAs and lin14 mRNA inhibits LIN-14 production.

A few years later, the Ruvkun laboratory described a novel heterochronic gene, let-7 for
“lethal-7” mutant, sharing similarities with lin-4. The product of the let-7 gene was a 21 nt tran-
script complementary to elements in the lin-41 3´-UTR which mediate the post-transcriptional
down-regulation of LIN-41 during the later larval stages (Reinhart et al., 2000; Slack et al.,
2000). However, while lin-4 is conserved in nematodes only, the let-7 21-nt RNA sequence
and developmental control are conserved in bilaterians, and let-7 homologs exhibit a similar
stem-loop secondary structure. Furthermore, let-7 complementary sites in lin-41 3´-UTR are
also conserved in D. melanogaster and Danio rerio (Pasquinelli et al., 2000). These latter results
led to the conclusion that let-7 and lin-4 21-nt long RNAs form a new class of small RNAs able
to regulate temporal development in C. elegans and likely in all bilaterian animals, and they
were dubbed “small temporal RNAs” abbreviated stRNAs.
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FIGURE 1.1: lin-4 and let-7 transcripts and complementary sites within lin-14 and lin-41 3´-
UTRs Left: Predicted stem-loop structures of C. elegans lin-4 and C. elegans, D. melanogaster and
Homo sapiens let-7 longer transcripts. Graphical representation of the minimum free energy pre-
diction are generated by RNAfold with default parameters. The ∼21-nt region is highlighted
in yellow. Right: Complementarity between lin-4 and let-7 ∼21-nt regions and lin-14 and lin-41
3´-UTRs. Dots indicate absence of a nucleotide and dashes one or more non-complementary
nucleotides. Adapted from Lee et al., 1993; Pasquinelli et al., 2000

stRNAs through the prism of RNAi

Meanwhile, another conserved RNA-mediated silencing phenomenon was attracting much
attention: experimental introduction of double-stranded RNA (dsRNA) with one strand com-
plementary to an endogenous gene can specifically induce its silencing (Fire et al., 1998). In
animals, this process was called RNA interference (RNAi), and it is conserved from plants to

4

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi


1.1. History of microRNA Discovery

fungi but under other names, respectively Post-Transcriptional Gene Silencing (Hamilton et al.,
1999) and Quelling (Romano et al., 1992). In very few years, numerous laboratories demon-
strated in various model organisms, including nematodes, flies, fungi, and plants, that long
dsRNAs are processed by an RNase III-family nuclease, named DICER in drosophila (Bern-
stein et al., 2001), into RNA species of 21-23 nt, called “small interfering RNAs” abbreviated
siRNAs (Hamilton et al., 1999; Parrish et al., 2000; Yang et al., 2000; Zamore et al., 2000). Such
siRNAs mediate the guidance of RNA-directed nucleases to induce complementary mRNA
degradation (Hammond et al., 2000).

It did not take long for the similarities between siRNAs and stRNAs to be discussed.
The most obvious are their conserved length of 20-23 nt and their processing from a double-
stranded precursor: a long dsRNA for siRNAs and a stem-loop RNA for stRNAs. The first
step to intersect these two pathways was the demonstration that both require DICER to gen-
erate this active small RNA species that induce gene expression silencing (Grishok et al., 2001;
Hutvágner et al., 2001; Ketting et al., 2001; Knight et al., 2001).

A novel class of small RNAs defined by molecular features

Following, three laboratories took advantage of knowledge gathered about siRNAs process-
ing and RNAi in vitro models to identify concurrently new endogenous small RNAs. Notably,
the Tuschl laboratory developed a cDNA cloning procedure to isolate siRNAs from lysate of
Drosophila embryos that recapitulates RNAi in vitro (Elbashir et al., 2001; Tuschl et al., 1999).
Each sequence was mapped to the reference genome and already characterized functional
RNAs (rRNA, snRNAs, tRNAs), and sequences with no database entry were excluded. This
protocol was used to uncover small endogenous RNAs in a human cell line (HeLa cells) and a
Drosophila cell line (S2 cells) (Lagos-Quintana et al., 2001). The Bartel laboratory adapted this
protocol to make it specific for RNAs with 5´-terminal phosphate and 3´-terminal hydroxyl,
characteristic of RNase III-cleaved products (Bernstein et al., 2001). Cloned sequences from
C. elegans total RNA mapping on predicted stem-loop transcripts were selected (Lau et al.,
2001). The Ambros laboratory on its side performed a bioinformatics screening of stem-loop
structures validated by Northern-blotting and a cDNA cloning of size-fractionated total RNA
from C. elegans followed by an analysis of predicted stem-loop structure of most conserved
sequences (Lee et al., 2001).

Altogether, they reported a total of approximately a hundred additional genes for such
endogenous small non-coding RNAs: 16 new genes in flies, 21 in human cells, and 55 in nema-
todes. The phylogenetic conservation, abundance and diverse expression patterns of so-called
stRNAs imply that they function in various regulatory pathways, in addition to their known
role in the temporal control of developmental events. Eventually, because of their small size
and the diversity of their potential biological function, this larger class of endogenous non-
coding RNAs that are about 20-23 nt in length and are processed from hairpin secondary
structures was renamed “microRNAs” abbreviated miRNAs.
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Chapter 1. History and Molecular Overview of microRNAs

microRNAs across species

Since their discovery in C. elegans more than two decades ago, miRNAs or miRNA-like RNAs
have also been documented in land plants (Jones-Rhoades et al., 2006) and filamentous fungi
(Lee et al., 2010), but also in green algae (Molnár et al., 2007), brown algae (Cock et al., 2010;
Tarver et al., 2015) and social amoebae (Avesson et al., 2012). However, the miRNA pathway
diverges between these lineages regarding miRNA biogenesis, with non-homologous protein
effectors and different intracellular localization, as well as on the mechanism of target RNA
recognition and repression. Nevertheless, these ∼20 nt-long RNAs all share the common fea-
ture of being derived from hairpin-folded precursors that are successively cut to form du-
plexes, one strand of which mediates the repression of mRNAs with a complementarity site.
The details of the differences in the miRNA pathway between these different species will not
be described in this thesis, but readers can turn to the following reviews: Axtell et al., 2011 and
Moran et al., 2017.

Currently, the miRNA pathway is considered to have emerged independently in those dis-
tinct lineages because of the different biogenesis, the lack of miRNA sequence homology and
the different mode of repression (Axtell et al., 2011). Exactly, these divergent miRNA pathways
would originate from a more ancient small RNA regulatory system such as the RNAi pathway
(Ghildiyal et al., 2009), shared in all three eukaryotic kingdoms, plants, animals, and fungi,
and based on endogenously produced small interfering RNAs (endo-siRNAs) which provide
an additional layer of control on protein-coding gene expression or serve as a cellular defense
system against foreign or deleterious nucleic acid, such as transposable elements (Claycomb,
2014).

Eventually, some viruses have been reported to express miRNA genes and exploit the in-
fected cell miRNA machinery to regulate host and viral genes (Pfeffer et al., 2004).
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1.2 microRNA Biogenesis in Metazoan

In the following section, we will present the features of miRNAs in metazoans, and particu-
larly in humans. For ease of reading by a wider audience, gene and protein equivalents in
the model organisms C. elegans and D. melanogaster will be specified whenever possible. For
further information specific to miRNA biogenesis in these two model species, readers are redi-
rected to the following reviews: Soleimani et al., 2020; Youngman et al., 2014.

1.2.1 Genomic Distribution and Annotation of microRNA Genes

According to the manually curated database MiRGeneDB (Fromm et al., 2020), the number
of confidently identified miRNA loci is estimated to be around 500 in the human genome,
between 400 and 500 for mammals and around 150 for C. elegans and D. melanogaster. MiRNA
loci are either hosted by a long non-coding transcript whose usually the only known function
is to produce miRNAs, or overlapping protein-coding gene introns or UTRs.

At the time of the identification of the first miRNAs, a nomenclature convention has been
established for novel miRNAs that is still applied (Ambros et al., 2003). The maintenance of
these rules and the monitoring of novel miRNAs assignment is currently the responsibility of
the online database miRBase. The names in this registry are of the form hsa-mir-123 (Griffiths-
Jones et al., 2008)1. (i) The first three letters specify the species, e.g. hsa for H. sapiens. (ii) Except
for miRNAs identified by forward genetics that are named in accordance with the mutant
phenotype (e.g. let-7, lin-4 and bantam), the mature miRNAs are designated “miR” and the
precursor hairpin loci “mir”, (iii) followed by an identifying number, in the order of their
discovery. To note that miRNA orthologs – identical miRNA sequences in other species –
are given the same number. (iv) Paralogous miRNAs – distinct precursor hairpin loci in the
same species – that generate similar mature miRNAs are given the same number followed by
a numeral, if fully identical, or letter suffix, if alike.

MiRNAs are grouped into “families” based on the identity of their seed region (nucleotides
2-7), which recapitulates their targeting properties as detailed in section 1.3.1.

hsa-miR-25    CAUUGCACUUGUCUCGGUCUGA 
hsa-miR-92a-1 UAUUGCACUUGUCCCGGCCUGU   
hsa-miR-92a-2 UAUUGCACUUGUCCCGGCCUGU
hsa-miR-92b   UAUUGCACUCGUCCCGGCCUCC   
hsa-miR-363   AAUUGCACGGUAUCCAUCUGUA   

paralogsidentical

alike

orthologs

mmu-miR-25    CAUUGCACUUGUCUCGGUCUGA   
mmu-miR-92a-1 UAUUGCACUUGUCCCGGCCUG   
mmu-miR-92a-2 UAUUGCACUUGUCCCGGCCUG
mmu-miR-92b   UAUUGCACUCGUCCCGGCCUCC   
mmu-miR-363   AAUUGCACGGUAUCCAUCUGUA 

Human miR-25 family Murine miR-25 family

FIGURE 1.2: The miR-25 family nomenclature. The five members of the human miR-25 family
present an orthologous miRNA in mice sharing the same name. Paralogs miR-92a-1 and miR-
92a-2 arise from two different genome locations producing the same miRNA sequence, while
miR-92b sequence differs slightly. MiRNA seeds are highlighted in bold.

1Plant and viral miRNA gene naming conventions differ slightly. Plant miRNA genes are of the form
ath-MIR123 with letter suffixes specifying distinct loci expressing same mature miRNAs and numeric suffixes are
not used. Viral miRNA names often relate to the locus from which the miRNA derives e.g. ebv-mir-BART1 from
the Epstein Barr virus BART locus (Griffiths-Jones et al., 2008).
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Chapter 1. History and Molecular Overview of microRNAs

1.2.2 Transcription and Nuclear Processing of Canonical microRNAs

Pri-miRNA transcription

MiRNA loci are transcribed by RNA polymerase II2 as part of several kilobase-long 5´-end
capped and 3´-end poly(A) tailed transcripts harboring one or multiple distinctive hairpin
structures named “pri-miRNA” or primary precursor for miRNA within which the mature miRNA
is embedded (Cai et al., 2004; Lee et al., 2004; Lee et al., 2002). Typically, a canonical pri-miRNA
is formed of a 33-35 bp double-stranded stem – including Watson-Crick pairing (A-U and C-G)
as well as some wobble base pairs (G-U, I-U, I-A, and I-C) – where a few mismatches or small
bulges are tolerated, an unstructured terminal loop and unstructured single-stranded flanking
segments (Han et al., 2006).

Fstl1
hsa-mir-198

Protein-coding transcript hosting an exonic miRNA locus 

Protein-coding transcript hosting intronic miRNA loci

hsa-mir-224/452
Gabre

Non-coding transcript hosting intronic miRNA loci

hsa-miR-15a/16-1
Dleu2

hsa-mir-137
Mir137hg

Non-coding transcript hosting an exonic miRNA locus
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FIGURE 1.3: Examples of genomic location of miRNA loci and sequence of pri-miRNA. Left:
miRNA loci can be categorized into four groups according to their genomic locations relative
to exon and intron positions. Gene illustrations are not to scale, black boxes indicate exons and
stem-loop structures represent miRNA loci. Right: Schematic of the pri-miRNA sequence of the
human miR-198. Straight line represents Watson-Crick pairing and dotted line wobble pairing.

MiRNA loci are often clustered in a same host gene and consequently produce a single
pri-miRNA with multiple hairpins, similar to a polycistronic transcriptional unit (Lee et al.,
2002). If we consider that within 50 kb of each other, neighboring miRNAs exhibit highly
correlated expression patterns (Altuvia et al., 2005; Baskerville et al., 2005), suggesting that
they derive from a polycistronic transcript, we can estimate that 55% of conserved miRNAs
in mammals form clusters3 (Chiang et al., 2010). Commonly, there are two to three miRNA
genes in a cluster but large clusters were also identified such as the conserved hsa-miR-17-92
cluster (six members) (Lagos-Quintana et al., 2001) or the imprinted human 14q32 cluster (forty

2If indeed most miRNA precursors are transcribed by RNA polymerase II, there are at least some viral miRNAs
transcribed by Pol III (Bogerd et al., 2010; Diebel et al., 2010).

3The database miRBase defines a miRNA cluster within a maximal distance of 10 kb between miRNA genes. In
actual fact, the term of a miRNA cluster has no clear definition..
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members) (Seitz et al., 2004). For simplification, miRNAs generated from a polycistronic pri-
miRNA are regarded as expressed from distinct miRNA loci in close proximity to each other.
Consequently, ∼500 miRNA loci in the human genome generate around ∼200 pri-miRNAs
(Chiang et al., 2010).

Maturation of pri-miRNA into pre-miRNA by the Microprocessor

Following transcription, pri-miRNA hairpins are cropped by an heterotrimeric complex com-
prising one DROSHA protein associated with two DGCR8 proteins (for DiGeorge syndrome
critical region 8 homolog; named PASHA in flies and nematode (Denli et al., 2004)), and known
as Microprocessor complex (Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004; Lee et
al., 2003). DROSHA is a RNase-III-type endonuclease, with one dsRNA-binding domain and
two Rnase III domains. Its binding domain secures the recognition of the basal junction of the
pri-miRNA stem while its RNase III domains act independently of each other: one cuts the 3´
strand at ∼22 bp away from the apical loop junction; the second cleaves the 5´ strand ∼11 bp
away from the basal junction (Han et al., 2006; Nguyen et al., 2015; Zeng et al., 2005). DGCR8
proteins recognize the apical region of the pri-miRNA and interact with the stem through their
two dsRNA-binding domains while stabilizing DROSHA-substrate interaction through their
DROSHA-binding domain (Han et al., 2006; Nguyen et al., 2015; Yeom et al., 2006). Recently,
novel stable components of Microprocessor have been identified: the Enhancer of Rudimen-
tary Homolog (ERH) (Fang et al., 2020; Kwon et al., 2020) and the Scaffold Attachment Factor
B2 (SAFB2) (Hutter et al., 2020). They are associated with DGCR8 and DROSHA respectively
and both facilitate efficient processing of sub-optimal hairpins in polycistronic pri-miRNAs4

(Fang et al., 2020; Hutter et al., 2020; Kwon et al., 2020). . Eventually, Microprocessor-induced
cleavages generate a 2-nt 3´ overhang hairpin with a 22 bp stem and 5´-phosphoryl and 3´-
hydroxyl ends (Basyuk et al., 2003; Lee et al., 2003) named “pre-miRNA” abbreviated of precur-
sor for miRNA.

Multiple sequence features also act as modules of interactions between Microprocessor and
the pri-miRNA by emphasizing the orientation of pri-miRNAs and facilitating Microproces-
sor binding. The apical UGU motif is recognized by DGCR8 at the apical loop and indirectly
favors the basal junction-DROSHA interaction by preventing DROSHA from binding to the
apical junction (Nguyen et al., 2015). The basal UG motif is directly recognized by DROSHA at
the basal junction and enforces accurate cleavage by DROSHA (Auyeung et al., 2013; Nguyen
et al., 2015). The mismatched GHG motif in the stem has been shown to be involved in ef-
ficient pri-miRNA maturation but its mechanism remains unknown (Fang et al., 2015; Kwon
et al., 2019). Finally, the CNNC motif at the 3´ flanking region of pri-miRNA associates with
SRSF3/SRp20, a splicing factor that recruits DROSHA to the basal junction of pri-miRNAs
(Auyeung et al., 2013; Kim et al., 2018). All of these primary sequences are not necessarily

4This phenomenon named “cluster assistance” is detailed in section 1.2.5
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required for proper pri-miRNA processing5. They act independently, to various extent, and
enhance both the efficiency and the accuracy of Microprocessor.

G
U
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U+1
22

-1

-1

-17 C
N
N
C

-14

-13

~22 bp upper stem~13 bp lower stem

5′

3′

Drosha 
cleavage sites

apical junctionbasal junction

Dicer 
cleavage sites

FIGURE 1.4: Primary and secondary structures of canonical pri-miRNAs. This schematic of
a pri-miRNA shows the structural regions involved in miRNA biogenesis machinery recogni-
tion and the short motifs required for proper miRNA maturation in humans. Small numbers
refer to established nucleotides position and arrows indicate DROSHA (red) and DICER (green)
cleavage sites.

1.2.3 Cytoplasmic Maturation of Canonical microRNAs

Nuclear export of pre-miRNA

Once isolated, the pre-miRNA hairpin is exported into the cytoplasm by a transport complex,
comprising the nuclear transport receptor protein exportin 5 (XPO5) with GTP-binding nuclear
protein RAN-GTP (Bohnsack et al., 2004; Kim et al., 2016; Lund et al., 2004; Yi et al., 2003). This
complex recognizes the 2-nt 3´ overhang structure and the double-stranded stem of the pre-
miRNA (Okada et al., 2009) and translocates it through a nuclear pore complex.

Processing of pre-miRNA into miRNA duplex by DICER

In the cytoplasm, the pre-miRNA is recognized by DICER and cleaved near the apical loop,
releasing a ∼22-bp miRNA duplex (Bernstein et al., 2001; Grishok et al., 2001; Hutvágner et al.,
2001; Ketting et al., 2001; Knight et al., 2001). DICER is a RNase-III-type endonuclease harbor-
ing two RNase III domains, a dsRNA-binding domain and, unlike DROSHA, a DExD/H-box
helicase domain, a DUF283 (Domain of Unknown Function) domain, and a Platform-PAZ-
connector (PAZ for Piwi/Argonaute/Zwille) domain. The helicase domain recognizes the
apical loop of the pre-miRNA (Gu et al., 2012; Tsutsumi et al., 2011) while the Platform-PAZ-
connector domain binds the 2-nt 3’ overhang and the 5’ phosphate end (Macrae et al., 2006;
Park et al., 2011; Tian et al., 2014). RNase III domains form a catalytic centre which cleaves pre-
miRNA ∼22-nt from the 5’ end of the precursor to produce a mature miRNA duplex with ∼2-
nt overhang on both ends (Lee et al., 2003; Park et al., 2011; Zhang et al., 2004). Like DROSHA,
human DICER is associated with double-strand RNA binding partners: TAR RNA-binding
protein or TRBP (Chendrimada et al., 2005; Haase et al., 2005; Lee et al., 2006) (Loquacious

5The described motifs are specific to human pri-miRNAs and are shared among mammals. In nematodes, these
features are unknown (Auyeung et al., 2013).
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for DICER-1 et R2D2 for DICER-2 in flies (Förstemann et al., 2005; Saito et al., 2005)) regu-
lates pre-miRNA cleavage accuracy (Kim et al., 2014; Wilson et al., 2015), and PACT, a human
paralog of TRBP, (Lee et al., 2013a; Lee et al., 2006), has been reported to bind DICER and to
influence pre-miRNA maturation but its exact role in miRNA biogenesis is still unknown and
questionned in human cell lines (Kim et al., 2014).

1.2.4 microRNA-Inducing Silencing Complex Formation

Once generated, the miRNA duplex is loaded into an Argonaute protein to initiate the as-
sembly of a ribonucleoproteic complex named miRNA-induced silencing complex or “miRISC”
(Hammond et al., 2001; Mourelatos et al., 2002). MiRISC loaded with a duplex RNA becomes
active miRISC after the removal of one of the two strands. The remaining strand is known
as the guide strand of the duplex or else the mature miRNA, while the ejected strand is the
passenger strand of the duplex formerly called miRNA* or miRNA star.

The family of Argonaute proteins – named from the appearance of the Arabidopsis thaliana
mutant which reminded the authors of a squid (Bohmert et al., 1998) – is divided into two
subclasses: the ubiquitously expressed AGO subclass associated with miRNAs and siRNAs
(e.g. AGO1 and AGO2 in flies6 and AGO1, AGO2, AGO3 and AGO4 in mammals) and the
germ-cell-specific PIWI subclass associated with piRNAs (e.g. PIWI, AUB and AGO3 in flies
and HIWI, HIWI2, HILI and PIWIL3 in humans) (Ozata et al., 2019)7.

AGO proteins are small-RNA binding proteins with a three-dimensional bilobal structure:
the N-terminal lobe is composed of an amino-terminal (N) domain and a PAZ (Piwi/ Arg-
onaute/ Zwille) domain, while the C-terminal lobe is formed of a MID (Middle) domain and
a PIWI (P element-induced wimpy testis) domain (Song et al., 2004; Wang et al., 2008). The
channel formed between the two lobes can accommodate a short single-stranded or double-
stranded RNA, with the 3´ hydroxyl group and 5´ phosphate of the guide strand binding to the
PAZ domain and to a pocket at the interface between the MID and PIWI domain respectively
(Elkayam et al., 2012; Nakanishi et al., 2012; Schirle et al., 2012). The PIWI domain adopts an
endoribonuclease RNase H fold that can catalyze the cleavage of an RNA strand (Liu et al.,
2004). Among the four human AGO proteins, this slicer activity has only been demonstrated
for AGO2 (Meister et al., 2004).

In humans, the loading of a miRNA duplex into AGO requires the ATP-dependent chaper-
one activity of Hsc70/Hsp90 (Iwasaki et al., 2010) and the polarity of duplex loading is thought
to be determine by AGO alone (Kobayashi et al., 2016). The 5´-end of the guide strand of the
duplex is recognized by AGO’s 5´ nucleotide-binding pocket and is followed by the accomo-
dation of the rest of the duplex into the channel. Because the binding of a 5´-phosphate end

6In flies, miRNA and siRNA duplexes are selectively loaded by AGO1 and AGO2 respectively (Tomari et al.,
2007).

7In eukaryotes, a third subclass of AGO proteins could be defined: the worm-specific WAGO proteins associated
with secondary siRNAs termed 22G-RNAs (Almeida et al., 2019).
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bends the RNA strand and unpairs the first nucleotide of the 5´-end, the guide strand is dis-
tinguished by its relative thermodynamic stability: the strand with the less stable 5´ would be
more easily anchored in AGO and consequently functions as the guide (Ma et al., 2005; Parker
et al., 2005). Following, the miRNA duplex is partially unwound through active wedging by
the N-domain of the 3´-end of the guide strand (Kwak et al., 2012; Wang et al., 2009). Thus, the
guide strand is thorougly anchored in the channel of AGO by both ends whereas the passenger
strand has no specific interaction with the protein and is partially unpaired. This results in a
passive ejection of the unstable strand due to structural constraints by various domains of the
AGO protein (Kawamata et al., 2009; Kawamata et al., 2011; Yoda et al., 2010).

FIGURE 1.5: Structures of human AGO2 associated with a guide RNA. The nucleic acid-
binding channels are highlighted with dotted lines. The guide RNA is colored in red and de-
picted as a ribbon model. The disordered parts of the guide are shown as dotted lines. Adapted
from Nakanishi, 2016.

1.2.5 Non-Canonical microRNA Biogenesis Pathways

The microRNA biogenesis pathway described above generates the vast majority of miRNAs,
also known as canonical miRNAs. Alternative mechanisms bypass Microprocessor or DICER
processing and produce functional non-canonical miRNAs (Babiarz et al., 2008; Kim et al.,
2016). It is remarkable that most non-canonical miRNAs – except miR-451 – are poorly con-
served in evolution and much less abundant than canonical ones, which tempers their func-
tional importance (Bartel, 2018).

Microprocessor-independent mirtrons

As we mentionned in section 1.2.1, miRNA loci are often nested in intronic regions of coding
or non-coding genes. The expression of intronic miRNAs and their host gene mRNA is over-
all positively correlated (Baskerville et al., 2005), however the relationship between miRNA
transcription-splicing-microprocessing is not completely understood, oscillating between in-
dependence (Kim et al., 2007), cooperation (Janas et al., 2011; Kataoka et al., 2009; Morlando
et al., 2008) and competition (Agranat-Tamir et al., 2014). It appears that usually, miRNA crop-
ping by Microprocessor occurs during ongoing transcription (Morlando et al., 2008) or after
transcription and precedes splicing events (Bracht et al., 2004; Kataoka et al., 2009; Kim et al.,
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2007), even facilitates intron degradation (Janas et al., 2011; Morlando et al., 2008) or trans-
splicing8 in flies and nematodes (Bracht et al., 2004; Kataoka et al., 2009).

A subclass of intronic miRNAs named “mirtrons” were identified first in flies and nema-
todes (Okamura et al., 2007; Ruby et al., 2007) then also observed in mammals (Berezikov
et al., 2007). Mature miRNAs generated from mirtrons map to the end of short introns (>
100 nt) predicted to fold into a Microprocessor-insensitive hairpin structure since it comprises
only the miRNA duplex region flanked by splicing junctions and the variable-length terminal
loop, and lacks the lower stem of 11 nt required for Microprocessor recognition. In details,
these pre-miRNA-sized short introns are not Microprocessor substrate, instead they are di-
rectly spliced and adopt a lariat structure in which the 5´ splice junction is covalently linked to
the 3´ branch point. The lariat can be debranched by a lariat-debranching enzyme resulting in
a 5´-end phosphate and 3´-end hydroxyl single-strand sequence (Padgett et al., 1984; Ruskin et
al., 1985) which spontaneously folds into a hairpin structure with a 2-nt overhang, mimicking
a canonical pre-miRNA. The obtained pre-miRNA-like species converges with the canonical
miRNA pathway and is transferred to the cytoplasm by XPO5 where it is further processed by
DICER to produce a functional mature miRNA.

5´ and 3´ tailed mirtrons have also been identified, located at one end of the intron instead
of ending precisely with splice donor or splice acceptor sites. For example, with a 3´ tailed
mirtron, its 5´-end matches the 5´ splice donor and its 3´-end is followed by and unstructured
region. Such mirtron intermediates are subjected to tail resection by unclear mechanisms and
thus converge with the canonical miRNA biogenesis (Wen et al., 2015).

~22 bp stemcoding exons

5′

3′
splice junctions

Dicer 
cleavage sites

GA

GURAGU

FIGURE 1.6: Primary and secondary structures of mirtron pri-miRNAs. This schematic shows
the structural regions involved in splicing and miRNA biogenesis machineries recognition and
the motifs required for splicing in humans. Arrows indicate the spliceosome (purple) and DICER
(green) cleavage sites.

Microprocessor and XPO5-independent 5´-capped miRNAs

For some miRNAs, including miR-320 and miR-484, transcription is coupled with early ter-
mination and results in a short capped 5´-end and RNA pol II-terminated 3´-end nascent
transcript that folds into a pre-miRNA-like structure (Xie et al., 2013). Unlike canonical pre-
miRNA, such miRNAs are 5´-capped thereby XPO5-insensitive. They are instead exported
to the cytoplasm by the PHAX-XPO1 (Phosphorylated Adaptor for RNA export-dependent
Exportin 1) pathway (Xie et al., 2013). Surprisingly, 5´-capped pre-miRNAs are efficiently pro-
cessed by DICER, but the 5´-cap prevents AGO anchoring of the strand, thus mature miRNA

8Exons from two distinct pre-mRNA fragments are joined and spliced by the spliceosome (Dye et al., 2006;
Lasda et al., 2011).
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from such precursors are restricted to the 3´-strand (Babiarz et al., 2008; Chong et al., 2010;
Kim et al., 2016; Xie et al., 2013).

DICER-independent miR-451

MiR-451 is an erythropoietic miRNA highly conserved in vertebrates (Patrick et al., 2010; Ras-
mussen et al., 2010) produced from an unusual 41–42-nt pre-miR-451 hairpin with a highly
structured 17-nt stem region, too short to be cleaved by DICER. Instead, pre-miR-451 is di-
rectly loaded into AGO proteins. When loaded into AGO2, the only AGO with an active
endonucleolytic activity in vertebrates, pre-miR-451 hairpin is sliced in the middle of its 3´-
strand, which produces a 30-nt intermediate RNA (Cheloufi et al., 2010; Cifuentes et al., 2010;
Yang et al., 2010). PARN, a Poly(A)-specific 3´-to-5´ exonuclease, further trims the 3´-end of
this intermediate to produce the mature 23-nt-long form of miR-451 (Yoda et al., 2013).

MiR-451 is transcribed from a polycistronic locus together with miR-144 and despite its
poor structural features, miR-451 is one of the most highly expressed miRNAs in erythroblasts
and erythrocytes, exceeding the abundance of miR-144, while this latter is produced from a
canonical hairpin structure (Juzenas et al., 2017). An explanation could be a compensation
mechanism called cluster assistance and described by Fang and Bartel (Fang et al., 2020). They
demonstrated that defective miRNA hairpins (e.g. miR-451) could be efficiently processed if
they are in the vicinity of a hairpin that can be efficiently processed on its own (e.g. miR-144).
This mechanism would be conserved in mammalian and may require ERH and SAFB2 (Fang
et al., 2020; Hutter et al., 2020; Kwon et al., 2020).

TUT-dependant miRNAs

A few miRNAs, such as let-7 and miR-105 family in vertebrates, are mainly generated from
non-standard DROSHA-cleaved pre-miRNAs with a 1-nt 3´ overhang. These shorter forms
are not recognizable for the following maturation steps as seen, and are restored through 3´-
end mono-uridylation catalyzed by Terminal Uridylyl Transferases (TUTs), including TUT2,
TUT4 and TUT7 (Heo et al., 2012; Kim et al., 2015).
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FIGURE 1.7: Biogenesis of canonical and non-canonical miRNAs. Most miRNAs are produced
by the canonical miRNA biogenesis pathway,in the center of the figure, and the divergent steps
of non-canonical miRNA synthesis pathways are shown alongside for comparison.
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1.3 Molecular Mechanisms of microRNA-Mediated Gene Silencing

1.3.1 Principles of microRNA Targeting

As mentioned in section 1.1, it soon became apparent that miRNAs recognize target mRNAs by
base-pairing with conserved regulatory elements mostly located in the 3´-UTR of transcripts.
However, in metazoans, such interaction does not necessarily involve a perfect complemen-
tarity, as illustrated by lin-14:lin-4 and let-7:lin-41 bulged duplexes, which complexify the def-
inition and the identification of genuine miRNA-responsive elements (MRE).

For further information, methods of miRNA targets identification are detailled in Mockly
et al., 2019, introduced in section 3.1.1.

The notion of miRNA seed

Complementarity between miRNAs and known regulatory elements or validated miRNA tar-
gets located in 3´-UTR of transcripts revealed that target site sequences tend to perfectly base-
pair with the 5´-end of the miRNA, especially with nucleotides 2 to 8 (Lai, 2002; Stark et al.,
2003). This region of the miRNA was also shown to be the most conserved among homologous
miRNAs (Lewis et al., 2003; Lim et al., 2003) and reciprocally, MRE residues complementary
to nucleotides 2 to 8 at the 5´-end of the miRNA are strongly conserved in orthologous species
(Stark et al., 2003). Altogether, the miRNA 5´-end seemed critical for miRNA targeting and
since have been referred to miRNA residues 2 to 8 as the miRNA seed (Lewis et al., 2003). This
finding has been reinforced by in vivo and in cellulo assays for target site regulation by arti-
ficial miRNAs or endogenous miRNA overexpression or knockdown (Brennecke et al., 2005;
Giraldez et al., 2006; Lim et al., 2005; Rodriguez et al., 2007). Consistent with the pairing eval-
uation and evolutionary conservation, such experiments indicate that complementarity to the
miRNA seed is generally sufficient to promote in vivo miRNA-mediated regulation and that
mRNAs containing seed matches tend to either decrease upon miRNA addition or increase
upon miRNA disruption.

Structural analysis of miRISC provides an explanation for the importance of the miRNA
seed sequence in miRNA targeting. As described in section 1.2.4, AGO accommodates the
guide miRNA in a central channel and thereby modulates the accessibility of the different re-
gions of the miRNA. This conformation creates a seed chamber where nucleotides 2 to 7 at
the 5´-end of the miRNA are arranged in a helical conformation with nucleotides 2 to 4 ex-
posed and accessible for the initial stable target pairing (Nakanishi et al., 2012; Schirle et al.,
2012; Schirle et al., 2014). It also form a supplementary chamber in which up to 5 nucleotides,
preferentially around nucleotides 13 to 16, can pair an additional region of the mRNA target.
These two chambers are separated by a narrow central gate which prevents targets from in-
teracting with the miRNA central region, around nucleotides 9 to 11 (Sheu-Gruttadauria et al.,
2019). Likewise, both extremities of the miRNA do not participate in target pairing because of
threading through narrow clefts and their ends anchored within AGO (Nakanishi et al., 2012;
Schirle et al., 2012). Like so, the miRNA sequence is compartimentalized into the following
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subdomains: the 5´ anchor (nt 1), the seed (nt 2-7), the center (nt 8-12), the 3´ supplementarity
(nt 13-16) and the tail sequence (nt 17-end of the miRNA) (Wee et al., 2012). Interestingly, the
term seed was given to reflect the idea that target pairing is initiated from the seed and could
then spread to other segments of the miRNA (Bartel, 2004).

Canonical and non-canonical miRNA target sites

The Bartel lab, which coined the term of miRNA seed9, has been particularly involved in the
characterization of miRNA targeting. In particular, they provide a web resource, TargetScan
(http://www.targetscan.org/), for MRE prediction based on a statistical model that consider
multiple features (miRNA sequence, MRE sequence, MRE conservation of mRNA sequence
around the MRE) (Agarwal et al., 2015). From the analysis of preferentially conserved miRNA-
pairing motifs, they propose to distinguish three types of MREs (Bartel, 2009; Bartel, 2018;
Friedman et al., 2009): canonical sites, atypical canonical sites and noncanonical sites.

Canonical miRNA target sites correspond roughly to perfect seed pairing with various
flavors. In order of decreasing preferential conservation and efficacy:

• 8mer: Watson-Crick pairing to miRNA nt 2 to 8 + an A opposite to miRNA nt 1
• 7mer-m8: Watson-Crick pairing to miRNA nt 2 to 8
• 7mer-A1: Watson-Crick pairing to miRNA nt 2 to 7 + an A opposite to miRNA nt 1
• 6mer: Watson-Crick pairing to miRNA nt 2 to 7
• offset 6mer: Watson-Crick pairing to miRNA nt 3 to 8

The identity of the nucleotide opposite to miRNA nucleotide 1 (relative to its 5´-end) appears
to be biased with a preference for A, regardless the miRNA sequence (Lewis et al., 2005).
Nucleotides A at the first position of miRNAs are specifically bound by a narrow pocket of
AGO, providing an additional anchor that favors miRISC interaction with seed-matched sites
(Schirle et al., 2015).

FIGURE 1.8: Canonical sites of mammalian miRNAs. From Bartel, 2018.

Atypical canonical miRNA target sites refer to perfect seed-matched sites associated with
a 3´-supplementary Watson-Crick pairing centered on nucleotides 13 to 16 (Grimson et al.,
2007). This additional pairing enhances the efficacy of seed-matched sites (Brennecke et al.,

9According to Bartel’s terminology, the seed refers to nucleotides 2-7 at the 5´-end of the miRNA while the “seed
region” or “extended seed” refers to nucleotides 2-8 (Bartel, 2018).
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2005; Grimson et al., 2007). Noncanonical miRNA target sites include imperfect seed-matched
sites associated with 3´-compensatory sites, also centered on nucleotides 13 to 16 (Friedman
et al., 2009). An other type of noncanonical MRE are centered sites, that lack both perfect seed-
match and 3´-compensatory pairing. Instead they exhibit at least 11 contiguous nucleotides
that pair to a miRNA at positions 4-14 or 5-15 (Shin et al., 2010). Nevertheless, in term of
abundance and selective conservation, atypical and non-canonical MREs are patently inconse-
quential (Friedman et al., 2009) as they constitute 5% and less than 1% of all MREs respectively
(Bartel, 2009).

FIGURE 1.9: Atypical and non-canonical sites of mammalian miRNAs. From Bartel, 2018.

MRE localization in transcriptional units

The search for novel MREs was first focused on 3´-UTRs based on initially reported miRNA
targets. However, another point that justifies the preferential computational investigation
within this region of mRNAs - by comparison with coding sequences - is that 3´-UTRs as a
whole is not fully conserved and instead exhibit limited selectively conserved regions easily
detectable from background. In this way, search for selective conservation can be combined
with seed matching (Friedman et al., 2009; Krek et al., 2005; Lewis et al., 2003). Eventually, un-
supervised computational and experimental identification of miRNA binding sites reveals that
miRNAs interact more frequently or more effectively with 3´-UTRs than with other regions of
mRNAs (Chi et al., 2009; Hafner et al., 2010; Lewis et al., 2005; Lim et al., 2005; Zisoulis et al.,
2010). In addition, MREs have been shown to be more effective when located in not-translated
regions, preferentially near both ends of the 3´-UTR but at least 15 nt after the stop codon
(Grimson et al., 2007).

1.3.2 microRNA-Mediated Gene Silencing

In animals, two distinct mechanisms contribute to miRNAs’ overall gene silencing effect: a
cap-dependent repression of translation initiation and an mRNA decay following deadenyla-
tion and decapping. The relative importance of each effect depends on cellular context: devel-
opment stage, cell type, growth condition, the concentration of miRISC components, number
and proximity of MRE, or translational state of the target. Genome-wide measurements on
protein and mRNA levels as well as ribosome profiling estimate that mRNA destabilization
explains 66 to 90% of steady-state miRNA-mediated repression (Baek et al., 2008; Eichhorn
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et al., 2014; Guo et al., 2010; Hendrickson et al., 2009; Selbach et al., 2008). As a consequence,
target mRNA levels can provide a good approximation of miRNA-directed silencing.

In terms of dynamics, translational repression was shown to occur prior to mRNA dead-
enylation and decapping (Béthune et al., 2012; Djuranovic et al., 2012). Recent preprints
present single-molecule visualizations of each step of miRNA-mediated gene silencing in cel-
lulo and establish that miRISC induces the repression of target mRNA translation within 30
min after binding and mRNA decay within 60 min after binding (Cialek et al., 2021; Kobayashi
et al., 2021).

The interplay between components of the miRISC silencing machinery

The minimal miRISC, composed of the mature miRNA loaded into AGO, establishes the recog-
nition and stable interaction with MREs but is not able on its own to mediate poly(A)-dependent
target destabilization or cap-dependent translation inhibition. Instead, AGO binds the protein
TNRC6 (exists as three paralogs TNRC6A/B/C in mammals; named GW182 in flies and AIN1
and AIN2 in nematodes), which acts as a hub to recruit effector proteins (Ding et al., 2005; Jonas
et al., 2015). TNRC6 proteins are characterized by an N-terminal AGO-binding domain and
a C-terminal silencing domain, both unstructured domains displaying multiple tryptophan-
containing motifs which mediate proteic interactions (Lazzaretti et al., 2009; Takimoto et al.,
2009; Till et al., 2007). TNRC6 recruits a number of effector proteins including the poly(A)-
Binding Protein (PABP) and the deadenylase complexes CCR4-NOT and PAN2-PAN3 (Jonas
et al., 2015).

PABP proteins coat the mRNA 3´ poly(A) tail and simultaneously bind to the 5´ cap-
associated eukaryotic initiation factor complex (eIF4F)10 via its subunit eIF4G (Kahvejian et
al., 2005), directing the interaction between the mRNA 3´ poly(A) tail and its 5´-cap. This
circularization of mRNAs is essential for the recruitment of ribosomes, and thus for the trans-
lation of mRNAs in the cytoplasm (Gingras et al., 1999). In a miRNA-independent manner,
PABP is also directly involved in recruiting deadenylases to the mRNA by directly binding the
PAN3 subunit of the deadenylase complex PAN-PAN3 and indirectly the CCR4-NOT complex
(Mauxion et al., 2009; Siddiqui et al., 2007).

The interaction between TNRC6 and PABP increases accessibility of the poly(A) tail to
deadenylase complexes recruited by TNRC6 by bringing them closer, but also by promoting
the displacement of PABP (Moretti et al., 2012) thereby leaving the poly(A) tail accessible and
disrupting mRNA circularization which may facilitate both translational repression and dead-
enylation (Fabian et al., 2009; Huntzinger et al., 2010; Zekri et al., 2013). However, if PABP
proteins promote miRNA-mediated silencing, they seem to not be a prerequisite for miRISC
activity since miRNAs can still silence mRNA reporters lacking poly(A) tails, at least in some
models (Fukaya et al., 2011; Mishima et al., 2012).

10The eIF4F complex is composed of three subunits: the DEAD-box RNA helicase eIF4A, the cap-binding protein
eIF4E, and the scaffold protein eIF4G which interact with both eIF4E and eIF4A (Gingras et al., 1999).
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The CCR4-NOT complex is obviously involved in deadenylation of target mRNAs but
also contributes to translational repression (Kuzuoğlu-Öztürk et al., 2016; Mathys et al., 2014)
through the direct and indirect recruitement of proteins promoting mRNA decapping and cap-
dependent translation inhibition (Jonas et al., 2013; Nishimura et al., 2015; Ozgur et al., 2015).
The central interactions that have been deciphered for now are the direct binding of DDX6
by the CCR4-NOT complex (Chen et al., 2014a; Mathys et al., 2014; Rouya et al., 2014) which
triggers the exclusive recruitment of the eiF4e-binding protein (4E-T) by DDX6 (Ozgur et al.,
2015). 4E-T was supposed to compete with eIF4G for binding to eIF4E, and in this way, se-
quester eIF4E and block translation initiation. However, tethered 4E-T are still able to repress
translation when eIF4E-binding is prevented by mutagenesis (Kamenska et al., 2014; Waghray
et al., 2015) while a defection of miRNA-directed mRNA decay is observed (Nishimura et al.,
2015). Thus, 4E-T may promote translation inhibition by displacing the eIF4F complex from the
cap but through an eIF4E-independent mechanism, as well as mRNA decay by contributing
to the proximity between the miRISC machinery and the mRNA 5´ cap through its interaction
with eIF4E.

To synthetize, miRNA-directed gene silencing involves an interplay between components
of the miRISC machinery that is still extensively investigated. In this attempt to present the
main characterized units of miRISC and their function, some recently identified effectors were
eluded among which a novel identified TNRC6 interactor, GIGYF2 (Schopp et al., 2017), and
a eIF4E homolog which interacts with 4-ET, 4EHP (Chapat et al., 2017; Chen et al., 2017). For
further information about these additional factors of miRNA-mediated silencing and other
models under investigation, the reader is adviced to turn to the following review: Duchaine
et al., 2019.

Despite grey areas, the miRISC-induced regulatory events can be simplified in four steps.
First, miRISC inhibits the cap-dependent initiation of the translation via the CCR4-NOT complex–
DDX6–4E-T interplay in a deadenylation and eIF4E-independent manner. Secondly, miRISC
mediates mRNA deadenylation by the CCR4-NOT and PAN2-PAN3 deadenylase complexes.
Thirdly, the shortening of the poly(A)tail induces mRNA decapping by multiple proteins re-
cruited by the CCR4-NOT complex or TNRC6, including the decapping complex DCP1-DCP2
(Nishimura et al., 2015). Eventually, deadenylated and decapped transcripts are degraded by
the 5´-to-3´ exoribonuclease 1 (XRN1) (Chen et al., 2011).
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FIGURE 1.10: Model of miRNA-mediated gene silencing. The four steps of miRNA-mediated
gene silencing with the involved protein actors are represented. A color code defines the primary
function of represented proteins: cap destabilization in green; deadenylation in red; mRNA
decapping in blue, 5’-to-3’decay in purple; miRISC central platform in yellow; cap- and tail-
binding proteins in grey. PABP borders are dotted to illustrate its displacement from the poly(A)
tail. AGO is not colored and a red strand represents the mature miRNA. The coding region of
the mRNA is depicted with ribosomes between a start and an end codon. The cap structure is
shown as a black roll and the poly(A) tail is indicated.

RNAi-like target slicing

In metazoans, miRNAs can act as siRNAs in cases of highly or perfect complementarity (Sa-
lomon et al., 2015; Wee et al., 2012) and mediate slicing of the target transcript at a stereotypical
position (Elbashir et al., 2001; Hutvágner et al., 2002). The endonucleolytic cleavage of the tar-
get strand occurs at the position facing nucleotides 10 and 11 of the miRNA and is catalyzed by
an AGO protein with active endonucleolytic activity, typically AGO2 in mammals (Liu et al.,
2004; Meister et al., 2004). Thus, target mRNAs perfectly complementary to miRNAs loaded
into AGO2 in mammals are aimed to be sliced. But because such widely extensive interactions
between miRNAs and their targets are not common compared with seed-matched pairings,
very few examples of miRNA-directed cleavage targets have been reported in animals. In
mammals, the only known examples are 20 cellular transcripts (Shin et al., 2010) of which
Hoxb8 (targeted by miR-126) (Yekta et al., 2004), Rtl1 (targeted by AntiPeg11-hosted miRNAs)
(Davis et al., 2005; Seitz et al., 2004); a circular RNA (Hansen et al., 2011) and few viral mRNAs
(Barth et al., 2008; Sullivan et al., 2005).
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Chapter 2

Dynamics and Physiological Relevance
of microRNAs

2.1 Physiological Importance of microRNA Abundance and Func-
tion in Metazoans

Because the impact of miRNAs on biological pathways directly depends on their targets, the
identification of every direct target mRNA of a miRNA should allow predicting its function.
For this purpose, various experimental and computational methods have been developed
over the years to detect or predict physical interactors for miRISC – reviewed in Mockly et
al., 2019, cf. section 3.1.1. Because, among other things, the interaction between the miRISC
and a mRNA is based on conserved short sequence pairing, such strategies report a myr-
iad of potential miRNA-regulated transcripts. In general, it is admitted that over 60% of hu-
man protein-coding genes are conserved physical targets of miRNAs, from computational ap-
proaches (Friedman et al., 2009). Likely even more according to experimental approaches,
which include non-canonical and non-conserved MREs (Grosswendt et al., 2014; Helwak et
al., 2013), suggesting that miRNAs influence essentially all biological processes in animals.

2.1.1 Global Effect of microRNAs on Development and Homeostasis

The importance of miRNAs in animal development and homeostasis has long been admitted
since the first discovered miRNAs in C. elegans are required for proper developmental tempo-
rality. Nevertheless, to study the contribution of the miRNA-mediated silencing to other bio-
logical processes, deletion of the miRNA biogenesis factors DICER, DROSHA, DGCR8, and of
the miRNA-associated protein AGO have been generated in various model organismss.

Interestingly, the zygotic repression of miRNA biogenesis during development does not
equally impair all metazoans. Particularly in C. elegans, DROSHA- and DICER-deficient an-
imals could reach the adult state and exhibit germline defects that lead to sterility (Denli et
al., 2004; Ketting et al., 2001; Knight et al., 2001). While in D. melanogaster, zebrafish and mice,
DGCR8 or DICER deletion causes embryonic or larval lethality (Bernstein et al., 2003; Giraldez
et al., 2005; Martin et al., 2009; Wang et al., 2007; Wienholds et al., 2003). This irregular response
of metazoans to global miRNA inhibition is explained by a differential maternal contribution
which compensates zygotic protein depletion. Indeed, the maternal removal of DICER or
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DROSHA/DGCR8 has been shown to exacerbate embryonic lethality in zebrafish (Giraldez
et al., 2005) and to cause embryonic lethality in nematodes (Dexheimer et al., 2020; Lehrbach
et al., 2012). Finally, the deletion of miRNA-loading Ago genes induce embryonic arrest dur-
ing morphogenesis in every model animals, including nematodes, flies and mice (Alisch et al.,
2007; Kataoka et al., 2001; Morita et al., 2007; Vasquez-Rifo et al., 2012). Altogether, these re-
sults agree with the importance of the miRNA activity in animal developement. However, it
should not be omitted that the inactivation of DICER, DROSHA, DGCR8 or AGO has other
consequences in addition to impairing the miRNA biogenesis, including to affect the endo-
siRNA pathway (Chung et al., 2008; Claycomb, 2014; Czech et al., 2008; Ghildiyal et al., 2008;
Kawamura et al., 2008; Tam et al., 2008; Watanabe et al., 2008) and the non-miRNA DROSHA
substrate processing (Chong et al., 2010). However, this consideration is minimized by the
overlap of phenotypes caused by the removal of these different components of the miRNA-
pathway and collectively, they demonstrate the requirement of miRNAs for animal develop-
ment.

Similarly, the extent of the post-developmental miRNA-mediated silencing in tissue home-
ostasis has been mainly investigated by conditional ablation of Dicer, Drosha, Dgcr8 or Ago
genes in vivo (Chong et al., 2008; Huang et al., 2012; Hébert et al., 2010; Kanellopoulou et al.,
2005; Kobayashi et al., 2015). Recently, the Ventura lab has developed a genetically engineered
mouse strain in which the miRISC complexing is reversibly disrupted based on the inducible
expression of a TNRC6 competing peptide (La Rocca et al., 2021). In accordance with prior
results, they found that the miRNA pathway is not essential for functionality in standard con-
ditions for most adult tissues, except for the heart and the skeletal muscle. However, it could be
required under exogenous stress, as demonstrated in the intestine and hematopoietic system,
where it becomes essential for tissue regeneration following acute injury. These results empha-
size the role of miRNAs as part of the cellular response to external and internal perturbations.
They also suggest that, whether some miRNAs are necessary for proper morphogenesis, most
miRNAs may be physiologically relevant only in sensitized genetic backgrounds or upon en-
vironmental perturbations at post-developmental stages, rather than in laboratory-controlled
conditions, making their identification more challenging.

2.1.2 Physiological Contribution of Individual microRNAs

While miRNAs have been shown to be collectively essential in animals, the physiological
function of individual miRNAs is more difficult to establish and requires the generation of
collections of miRNA knockout animals. In nematodes, mutants for 95 miRNA loci (out of
151 according to MiRGeneDB) have been phenotypically characterized for obvious viability
or development defects and have revealed that most miRNAs are not vital in a lab-controlled
environment (Miska et al., 2007). Similarly, in flies, in vivo miRNA ablations of 130 individual
miRNAs (out of 177) have demonstrated that only bantam, miR-1, miR-190 and miR-279/996
are essential for survival while most miRNA mutants leads to less evident phenotypic defects
in tissue development and adult behavior (Chen et al., 2014b). Finally, in mice, the gener-
ation of conditional miRNA knockout mutants (Park et al., 2012) and independent studies
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of miRNA-deficient animals (reviewed in Bartel, 2018) have revealed modest functions in a
broad diversity of tissues and biological processes but primarily for the most conserved mam-
malian miRNA families, while individual miRNAs are not commonly indispensable. This
observation could be explained by the functional redundancy among miRNA family mem-
bers, i.e. miRNAs which share the same seed. Because the main feature for miRNA targeting
is the seed sequence, members of a miRNA family would inevitably silence the same range
of targets and compensate the loss of one family member. For example, in mice, the miR-34a
family is composed of six members and while the deletion of the whole family leads to high
postnatal mortality, with surviving animals displaying an array of phenotypes associated with
defective ciliogenesis, mice carrying targeted deletions of single genes of the miR-34 family
are viable and phenotypically normal (Song et al., 2014). However, in C. elegans, among the
23 known miRNA families, mutant animals for 12 families do not exhibit phenotypic defects
even when subjected to a broad panel of phenotypical characterization (Alvarez-Saavedra et
al., 2010). This suggests that most miRNA families, at least in nematodes, might have subtle
functions and require appropriate models to be studied, such as genetically sensitized back-
grounds (Brenner et al., 2010).

Unsurprisingly, the severity of miRNA knockouts seems correlated with the conservation
of miRNA families in evolution (Bartel, 2018). For instance, the most conserved miRNAs
among bilaterian animals are, for more than 80% of them, associated with severe abnormal
knockout phenotypes in mice, including early lethality, reduced viability and developmental
disorders. Additionally, in mammalian miRNAs conserved to fish, 62% have been associated
with an abnormal knockout phenotype in mice. In the review Bartel, 2018, an enumeration of
abnormal phenotypes observed after deletion is presented for ∼100 murine miRNA families,
and emphasizes the diversity of observable defects including: “reduced viability, fatal neurologi-
cal disorders, infertility, blindness, deafness, immune disorders or cancer”. Furthermore, the murine
model permits to adress the importance of miRNAs for proper development or maintenance of
specific organs (“skeleton, teeth, brain, eyes, neurons, muscle, heart, lungs, kidneys, vasculature, liver,
pancreas, intestine, skin, fat, breast, ovaries, testes, placenta, thymus, and each hematopoietic lineage”),
the regulation of cellular processes (“axon sprouting, synapse formation and function, mitotic spin-
dle orientation, polyploidization, ciliogenesis, and diverse functions in various hematopoietic lineages”),
physiological processes (“cardiac conduction, blood pressure, lipid or cholesterol metabolism, insulin
production, pituitary function, mobilization of glycogen, Abpeptide degradation, bone resorption, fibro-
sis, and the overall growth of embryos or pups”), and finally, in the response to various diseases,
infections and in the propensity to develop cancers.

Consequently, among the most studied animal organisms, C.elegans, D. melanogaster and M.
musculus, most of the miRNA families exert a moderate regulation on cell- or tissue-specific
phenotypes but are dispensable in standard conditions, while the very most conserved are
required for animal development or viability.
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2.1.3 Abnormal Regulation and Function of microRNAs in Cancer

Neoplastic transformation is caused by the accumulation of genetic lesions that ultimately
impair signaling pathways (cell cycle checkpoint induction, DNA repair, induction of cell
death. . . ) and convert normal cells into tumor cells with uncontrolled proliferation and sur-
vival, unlimited replicative potential, and invasive growth (Hanahan et al., 2011). Because
miRNAs are part of various developmental and homeostatic processes in a tissue-specific man-
ner, their mutational status may have an impact on tumorigenesis. Their expression profiles
are indeed altered in almost all types of cancer compared with healthy tissue (Lu et al., 2005;
Volinia et al., 2006). Interestingly, miRNA expression profiles are particularly informative, by
comparison with mRNA profiles, and reflect the tissue of origin and the differentiation state
of the tumors (Ferracin et al., 2011; Lu et al., 2005; Rosenfeld et al., 2008). Therefore, miRNAs
have emerged as potential biomarkers for cancer diagnosis.

An example of miRNAs presumed to act as a oncogenic miRNA is the miR-17∼92 cluster,
located at chromosome 13q31, a region amplified in the Burkitt’s lymphoma, diffuse large B-
cell lymphoma (DLBCL), follicular lymphoma, mantle cell lymphoma and lung cancer (Ota et
al., 2004), and overexpressed in a large cohort of human B-cell lymphomas and multiple solid
tumor types (He et al., 2005; Lu et al., 2005; Volinia et al., 2006). Furthermore, in vivo dele-
tion of mir-17∼92 in mice results in postnatal lethality with multiple developmental defects,
including lung hypoplasia and ventricular septal defect, as well as in the direct derepression
of the pro-apoptotic protein BIM (Ventura et al., 2008). It should be notated that the mir∼17-
92 cluster produces a polycistronic transcript that generates six individual mature miRNAs,
including miR-17, 18a, 19a, 20, 19b, and 92a which belong to four distinct miRNA families,
miR-17 (including miR-17 and 20), miR-18, miR-19 (including miR-19a and 19b), and miR-92
family. It is thus conceivable that the distinct biological effects of all four miRNA families col-
lectively contribute to the oncogenic activity of the mir-17∼92 polycistron.

Following the assumption that some miRNAs may directly contribute to neoplastic trans-
formation through the derepression of pro-oncogenic factors, or on the contrary be involved
in the activation of tumor-suppressor pathways, the cancer field early started investigating the
potential of miRNAs therapeutics. More precisely, miRNA mimics and antimiRs are estimated
as promising treatments to, respectively, replenish tumor-suppressor miRNAs, or suppress
oncogenic miRNAs (Rupaimoole et al., 2017).

However, if miRNAs are rising biomarkers for the profiling of cancer subtypes and could
be helpful for this matter, the function of individual miRNAs in cancer is more questionable.
Specifically, studies querying miRNA functions by overexpressing or silencing specific miR-
NAs have yielded data often at odds with those collected from knockout models. An illus-
tration of this issue is presented in section 3.3.2. To date, the miRNA literature is particularly
contaminated by papers reporting the role of some miRNAs in some cancer models through
the regulation of any tumor-suppressor or pro-oncogenic gene (Byrne et al., 2020). A simple
way to observe this problematic phenomenon is to submit a random human miRNA name in
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miRBase and inspect the word cloud illustrating the “Literature search”: the term “cancer”
almost always appears.

2.2 Regulation Mechanisms of microRNA Abundance

As illustrated by the tightly regulated temporal expression of lin-4 and let-7, most miRNAs
have well-defined temporal and cell-type-specific expression patterns, while others tend to
be more ubiquitous (Landgraf et al., 2007; Lee et al., 2008). In either case, because miRNA
cellular abundance results from the balance between miRNA biogenesis and decay, spatial
and temporal patterns of miRNA distribution depend on the regulation at both levels.

2.2.1 Dependance Between microRNA Levels and Function

Current high-throughput sequencing technologies are highly sensitive and can amplify even
traces of miRNAs. Usually, hundreds of individual miRNAs are detected by cell type, and an
unfortunate mistake is to consider that all of them are potentially functional. Instead, miRNA-
mediated post-transcriptional repression is highly dependent on miRNA concentration and
target abundance (Mullokandov et al., 2012). To present a general idea, according to Mullokan-
dov and colleagues, the majority of miRNAs or miRNA families (>80% in the given example)
mediate substantial regulation of a natural target when expressed above 1,000 reads per mil-
lion (RPM)1. Consequently, for a given cell type, only the most highly expressed miRNAs are
able to significantly induce RISC-directed gene silencing.

2.2.2 Dynamics of microRNAs

Recent papers provide accurate measurements of miRNA production, loading, and decay rates
in Drosophila cells (S2 cells) and murine cells (contact-inhibited MEFs, dividing MEFs, and
mouse embryonic stem cells) (Kingston et al., 2019; Reichholf et al., 2019). Both methods are
based on metabolic labeling of newly synthesized RNAs followed by small RNA sequencing.
Among all their common findings, they reported that miRNA steady-state abundance is gen-
erally well positively correlated with biogenesis rates, suggesting that miRNA production is
the primary determinant for intracellular miRNA abundance. Besides, both mammalian and
Drosophila miRNA biogenesis rates are exceptionally high, with a median of 18 copies per hour
per cell in contact-inhibited MEFs and a maximum of 6,600 copies per minute per cell for miR-
21a-5p in dividing MEFs. For comparison, mRNAs’ median transcription rates are about 2
molecules per hour, with the fastest reported mRNA produced at 500 copies per hour per cell
(Schwanhäusser et al., 2011) – yet this comparaison has to be taken with caution since miRNA
biogenesis includes transcription and maturation to miRNA duplexes. This fast production of
miRNAs is bottlenecked by the slow miRISC assembly, typically within 30 minutes in murine
cells and over an hour in S2 cells. In Drosophila cells, this constraint was predicted to result

1RPM calculations are not detailed in the Material and Methods of this paper, nor those of the cited papers so it
is possible that the normalization was performed from the total number of reads or else from the number of reads
mapping miRNA sequences. Thus, this value should be taken cautiously.

27



Chapter 2. Dynamics and Physiological Relevance of microRNAs

in ∼40% of all miRNAs degraded before AGO-loading (Reichholf et al., 2019). Such overpro-
duction of miRNAs likely participates in the specific loading of miRNAs into AGO proteins to
the detriment of others ncRNAs. Finally, as reported in former studies (Baccarini et al., 2011;
Guo et al., 2015; Marzi et al., 2016), the vast majority of miRNA guide strands behaves as a sta-
ble molecule with a half-life over 24 hours in murine cells – while passenger strands exhibit a
half-life ranged from <0.01 to 1 hour. Obviously, guide strands’ higher stability is attributable
to anchoring into AGO protein. Still, a subset of miRNA guide strands demonstrates fast
turnover rates between 1 and 10 hours and likely participate in rapid environmental changes
or signaling events. Among these short-lived miRNAs, a sequence-specific active degradation
mechanism has been lately reported and is detailed in section 2.2.5.

2.2.3 Control of Global microRNA Biogenesis

Post-transcriptional control of miRNA biogenesis depends, for the whole miRNA pool, on
the regulation of the maturation machinery proteins: DROSHA, DGCR8, DICER, TRBP and
cofactors.

Regulatory loop of maturation factors

The Microprocessor requires correct subunit stoichiometry for proper assembly and process-
ing: two molecules of DGCR8 for one molecule of DROSHA (Nguyen et al., 2015). The au-
toregulation between DROSHA and DGCR8 is a notable example of homeostatic control of
miRNA biogenesis. DGCR8 mRNAs exhibit hairpin structures in their 5´-UTRs (Pedersen et
al., 2006) which are cleaved by the Microprocessor, resulting in DGCR8 transcript destabiliza-
tion. On the other hand, protein-protein interaction between DGCR8 and DROSHA stabilizes
the DROSHA protein (Han et al., 2009; Triboulet et al., 2009). Another example of a regulatory
loop regards the negative feedback loop between let-7 and Dicer. The miRNA let-7 directly
targets Dicer mRNA through MREs located within its 3´-UTR and thus reduces DICER protein
levels. Conversely, consequent downregulation of DICER results in a reduced global abun-
dance of mature miRNAs, including let-7 (Forman et al., 2008; Tokumaru et al., 2008).

Post-transcriptional modifications of maturation factors

Proteins associated with miRNA biogenesis are subjected to various post-transcriptional mod-
ifications that modulate their stability, nuclear localization, and processing activity. Particu-
larly, the Mitogen-Activated Protein Kinase and Extracellular signal-Regulated Kinase (MAPK/
ERK) signaling pathway (Guo et al., 2020) was reported to regulate miRNA biogenesis at mul-
tiple stages.

Regarding the Microprocessor, phosphorylation of DROSHA by the Glycogen synthase
kinase 3 β (GSK3β) enhances DROSHA interaction with DGCR8 and cofactors, and pri-miRNA
maturation, thus maintaining DROSHA nuclear localization (Fletcher et al., 2017; Tang et al.,
2010; Tang et al., 2011). On the contrary, activated p38(MAPK) directly phosphorylates other
DROSHA residues under stress conditions, inhibiting the DROSHA-DGCR8 interaction and
promoting DROSHA translocation to the cytoplasm and degradation (Yang et al., 2015). Apart
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from phosphorylation, acetylation of the N-terminal domain of DROSHA competes with its
ubiquitination, thus preventing its degradation through the ubiquitin-proteasome pathway
(Tang et al., 2013).

MAPK/ERK can also phosphorylate DGCR8, but in this case, the modification improves
protein stability (Herbert et al., 2013). Deacetylation of the RNA-binding domains of DGCR8
by the Histone Deacetylase 1 (HDAC1) was also reported to increase DGCR8 interaction with
pri-miRNAs and then miRNA processing (Wada et al., 2012).

Concerning DICER, its phosphorylation state appears crucial for C. elegans oocyte-to-embryo
transition. During oocyte development, phosphorylation of DICER residues driven by MAPK/ERK
triggers its nuclear relocalization, which prevents the maturation of pre-miRNA. Prior fertil-
ization and embryogenesis, inactivation of MAPK/ERK induces rapid DICER dephosphory-
lation, and consequently proper localization and miRNA biogenesis (Arur et al., 2009; Drake
et al., 2014).

Finally, TRBP can also be phosphorylated by either MAPK/ERK (Paroo et al., 2009) and
the S6 kinase (Warner et al., 2016), which seem to improve the pre-miRNA processing complex
stability.

2.2.4 Regulation of Individual microRNA Biogenesis

Control of individual miRNA abundance depends primarily on pri-miRNA expression reg-
ulation but also on structural features of the precursor sequence, detailed in section 1.2.2,
and post-transcriptional modifications, which influence its affinity with the maturation and
miRISC machineries.

Transcriptional regulation

MiRNA loci are hosted in protein-coding genes or expressed from non-coding genes with their
own promoters (Saini et al., 2007). However, if the majority of miRNA loci located in introns
of protein-coding genes shares the promoter of the host gene, others seems to be dependent
of alternative promoters (Monteys et al., 2010; Ozsolak et al., 2008). In any case, they are
under Pol II transcriptional control, as indicated in section 1.2.2. Therefore, miRNA genes
expression regulation is equivalent to that established of protein-coding genes, and depends
on Pol II-associated transcription factors (TF), enhancers and silencers, promoter methylation
status and epigenetic events such as DNA methylation or histone modifications (Krol et al.,
2010). Among the best known examples of TF-activated miRNAs, the miR-17∼92 cluster is
induced by c-Myc (O’Donnell et al., 2005) and three members of the miR-34 family are direct
transcriptional targets of p53 (He et al., 2007). It should be noted that in cases where mRNAs
and miRNAs are produced from common transcripts, the latter often reaches higher cellular
levels thanks to its high stability when recruited in miRISC (Baccarini et al., 2011; Bartel, 2018).

Precursor miRNA sequence modifications

Canonical biogenesis of a miRNA – as described in section 1.2 – supposes that one precursor
sequence provides a single miRNA sequence, annotated as the mature reference miRNA in
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miRBase. Actually, processing variability and end modifications can generate multiple miRNA
sequences detectable by sequencing. Mature miRNA variants processed from the same pre-
cursor and slightly different in length or sequence are referred to as isomiRs (Morin et al., 2008).

About processing variabilities, DROSHA and DICER sequential cleavages direct the posi-
tion of the miRNA 3´ and 5´ ends. Thus, any inaccuracy in cutting of the RNase III nucleases
changes the miRNA sequence and creates 5´ and 3´ isomiRs (Kim et al., 2017). Especially,
5´-variant isomiRs result in a shifted seed; as a consequence, they do not belong to the same
miRNA family and recognize a new range of target mRNAs.
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FIGURE 2.1: The repertoire of dme-bantam isomiRs. Top: A diverse variety of isomiRs were
observed from wild-type D. melanogaster small RNA-seq data generated by our laboratory. The
first line corresponds to the pre-miRNA bantam sequence with the reference mature bantam-3p
and 5p highlighted in bold. IsomiRs are ranged below in order of decreasing abundance indi-
cated by the number of reads per million for each variant (for each sequence, the number of reads
was divided by the total number of reads mapping on the reference repertoire of miRNAs, then
multiplied by one million). Colored rectangles highlight seed sequences of the reference miRNA
and its isomiRs. Absence of nucleotides in isomiR sequences is illustrated by a colored dash and
differences in sequence are colored (blue for bantam-5p and red for bantam-3p). Median panel
is from miRBase. Bottom: Graphical representation of the minimum free energy structure pre-
diction generated by RNAfold from the extended pre-miRNA bantam sequence. The reference
mature bantam-5p and 3-p are colored respectively in blue and red. Arrows indicate DROSHA
(red) and DICER (green) canonical cleavage sites or alternative miRNA ends (black).

Interestingly, there is less variability and extent in 5´ isomiRs, with only single base addi-
tions or deletions, than in 3´ 2 (Tan et al., 2014). This observation suggests other processing ac-
tivities, notably, the action of 5´-to-3´ polymerases, typically Terminal Nucleotidyl Transferase
(TENTs) and 3´-to-5´ exoribonucleases on either precursors or mature miRNAs. About 3´-end
miRNA tailing, uridylation occurs mainly on pre-miRNAs and disturbs miRNA maturation –

2An easy method to recognize proper miRNA sequence is to create a deep-sequencing profile of matching reads
and expect a sharp 5´-border and a blurry 3´-border.

30



2.2. Regulation Mechanisms of microRNA Abundance

except for the pre-let-7 monouridylation cf. section 1.2.5 – as illustrated below, while adenyla-
tion occurs on mature miRNAs and does not show a consistent effect on miRNA activity and
stability as detailled in section 2.2.5 (Chiang et al., 2010; Newman et al., 2011).

For instance, the pre-let-7 uridylation by TUT4 and TUT7, in the presence of the stem cell-
specific RNA-binding protein LIN28, is the most studied example of pre-miRNA polyuridila-
tion (Hagan et al., 2009; Heo et al., 2008; Heo et al., 2009; Thornton et al., 2012). The addition
of a short 3´-poly(U) stretch inhibits DICER recognition and pre-miRNA processing. Instead,
the modified pre-miRNA is degraded by the 3´-to-5´ exoribonuclease DIS3L2 (Ustianenko et
al., 2013). In the same way, in D. melanogaster, mirtron hairpins are specifically subjected to
3´ uridylation compared to canonical hairpins (Westholm et al., 2012) and the TUTase Tai-
lor is necessary and sufficient for this mirtron modification. Because mirtrons are generated
from spliced transcripts, their 3´-end is defined by the consensus 3´ splice site AG, cf. sec-
tion 1.2.5. Consequently, mirtron hairpins are preferential substrates of Tailor – which exhibits
a sequence preference for 3´-G –, relative to canonical pre-miRNAs (Bortolamiol-Becet et al.,
2015; Reimão-Pinto et al., 2015). Finally, uridylation of mirtron hairpin 3´-ends impairs DICER
recognition and processing and promotes their 3´-to-5´ exoribonucleolytic decay via the RNase
II/R enzyme CG16940, an homolog of the human Perlman syndrome exoribonuclease Dis3l2
(Reimão-Pinto et al., 2016).

RNA editing such as adenosine to inosine (A-to-I) conversion occurs on some pri-miRNAs
and influences miRNA biogenesis and activity (Luciano et al., 2004). A-to-I editing is catalyzed
by the Adenosine Deaminases Acting on RNA (ADAR) in double-stranded RNAs, typically
in pri-miRNA hairpin structures. Inosine behaves as guanosine and does not base-pair with
uridine but with cytidine, creating bulges in the double-stranded structure (Nishikura, 2016).
Consequently, A-to-I editing on pri-miRNA can interfere with various steps of miRNA biogen-
esis or targeting: (i) the binding of ADAR on miRNA precursors may compete with miRNA
processing factors (Vesely et al., 2014); (ii) editing of the pri-miRNA sequence can alterate
Microprocessor or DICER cleavages (Kawahara et al., 2008); (iii) editing the mature miRNA
sequence can decrease the base-pairing stability with canonical target mRNAs and even re-
program the range of targets (Kawahara et al., 2007). Approximately 20% of pri-miRNAs are
edited in the adult human brain (Kawahara et al., 2008), but only a low frequency of edition
(>5%) is detected on mature miRNAs (Alon et al., 2012).

Influence of RNA-binding proteins

After transcription, pri-miRNAs can be recognized by specific RNA-binding proteins (RBP)
other than the miRNA maturation machinery. For instance, the stem cell factor LIN28, as men-
tioned above, identifies sequence elements in the loop of pre-let-7 miRNAs and recruits the
terminal uridyltransferases TUT4 or TUT7 to pre-miRNAs (Heo et al., 2009; Thornton et al.,
2012), resulting in their degradation. Treiber and colleagues recently investigated, at a large
scale, RBPs involved in the direct miRNA biogenesis regulation (Treiber et al., 2017). They
performed a mass-spectrometry-based screen for binders of immobilized pre-miRNAs (72 pre-
miRNAs in 11 different cell line lysate) and identified ∼180 RBPs that interact specifically with

31



Chapter 2. Dynamics and Physiological Relevance of microRNAs

individual pre-miRNAs in vitro. For functional validation of identified miRNA binders, they
used combined transient RNAi knockdown or stable CRISPR/Ca9-mediated knockout exper-
iments to analyze RBP-dependent changes in miRNA levels. Eventually, this study provides a
repertoire of pre-miRNA interacting RBPs and demonstrates the tissue-specificity of this layer
of miRNA abundance regulation.

2.2.5 Control of microRNA Stability

Despite their global high stability, individual miRNAs in specific cellular contexts can exhibit
highly dynamic concentrations facilitated by accelerated decay. For instance, neuronal miR-
NAs exhibit a substantially faster turnover rate than in other cells (1 hour or less for murine
neurons), dependent on neuronal activity (Krol et al., 2010; Rajasethupathy et al., 2009). Thus,
during dark adaptation, light-dependent transcription inhibition of miR-183∼96∼182 cluster,
miR-201, and miR-211 is sufficient to allow a sudden drop in their cellular levels (Krol et al.,
2010). Similarly, in murine cell lines, the constitutive short half-life of several members of the
miR-16 family permits rapid changes in their levels in response to biogenesis alteration. In this
way, it allows precise and coordinated cell-cycle transitions through derepression of specific
mRNAs (Rissland et al., 2011). Consequently, active miRNA degradation pathways are essen-
tial for inducing rapid and spatially localized changes in miRNA concentration, thus in target
gene expression.

3´-tailing and trimming impact on miRNA stability

The 3´-end trimming or addition of tails of miRNAs, and their composition, participate in
determining the fate of the modified miRNAs. In flies, ∼40% of AGO1-loaded miRNAs are
trimmed at their 3´-end (Han et al., 2011), and notably the 3´-to-5´ exoribonuclease Nibbler
has been shown to mediate 3´ trimming of ∼60% of all mature miRNAs (Reichholf et al.,
2019). Nibbler-directed trimming occurs after AGO1 loading and passenger strand removal,
and preferentially targets atypically long and unstable miRNAs (Han et al., 2011; Liu et al.,
2011; Reichholf et al., 2019). This shortening is supposed to allow proper miRNA anchoring
into AGO1 and miRISC silencing efficiency.

In mammals, miR-122 is a conserved liver-specific miRNA that plays an important role in
the regulation of hepatic function. Its expression in hepatocytes is tightly regulated and ap-
pears to be determined by the balance between tailling and trimming of its 3´-end (Chang et al.,
2004). Mature miRISC loaded with miR-122 can associate in vitro with the RNA-binding pro-
tein QKI-7 which recruits the cytoplasmic poly(A) polymerase GLD2 (also known as TENT2)
to AGO (Hojo et al., 2020). GLD2 directly adenylates a subpopulation of miRNAs including
miR-122 for which such mono or poly(A) tailing induces miRNA stabilization (D’Ambrogio
et al., 2012; Katoh et al., 2009). Once miR-122 has dissociated from miRISC, it is recognized
by the CUG-binding protein 1 CUGBP1 which may recruit the poly(A)-specific ribonuclease
PARN to induce miRNA degradation (Katoh et al., 2015).

The Drosophila ortholog of GLD2, WISPY, has also been reported to adenylate maternally
inherited miRNAs in eggs and early embryos (Lee et al., 2014). Interestingly, ∼15% of all
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miRNA reads detected in eggs are adenylated against ∼3% in Drosophila adult tissues (Berezikov
et al., 2011). WISPY interacts directly with AGO1 and mono or polyadenylates miRNAs.
Unlike GLD2-mediated stabilization of miR-122 in mammal hepatocytes, WISPY-mediated
adenylation in flies embryo induces miRNA decay. Typically, adenylated miRNAs have a
short average half-life of ∼2 hours, implying the involvement of active miRNA decay and
explaining the rapid clearance of maternal miRNAs during maternal-to-zygotic transition.

As a last example, during T lymphocyte (or T-cell) activation, a subpopulation of uridy-
lated miRNAs is specifically degraded. TUT4 has been reported to catalyze this 3´ poly(U)-
tailing in naïve T-cells which, in the context of T-cell activation, triggers miRNA degradation,
likely by poly(U)-specific exoribonucleases (Gutiérrez-Vázquez et al., 2017).

Known mature miRNA tailings are reviewed in Yu et al., 2020. As illustrated with these
examples, and confirmed by metabolic labeling of murine miRNAs: each miRNA diffentially
acquires terminal modifications and then differentially responds to these modifications. Inter-
estingly, in MEFs, tailing and trimming are not necessarily correlated with changes in miRNA
stability, which implies substantial independence between miRNA modification and degrada-
tion pathways (Kingston et al., 2019). This observation was reinforced by the findings about
the active decay pathway detailled below.

Target-directed miRNA degradation

Recently, a newly defined active sequence-specific miRNA degradation pathway has attracted
much attention. Specifically, because it allows for discrimination between miRNAs sequences,
it could explain the dynamics of individual miRNAs. However, before describing the related
findings, we should begin with the very first observations of this mechanism.

Loss-of-function approaches support the study of miRNA function in model organisms,
and genetic abolition of miRNA loci is state of the art in this matter. However, due to their
difficulty of application before the development of CRISPR-Cas9, other approaches were pre-
ferred. Notably, the transient expression of antisense chemically modified single-stranded
RNA analogs – also known as “antimirs” or “antagomirs”, depending on the chemical modifi-
cations. Interestingly, this approach was initially developed to hold miRNAs back through the
formation of duplexes and thus to prevent miRNA activity (Hutvágner et al., 2004; Meister et
al., 2004). However, unexpectedly, the most long-lasting antisense oligoribonucleotides can in-
duce miRNA destabilization, resulting in an efficient miRNA abundance decrease (Krützfeldt
et al., 2005; Xie et al., 2012).

In 2010, the Zamore lab confirmed that expression of reporter mRNAs bearing fully com-
plementary MREs in their 3´-UTRs in Drosophila cells or the addition of antimirs in human
cells, result in a decrease of cognate miRNAs – except for 2´-O-methylated small RNAs loaded
into the siRNA-specific Drosophila AGO23. In vitro dissection of the primary structural fea-
tures required for this high complementary target-induced destabilization was performed by

3In flies, the RNA methyltransferase HEN1 methylates the 3´-end of AGO2-bound siRNA (Horwich et al., 2007;
Pélisson et al., 2007).

33



Chapter 2. Dynamics and Physiological Relevance of microRNAs

introducing various antimirs against let-7 in Drosophila embryo lysate followed by Northern-
blotting of variable-length let-7 species. They actually found out that extensive pairing be-
tween a target RNA and the 3´-part of a miRNA is associated with tailing (preferentially of
A and U residues) or trimming of its 3´-end, and its decay (Ameres et al., 2010). Baccarini
and colleagues verified that perfect or central bulge artificial miRNA targets accelerate the
miRNA’s rate of decay in mammalian cells in a manner that is dependent on target concentra-
tion and complementarity. In accordance with previous results, they also confirm an increase
in 3´-end trimmed and uridylated miRNA species during decay (Baccarini et al., 2011). Later,
the Großhans lab interrogated the occurrence of the newly dubbed “Target-Directed miRNA
Degradation” mechanism, abbreviated TDMD, in rodent neurons – since miRNA turnover is
known to be exceptionally fast in neuronal cells (Krol et al., 2010). They confirmed that exten-
sive 3´-end and central bulge pairings induce a decay of cognate miRNAs in rodent primary
neurons in association with AGO-loaded miRNA trimming and tailing – with no substantial
evidence that they are intermediates of the miRNA decay pathway. Furthermore, they quanti-
fied that an individual target molecule can induce the destabilization of more than one miRNA
molecule and thus may act as an efficient multiple-turnover TDMD inducer. Interestingly, they
observed that TDMD is significantly more efficient in primary neurons than in undifferenti-
ated or differentiated neuroblastoma cells or other cell lines (de la Mata et al., 2015).

Examples of natural TDMD were first reported in mammalian cells infected by viruses. Pri-
mate T-cells transformed by Herpesvirus saimiri were found to express viral small non-coding
RNAs called HSURs (for H. saimiri U-rich RNAs), including HSUR1 which is associated with
reduction of the miR-27 family levels. Direct base-pairing between HSUR1 transcript and miR-
27 through conserved central bulge complementary sites has been shown to direct miR-27 de-
cay (Cazalla et al., 2010), and thus potentially alter host cell gene expression. Similarly, in
mouse cells infected with the murine cytomegalovirus (MCMV), the viral coding transcript
m169 exhibits a single central bulge complementary site to the orthologous miR-27 required
for an equivalent specific miRNA degradation accompanied by 3´ tailing and trimming (Libri
et al., 2012; Marcinowski et al., 2012). Thus, conservation of host miR-27 decay suggests a func-
tional benefit for these distinct virus families, and indeed, m169-directed decay of the miR-27
family was found to facilitate MCMV replication in vivo (Marcinowski et al., 2012). Eventually,
a similar viral strategy was also observed in infected cells with the human cytomegalovirus
but did not concern miR-27, instead of miR-17 and miR-20a, which are members of the miR-
17-92 cluster and belong to the miR-17 family. In the same manner, viral-induced decay of the
miR-17 family through TDMD is shown to be associated with higher virus production rates
(Lee et al., 2013b).

Recently, the deciphering of TDMD pathway made a huge step forward with the simul-
taneous report of two endogenous TDMD events in vivo, in zebrafish and mice, with demon-
strated physiological relevance. From the identification of long intervening non-coding RNAs,
abbreviated lincRNAs, in zebrafish Danio rerio with conserved genomic locations and required
for proper embryonic development including brain morphogenesis, two lincRNAs hold the
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attention since they exhibit conserved TDMD-compatible MREs (Ulitsky et al., 2011). The lin-
cRNA called libra – for ”lncRNA involved in behavioral alterations”– shares orthologous se-
quences with the 3´-UTR of an ORF-encoding transcript named Nrep – for ”neuronal-regeneration-
related protein” – in mammals (Ulitsky et al., 2011). Both transcripts are brain-specific and
involved in behavioral regulation (Taylor et al., 2008; Ulitsky et al., 2011). Interestingly, they
contain a deeply conserved near-perfect miRNA-binding site for the miR-29 family (dre-miR-
29a, dre-miR-29b and mmu-miR-29a, mmu-miR-29b, mmu-miR-29c) defined by 3´ and 5´ ex-
tensive complementarity with a 3 nt-long central mismatch for miR-29b. The Shkumatava lab
discovered that libra/Nrep specifically defined the spatial expression of mature miR-29b in
the cerebellum by inducing its degradation through TDMD. More importantly, this regulation
is conserved between zebrafish and mice and is required for proper behavior in both model
organisms (Bitetti et al., 2018). The second lincRNA called Cyrano is broadly conserved in
vertebrates and expressed in the nervous system during embryonic development, and is en-
riched in the brain of adult mice. The Bartel lab demonstrated that Cyrano contains a highly
complementary site to the miR-7 family – 3´ and 5´ extensive complementarity with a 2 nt-
long central mismatch for mmu-miR-7 – which mediates TDMD of the cognate miRNA. In
response to miR-7 decay through Cyrano interaction, a circular RNA4 exhibiting numerous
MREs to miR-7 and named Cdr1as, for Cerebellar degeneration-related protein 1 antisense,
can accumulate properly in mice cerebellum (Kleaveland et al., 2018).

Eventually, another endogenous TDMD inducer has been reported by the Nicassio lab –
but without any reported physiological function – and will be detailed in section 4 (Ghini et
al., 2018).

The correlation between miRNA 3´-end tailing-trimming and full-length degradation was
early supposed to result from the independent action of both TENTs and exoribonucleases
on the exposed miRNA 3´-end. This assumption was based on results from eubacterial AGO
proteins demonstrating that extensive pairing with a target RNA causes guide RNA torsion
and 3´-end releasing from the PAZ pocket (Wang et al., 2009).

Recently, the MacRae lab reported crystal structures of human AGO2 loaded with miRNA-
TDMD target duplexes. They observed that the miRISC complex adopts an unforeseen con-
formation in which the AGO2 central gate is wide open, and the miRNA and its target are
wrapped around each other in a bent duplex partially underwound at its center. Importantly,
this structure confirms that, through such pairing, the miRNA 3´-end is released from its PAZ
binding pocket (Sheu-Gruttadauria et al., 2019).

Eventually, the Mendell and Bartel labs recently identified concurrently trans-acting factors
that mediate miRNA decay through TDMD and thus described this mechanism with more de-
tails. They performed genome-wide CRISPR screening in the nearly diploid human cell line
HCT-116 or CRISPRi screening in the hematopoietic cell line K562 combined with a reporter
gene to miR-7 activity in order to identify proteins involved in Cyrano-directed miR-7 de-
cay. Knock-down of ZSWIM8 and associated proteins of the Cullin-RING E3 ubiquitin ligase

4Circular RNAs or circRNAs are covalently closed circular transcripts without 5´ caps and 3´ tails, which are
mainly formed from pre-mRNAs through exon back-splicing (Memczak et al., 2013).
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(CRL) complex were found to impair miR-7 TDMD. Interestingly, the CRL complex has been
reported to target specific proteins for ubiquitin-dependent degradation by the 26S protea-
some (Enchev et al., 2015). They finally demonstrated, by epistasis study, that ZSWIM8 lies
downstream Cyrano in the TDMD pathway, and with the use of 3´-end modified miR-7 olig-
oribonucleotides, that target-directed miRNA tailing and trimming (TDTT) is not required for
target-directed miRNA-degradation (TDMD). Instead, TDTT is likely enabled either by the
guide RNA torsion described by the MacRae lab or by its releasing mediated by the CRL com-
plex. Eventually, the TDMD mechanism model proposed by these two studies is the following:
AGO structural changes following the pairing of the guide RNA with an unusually comple-
mentary target induce the creation of a platform for ZSWIM8 association followed by other
CRL partners. Then, CRL-catalyzed ubiquitination of AGO residues triggers AGO degrada-
tion by the proteasome, releasing the target RNA – stabilized by cap and its poly(A) tail –
and the miRNA – fully exposed to cytoplasmic exoribonucleases (Han et al., 2020; Shi et al.,
2020). Additionally, this model characterized in human cell lines may be extended to mam-
mals, flies and worms as Shi et al., 2020 also identified ZSWIM8-sensitive miRNAs displaying
short half-lives in various models: human cell lines (HCT-116, HeLa, MCF7, A549); murine
cells (NIH-3T3, MEFs, neurons induced from mESC); Drosophila S2 cells; adult nematodes.

FIGURE 2.2: The ZSWIM8/Cullin-RING E3 ubiquitin ligase model of TDMD and its interplay
with TDTT. Following AGO conformation changes due to extensive pairing between the miRNA
and its target, ZSWIM8 can interact with AGO. ZSWIM8 is the substrate receptor of the Cullin-
RING E3 ubiquitin ligase complex. The recrutement of this complex – adaptor proteins Elongin
B (B) and Elongin C (C); Cullin protein; Ubiquitin-conjugating enzyme (E2); and RING-finger
protein (RING) – induces ubiquitination of the AGO. Polyubiquitinated AGO is then degraded
by the proteasome with release of the intact miRNA:target duplex. From Shi et al., 2020.
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2.3 Physiological Relevance of microRNA Targets

Since miRNAs are extensively involved in many diverse biological processes, any dysregula-
tion of miRNA expression could lead to defective phenotypes (cf. section 2.1). To date, 500
miRNAs have been confidently annotated in humans and both computational and experimen-
tal analyses indicate that most human protein-coding genes are potential targets of one or
more miRNAs (Friedman et al., 2009). Consequently, functional miRNA analyses aim at iden-
tifying genes efficiently targeted by a given miRNA, in other words presumed phenotypically
relevant miRNA targets. To this end, most studies rely on computational prediction followed
by experimental validation with 3´ UTR reporter assay or more relevant genetic invalidation
of miRNA:target interaction. In this part, we introduce the different miRNA-mediated gene
regulatory effects reported in the literature, as well as the two divergent theories concerning
the range of genuine phenotypically relevant miRNA targets.

2.3.1 Classes of microRNA-Guided Regulatory Effects

Developmental genetic switch

Sometimes corroborated with reciprocal gain-of-function, loss-of-function strategies revealed
the importance of some miRNAs for controlling developmental timing in a switching manner.
Typically, the deletion of the miRNA, or its target site, prevents the cell from moving on to
the next development stage, while ectopic miRNA levels prematurely induce the next state or
cause cells to overcommit to this state. As C. elegans heterochronic genes, lin-4 and let-7 are
obvious binary switch miRNAs. Likewise, Drosophila mutants lacking let-7 cluster – includ-
ing let-7, the lin-4 homolog miR-125, and miR-100 – exhibit temporal misregulation of specific
metamorphic processes. The endogenous activation of let-7 expression during metamorphosis
was found to regulate the abundance of the abrupt (ab) gene and to silence it to nearly unde-
tectable protein levels during this time window (Caygill et al., 2008). The ab gene is widely
expressed during fly development and is required for diverse functions, including the timing
of neuromuscular junctions maturation (Hu et al., 1995). let-7 therefore acts by switching ab
expression from ON to OFF and aid the transition from pre-mature muscular cells to mature
muscular cells during Drosophila metamorphosis.

Fine-tuning and noise buffering

To evaluate the regulatory effects of a miRNA in a large-scale manner, quantitative-mass-
spectrometry-based approaches using metabolic labeling were performed in mammalian cells
after changes in miRNA expression. The influence of ectopic levels (Baek et al., 2008; Selbach
et al., 2008) or disruption of specific miRNAs (Baek et al., 2008) on protein output was investi-
gated. These approaches reported that each MRE directs modest repression, usually less than
50% and often less than 20%.

This result is in accordance with another paradigm of miRNA regulation effect: the fine-
tuning of a target mRNA or protein level. In this case, the sudden activation – or inactivation
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– of the miRNA does not switch off – or on – the target expression. Instead, the miRNA is
locally coexpressed with its target and sets a minimal and maximal limit to its expression, ac-
cording to the cellular state or type. For instance, this mode of action was reported in vivo
between miR-8 and its functional target, the atrophin gene in Drosophila. Following the defini-
tion presented above, miR-8 and the mRNA atrophin are coexpressed in the brain, and both
overexpression and reduction of atrophin below the levels normally set by miR-8 are detrimen-
tal, and cause neurodegeneration or viability defects, respectively (Karres et al., 2007). Thus,
miRNAs can buffer target levels to prevent potentially detrimental excess expression while
allowing required expression of the target.

Interestingly, comparing the expression of the miRNAs with that of their predicted targets
indicates that the conserved mRNA targets tend to be expressed higher in tissue that lacks the
cognate miRNA, albeit still present at lower levels in tissues that express the miRNA (Farh
et al., 2005; Shkumatava et al., 2009; Sood et al., 2006). Consequently, miRNAs likely act more
frequently as rheostats than switches, even during development.

Similarly, it has been postulated that miRNA activity could confer robustness to biological
processes against environmental and endogenous perturbations (Ebert et al., 2012; Posadas et
al., 2014). For example, miR-7 is required to maintain normal gene expression and sensory or-
gan fate determination under fluctuating temperature conditions in Drosophila (Li et al., 2009).
Arguments in favor of miRNAs as convincing noise buffers comprised (i) the redundancy in-
side miRNA families, which could ensure repression in case of localized miRNA failure; (ii)
miRNAs are part of extensive feedback and feedforward loops within gene regulatory net-
works aimed to adapt to gene expression fluctuations; and (iii), mathematical modeling from
synthetic systems and single-cell reporter assay data suggest that miRNAs decrease endoge-
nous stochastic fluctuations in gene expression at protein levels for lowly expressed genes
(Schmiedel et al., 2015; Siciliano et al., 2013). In this way, miRNAs may buffer the biological
noise and reinforce cellular identity by reducing phenotypic variability among individual cells
(Raj et al., 2008).

Furthermore, it has also been proposed that protein response to miRNA-mediated silencing
depends on target mRNA levels. More precisely, target protein production would be highly
repressed below a threshold level of target mRNA abundance – i.e., at low mRNA levels –,
but would respond weakly to transcription above this threshold – i.e., at high mRNA levels
(Mukherji et al., 2011). Thus, a miRNA can behave as a switch in the target expression regime
below the threshold, and as a fine-tuner in the sensitive transition between the threshold and
the minimal repression regime at high mRNA levels. This would explain how an individual
miRNA could exhibit divergent effects on its different targets and according to the cellular
context.

Neutral interactions

Nevertheless, it appears inevitable that the least dose-sensitive targets can tolerate the miRNA-
guided repression. In these cases, it is admitted that the physical interaction between miRISC
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and its mRNA targets does induce modest repression of the mRNA levels but is either buffered
by homeostatic mechanisms or offset by feedback loops. Such MREs are not supposed to be
under selective pressure and should be lost during evolution. Interestingly, miRNA knock-out
experiments have shown that many non-conserved sites mediate repression in vivo (Baek et
al., 2008; Giraldez et al., 2006), which may represent neutral interactions.

Furthermore, miRNA efficiency obviously depends on the miRNA avaibility. Logically,
miRNAs with low miRNA:target ratios confer minimal repression (Arvey et al., 2010; Garcia
et al., 2011) and are not biologically relevant. Therefore, the relative cellular concentration of
the miRNA and the total target pool are essential to estimate the functionality of a miRNA.

2.3.2 The “Many” and “Few Targets” Hypotheses

As mentioned above, the evaluation of miRNA impact on protein levels moderates the ro-
bustness of miRNA silencing. Namely, an individual miRNA can directly repress hundreds
of genes, but each to a modest degree around twofold (Baek et al., 2008). Such low-extent
miRNA-mediated silencing generally results in inconsequential effects but in some cases could
reach biological effects to act as binary switch or rheostat of gene expression. These variant
outputs of miRNA-guided silencing may demonstrate the range of miRNA target types or the
establishment of complex regulatory networks between miRNAs and their targets. And con-
sequently, it is assumed that a miRNA can act differently in a different cellular context and
according to the target transcript.

“Many Targets”

The current dogma asserts that miRNAs function by coordinately and modestly regulating
a large number of targets to have phenotypic consequences: the “Many targets hypothesis”
(Bartel et al., 2004). This assumption is distinctly based on the identification of hundreds of
conserved targets per miRNA – and the modest repression mediated by each of them – which
suggest that animal fitness is impacted by the precise leveling of the overall proteome. Thus,
functional MREs are conserved in a biological purpose and cannot be necessarily revealed by
individual genetic disruption. Indeed, they may be part of a complex regulatory network with
bifurcating pathways and feedback controls that enable robust response despite a defective
edge in the network. Typically, some targets could be functional only in very subtle contexts
as intermittent environmental or genetic stress conditions. Therefore, only comparative se-
quence analysis can help distinguish such functional sites fixed during the evolution.

Furthermore, cooperation between MREs was reported to be mediated by the multivalent
binding of TNRC6 with AGO proteins (Briskin et al., 2020). Indeed, multiple MREs in the same
3´-UTR act cooperatively, instead of additively, when close to each other (<40 nt) (Grimson et
al., 2007; Saetrom et al., 2007). This finding reinforces the idea that miRNA activity can take
advantage of the multiplicity of target sites.

39



Chapter 2. Dynamics and Physiological Relevance of microRNAs

Eventually, in the case of the “many targets” theory, miRNAs produce a complex layer of
gene expression regulation in a modular and combinatorial regulatory manner. Precise genetic
dissection of highly connected regulatory networks appears particularly difficult to achieve,
and could be also complexified by intrinsic robustness. As a consequence, examples of “many
targets” would be exceptionally difficult to describe and thus, this theory would be laborious
to demonstrate and would stay primarily conceptual.

“Few Targets”

However, a most straightforward point of view proposes that the vast majority of weakly re-
pressed targets are noises, while few critical targets – named functional or phenotypic targets
– can exert phenotypic effects in specific cellular contexts: the “Few targets hypothesis”. For
instance, the Rajewsky lab demonstrated with gain- and loss-of-function experiments that the
phenotypic effect of miR-150, a miRNA selectively expressed in mature, resting B, and T cells
in mice and human, is broadly explained by one functionally critical target in the in vivo con-
text: the transcription factor c-Myb (Xiao et al., 2007). It could be assumed that this example
results from exceptionally high repression of c-Myc by miR-150, in the same way that binary
switch miRNAs. Instead, miR-150 modulates the concentration of C-MYB over a relatively nar-
row range ( ∼ 30% of protein decrease), indicating that lymphocyte phenotype is exquisitely
sensitive to small changes of C-MYB levels. Thus, the Few target hypothesis advantages the
regulation of dose-sensitive targets, such as haplo-insufficent genes, and supports the strategy
of promoting repression of key targets in place of spreading the repression effect across nu-
merous mRNAs.

Indeed, the dose-sensitivity appears to be crucial to define physiologically relevant miRNA
targets. Because gene expression typically fluctuates by 2-fold when comparing two individu-
als in the human population (Cheung et al., 2003) or two phenotypically identical mouse em-
bryonic neural stem cells (Subkhankulova et al., 2008), the Seitz lab compared inter-individual
variability in miR-223 expression among wild-type mice neutrophils to miR-223-guided gene
repression quantified from miR-223-deficient mice neutrophils (Pinzón et al., 2017). MiR-223
targets that are not functionally affected should be weakly repressed, i.e. at a lower extent than
inter-individual variability. They found that most predicted targets of miR-223 in neutrophils
fall into this category of miRNA-insensitive targets, raising the concern of the conservation
of such sites. To confirm that dose-sensitive genes are more convincing functional miRNA
targets, they also compared the conservation scores of MREs predicted in known human hap-
loinsufficient genes (Huang et al., 2010) to MREs in other genes. Results corroborate that hap-
loinsufficient genes tend to bear the most highly conserved miRNA binding sites, leading to
the conclusion that miRNA target predictions are contaminated with large numbers of false
positives.

Therefore, false positives are conserved pseudotargets for which the miRISC interaction
could induce weak molecular repression, likely buffered by homeostatic mechanisms, without
inducing efficient repression at the cellular scale. Nevertheless, such sites are found to be
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conserved in the evolution and consequently are likely biologically relevant, but in a miRNA-
silencing-independent manner.

Competing endogenous RNAs, abbreviated ceRNAs, have been proposed to act as “sponges”
to titrate miRNAs away from their other regular targets. In this view, as target pool abundance
increases, target mRNAs titrate away miRNAs available for repression. Therefore, ceRNAs
have to be sufficiently expressed to supplant the whole target pool, and only activities of low
expressed miRNAs can be altered by ceRNAs (Bosson et al., 2014; Denzler et al., 2014). Some
molecular titrator candidates have been proposed among pseudogenes (Poliseno et al., 2010)
and circRNAs (Hansen et al., 2013) bearing numerous MREs. However, these examples were
recently questioned since the results of Poliseno and colleagues were not validated by the Can-
cer Biology Reproducibility Project (Kerwin et al., 2020), and those of Hansen and colleagues
are more likely explained by TDMD of miRNAs instead of titration (Kleaveland et al., 2018; Pi-
wecka et al., 2017). For that matter, TDMD-inducing MREs are convincing pseudotargets with
demonstrated biological relevance and broadly conserved during evolution. Eventually, since
RNA-binding protein (RBP) have a large number of 3´-UTR-binding sites (Kim et al., 2021),
MREs may overlap RBP motifs (Lebedeva et al., 2011; Mukherjee et al., 2011).

Recent genome editing technologies now allow precise dissection of genetic regulatory
networks. Especially, the use of CRISPR-Cas9 in C. elegans by the Großhans lab demonstrated
that lin-41 is the only target that let-7 needs to silence to prevent vulval bursting and death
(Ecsedi et al., 2015). For this purpose, they studied the mutation of the let-7 miRNA locus
– precisely its seed sequence – which is lethal in nematodes, and verified that restoration of
lin-41 repression – with a compensatory seed match mutation in the lin-41 locus – rescue that
lethality phenotype. Such in vivo genetics demonstration permits a rigorous assessment of the
contribution of individual putative targets to the in vivo phenotype, and it can be expected that
it will be used more frequently. The limitation is, however that subtle phenotypes may remain
unnoticed or hard to measure precisely.
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Chapter 3

Functional Relevance of microRNAs on
Cellular Phenotypes

One of the interests of this thesis project was the study of phenotypical impact of miRNAs
and, primarily, to provide original methods to characterize miRNA targets according to their
translation into a macroscopic phenotype. In this chapter, we introduce in the first part a
review of canonical miRNA target identification methods, as well as the outline of a novel ex-
perimental identification strategy of miRNA targets involved in cell proliferation phenotypes.
However, the practical application of this method on miR-34a brought out discrepancies with
the known function of this miRNA on cellular growth. Therefore, in the second part, we
present our results regarding revising the assumed phenotypic role of miR-34a as a general
tumor-suppressor miRNA.

3.1 Functional microRNA Targets Identification Methods

In collaboration with my supervisor Hervé Seitz, we wrote a chapter on “Inconsistencies and
limitations of current miRNA target prediction methods” for a volume on “microRNA Target
Identification”, published in the lab protocol series Methods in Molecular Biology, edited by
Springer Nature. This work gives an overview of the current methodologies for experimen-
tal and computational miRNA target identification. More precisely, we detailed each strategy
with its experimental limits and common over- or mis-interpretations. We also discussed the
conceptual misconception surrounding the definition of functional or phenotypical miRNA
targets. My contribution was the writing of the third chapter – about high-throughput experi-
mental methods – and the review of the whole manuscript.

3.1.1 Review: Inconsistencies and limitations of current miRNA target identifica-
tion methods
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Abstract

microRNAs and their Argonaute protein partners constitute the RISC complex, which can repress
specific target mRNAs. The identification of microRNA targets is of central importance, and var-
ious experimental and computational methods have been developed over the last 15 years. Most
experimental methods are based on the assumption that mRNAs which interact physically with the
RISC complex constitute regulatory targets and, similarly, some computational methods only aim
at predicting physical interactors for RISC. Besides specific limitations, which we discuss for each
method, the mere concept of assuming a functional role for every detected molecular event is likely
to identify many deceptive interactions (i.e.: interactions that really exist at the molecular scale, but
without controlling any biological function at the macroscopic scale).

In order to select biologically important interactions, some computational tools interrogate the
phylogenetic conservation of microRNA/mRNA interactions, thus theoretically selecting only bio-
logically relevant targets. Yet even comparative genomics can yield false positives.

Conceptual and technical limitations for all these techniques tend to be overlooked by the scien-
tific community. This review sums them up, emphasizing on the implications of these issues on our
understanding of microRNA biology.

Key words:
microRNA targets, CLIP, comparative genomics, biological functionality

1 Introduction

MicroRNAs (“miRNAs”) are loaded on members of the “Ago” subfamily of the Argonaute protein
family, and the resulting ribonucleoprotein complex represses specific target mRNAs. Specificity is
due to the miRNA, that base-pairs to the target RNA, while the effector repressive activity is due
to the Ago protein, that can repress mRNAs by various mechanisms. If the Ago protein bears an
active endonucleolytic site (1, 2) and if the miRNA/mRNA double helix is perfectly paired around
the middle of the duplex (3–7), then the target mRNA undergoes endonucleolytic cleavage at a
stereotypical position. Otherwise, it is degraded by exonucleases, and translationally repressed —
with exonucleolytic decay apparently contributing most of the repressive effect (8–11).

The first miRNA target identification efforts date back to the discovery of miRNAs themselves.
It had been know for some time that the Cænorhabditis elegans lin-4 gene is a repressor of the
lin-14 gene (12). When the functional product of the lin-4 gene was found to be a small RNA (the
first discovered miRNA), it was also realized that the 3´ UTR of lin-14 contains phylogenetically
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conserved regions of imperfect complementarity to the lin-4 miRNA, which are necessary for lin-4 -
mediated repression (13, 14).

Based on that single example, it was quickly assumed that miRNAs in animals recognize their
targets by imperfect base-pairing to 3´ UTR’s, and when additional miRNA/mRNA interactions were
searched, potential targets were screened for imperfectly complementary segments in their 3´ UTR’s
only (15–19). Such a strategy could have led to an observation bias: 5´ UTR’s and coding sequences
could have hosted functional binding sites, which were simply ignored. But in some cases, it was
indeed shown that the developmental control of target regulation depends on the 3´ UTR (20),
suggesting that additional instances of miRNA-mediated regulation indeed require base-pairing to
the target’s 3´ UTR. More recent, unsupervised experimental identification of miRNA binding sites
indicated that 3´ UTR’s are disproportionately frequently bound by miRNAs (21–23). Together
with the observation that miRNA binding sites in 3´ UTR’s repress target expression more efficiently
than in other locations (22, 24, 25), these considerations imply that restricting target searches to
3´ UTR’s may be a good approximation.

Another issue had to be clarified after the initial reports of miRNA/mRNA interactions: the exact
definition of a functional “imperfect” complementarity. Data from Drosophila genetics (26), from
the analysis of sequence conservation within miRNA sequences (27) and from statistical analysis of
known miRNA binding sites or conserved putative sites (18, 28, 29), suggested the importance of a
perfect pairing between the target and the 5´-most 7 or 8 nucleotides of the miRNA. The concept has
then been refined, and it is now clear that the best predictor for miRNA binding is a perfect match
to the “seed” (nucleotides 2–7 or 2–8 depending on the authors), or to nucleotides 3–8 (“offset
6mer sites”), of the miRNA (30). Exceptions exist, with 3´ UTR’s exhibiting perfect seed matches
without being repressed (for example, because of steric hindrance by an RNA-binding protein; 31),
and with imperfect seed matches mediating target repression (for example, with extensive pairing
to the 3´ end of the miRNA, compensating for seed mismatches; 4, 16), but for the most part,
prediction algorithms favoring seed-matched candidates are in good agreement with experimental
data (32).

Various experimental and computational methods have been developed to identify miRNA tar-
gets. Each of these methods relies on expected features, more or less explicitly assumed, of miRNA
targets:

� their expression level (assessed in terms of mRNA abundance, mRNA occupancy by ribosomes,
or protein product abundance) is repressed in a miRNA-dependent fashion;

� loss of their interaction with the miRNA triggers a macroscopic phenotype;

� they interact physically with Ago proteins;

� they exhibit sequence complementarity to the miRNA (e.g., a seed match);

� their interaction with the miRNA is phylogenetically conserved because it is biologically ben-
eficial.

This chapter will review current miRNA target identification methods, with a special emphasis
on their conceptual or technical limitations. Interrogating the theoretical grounds underlying each of
these techniques raises important questions, which are frequently overlooked, regarding the definition
of biological functionality.

2 Low-throughput experimental methods

2.1 In vivo genetics

The discovery of the first miRNA target was made possible by the availability of 3´ UTR deletion
mutants in C. elegans: two gain-of-function mutants of the lin-14 target turned out to be deleted in
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the lin-14 3´ UTR, suggesting that the UTR contains repressive elements (33). Epistasis experiments
involving these UTR deletions, as well as the observation that phylogenetically conserved elements
in the 3´ UTR are imperfectly complementary to the lin-4 miRNA, paved the way to the first
description of an miRNA recognizing a target 3´ UTR by base-pairing (14, 34).

That approach has the huge advantage of interrogating directly the role of a miRNA binding site
on macroscopic in vivo phenotypes. It has the disadvantage of requiring the availability of viable
mutants where the binding sites of interest have been deleted. As the analyzed UTR deletions can
be large, there is also a risk that the observed phenotypes are not due to the loss of the identified
miRNA binding sites, but to other, unidentified sequence elements in the deletion.

The recent development of genome editing techniques should allow the generation of precise,
targeted mutations of miRNA binding sites with greater ease. This technology has already permitted
a rigorous assessment of the contribution of individual putative targets to the in vivo phenotype
controlled by the let-7 miRNA in worms (35), and it can be expected that it will be used more
frequently in the near future for the in vivo investigation of the biological function of individual
candidate target sites. The obvious limitation of that technique is that subtle phenotypes may remain
unnoticed, or hard to measure precisely — hence their occurrence, or their rescue by compensatory
miRNA mutations, may be more or less easily scored, possibly resulting in divergent experimental
reports by various laboratories.

2.2 Quantification of artificial reporter expression in cultured cells

The most popular method for miRNA target assessment has been the quantification of reporter (e.g.,
luciferase) expression in transfected cultured cells. The 3´ UTR of interest being cloned downstream
of the reporter coding sequence, such constructs can be transfected in a cell line that expresses the
miRNA of interest (or it can be co-transfected with a synthetic miRNA or with a plasmid directing
miRNA expression, if the miRNA’s expression in that cell line is not thought to be sufficiently high).

miRNA transfection results in an uncontrolled over-expression of miRNAs, which can lead to
various types of confounding effects (Figure 1): (i) Supra-physiological amounts of transfected
small RNAs can titrate components of the endogenous miRNA machinery, thus relieving repression
of its mRNA targets (36). (ii) Activation of unspecific responses by exogenous small RNAs has
been reported in various cellular contexts (37 and references therein). (iii) In general, it appears
that targets are in large excess relatively to cognate miRNAs (38–40). Such imbalance results in
partial occupancy of the targeted mRNAs, even for high-affinity targets when miRNA/(total target)
ratios are close to 1 (39). Introduction of additional miRNA copies increases target occupancy,
hence achieving higher-than-natural target repression. (iv) For a given miRNA, some targets exhibit
a higher affinity than others, and binding sites on these high-affinity targets are populated in priority
when miRNA levels are low. Increasing miRNA/(total target) ratio will progressively affect novel,
low-affinity targets that are not repressed with lower miRNA concentrations (39).

A more convincing experimental verification involves miRNA inhibition, rather than overexpres-
sion. Transfection of cultured cells (41, 42) (or intraveinous treatment of animals; 43) with chem-
ically stable oligonucleotides efficiently inhibits complementary miRNAs. Instead of measuring the
consequences of an increased (potentially supra-physiological) miRNA concentration as in an overex-
pression experiment, such miRNA inhibition assesses the consequences of decreasing miRNA activity,
thus eliminating several biases of overexpression experiments. Yet, undesired, miRNA-independent
effects of these inhibitory oligonucleotides have also been reported (44).

Besides issues with miRNA perturbation experiments, detection of reporter expression itself can
be problematic. The most widely used reporters are Luciferase proteins, e.g., Firefly luciferase being
cloned upstream of the 3´ UTR of interest, and Renilla luciferase serving as a transfection normalizer.
Worrying reports suggest that the measured miRNA-guided repression depends on the transfection
protocol (45), on the identity of the promoter driving reporter expression (46), or on various other
genic features (47), and such considerations are usually neglected by experimenters. Heterogeneous
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Figure 1: Confounding effects in miRNA overexpression experiments. Top panel: The in-
troduction of high, supra-physiological amounts of miRNA in a cell can trigger global responses
(most notably, the interferon response) and perturbs endogenous miRNA action by competing
for common factors (e.g., Ago proteins). Bottom panel: when miRNA concentration increases,
endogenously-repressed targets become more strongly repressed (e.g., mRNAs 1 and 2 here) and
novel, artifactually-repressed targets become repressed (e.g., mRNAs 3 and 4 here).

proteolysis could also constitute a source of artifacts. The intracellular half-life of the commonly
used Firefly and Renilla luciferase ranges from 3 to 4.5 hours (48), which is in the same order
of magnitude than the duration of a typical luciferase experiment (including lysis, plate loading,
substrate injection and measurement): sample-to-sample variability in proteolysis is conceivable if
many samples are to be analyzed together.
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2.3 Measurement of reporter repression in vivo

Precisely manipulating miRNA binding sites was very tedious before the improvement of genome
editing methods. Hence it was common practice to use an artificial reporter (whose expression could
be easily measured: β-Gal or GFP for example), cloned upstream of the 3´ UTR of interest, and
transgenically expressed in vivo (17, 49). Comparing reporter expression in tissues or animals where
the miRNA is mutated or over-expressed, it is then possible to measure the miRNA-guided repression
conferred by the UTR in an in vivo setting.

Not only the usage of artificial reporters can induce poorly-understood artifacts, as seen in
cultured cells (see subsection 2.2), but additional issues arise when using reporter genes in vivo.
The expression pattern of the reporter may be unrelated to that of the natural target, suggesting
functional interaction between RNA molecules that are actually not co-expressed in vivo (see for
example the overexpressed reporter for the proapoptotic hid gene in Drosophila imaginal wing discs,
while apoptosis is very limited in that organ; 17, 50).

Setting aside such technical problems, it is also important to realize that reporter experiments
will only, at best, demonstrate that a particular 3´ UTR confers miRNA-mediated repression. It
will not test whether such repression translates into a macroscopic phenotype: changes in molecule
abundances do not necessarily trigger changes on integrated phenomena, because homeostatic mech-
anisms may buffer them before they reach the macroscopic scale (see section 3.8). Reporter genes
are not subjected to the same feedback loops than the endogenous targets they are supposed to emu-
late — in fact, reporters have been purposedly designed to reflect as directly as possible a regulation
of interest, uncoupled from any potential feedback loop. Measured fold-changes on reporter expres-
sion is thus quantitatively different from that of endogenous genes that belong to interconnected
regulatory networks.

3 High-throughput experimental methods

3.1 Measurement of differential expression after miRNA perturbation

High-throughput identification of miRNA targets was pioneered with the exploitation of proteomics
in 2005, using a protocol named “DIfference Gel Electrophoresis” (DIGE) associated with Mass Spec-
trometry (MS). With the assumption that the level of protein products of miRNA-regulated genes
would be higher in the absence of mature miRNAs, the proteome from wild-type Drosophila oocytes
was compared to the proteome of Dicer-1 deficient oocytes (Dicer-1 is essential for Drosophila
miRNA biogenesis). That experiment identified a range of potential miRNA-regulated genes during
Drosophila oocyte maturation (51). This approach was limited by the sensitivity of protein detection,
and it likely captured indirect miRNA targets, whose expression would also vary in the absence of
Dicer-1. Similarly, transcriptomics and proteomics experiments (8, 52), as well as ribosome profiling
experiments (measuring ribosome occupancy transcriptome-wide; 10) have been used to measure
gene expression changes after perturbation of miRNA activity in various biological samples, but
computational analyses were required for the annotation of direct vs. indirect targets .

In order to identify direct miRNA targets, various methods have then been developed to detect
physical interactions between miRNAs and their target RNAs.

3.2 HITS-CLIP

High-throughput mapping of protein-RNA interactions in vivo became possible with the development
of Cross-Linking and ImmunoPrecipitation (CLIP) strategies (53, 54). The CLIP method is based
on the properties of UV irradiation to generate a covalent bond between proteins and ribonucleic
acids in close proximity (a few Å apart) (55). Such cross-linked protein-RNA complexes can then be
purified by immunoprecipitation using an antibody for the protein of interest, then its RNA partners
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are identifiable by sequencing after being trimmed with exonucleases, flanked with adapters, reverse-
transcribed and amplified. Recently, this method has been upgraded by including next-generation
sequencing to identify in vivo protein-RNA interactions in high throughput and was named HIgh-
Throughput Sequencing of RNA isolated by CLIP (HITS-CLIP) (56).

Crystallographic study of the Ago-miRNA-mRNA ternary complex structure confirmed that Ago
proteins make adequately close protein-RNA contacts to allow Ago HITS-CLIP (57), which can
identify both Ago-bound miRNAs and their direct RNA targets (21). In this method, proteins and
RNAs are cross-linked by short-wavelength UV irradiation (254 nm) and Ago-RNA complexes are
immunoprecipitated in order to purify both Ago-miRNA and Ago-target RNA complexes. Partial
RNA digestion is then performed to shorten captured RNAs into fragments that can be sequenced
by high-throughput sequencing after partial removal of cross-linked Ago proteins, 5´ and 3´ adapter
ligation, reverse transcription and amplification (Figure 2).

Thereby, the HITS-CLIP method identifies physical interactions between miRNAs and direct
targets by an experimental approach, but it does not allow the identification of the miRNA which
recruited one particular target: the experiment captures all the target mRNAs which have been
recognized by any expressed miRNA. To resolve this issue, computational methods are required to
match immuno-precipitated mRNAs to abundant miRNAs in order to find the specific target mRNAs
for each miRNA. Thus, standard Ago HITS-CLIP is unable to elude bioinformatic predictions and
consequently, it does not provide a genuine experimental identification of target mRNAs for a given
miRNA.

Furthermore, technical biases are expected to affect miRNA target identification by HITS-CLIP.
It has been shown that UV-induced Ago-RNA cross-linking preferentially occurs at uridines (58),
leading to the conclusion that CLIP efficiency varies according to the sequence of miRNA targets,
yielding false negatives (32). The extent of such biases is disputed, with other studies suggesting
that HITS CLIP-identified miRNA binding sites have little context preference (21, 59).

It is also important to realize that CLIP efficiency is greatly reduced when opaque biological
samples are to be analyzed because UV light cannot penetrate thick samples. Hence this technique
is intrinsically limited to thin samples, e.g., cell cultures, dissected mouse neocortex, worms (21, 23).

3.3 PAR-CLIP

An alternative CLIP-based technique was developed in order to improve the efficiency of the cross-link
reaction: Photoactivatable Ribonucleoside-enhanced CLIP (PAR-CLIP) (22). This method involves
incorporation of 4-thiouridine (4-SU), a photoactivatable ribonucleoside analogue, into newly syn-
thesized transcripts by supplementing culture media with 4-SU, as first demonstrated in vivo with
Escherichia coli (60) and ex vivo with CV-I cells (61). Transcripts labeled with photoreactive nucle-
osides are efficiently cross-linked by long-wavelength UV irradiation (365 nm) (Figure 2), achieving
higher cross-linking coverage than classic 254 nm-UV cross-linking (100 to 1000-fold improvement
in RNA recovery; 22).

An other characteristic of the PAR-CLIP method is that crosslinked 4-SU tends to behave like
a C nucleotide during reverse transcription, thus allowing a precise localization of the RNA-protein
cross-link after sequencing. The mapping of these mutations on CLIP cDNA has been presented as a
major enhancement since it allows to distinguish non-cross-linked noise from formal cross-linked RNA
sites, and to increase the resolution of Ago-RNA interaction localization. Nevertheless it was later
demonstrated that similar cross-link-induced mutations are also observed with classical 254 nm-UV
cross-linking, offering the same advantages to HITS-CLIP (62).

PAR-CLIP suffers from a main technical limitation : the poor rate of 4-SU incorporation. The
amount of 4-SU uptaken by a cell in the PAR-CLIP protocol should be adjusted to maximize cross-
linking while avoiding cytotoxicity and changes in gene expression due to 4-SU labeling. The PAR-
CLIP method therefore involves 12 to 16 hours of cell culture in 100 µM 4-SU (a dose that was
shown to avoid cytotoxic effects or noticeable changes in gene expression in HEK293 cells; 22).
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However, the rate of incorporation determined by HPLC analysis is low: 2.5% (12 hour incubation)
(22) or 4% (16 hour incubation) in HEK293 cells and 1 to 4% in other cell lines (63). In practice,
and as an example, a typical PAR-CLIP experiment on HeLa cells requires 60 to 100 15 cm Petri
dishes (64).

3.4 iCLIP

In CLIP-based methods, protease treatment on cross-linked RNA/proteins results in RNA molecules
with covalently bound residual protein fragments. Such fragments constitute an obstacle for the
reverse-transcriptase: during reverse transcription, the majority of cDNAs are truncated immediately
before the cross-linked site (65). Consequently, they are not flanked by both 5´ and 3´ adapters,
and they cannot be amplified by PCR for sequencing. Only the cDNA molecules that could be
successfully polymerized despite the cross-linked amino-acids can be sequenced, greatly limiting the
efficiency of CLIP library sequencing.

The individual-nucleotide resolution CLIP (iCLIP) approach exploits this limitation to identify
cross-linked sites at a nucleotide-resolution (66). The iCLIP protocol differs from HITS-CLIP after
the immunoprecipitation of protein-RNA complexes: an adapter is only ligated to the RNA 3´ end.
Cross-linked proteins are then partially digested and reverse transcription is performed with a primer
complementary to the 3´ adapter. cDNAs are then circularized and re-linearized by cutting at a site
within the primer sequence so as to produce a cDNA with both 5´ and 3´ adapters. The obtained
linear cDNAs are thus amplifiable regardless of where reverse transcription ended (Figure 2).

Comparison of HITS-CLIP and iCLIP libraries showed that 80% of cDNA molecules are trun-
cated at the cross-link site and are thus absent in HITS-CLIP data; the position of the cDNA 3´ end
indicates precisely the cross-linking site (58). Thereby, the iCLIP approach improves library recovery
while providing a single-nucleotide resolution of cross-linked site localization. However, this method
requires numerous and diverse enzymatic reactions and purification steps, making the protocol tech-
nically challenging. This could explain why iCLIP has not been so heavily used for the identification
of Ago-bound mRNAs. To our knowledge, only two laboratories have used this method in published
articles : in cultured cells (39) and in C. elegans (67, 68).

3.5 CLASH

In all the methods described above, the experiment does not identify the miRNA responsible for
recruiting a detected target, and further computational analyses are required to try to predict which
was the recruiting miRNA. In order to resolve this problem experimentally, a method was developed
for the simultaneous identification of the target and the miRNA: Cross-linking, Ligation, And Se-
quencing of Hybrids (CLASH), a high-throughput method for the characterization of intramolecular
and intermolecular RNA-RNA interactions (69), that has been adapted to allow direct miRNA and
target identification (70).

In this approach, cells expressing tagged Ago (6ÖHis tag) are irradiated with short-wavelength UV
to cross-link protein-RNA complexes. Tagged Ago’s are then immunoprecipitated, and Ago-bound
RNAs are partially digested by RNases. Ago-RNA complexes are then eluted, immunoprecipitated a
second time and RNA 5´ ends are phosphorylated. Such RNA modification prepares the keystone
step of this protocol: target mRNA-miRNA ligation. Indeed, because of their short length, miRNAs
tend not to be trimmed by RNases, so miRNA ends are not enzymatically modified (they keep
their 5´-phosphate and 3´-OH) in contrast to the trimmed mRNA ends (5´-OH and 3´-phosphate)
(71). Thus, after 5´ end phosphorylation, the target mRNA’s 5´ phosphate and the native miRNA
3´-OH can be enzymatically ligated, assuring the formation of target mRNA-miRNA hybrids with
the miRNA sequence positioned 5´ to the mRNA fragment. This stage is directly followed by 3´
adapter ligation and Ago-RNA complex elution. Ago proteins are then partially digested, 5´ adapters
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are ligated and finally, target RNA-miRNA hybrids are reverse-transcribed, amplified and sequenced
(Figure 2).

However, the efficiency of the RNA-RNA ligation is very low, usually resulting in less than 2%
of chimeric reads in all sequenced reads (70). Finally, among tens of millions of reads, only a few
tens of thousands correspond to miRNA-mRNA interaction sites, which is far from covering all the
actual miRNA interactions and does not enable comparative studies of target profiles. Even in the
optimised CLASH protocol, chimeras identifying mRNA targets constitute a fraction of a percent of
the total library (Table 1).

It has been reported that regular Ago HITS-CLIP also generates miRNA-target chimeras, probably
as a result of an endogenous ligase activity (72), so that specific advantages of the CLASH protocol
are not obvious. Further improvements are underway, but the efficiency of the ligation reaction
remains problematic (73).

Library: SRR959756 SRR959757

Reads with barcode: 8,688,014 30,848,119
Reads containing

miRNAs:
166,735 (1.92%) 422,865 (1.37%)

Chimeric reads with >
15 nt target:

33,364 (0.38%) (5´
miRNA: 31,818)

105,831 (0.34%)
(5´ miRNA: 85,516)

Target does not match
rRNAs or tRNAs:

27,401 (0.32%) 75,934 (0.25%)

Target matches
RefSeq mRNA:

17,824 (0.21%) 42,819 (0.14%)

Table 1: Statistics in typical CLASH experiments. In the original description of the CLASH
method, two libraries were prepared with the optimised protocol: SRA accession numbers SRR959756
and SRR959757 (70). “Reads with barcode” are the reads where the 5´ barcode CACAGC is found.
“Reads containing miRNAs” are the barcoded reads containing miRNA sequences (tolerating up
to 3 trimmed nucleotides on the 3´ end). “Chimeric reads with > 15 nt target” are the reads
containing both a miRNA sequence and a fragment of target RNA whose length exceeds 15 nt.
The CLASH protocol was designed to generate chimeric reads where the miRNA lies 5´ of the
target fragment, but some chimeras are ligated backwards (the number of chimeras in the expected
orientation is given as “5´ miRNA” in the table); note that in the following rows, every chimeric read
is considered, regardless of its orientation. “Target does not match rRNAs or tRNAs” are the reads
whose > 15 nt target fragment does not match nuclear or mitochondrial rRNA or tRNA genes in the
sense orientation. “Target matches RefSeq mRNA” are the reads whose > 15 nt target fragment
matches human sense RefSeq mRNAs without matching sense rRNAs or tRNAs.

3.6 Choice of negative controls

Regardless of the CLIP method being used (HITS-CLIP, PAR-CLIP or CLASH), common issues can
be avoided if negative controls are carefully chosen. Because of the sensitivity of high-throughput
sequencing, RISC-independent background signal originating from the affinity of RNA for antibodies
or beads can contaminate the list of identified targets. Repeating CLIP with two different antibodies
and comparing the results can help reducing experimental noise (21, 74).

More rigorously, when possible it is adviseable to design negative controls which are immuno-
precipitated with the same antibodies and beads than the experimental replicates. Such controls
include (i) Ago-null cells (or organisms), immunoprecipitated with the same anti-Ago antibody than
the wild-type samples (23, 67); (ii) cells expressing wild-type (untagged) Ago, immunoprecipitated
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Figure 2: High-throughput methods for miRNA target identification. Grey panel: in HITS-
CLIP, cross-linked Ago-target complexes are immunoprecipitated, then proteolysed prior to NGS
library preparation. Specific steps are modified in PAR-CLIP (blue panel; photoactivatable nucleo-
sides increase cross-linking efficiency) and iCLIP (pink panel; abortive reverse-transcription events
are detected). Green panel: the CLASH protocol allows a simultaneous identification of the target
and the miRNA. Yellow panel: degradome sequencing identifies 3´ fragments of miRNA-guided
cleavage.
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with the same anti-tag antibody than the cells expressing tagged Ago (39, 75, 76); (iii) cells (or or-
ganisms) where a miRNA of interest has been inhibited, immunoprecipitated with the same anti-Ago
antibody than the wild-type samples (40, 77, 78).

This latter negative control also provides an experimental way to identify RNA targets for a given
miRNA of interest. This technique, termed “differential CLIP” (dCLIP), discerns miRNA-dependent
interactions from background interactions. Statistical tests are used to identify RNA targets which
are significantly more abundant in Ago immunoprecipitations when the miRNA is active than when
it is inhibited (77).

3.7 Degradome sequencing

In various eukaryotes, some Ago proteins possess an efficient endonucleolytic activity, that can cleave
their RNA targets (1, 2, 79–81). Target cleavage occurs at a stereotypical position (between the
nucleotides facing nucleotides 10 and 11 of the small guide RNA), provided that the RNA double
helix is regular around the cleavage site. This property implies that the small RNA and the target
have to be perfectly complementary around positions 10 and 11 of the guide, in addition to the
complementarity requirements for stable RISC/target binding (e.g., a perfect seed match is strongly
favored) (3–5, 82, 83). Ago-mediated cleavage produces a 5´-phosphorylated 3´ product and a
3´-hydroxyl 5´ product (84, 85).

Together, these features of RISC-catalyzed target cleavage provide the basis for a method for the
detection of endonucleolytically-cleaved miRNA targets: “degradome sequencing” (86) (Figure 2).
Endogenous 5´-monophosphorylated RNAs (including the 3´ products of RISC-mediated cleavage)
are ligated to a 5´ adapter containing a site for the MmeI restriction enzyme (MmeI cleaves ≈20 bp
downstream of its recognition sequence). Following reverse-transcription, second strand DNA syn-
thesis and digestion with the restriction enzyme, double-stranded DNA products are ligated to a 3´
adapter, then deep-sequenced. This protocol enriches efficiently for RISC cleavage products: nei-
ther 5´-capped, nor 5´ polyphosphorylated RNAs (e.g., primary transcripts), nor 5´ hydroxyl RNAs
(which are commonly produced by many types of endogenous RNases; see 87 and references therein)
are detected. To distinguish miRNA target fragments from other cellular 5´ monophosphorylated
RNAs, sequences of the detected fragments are then mapped to the transcriptome, and the pre-
sumptive target site is compared to the sequences of known miRNAs: if the presumptive target is
complementary enough to a miRNA to allow endonucleolytic cleavage, and if the 5´ nucleotide of
the detected fragment faces the 10th nucleotide of the miRNA (+/- 1 nt, to account for observed
heterogeneities in miRNA 5´ ends and cleavage position), then the detected fragment is assumed
to derive from miRNA-guided cleavage of the target.

Degradome sequencing, when applied to mammalian samples, reveals a class of targets which
undergo miRNA-guided endonucleolytic cleavage (6, 7). Many of these targets do not exhibit a
full seed match to the miRNA, probably explaining why, for a given target RNA, that repressive
mode is very unfrequent (currently, only two seed-matched sites allowing target cleavage are known
in mammals; 5, 88, 89). Even when tolerating seed mismatches, miRNA binding sites allowing
cleavage are very rare in mammalian transcriptomes (7, 89).

Because degradome sequencing is restricted to the identification of cleaved targets, it is funda-
mentally limited to a minor subset of miRNA targets, at least in mammals. It uncovers more targets
in other clades, where miRNA-guided cleavage is more widespread (86, 90, 91).

It is also important to realize that this protocol only detects cleaved RNA fragments, and it fails
to quantify how frequently such cleavage occurs. If a given mRNA is rarely cleaved (say, less than 1
molecule out of 1,000), such repression is very likely to be functionally inconsequential — yet it will
be detected in a degradome sequencing experiment, provided that the mRNA is abundant enough.
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3.8 The issue with molecular assays

Low-throughput as well as high-throughput molecular assays face a fundamental limitation: they
may identify molecular interactions that really take place in vivo, but the mere existence of these
interactions does not imply that they have a biological function. Molecular events may be real, but
without triggering any beneficial macroscopic consequences. In other words, the identified targets
may be real from a molecular point of view, without being functionally targeted: their repression
by the miRNA does not control any macroscopic phenotypes, that could be subjected to natural
selection (40).

It would be misleading to assume that every observed molecular event necessarily translates into
a biological phenotype. Luckily, with the development of genome-editing techniques, it is becoming
easier to probe the functional relevance of molecular interactions. miRNA/target interactions that
had been very clearly established using molecular biology may very well fail to control any obvious
phenotype (compare for example 92 with 93).

4 Computational methods

4.1 Basic principles

miRNA target prediction programs rely on the established molecular rules for RISC/target binding.
Because the miRNA complement is probably well known in most model organisms, applying these
rules to transcriptome sequences should identify all the possible binding sites for miRNAs. But
several complications make the task non-trivial:

1. Initially, the molecular determinants for RISC binding were very imprecisely known. The first
identified miRNA/target pair (the lin-4/lin-14 pair in Cænorhabditis elegans; 14) showed that
the complementarity does not have to be perfect — and the definition of an imperfect yet
functional complementarity remained vague for several years.

2. Prediction accuracy has to be evaluated, which means that a control list of established, faithful
miRNA binding sites has to be available as well as, ideally, a negative control set, which is not
repressed by the miRNAs of interest.

3. Even if a given mRNA has the intrinsic ability to bind a miRNA-programmed RISC with a high
affinity, it may not actually bind it in vivo (the site may be hidden by a bound protein, or the
miRNA and the mRNA may not be expressed in the same cells).

Because of point #1, early target prediction tools had to rely on disputable assumptions.
The first published prediction program was optimized using its own prediction of the bantam/hid
miRNA/target pair in Drosophila, creating a circular reasoning (compare 28 with 17). The first
developed programs also ranked candidate targets by their predicted affinity to RISC, which was
approximated by the estimated free folding energy of the target with the protein-free miRNA se-
quence (18, 19, 28). But further investigations revealed that GC-rich target contexts are actually
less efficient than AU-rich contexts, despite being predicted to bind more tightly to the miRNA
sequence in the absence of protein partners (24).

Based on the few known targets at the time, each of these three initial computational programs
(18, 19, 28) also tended to favor binding sites with a good complementarity to the 5´-most sequence
of the miRNA. The importance of that subsequence (the “seed” of the miRNA) was indeed confirmed
later (reviewed in 30), and it is now used by most modern prediction programs.

Adopting a different strategy, some authors attempted to explore the efficiency of various im-
perfect miRNA/target duplexes in order to derive an experimentally-validated set of computational
rules (94). Such an effort is inevitably hindered by the infinite number of possible mismatches and
bulges in an RNA duplex.
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To address point #2, it is natural to compare the list of predicted targets to experimentally-
validated miRNA targets, and the power of such an approach increases when more targets are
experimentally confirmed (compare 19, 28 with 8, 52). Alternatively, it was proposed that a carefully
controlled set of shuffled miRNA sequences could provide a negative control to estimate signal/noise
ratios in target prediction (18). That approach has to assume that every predicted binding site for
such artificial, shuffled miRNA sequences is inefficient, which remains to be demonstrated (it is thus
likely to under-estimate the signal/noise ratio).

Many different metrics could estimate prediction sensitivity and specificity, and they may not
agree with each other. For instance, the program named “rna22” does not appear to predict miRNA-
guided mRNA repression better than simple random picking (32), even though its performance
seemed to be carefully controlled when the algorithm was published (95).

Point #3 can be addressed computationally, using comparative genomics: functionally impor-
tant sequence elements are assumed to be conserved in evolution. Because 3´ UTR’s tend to be
poorly conserved overall, any conserved sequence in a 3´ UTR (e.g., a miRNA binding site) will
be particularly obvious and easily detectable. Selection of phylogenetically conserved matches to
miRNA seed sequences is thus a common strategy in target prediction programs (96). Phylogenetic
conservation of a miRNA binding site is seen as a proof that the miRNA and the target do interact
(implying that they are co-expressed in some cells, and that the target site is accessible for miRNA
hybridization), therefore resolving the issue raised in point #3.

Importantly, phylogenetic conservation of an miRNA seed match is not only perceived as a
proof of an RNA/RNA physical interaction: it is also interpreted as an indication of the functional
importance of the interaction (30). One major limitation of molecular assays is that they cannot
demonstrate the biological relevance of miRNA/target binding (see subsection 3.8): this obstacle is
overcome if there is evidence of a selective pressure on the interaction.

4.2 Refinements

4.2.1 Predictors of molecular interaction

While most target prediction programs tend to look for phylogenetically conserved miRNA seed
matches (with various definitions and scoring systems for the notions of “match” and “conserva-
tion”), they differ in the way they incorporate additional information. The program using most
additional information is named “TargetScan”. It benefits from a long, sustained development, with
incremental improvements through the incorporation of successive predictors and with an optimized
weighting system to combine their contributions (see 32 for the latest version to date).

The most efficient features that TargetScan uses to predict miRNA binding include, among
others:

� local AU content (efficient binding sites tend to be AU-rich);

� position of the site within the 3´ UTR (with efficient binding sites avoiding the middle of long
UTR’s);

� total number of predicted binding sites in every 3´ UTR (miRNAs with many possible binding
sites tend to be titrated by the transcriptome, hence they are less efficient on each individual
site).

Whenever that information is available, it is also useful to consider 3´ UTR polymorphism.
Specific UTR isoforms can be expressed in a cell type-specific manner, thus modulating target
responsiveness to miRNAs (97).
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4.2.2 Phylogenetic conservation

Comparative genomics has become an important component of most target prediction programs.
With the multiplication of genome sequencing projects, pre-computed whole genome alignments
involving tens of species are now available, facilitating the identification of conserved UTR segments
(98).

Because phylogenetic conservation cannot help identifying targets for poorly-conserved miRNAs
(e.g., clade-specific miRNAs and viral miRNAs), a few computational programs were developed
without the help of comparative genomics (99–102), or where target site conservation does not
contribute much (103). When assessed against experimental data, these programs tend to perform
less well than conservation-based predictors (32). Also note that, in some cases (for poorly-conserved
miRNAs), the program TargetScan makes no use of phylogenetic conservation to predict miRNA
targets, and it only uses context features (local AU richness, ...).

In theory, it should be possible to predict miRNA targets without the need for comparative ge-
nomics: interacting molecules obviously do not have any notion of whether they are conserved in
other species and yet, by definition they only bind their real interactors. Phylogenetic conservation
is used by computational programs to compensate for our lack of information on the molecular de-
terminants of the interaction (and to estimate the physiological impact of these molecular events).
It is thus possible that, in the future, refinements of computational predictions with enough molec-
ular predictors will make phylogenetic conservation dispensable for an accurate prediction of the
mRNA interactors of a given miRNA, perhaps even for an accurate prediction of the physiological
functionality of individual miRNA/mRNA interactions.

4.3 False positives in comparative genomics

Conserved genomic elements may be conserved for miRNA-independent reasons, e.g., they could
constitute protein binding sites on the DNA locus or the RNA transcript. The odds are high that
they could be complementary to a miRNA seed by chance: according to the current version of the
miRBase repository (version 21, dated June 2014; 104), 1,508 different seeds (defined as nt 2 – 7)
can be found in the 2,588 listed human miRNAs, and 1,228 different seeds can be found in the
1,915 listed murine miRNAs. Because there are only 46 = 4096 possible hexanucleotides, a large
fraction of all the possible > 6 nt-long motifs matches an miRNA seed. It is thus expected that
many conserved genomic elements are complementary to miRNA seeds, even if their phylogenetic
conservation is not due to the miRNA.

Two types of methods have been proposed to estimate the number of such false positives.
Considering short sequence motifs, excluding those that are complementary to miRNA seeds (but
selecting those motifs that behave similarly to miRNA seed matches, in terms of sequence compo-
sition features and other genomic features), then measuring their phylogenetic conservation, it was
proposed that mammalian miRNAs exert a selective pressure on most coding genes (105). According
to that analysis, more than 60% of human coding genes are miRNA targets.

Alternatively, the number of false positives could be estimated by scoring the number of conserved
miRNA seed matches in phylogenetic clades where the miRNA does not exist: seed matches which are
more conserved than their cognate miRNA itself are probably conserved for a miRNA-independent
reason (40). Here, miRNA-independent conservation is measured on the seed-matching motifs
themselves; a drawback of that method is that deeply conserved miRNAs are hard to analyze (there
are not so many sequenced genomes where that miRNA is absent), probably under-estimating false
positive rates for the most conserved miRNAs (40, 106). According to that analysis, several tens of
percent of computationally-predicted targets are false positives: they are phylogenetically conserved
for miRNA-independent reasons, and they are only fortuitously complementary to miRNA seeds.

Seed matches to poorly-conserved miRNAs (e.g., Hominidae-specific miRNAs) appear to be very
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frequently more conserved than their cognate miRNAs (40). Yet some computational programs con-
sider phylogenetic conservation of their seed matches as an evidence of biological functionality (e.g.,
“miRanda” and “DIANA-microT”; 107, 108). Another program, TargetScan, does not use phylo-
genetic conservation as far as poorly-conserved miRNAs are concerned (see subsubsection 4.2.2): it
only attempts to predict physical interactions between the miRNA and the mRNA, and thus can-
not predict physiological relevance (see subsection 3.8). As for the “PicTar” prediction program, it
simply does not attempt to predict targets for the least conserved miRNAs.

5 Conclusion

Various experimental and computational methods are currently used to identify miRNA targets.
Most of them tend to exhibit both technical and conceptual limitations, which are frequently ignored.
Some of these caveats can affect profoundly the interpretation of many published studies.

Low-throughput reporter assays are commonly used for the validation of miRNA/target regulatory
interactions. These tests frequently involve miRNA overexpression, which is particularly prone to the
generation of artifactual responses. Moreover, and because the repressive action of miRNAs is usually
very modest, the amplitude of experimental noise frequently falls in the same order of magnitude than
the biological effect to be measured. More generally, reporter genes face a fundamental weakness:
they cannot recapitulate complex genetic interactions (regulatory feedbacks, indirect phenotypic
effects), implying that their repression by miRNAs is quantitatively different from that of endogenous
genes.

Yet high-throughput methods for the quantification of miRNA-guided repression of endogenous
genes are themselves polluted by numerous biases. The interpretation of such experimental results
can also be affected by the quality of computational analyses. For example, several studies have
suggested the existence of novel classes of non-canonical miRNA binding sites, which were believed
to be functional. Yet a detailed re-analysis of these cases shows that the observed repressive effect
seems to be due to neighboring, canonical miRNA binding sites (32).

It is also important to keep in mind that every physical interaction between RISC and an mRNA
may not trigger functional consequences. It is therefore wrong to equate “physical interactors” with
“targets”. Computational analyses could, in principle, assess the biological importance of individual
miRNA/target interactions by measuring their phylogenetic conservation. But these methods are
themselves contaminated with false positives. The large number of available computational predic-
tion programs also contributes to the inflation of false positives, because each individual interaction
is more likely to be predicted by a program if more programs are available.

Finally, the most convincing targets identified so far tend to be the ones that were identified
before the development of most of these techniques (compare for example 35 with 16; also see
14). This could actually be very meaningful: the initial studies were based on genetics, where
the observation of an in vivo phenotype is a prerequisite. The availability of many experimental
or computational methods for high-throughput miRNA target identification could have promoted
a new vision of regulatory interactions, where molecular responses were considered as biological
phenotypes. Considering that these interactions constitute actual functional regulation is certainly
risky if not confirmed in vivo. In the future, targeted mutation of miRNA binding sites in vivo will
probably be a great help for the functional validation of candidate targets (35, 93).

Computational code accessibility

All the instructions, scripts and intermediary data used for the preparation of Table 1 can be down-
loaded from https://www.igh.cnrs.fr/images/microsite/herve-seitz/files/Mockly_and_

Seitz_2018_Table1.tar.bz2 or from https://github.com/HKeyHKey/Mockly_and_Seitz_2018.
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Chapter 3. Functional Relevance of microRNAs on Cellular Phenotypes

3.2 Identification of microRNA:Target Interactions Involved in Cell
Proliferation

Rationale of the strategy

The evaluation of the biological relevance of a miRNA target permits to distinguish between
molecular and functional targets. However, to allow this distinction, it is necessary to study
a quantifiable phenotype to assess the involvement of an individual target in establishing this
phenotype. Specifically, deletion of a functional target site should partially recapitulate the
phenotype induced by loss of miRNA expression. To interrogate the phenotypic involvement
of many molecular targets of a miRNA on a large scale, we turned to a genetic screen in cul-
tured cells. Among measurable biological responses in this model, cell proliferation is par-
ticularly suitable to interrogate a quantitative phenotype using mathematical modeling. Cell
proliferation is a sensitive readout since cell number increases exponentially with time as long
as environmental conditions are approximately constant. Additionally, a genetic screen on
miRNA:target interactions is a powerful way of identifying molecular mechanisms underly-
ing proliferation control. Especially, it could provide quantitative information allowing the
precise estimation of individual and combinatorial effects of molecular events on proliferation
through mathematical modeling.

We thus conceived a CRISPR-mediated screen where all the MREs for a miRNA of inter-
est would be mutated and then cells would be allowed to grown for several days to measure
the relative growth rate of individual mutant clones. This approach would allow measuring
the proliferative effect of individual miRNA:target interactions, as well as that of combina-
tions of interactions. Furthermore, because it is experimentally easier to detect cellular clones
that over-accumulate in the cell population rather than clones that under-accumulate, an anti-
proliferative miRNA would particularly fit this strategy. We opted from the miR-34 family
described in the literature as an anti-proliferative miRNA in mouse and human cell lines and
more broadly as a general tumor-suppressor miRNA (Rupaimoole et al., 2017). This work
would identify miRNA:target interactions that do control a proliferative phenotype. More-
over, it would be the first example in which miRNA:target interactions are screened on the
phenotype they regulate, rather than from theoretical inferences.

Methodology description

In more detail, the strategy consists in using a CRISPR library that targets every conserved –
at least between human and mouse – miR-34 binding site in 3´ UTRs of diploid (HCT-116) and
haploid (HAP1) human cell lines. These cell lines are particularly suitable for the observation
of phenotypes after mutation of only two or a single allele. The CRISPR library and Cas9 will
be transduced by lentiviral vectors to ensure a homogeneous cellular delivery, and the multi-
plicity of infection (MOI) will be optimized in order to perform two independent screens: on
either (i) unique mutations per cellular clone to probe the effect of individual miR-34:target
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interactions or (ii) multiple mutations to probe the effect of combinations of miR-34:target in-
teractions. After transduction, cells will be allowed to grow exponentially while trypsinizing
and splitting cells regularly to ensure that they never reach confluency. Genomic DNA will
be extracted from a sample of cells over time for high-throughput sequencing of enriched loci
of interest using the SureSelect Target Enrichment System (Agilent) and quantification of the
proportion of mutant subclones in the cell population. Such a time-course experiment will
allow to detect overgrowing mutants independently of sgRNAs’ efficiency since even mu-
tant clones generated in latter days of the time course will still be tracked by measuring their
accumulation rate. The CRISPR screen will be conducted independently on wild-type and
miR-34-deficient cells to identify and exclude 3´ UTR mutations affecting cell proliferation in
a miR-34-independent manner – e.g. by perturbing the recruitment of RNA-binding proteins
or other UTR-dependent miRNA-independent mechanisms.

FIGURE 3.1: Overview of a unbiased CRISPR screen for the identification of miRNA targets
involved in cell proliferation control. Among all potential miR-34a binding sites in the human
genome, 1420 are conserved with the mouse. We planned to design guide RNAs to impair these
sites, including for each site one guide targeting the Streptococcus pyogenes Cas9 PAM-compatible
CCG sequence within the seed match. The CRISPR library would be transduced at low MOI, and
a time course population genomic DNA sequencing will be performed to follow the enrichment
or depletion of mutant subclones.

Quantification of the global proliferative effect of miR-34a

Prior to performing the CRISPR screen in cultured cells, it was first necessary to confirm the
effect of the miR-34 family on cell proliferation, and to provide an accurate quantification of
its global effect as a reference value for the evaluation of individual target contributions in our
mathematical model.
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The screen was supposed to be performed first in HCT-116 cells, a human colon carci-
noma cell line, for two reasons: (i) this cell line is essentially diploid thus highly responsive
to CRISPR/Cas9-mediated genome editing, and (ii) the miR-34 family has been reported to be
anti-proliferative in HCT-116 in various studies (Chang et al., 2007; He et al., 2007; Navarro
et al., 2015; Tazawa et al., 2007; Yamakuchi et al., 2008; Zhao et al., 2013). The miR-34 fam-
ily is composed of six members but miR-34a is the major member of this family in most tis-
sues and cell lines (Bommer et al., 2007; Concepcion et al., 2012; Okada et al., 2014; Song et
al., 2014), including in HCT-116 cells. Therefore, we generated miR-34a-null HCT-116 clones
by CRISPR/Cas9-mediated knock-out of the miR-34a locus as well as wild-type clones that
have undergone the same transfection and single-cell sorting processes to be compared with.
Indeed, the whole selection procedure could modify the proliferation behavior of cells or fa-
vorize the most robust clones, thereby the parental wild-type cell line would differ from clones
not only in the expression of miR-34a but also in its systemic state.

To delete the miR-34a locus, multiple guide RNAS (sgRNAs) were designed using CRISPOR
(http://crispor.tefor.net/) (Concordet et al., 2018) to target each side of the human genomic se-
quence expressing the pre-mir-34a sequence, and cloned into an expression plasmid for Strep-
tococcus pyogenes Cas9 (pSpCas9(BB)-2A-GFP plasmid, Addgene 48138). The targeting effi-
ciency of each plasmid was estimated by Sanger sequencing of the targeted locus in transfected
HCT-116 cells, and analyzed with the Synthego ICE Analysis online tool (https://ice.synthego.com/).
The mutagenesis was performed using two sgRNAs, one for each end of the targeted locus,
with a high edition score. HCT-116 cells were grown until 80% confluency and transfected
with the two plasmids following the protocol for Lipofectamine 2000 Transfection Reagent
(ThermoFisher Scientific). After 24 hours, Cas9-GFP-expressing single cells were isolated in
96-well plates by flow cytometry on a BD FACSMelody (Becton Dickinson), then grown for 10
days. Homozygous wild-type and mutant clones were first tested by discriminative PCRs and
eventually validated by Sanger sequencing of their miR-34a locus.

Eventually, we compared the proliferation rate of four mutant clones with four wild-type
clones. Each cell line was seeded in 96-well plates in four replicates at low confluency, and
from 24 hours after cell seeding to three days later, the number of living cells was determined
twice a day by CellTiter-Glo Luminescent Cell Viability Assay (Promega), based on quantita-
tion of the ATP present as an indicator of metabolically active cells. The luminescent signal is
thus directly proportional to the number of viable cells and was log-transformed for linear re-
gression relative to time and genotype to measure doubling time and estimate the significance
of the effect of genotype.

In contradiction with previous papers based for the majority on over-expression experi-
ments and for one of them on a knockout model, we did not observe any significant difference
in the growth rate of mutant and wild-type clones (Figure 3.2.A), suggesting that miR-34a is
not involved in cell proliferation control in this cell line. We repeated this approach on a sec-
ond cell line, also suitable for a CRISPR screen, HAP1, a near-haploid cell line derived from
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the chronic myelogenous leukemia. Once again, we did not observe the expected increase in
cell proliferation for miR-34a-deficient clones, but instead a slight decrease (Figure 3.2.B).
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FIGURE 3.2: Proliferative rate of wild-type and miR-34a-deficient clones in HCT-116 and
HAP1 cells. Four wild-type and four miR-34a mutant clones of A: HCT-116 and B: HAP1 were
grown in sub-confluent conditions. Means and standard errors of 4 biological replicates are rep-
resented by dots and error bars. Linear modeling of log-transformed cell counts relative to time
was used to measure doubling time (Td), and to estimate the significance of the effect of genotype
(p-value is given in the inset). Shaded areas represent the 95% confidence interval for theoretical
future measurements.

At this stage of the project, we gave up on the feasibility of the CRISPR screen on miR-34a
targets since this miRNA does not exhibit an endogenous anti-proliferative activity in these
two CRISPR-friendly cell lines. Nevertheless, the discrepancy between our results and pub-
lished results, in particular compared with the knockout experiment in HCT-116 from Navarro
et al., 2015 (Figure 3.3), led us to interrogate the genuine impact of miR-34a on cell prolifera-
tion. More broadly, we also questioned its supposed tumor-suppressor role, which had been
based on the assumption of its anti-proliferative property.

FIGURE 3.3: Proliferative rate of wild-type and miR-34a-deficient clones in HCT-116 from
Navarro et al., 2015. Proliferation of wild-type, p53-KO and miR-34a-KO cells by MTT cell pro-
liferation assay. Adapted from Navarro et al., 2015.
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Generation of miR-21-deficient HAP1 cells

Because miR-34a does not endogenously affect cell proliferation in HCT-116 or HAP1 cells, we
assessed an other miRNA involved in cell growth regulation to perform the CRISPR-mediated
screen. In place of selecting a well established pro-proliferative or anti-proliferative miRNA
from the literature only, we prioritized miRNAs highly expressed in HCT-116 and HAP1 with
the assumption that the most expressed miRNAs would be more likely functional (Mullokan-
dov et al., 2012). We selected from published small RNA-seq data miR-21, an established
pro-proliferative miRNA (Pfeffer et al., 2015), highly expressed in both cell lines (Figure 3.4).
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FIGURE 3.4: Quantification of miRNAs expressed in HCT-116 and HAP1 cells from two bi-
ological replicates of small RNAseq. The expression of human miRNAs was quantified from
two published small RNA sequencing datasets (available on NCBI SRA) and represented by the
respective number of reads per million (the number of reads mapping on a miRNA was divided
by the total number of reads mapping on the reference repertoire of miRNAs, then multiplied
by one million).

We attempted to generate miR-21-deficient HAP1 cells, following the exact same proto-
col as for miR-34a-deficient HCT-116 and HAP1 clones. Surprisingly, we tested about thirty
sgRNAs, and none of them had an edition score reaching a similar score to those tested for
mir-34a deletion. We went through with the mutagenesis process anyway and while the mir-
34a knock-out in HAP1 cells was so potent that we struggled to obtain non-mutated clones,
we did not obtain a single miR-21 knock-out clone. Instead, the only generated mutant clone
exhibited an insertion of 542 bp from chromosome 4, while the miR-21 locus is on chromosome
17. The predicted secondary structure of this variant suggests that it could not be recognized
as a Microprocessor substrate and thus could not produce mature miR-21 (Figure 3.5). That
said, we did not verify by Northern Blot or RT-ddPCR the expression level of miR-21, and
thus we cannot conclude whether this mutant is miR-21-null. This mutagenesis method was
repeated with various sgRNAs with no better outcomes. Therefore, it is likely that miR-21 is
required for cellular survival in HAP1, and consequently, miR-21-deficient cells die out during
clone selection.
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FIGURE 3.5: Schematic of the single miR-21-mutant clone successfully isolated. Left: The
sequence of the miR-21 mutant clone presents an insertion of 542 bp at the expected editing
position of one of the sgRNA used. In blue is illustrated the insertion of the 542 bp-long sequence
which is based on chromosome 4 as a template. Right: This insertion disrupts the predicted
secondary structure of pre-miR-21 by RNAfold (with default parameters). In red are highlighted
the mature miR-21 sequence and its complementary strand, miR-21*.

This project was halted at this stage and we did not investigate further the applicability of
our CRISPR screen for the identification of functional miRNA targets involved in cell prolifer-
ation regulation. Instead, we explored the discrepancies between our results and the literature
about the anti-proliferative activity of miR-34a, and questionned its definition as a general
tumor-suppressor miRNA.
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3.3 Revisiting the Anti-Proliferative Function of miR-34a

3.3.1 The Master Tumor-Suppressive Role of miR-34a in the Literature

Description of the miR-34 family

The miR-34/449 miRNAs constitute a conserved family in vertebrates known as the miR-34
family and comprising three genomic loci, mir-34a, mir-34b∼34c and mir-449c∼449b∼449a,
which express six homologous miRNAs miR-34a, 34b, 34c, 449a, 449b and 449c. In humans,
the miR-34a loci is located on chromosome 1p36.22 within the second exon of its non-coding
host gene, the miR-34b∼c cluster on chromosome 11q23.1, and the miR-449a∼b∼c cluster
is originated from chromosome 5q11.2 and more specifically in the second intron of the cell
division cycle 20b (cdc20b) gene.

A B

C

FIGURE 3.6: Structure and conservation of the miR-34 family in vertebrates. A: Gene structure
of murine miR-34/449 miRNAs. B: Sequence alignment of murine miR-34/449 miRNAs. The
red box indicates seed sequences. C: The miR-34 family is evolutionarily conserved with exten-
sive sequence homology across many species. miR-34a has a more ancient evolutionary history
compared to the rest of miR-34/449 miRNAs. miR-34a is conserved in Deuterostome, Ecdyso-
zoa and Lophotrochozoa, yet the rest of miR-34/449 miRNAs have only vertebrate homologues.
Adapted from Song et al., 2014.

In mice, this family of miRNAs is mainly detectable in the brain, lungs, testes, ovaries,
and fallopian tubes (Bommer et al., 2007; Concepcion et al., 2012; Okada et al., 2014; Song
et al., 2014). More precisely, miR-34/449 miRNAs are enriched in multiciliated cells, such
as in airway mucociliary epithelial cells (lung) (Marcet et al., 2011) or efferent ductules (testis)
(Yuan et al., 2019). Genetic ablation of the miR-34 family has been reported to result in ∼60% of
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postnatal mortality, ∼50% of growth attenuation at the adult stage, severe respiratory distress
and infertility of male and female mice (Song et al., 2014). These defects are overall explained
by ciliogenesis dysfunction in the tissues of expression (Marcet et al., 2011; Song et al., 2014;
Yuan et al., 2019).

miR-34a, a candidate tumor-suppressor miRNA

In 2007, seven papers identified the three members of the miR-34 family miR-34a, miR-34b
and miR-34c as bona fide transcriptional targets of the tumor-suppressor protein p53 (Bommer
et al., 2007; Chang et al., 2007; Corney et al., 2007; He et al., 2007; Raver-Shapira et al., 2007;
Tarasov et al., 2007; Tazawa et al., 2007). Both miR-34a and miR-34b∼c loci were found to be
localized downstream predicted p53-binding sites, and the miR-34a/b/c expression profiles
have been shown to be correlated with the p53 status in various cancer cell lines or induced by
p53-mediated response to genotoxic stress.

The transcription factor p53 acts as a cellular central control hub that governs the cell
decision to proliferate or, alternatively, to activate senescence and apoptotic programs in re-
sponse to intrinsic and extrinsic cellular stresses resulting in DNA damage. In broad terms,
if the degree of damage to the genome becomes excessive, or if the levels of nucleotide pools,
growth-promoting signals, glucose or oxygenation conditions are suboptimal, p53 can induce
cell-cycle progression halt until conditions go back to standard. Alternatively, in case of over-
whelming genomic damage, p53 can trigger apoptosis (Hanahan et al., 2011). The primary
target genes of the p53-mediated transcriptional activation differ according to the stress signal
and activate a cascade of regulators providing a wide variety of cellular responses. Thus, the
p53 pathway is redundant in how it mediates cell cycle control or cell death. Eventually, muta-
tions in the p53 gene are the most common genetic alteration in human cancers (Levine, 2020).

The three miRNAs, miR-34a, miR-34b and miR-34c, were found to be directly induced
upon p53 activation in multiple murine and human cell types (Bommer et al., 2007; Chang
et al., 2007; Corney et al., 2007; He et al., 2007; Raver-Shapira et al., 2007; Tarasov et al.,
2007; Tazawa et al., 2007) and thus have been proposed to be part of the tumor-suppressor
activity of the p53 network. In mice, miR-34a is detectable by Northern Blot and RT-qPCR
in most tissues, while miR-34b/c are predominantly expressed in lung and testis along with
miR-449a/b/c (Bommer et al., 2007; Concepcion et al., 2012; Okada et al., 2014; Song et al.,
2014). The nearly ubiquitous expression of miR-34a made it a potential general actor of the
p53 pathway. This assumption was corroborated by the fact that the miR-34a locus has been
associated with fragile genomic sites in human cancer (Bagchi et al., 2008; Cole et al., 2008)
and is often down-regulated in tumors and cancer cell lines (Adams et al., 2016; Bommer et al.,
2007; Chang et al., 2007; Li et al., 2013; Liu et al., 2011; Tazawa et al., 2007; Wang et al., 2015a;
Welch et al., 2007; Wiggins et al., 2010), suggesting that inactivation of miR-34a is involved in
tumorigenesis and that other miR-34 family members could not compensate for this loss. Fol-
lowing, pieces of evidence had multiplied that ectopic expression of miR-34a in various cell
types antagonizes cell proliferation (reviewed in Bader, 2012). Overexpression experiments
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were performed in various ways: delivery of synthetic mature miR-34a, ectopic expression of
miR-34a precursors, or else p53 induction with a genotoxic agent; all resulting in cell prolif-
eration reduction due to either cell cycle arrest, apoptosis or senescence according to the cell
type. Altogether, the affiliation of miR-34a in the p53 network, its loss of expression in vari-
ous tumor samples or transformed cell lines, as well as its anti-proliferative activity at ectopic
levels gave rise to the conclusion that miR-34a is a component of the tumor-suppressive p53
pathway and, more generally, is a putative general tumor-suppressor miRNA.

miR-34a replenishment therapeutics and their limits

However, whereas these arguments are largely detailed in reviews about tumor-suppressor
miRNAs, or miR-34a in particular, their limits are not or barely mentioned. First, the statement
that miR-34a is located on a genomic region frequently deleted in cancer is based on the 1p36
cytogenetic band status evaluation which is 28 Mb-long (Cole et al., 2008; Mosse et al., 2007).
Evidently, thousands of other genes are located within this region and, among them, potential
tumor-suppressor genes. For instance, the chromodomain helicase DNA binding domain 5
(Chd5) gene, a tumor-suppressor candidate (Bagchi et al., 2008), is co-localized with miR-34a
in the 3.5 Mb-long 1p36.22 band. Furthermore, the multiple evaluations of miR-34a expression
in cancer tissues compared with adjacent or healthy tissue are penalized by (i) the low number
of biological samples, (ii) the RT-qPCR detection limit for low-expressed miRNAs, as well as
the nearly null endogenous level of miR-34a in control tissue making relative quantification
obsolete, (iii) the visible heterogeneity in miR-34a expression profiles between samples which
is not statistically investigated.

Moreover, contrary to the severe phenotypical defects observed in miR-34 family triple
knock-out mice, miR-34a and miR-34b/c double knock-out mice do not exhibit apparent sur-
vival or growth defects. More importantly, and in contrast with p53-deficient mice, they do
not display defects in p53-dependent proliferation control or increased susceptibility to spon-
taneous, irradiation-induced or cMyc-initiated tumorigenesis (Concepcion et al., 2012). Sim-
ilarly, miR-34a/b/c-deficient MEFs do not show significant alteration in proliferation rate or
replicative senescence in comparison with wild-type MEFs, while previous results would ex-
pect a p53-like phenotype with indefinite proliferation or higher proliferation rate. Interest-
ingly, this study reports that while the expression of the miR-34 family is particularly high in
testes, lungs and brains, it is largely p53-independent (Concepcion et al., 2012). Such investi-
gation of the tumorigenesis susceptibility has not been published on triple knock-out miR-34
mice, yet they have been generated since 2014 (Song et al., 2014) and would be valuable to
conclude on the role of the miR-34 family in tumorigenesis by taking into consideration the
functional redundancy within members of a miRNA family.

Despite these findings, miR-34a was considered as a putative general tumor-suppressor
worthy of becoming a miRNA-based therapeutics against cancer. MiRNA replacement ther-
apy aimed at reintroducing a tumor-suppressor miRNA to reactivate a multiplicity of cellular
pathways that drive a “therapeutic” response. Synthetic miR-34a mimics were delivered with
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various vehicle systems in different solid tumors in murine models and were found to reduce
solid tumor size and to increase the efficiency of already used therapeutic chemotoxic agents
(Kasinski et al., 2012; Kasinski et al., 2015; Panebianco et al., 2019; Pramanik et al., 2011; Trang
et al., 2011; Wiggins et al., 2010).

Intriguingly, in such studies, the amount of delivered miRNAs is rarely mentioned as a po-
tential hazard. On the contrary, it is explicitly stated that miR-34a mimics should act like a nat-
urally occurring miRNA by affecting all mRNAs inherently regulated by endogenous miR-34a
in normal cells, and that such uptake of miRNA mimics should not affect healthy cells because
pathways regulated by the miRNA mimic are already activated by the endogenous miRNA in
these cells, which incidentally make dispensable local delivery (Bader, 2012; Trang et al., 2011;
Wiggins et al., 2010). These assumptions reflect a misconception of miRNA targeting and ne-
glect the notions of regulator:target availability and affinity. As detailed in our review, cf. sec-
tion 3.1.1, an uncontrolled over-expression of miRNAs can lead to various confounding effects.
To summarize, supra-physiological amounts of small RNAs can (i) titrate components of the
endogenous miRNA machinery, thus relieving repression of other miRNA targets; (ii) induce
the activation of the interferon pathway; (iii) increase endogenous target occupancy, hence
achieving higher target repression; or else (iv) affect novel, low-affinity targets that are not
repressed with endogenous miRNA concentrations. That is why, ectopic delivery of miR-34a
must be verified to distinguish between endogenous anti-proliferative or excessive cytotoxic
miR-34a effects. A fortiori, it was early stated that the definition of a tumor-suppressor gene
excludes genes that are cytostatic or cytotoxic when inappropriately overexpressed (Weinberg,
1991). Thus, in the case where miR-34a is cytotoxic because anti-proliferative only in supra-
physiological amounts, it would be wrong to define it as a tumor-suppressor miRNA.

Furthermore, if the miR-34a-based treatment is cytotoxic, it would contradict the initial
motive to use a natural tumor-suppressor miRNA to modulate cellular pathways involved in
tumor-suppressive functions. The tumor-suppressive function of miR-34a has also been jus-
tified by the identification of direct miR-34a targets known to act in tumor-suppressive path-
ways, such as the antiapoptotic proteins BCL-2 and SIRT-1 (Bommer et al., 2007; Li et al., 2013;
Yamakuchi et al., 2008), the programmed cell death protein 1 ligand PDL1 (Wang et al., 2015b),
or factors required for G1/S transition including c-Myc (Yamamura et al., 2012). However, all
of these experiments have been performed with ectopic expression of miR-34a and therefore
are not fully convincing.

Actually, MRX34, a liposome-delivered synthetic miR-34a mimic is the first miRNA-based
treatment to have reached the phase I clinical trial in oncology, i.e. has ben evaluated for its
toxicity and its maximum tolerated dose in humans. Unfortunately, this trial has been closed
early due to serious immune-mediated adverse events that resulted in four patient deaths and
the clinical development of MRX34 was also halted since it has been concluded that the risk
of severe adverse events was not outweighted by the 4% overall partial positive response rate
(Beg et al., 2017; Hong et al., 2020).
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Aim of the project

Following our contradictory results about the effect of miR-34a on cell proliferation and our
study of the literature about miR-34a in cancer, we speculated that the endogenous function
of miR-34a as an anti-proliferative miRNA, and susbsequently as a general tumor-suppressor
miRNA, has been over-estimated due to misconceived experiments and results. Therefore, we
decided to investigate further the pieces of evidence that proved the tumor suppressive func-
tion of miR-34a from its general downregulation in cancer and its antiproliferative activity in
a cell line in which it has been extensively studied (HCT-116).

The main inputs of our work was to use, on one hand, the most up-to-date cancer genetics
data from The Cancer Genome Atlas Program , and on another hand, an absolute ddPCR-
based miRNA quantification method instead of RT-qPCR. The Cancer Genome Atlas Program
is a cancer genomic program begun in 2006 and which generated data from over 20,000 pri-
mary cancer and matched normal samples spanning 33 cancer types. These data are standard-
ized and available on the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/).
Such dataset allows us to provide a large-scale analysis of miRNA expression and gene in-
tegrity in primary tumors and in normal adjacent tissues. We also used RT-ddPCR for ac-
curate and, most importantly, absolute miRNA quantification (Hindson et al., 2013). This
method is based on water-oil emulsion droplet technology and consists in fractionating a sam-
ple into 20,000 droplets in which PCR amplifications occur independently. Following, indi-
vidual droplets are analyzed to determine the fraction of PCR-positive droplets. Because this
system is based on a large number (20,000 independent PCRs) of rare events (presence of the
template in the droplet), the target DNA template concentration in the original sample can be
determined by Poisson statistics. Consequently, this technology requires a very small amount
of input sample and provides an absolute count of target DNA copies per input sample.

The results of this work have been submitted for publication and are currently under re-
vision. My participation covered the conception and design of the study, the generation of
mutant cell lines, the absolute miRNA quantification by RT-ddPCR, the proliferation assays
with the help of Elizabeth Houbron, the double-check of small RNA sequencing analysis, data
analysis and interpretation, and paper writing. The majority of the bioinformatics analyses,
including data mining from the GDC portal, were performed by Hervé Seitz.

3.3.2 Paper: A rationalized definition of tumor suppressor microRNAs excludes miR-
34a
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Abstract

While several microRNAs (miRNAs) have been proposed to act as tumor suppressors, a consensual
definition of tumor suppressing miRNAs is still missing. Similarly to coding genes, we propose that
tumor suppressor miRNAs must show evidence of genetic or epigenetic inactivation in cancers, and
exhibit an anti-proliferative activity under endogenous expression levels. Here we observe that this
definition excludes the most extensively studied tumor suppressor candidate miRNA, miR-34a. In
analyzable cancer types, miR-34a does not appear to be down-regulated in primary tumors relatively
to normal adjacent tissues. Deletion of miR-34a is occasionally found in human cancers, but it
does not seem to be driven by an anti-tumorigenic activity of the miRNA, since it is not observed
upon smaller, miR-34a-specific alterations. Its anti-proliferative action was observed upon large,
supra-physiological transfection of synthetic miR-34a in cultured cells, and our data indicates that
endogenous miR-34a levels do not have such an effect. Our results therefore argue against a tumor
suppressive function for miR-34a, providing an explanation to the lack of efficiency of synthetic
miR-34a administration against solid tumors.

Keywords: microRNA / miR-34 / proliferation / tumor suppressor

Introduction

Tumor suppressors are genes whose activity antagonizes tumorigenesis. Consequently, they are
frequently silenced, either by germline-inherited or somatic mutation, or otherwise inactivated, in
cancers [1]. Mechanistically, tumor suppressors mediate cellular environment-induced inhibition of
cell proliferation, therefore exhibiting anti-proliferative activity under their natural expression levels:
a gene displaying cytotoxic or cytostatic activity only when inappropriately overexpressed is therefore
excluded from that definition [2].

miRNAs are small regulatory RNAs, guiding their effector proteins to specific target RNAs,
which are repressed by various mechanisms (target RNA degradation and translational inhibition)
[3]. Targets are recognized by sequence complementarity, with most targets bearing a perfect match
to the miRNA “seed” (nt 2–7) [4]. Such a short binding motif makes miRNA/target binding poorly
specific, and more than 60% of human genes are predicted to be targeted by at least one miRNA [5].
Because such gene regulators can act in signal transduction cascades, they may participate in tumor-
suppressive pathways. A consensual definition for “tumor suppressor miRNAs” is still lacking, with
some tentative definitions being based on miRNA down-regulation in cancer cells [6], on the targets’
annotation [7], or both [8]. We rather propose to follow the initial definition of tumor suppressors [2],
considering that there is no reason to particularize miRNAs among other types of tumor suppressors.
We thus advocate for the following definition of tumor suppressor miRNAs: (i) there is evidence
for their frequent inactivation in cancer (either by genetic or epigenetic alteration; potentially only
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in specific cancer types); and (ii) they repress cell proliferation under their endogenous expression
level, rather than upon unrealistic overexpression.

We applied this definition to interrogate the status of the most highly-studied tumor suppressor
candidate miRNA, miR-34a. It is a member of the miR-34 family, comprising six members in human
and in mouse: miR-34a, miR-34b, miR-34c, miR-449a, miR-449b and miR-449c (Supplementary
Figure S1). The three miR-34a/b/c subfamily members are transcriptionally controlled by the p53
tumor suppressor, which suggested that these miRNAs could participate in the tumor suppressive
activity of the p53 network [9, 10, 11, 12, 13, 14, 15]. Indeed, the miR-34a member is down-regulated
or lost in various cancer models (tumor samples or transformed cell lines) relatively to normal samples
[9, 11, 16, 10, 14, 17, 18, 19, 20]. This observation suggested that the inactivation of miR-34a is
involved in tumorigenesis, and that other family members (miR-34b and c, miR-449a, b and c) could
not compensate for this loss. Yet miR-34a−/−, miR-34b−/−, miR-34c−/− triple knock-out mice do
not exhibit obvious defects in p53-dependent proliferation control or in tumor suppression [21]. And,
while pre-clinical studies in mice gave encouraging results (reviewed in [22, 23]), administration of a
synthetic miR-34a to human patients with solid tumors failed to repress tumor growth reproducibly
[24]. An alternate administration regimen (allowing increased drug exposure) did not clearly improve
clinical outcomes, while triggering poorly-understood, severe adverse effects [23].

Materials and Methods

Analysis of miR-34a expression and integrity in human cancers

miRNA expression data was downloaded from the GDC portal on April 29, 2021. Cancer types where
at least 10 cases were available (with Small RNA-Seq data from normal solid tissue and primary
tumor for each case) were selected, and depth-normalized read counts were compared between
normal tissue and tumor for each case. The heatmap shown on Figure 1A shows the median log-
ratio between tumor and normal tissue, with non-significant changes (calculated with the Wilcoxon
test, FDR-adjusted for multiple hypothesis testing) being colored in white.

miRNA gene ploidy data was downloaded from the GDC portal on March 4, 2021. Erroneous
miRNA gene coordinates were corrected using information from miRBase. For the heatmap shown
on Figure 1B, the percentage of cases with miRNA gene loss (either homo- or heterozygous) was
evaluated for each miRNA, selecting cancer types where ploidy was determined in at least 100 cases.

miRNA sequence variation data was downloaded from the GDC portal on February 24, 2021.
SNP location was intersected with miRNA hairpin and mature miRNA coordinates from miRBase (as
well as with miRNA seed coordinates, defined as nt 2–7 of the mature miRNA). For the heatmaps
shown on Supplementary Figure S2, the percentage of cases with sequence variations in miRNA genes
(hairpin, mature or seed sequences) is displayed, selecting cancer types with at least 100 analyzed
cases.

For each of these heatmaps, miRNAs and cancer types were clustered with the heatmap.2
command with the R software.

CRISPR/Cas9-mediated mutagenesis

Four sgRNAs were designed using CRISPOR (http://crispor.tefor.net/ [25]) to target each
side of the human pre-mir-34a sequence, and cloned into an expression plasmid for S. pyogenes Cas9
(pSpCas9(BB)-2A-GFP plasmid (PX458), a gift from Feng Zhang [26]; Addgene plasmid #48138;
http://n2t.net/addgene:48138; RRID:Addgene 48138). Targeting efficiency of each plasmid
was estimated by Sanger sequencing of the targeted locus in transfected HCT-116 cells, and an-
alyzed with the Synthego ICE Analysis online tool (https://ice.synthego.com/#/). Mutage-
nesis was performed using the most efficient sgRNA sequence on each side of the targeted locus
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(AAGCTCTTCTGCGCCACGGTGGG and GCCGGTCCACGGCATCCGGAGGG; PAM sequences in
bold; also see Supplementary Figure S6).

HCT-116 (ATCC® cat. #CCL247) and HAP1 (Horizon Discovery cat. #C631) cells were grown
till 80% confluency and transfected with the two plasmids (15 µg each) following the protocol for
Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific). After 24 hours, Cas9-GFP-
expressing single cells were isolated in 96-well plates by flow cytometry on a BD FACSMelody
(Becton Dickinson), then grown for 10 days. Homozygous wild-type and mutant clones were first
tested by discriminative PCRs (with primer pairs ACTTCTAGGGCAGTATACTTGCT and GCTGT-
GAGTGTTTCTTTGGC; and TCCTCCCCACATTTCCTTCT and GCAAACTTCTCCCAGCCAAA),
and eventually validated by Sanger sequencing of their miR-34a locus. For the HAP1 cell line,
mutagenesis efficiency was so high that we were unable to isolate wild-type clones after cotrans-
fection of sgRNA-carrying PX458 plasmids. Wild-type clones were therefore generated by transfec-
tion of HAP1 cells with a plasmid expressing SpCas9-HF1 variant but no sgRNA (the VP12 plas-
mid, a gift from Keith Joung [27]; Addgene plasmid #72247 ; http://n2t.net/addgene:72247;
RRID:Addgene 72247), and went through the same isolation and selection process as mutant clones.

RNA extraction

Cells plated in 10 cm Petri dishes were lysed and scrapped in 6 mL ice-cold TRIzol� Reagent
(Invitrogen) added directly to the culture dish after removal of the growth medium, and mixed with
1.2 mL of water-saturated chloroform. Samples were homogenized by vigorous shaking for 1 min
and centrifuged for 5 min at 12,000 g and 4°C to allow phase separation. The aqueous phase was
transfered in a new tube and mixed with 3 mL isopropanol for precipitation. After a 10 min incubation
at room temperature, samples were centrifuged for 10 min at 12,000 g and 4°C and the supernatant
was removed. The RNA pellet was washed with 6 mL of 70% ethanol and samples were centrifuged
for 5 min at 12,000 g and 4°C. After complete removal of ethanol, the RNA pellet was resuspended
in 20 µL RNase-free water and the quantity of total RNA was determined by spectrophotometry on
a NanoDrop ND-1000.

Small RNA-Seq

Total RNA of each cell line was extracted 48 h after seeding and quality was assessed on elec-
trophoretic spectra from a Fragment Analyzer (Agilent), analyzed with the PROSize software
(v. 3.0.1.6). Libraries were prepared using NEXTflex� Small RNA-Seq Kit v3 (Bioo Scientific)
following the manufacturer’s instructions. Libraries were verified by DNA quantification using Frag-
ment Analyzer (kit High Sensitivity NGS), and by qPCR (ROCHE Light Cycler 480). Libraries
were sequenced on Illumina NovaSeq 6000 using NovaSeq Reagent Kit (100 cycles). RNA quality
assessment, library preparation, validation and sequencing were performed by the MGX sequencing
facility.

Adapters ended with 4 randomized nucleotides in order to reduce ligation biases. Because of the
sequencing design, the adapter sequence (5´ GTTCAGAGTTCTACAGTCCGACGATCNNNN 3´)
appears at the beginning of the read sequence, and the final 4 nucleotides of the read are the initial
randomized nucleotides of the other adapter, whose other nucleotides are not read. Hence small
RNA reads can be extracted from the fastq files with the following command:

cutadapt -g GTTCAGAGTTCTACAGTCCGACGATCNNNN --discard-untrimmed -m 18 -M 30 \

$input_file.fastq | cutadapt -u -4 -

Cell transfection

Cells were transfected 24 hours after seeding either with a control duplex, siRNA against eGFP:
5´-GGCAAGCUGACCCUGAAGUdTdT-3´ / 5´-ACUUCAGGGUCAGCUUGCCdTdT-3´
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or with a hsa-miR-34a mimic duplex:
5´-P-UGGCAGUGUCUUAGCUGGUUGUU-3´ / 5´-P-CAAUCAGCAAGUAUACUGCCCUA-3´
according to the protocol for Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific).

Proliferation assays

Because the mere procedure of isolating and selecting mutated clones may artifactually select clones
with exceptionally high proliferation rates, we applied the same isolation and selection procedure to
wild-type clones, and we measured proliferation rates on several independent wild-type and mutant
clones. Each cell line was seeded in 96-well plates (Figure 3C: in 4 replicates at 3×103 cells/well per
time point; Figures 4A and B: in 6 replicates at 6×103 cells/well). From 24 hours after cell seeding
or transfection, to 3 days later, the number of living cells was determined twice a day by CellTiter-Glo
Luminescent Cell Viability Assay (Promega) according to the manufacturer’s protocol and recorded
with a TriStar LB 941 (Berthold Technologies). Linear regression of log-transformed cell counts rel-
ative to time and genotype (in R syntax: log-transformed cell counts ~ time * genotype)
or transfected duplex identity (log-transformed cell counts ~ time * duplex identity)
was used to measure doubling time and to estimate the significance of the effect of genotype or
transfected duplex.

For Figure 3D and E, doxorubicin (Sigma-Aldrich) was diluted in molecular biology-grade water
and 5-fluorouracil (5-FU) (Sigma-Aldrich) diluted in dimethyl sulfoxide (SigmaAldrich). In a pre-
liminary experiment, half-maximal inhibitory concentration (IC50) was estimated after 72 h drug
exposure: 7× 10−8 M and 8× 10−6 M for doxorubicin and 5-FU respectively. Cell lines were seeded
in 3 replicates per drug concentration at 2.5×103 cells/well in 96-well plates. After 24 hours, culture
medium was replaced with drug-containing medium (concentration range centered on the IC50 with
2.5× increments), or solvant-containing medium for untreated controls, and the number of living
cells was determined 72 h later by CellTiterGlo Luminescent Cell Viability Assay (Promega). Cell
counts were normalized to the mean cell number in untreated controls. Normalized cell number was
fitted to an asymptotic model for each clone to assess the significance of the effect of genotype (using
an analysis of variance to compare a model not informed by clone genotype, to a genotype-informed
model).

miRNA quantification by RT-ddPCR

Reverse transcription of a specific miRNA in HCT-116 cells was performed on 10 ng total RNA using
the TaqMan microRNA Reverse Transcription Kit (Thermo Fisher Scientific) in a total volume of
15 µL, according to the manufacturer’s protocol, with miRNA-specific RT primers from the TaqMan
MicroRNA Assay Kit (assay IDs for hsa-miR-34a-5p and miR-21b-5p are respectively 000426 and
000397). ddPCR amplification of the cDNA was performed on 1.33 µL of each cDNA combined
with 1 µL of miRNA-specific 20X TaqMan MicroRNA Reagent containing probes and primers for
amplification from the TaqMan MicroRNA Assay Kit (Thermo Fisher Scientific), 10 µL of 2X ddPCR
Supermix for probes (no dUTP) (Bio-Rad), and 7.67 µL of molecular biology-grade water. Droplets
were generated, thermal cycled and detected by the QX200 Droplet Digital PCR System (Bio-Rad)
according to the ddPCR Supermix protocol and manufacturer’s instructions. Data were extracted
using QuantaSoft Pro Software (Bio-Rad).

Data and script availability

Deep-sequencing data has been deposited at SRA and linked to BioProject number PRJNA695193.
Scripts, raw, intermediate and final data files are available at https://github.com/HKeyHKey/

Mockly_et_al_2021 and at https://www.igh.cnrs.fr/en/research/departments/genetics-development/
systemic-impact-of-small-regulatory-rnas#programmes-informatiques/.
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Results

No evidence for miR-34a loss or inactivation in cancers

It is now possible to compare miRNA levels between tumors and normal adjacent tissues on a large
collection of human cases [28], allowing a rigorous assessment of miR-34a expression in tumori-
genesis. Selecting every cancer type where miRNA expression is available for primary tumor and
normal adjacent tissue, in at least 10 studied cases (n=20 cancer types), we did not find any cancer
type where miR-34a was significantly down-regulated (Figure 1A). Hence in this collection of cancer
types, human primary tumors do not tend to under-express miR-34a, contradicting the notion that
genetic or epigenetic silencing of miR-34a could participate in tumorigenesis.

Accordingly, genetic alterations affecting miR-34a are very rare in cancer: focusing on every
cancer type for which gene-level copy number was measured in at least 100 cases (n=29 cancer
types), we did not observe any tendency for the loss of miR-34a relatively to other miRNA genes
(see Figure 1B). Similarly, we did not find any evidence for the selective mutation of the pre-miR-34a
hairpin precursor sequence, mature miR-34a or the miR-34a seed in cancers (n=30 analyzed cancer
types; Supplementary Figure S2). In contrast to miR-34a, 105 miRNA loci tend to be frequently
lost in 19 cancer types (red area at the top left corner of the heatmap in Figure 1B; listed in
Supplementary Table S1): these miRNAs are more convincing tumor suppressor candidates than
miR-34a in this respect.

It could be argued that miR-34a inactivation by itself is insufficient to contribute to tumorigenesis,
while it may play a role in a sensitized context, where additional, cooperative mutations may reveal
the oncogenicity of miR-34a down-regulation. In that case, miR-34a inactivation could be enriched
in just a subset of highly mutated cancers, and it would not be visible in the analyses shown in
Figure 1 and Supplementary Figure S2. Yet, stratifying cases by cancer grade, we did not observe
any tendency for the most aggressive tumors to inactivate miR-34a (Supplementary Figure S3),
indicating that even the most sensitized tumors do not show any evidence of miR-34a inactivation.

Similarly, it is conceivable that miR-34a plays a tumor suppressive role only in the presence of
functional p53, and the frequent mutation of p53 in the samples analyzed in Figure 1 may have
obscured its behaviour in p53+/+ tumors. But the selective analysis of cancer cases without any
mutation in p53 gives a very similar result, without miR-34a being down-regulated in any analyzed
cancer type (see Figure 2).

Hence the loss or mutation of miR-34a does not appear to be enriched in cancer. We note that
miR-34a is located on cytogenetic band 1p36, which is often altered in a wide variety of cancers.
But our analyses suggest that the inactivation of miR-34a is not the actual driver for deletion
selection – and because a convincing tumor suppressor is already known at 1p36 (the CHD5 gene
[29]), we propose that the occasional deletion of miR-34a in cancer is rather a consequence of its
genomic proximity with such a real tumor suppressor. Accordingly, whenever a limited region of
consistent deletion could be mapped in 1p36, that region excludes miR-34a (with the only exception
of myelodysplastic syndromes, but with low experimental support): see Supplementary Figure S4.

The reported anti-proliferative action of miR-34a is artifactual

miR-34a has also been considered a tumor suppressor candidate on the basis of the apparent anti-
proliferative activity of miR-34 family miRNAs. Numerous studies in cultured cell lines indeed
showed that miR-34 transfection inhibits cell proliferation, either by slowing down cell division or by
increasing cell death [16, 9, 11, 12, 13, 14, 15]. But miRNA over-expression generates false positives,
raising the possibility that this reported anti-proliferative role is artifactual [30]. We thus deleted
the miR-34a gene in HCT-116 cells, where it has been proposed to be anti-proliferative by several
independent studies [9, 11, 14] (mutagenesis strategy in Supplementary Figure S5). Deletion of the
miR-34a locus eliminated 94% of the expression of the whole miR-34 family (Figure 3A and B). Our
results do not show any significant difference in the growth rate of miR-34a−/− and wild-type clones
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Endometrioid adenocarcinoma, NOS (Endometrium)

Infiltrating duct carcinoma, NOS (Breast, NOS)

Adenocarcinoma, NOS (Cardia, NOS)

Adenocarcinoma, NOS (Prostate gland)

Infiltrating duct carcinoma, NOS (Head of pancreas)
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Adenocarcinoma, NOS (Lung, NOS)

Squamous cell carcinoma, NOS (Upper lobe, lung)

Squamous cell carcinoma, NOS (Lower lobe, lung)
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Squamous cell carcinoma, NOS (Overlapping lesion of lip, oral cavity and pharynx)

Squamous cell carcinoma, NOS (Tongue, NOS)

Squamous cell carcinoma, NOS (Larynx, NOS)

Hepatocellular carcinoma, NOS (Liver)

Papillary adenocarcinoma, NOS (Thyroid gland)

Renal cell carcinoma, chromophobe type (Kidney, NOS)

Renal cell carcinoma, NOS (Kidney, NOS)

Clear cell adenocarcinoma, NOS (Kidney, NOS)

Papillary adenocarcinoma, NOS (Kidney, NOS)

Figure 1: mir-34a is not generally down-regulated or lost in cancers. A. miRNA abundance
(normalized by the number of mapped miRNA reads) was compared between primary tumors and
normal adjacent tissues. Only cancer types for which at least 10 cases were analyzed have been
considered (n=20 cancer types; rows), and miRNAs with a null variance across cancer types were
excluded (remaining: n=545 miRNAs; columns). For each miRNA/cancer type pair, the heatmap
shows its median fold-change across all cases, with non-significant changes (FDR > 0.05) being
shown in white. log(fold-changes) larger than +8 or smaller than -8 were set to +8 or -8 respectively,
for graphical clarity. B. Only cancer types for which at least 100 cases were analyzed have been
considered (n=29 cancer types; rows), and miRNA genes whose ploidy could not be assessed were
excluded (remaining: n=1,686 miRNAs; columns). For each miRNA/cancer type pair, the heatmap
shows the percentage of cases with monoallelic or biallelic loss of the miRNA gene. Both panels:
the column showing miR-34a data is magnified on the right margin (framed in black). “NOS”: not
otherwise specified.
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Figure 2: No evidence for mir-34a inactivation in tumors with an intact p53 gene. Cancer
samples analyzed in Figure 1A were stratified by the mutation status of the p53 gene, and only cases
without any detected mutation in p53 were selected here (also selecting cancer types with at least 10
cases after this selection). Same conventions than in Figure 1A. miRNA abundance (normalized by
the number of mapped miRNA reads) was compared between primary tumors and normal adjacent
tissues. The column showing miR-34a data is magnified on the right margin (framed in black).
log(fold-changes) larger than +5 or smaller than -5 were set to +5 or -5 respectively, for graphical
clarity. “NOS”: not otherwise specified.

(Figure 3C). We also prepared miR-34a− clones from the human haploid HAP1 cell line, where
miR-34a is also not anti-proliferative (it is even slightly pro-proliferative; Supplementary Figure S6).
It could be argued that miR-34a does not inhibit cell proliferation in unstressed conditions, while
being anti-proliferative upon genotoxic stress. But we also failed to observe significant differences
between wild-type and mutant clones under doxorubicin or 5-fluoro-uracil treatment (Figure 3D and
E).

In agreement with published data, we did observe a strong reduction in cell proliferation when
we transfected HCT-116 cells with large amounts (10 nM) synthetic miR-34a duplex (Figure 4A),
but that effect was lost when transfecting 1 nM duplex (Figure 4B). Absolute miRNA quantification
by RT-ddPCR shows that a 10 nM transfection over-expresses miR-34a by >8,000-fold in HCT-116
cells (and a 1 nM transfection over-expresses it by >490-fold), clearly demonstrating that such an
experiment results in supra-physiological miRNA concentrations (Figure 4C). For comparison, we
measured the increase in miR-34a expression in response to DNA damage: a 72 h treatment with
doxorubicin at its IC50 concentration (7 × 10−8 M in HCT-116 cells; Supplementary Figure S7)
over-expresses miR-34a by only 4.7-fold (Figure 4D).

Of note, some authors have previously characterized the proliferative effect of miR-34 using
genetic ablation rather than over-expression. In one study, mouse embryonic fibroblasts (MEFs)
devoid of miR-34a/b/c appear to grow at the same rate than wild-type MEFs, except, transiently,
for one early time-point [21]. In another study, genetic inactivation of the miR-34a gene in HCT-
116 is reported to accelerate cell proliferation, in stark contrast with our own findings [31]. Such
discrepancy would deserve to be investigated, but unfortunately that published mutant cell line has
been lost and it is no longer available from the authors (Dr. J. Lieberman, personal communication).
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Figure 3: miR-34 is not a general repressor of cell proliferation. A. miRNA quantification
by Small RNA-Seq in a representative wild-type HCT-116 clone (x axis) and a representative miR-
34a−/− clone (y axis). Right panel: magnification of the left panel. B. Cumulated abundance
of miR-34 family members in the two clones. miRNAs are sorted vertically according to their
abundance in the wild-type clone. C. Four wild-type and four miR-34a mutant clones were grown
in sub-confluent conditions. Means and standard errors of 4 biological replicates are represented
by dots and error bars. Linear modeling of log-transformed cell counts relative to time was used
to measure doubling time (Td), and to estimate the significance of the effect of genotype (p-value
is given in the inset). Shaded areas represent the 95% confidence interval for theoretical future
measurements. D, E. Cell number after 3 days of culture in presence of varying doses of (D)
doxorubicin or (E) 5-fluoro-uracil (4 clones of each genotype were analyzed; 3 biological replicates
for each drug concentration; mean +/- st. error is shown). Cell number was normalized to cell
number count in untreated replicates. Normalized cell number was fitted to an asymptotic model
for each clone (fitted models are represented by curves). In order to assess the significance of the
effect of genotype, a näıve (non-informed by clone genotype) and a genotype-informed model were
compared by an analysis of variance (p-value is indicated in the inset).

While the miR-34 family is believed to exert a tumor suppressive action in a diversity of cancers
[32], we observed that it is hardly expressed in cultured cell lines, primary tissues and body fluids
(Supplementary Figure S8–S10). It could be argued that a low level of miR-34 expression is expected
in normal tissues, where p53 is mostly inactive. But p53 is clearly not the only regulator for miR-34,
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Figure 4: Supra-physiological transfection of miR-34a inhibits cell proliferation. Wild-type
HCT-116 cells were transfected with 10 nM (panel A) or 1 nM (panel B) duplex (either a control
siRNA duplex, or miR-34a/miR-34a* duplex) and grown in sub-confluent conditions. Means and
standard errors of 6 biological replicates are represented by dots and error bars. Linear modeling of
log-transformed cell counts relative to time was used to measure doubling time (Td), and to estimate
the significance of the effect of duplex identity (p-values are given in the inset; asterisks denote p-
value < 0.05, “n.s.” indicates larger p-values). Shaded areas represent the 95% confidence interval
for theoretical future measurements. C. Cellular abundance of miR-34a (red bars) or a control
miRNA (miR-21; gray bars) 1 or 24 h after transfection of HCT-116 cells with 0, 1 or 10 nM miR-
34a/miR-34a* duplex. D. HCT-116 cells were treated for 24 or 72 h with 7× 10−8 M doxorubicin,
and their intracellular miR-34a and miR-21 were quantified by RT-ddPCR. Two-way ANOVA analysis
shows that doxorubicin treatment has an effect on miR-34a levels (p=0.0013), and post-hoc pairwise
t-tests find the effect significant only after 72 h exposure to the drug (p=0.0521 for 24 h exposure,
p=0.00138 for 72 h exposure, indicated by “n.s.” and “**” respectively). A similar two-way ANOVA
analysis does not detect a significant effect of doxorubicin treatment on miR-21 levels (p=0.768).
Panels C and D: Means and standard errors of 3 biological replicates are represented by dots and
error bars, respectively.

and the expression of miR-34 does not mirror p53 activity [21]. Current RNA detection technologies
can be extremely sensitive, and they can detect miRNAs which are too poorly abundant to induce
any clear change in target expression [33]. Hence we anticipate that in all the cell lines for which
we analyzed miRNA abundance, and in most cells in the analyzed tissues, miR-34 family miRNAs
are actually non-functional.

Yet we do not question the overall functionality of miR-34 miRNAs in vivo. Because that family
is deeply conserved in evolution (shared between, e.g., vertebrates and insects), it certainly plays im-
portant biological functions, perhaps only in a small number of cells, or at very specific developmental
stages, where its abundance would be high enough. In mouse, the miR-34 family is particularly ex-
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pressed in lungs and testes [21, 34]. Mutation of all 6 members of the miR-34 family causes severe
ciliogenesis defects, leading to respiratory distress and impaired gametogenesis – translating into
sterility and premature mortality [34]. Unsurprisingly then, the most obvious biological functions of
that miRNA family seem to take place in the tissues where miR-34 miRNAs are highly expressed, in
contrast with the widely-accepted notion of their broad anti-tumorigenic activity.

Discussion

While the original definition for tumor suppressors had been formulated with coding genes in mind,
we consider that there is no objective reason for adopting a different definition for tumor suppressor
miRNAs. In this view, the most heavily studied candidate tumor suppressor miRNA, miR-34a,
does not appear to be a tumor suppressor. It remains formally possible that miR-34a inactivation
is frequent in specific cancer types, distinct from those we could analyze in Figures 1 and 2 and
Supplementary Figure S2–3. In that case, miR-34a may be a tumor suppressor in these particular
cancers, but rigorous investigation – while avoiding the pitfalls described above – of its impact on
cell proliferation and tumorigenesis would be necessary to conclude so.

We confirmed that a large artificial over-expression (10 nM) of miR-34a indeed represses cell
proliferation. It could be argued that this cytotoxic effect could provide the ground for an efficient
anti-cancer treatment, no matter how un-natural it is. But the whole purpose of using natural
tumor suppressors (e.g., miRNAs) is that they are expected to be well tolerated, because they
already exist endogenously. Administering large amounts of cytotoxic agents to patients may indeed
kill cancer cells – but it will also likely trigger unwanted adverse effects. In this view, synthetic
miR-34a behaves similarly to existing anti-cancer drugs, which are based on exogenous molecules.
It is therefore not surprising to observe a variety of adverse secondary effects when the MRX34
miR-34a mimic is administered to patients [24, 23]. More inocuous miRNA-based treatments may
be possible, but they would have to rely on rigorously established tumor-suppressive activity of the
endogenous miRNA.
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Supplementary Data

A rationalized definition of tumor suppressor microRNAs excludes miR-34a

Sophie Mockly, Élisabeth Houbron and Hervé Seitz

Seed

miR-34b-5p  AGGCAGUGU--CAUUAGCUGAUUG-
miR-34c-5p  AGGCAGUGU--AGUUAGCUGAUUGC
miR-34a-5p  UGGCAGUGU--C-UUAGCUGGUUGU
miR-449a    UGGCAGUGUAUUGUUAGCUGGU---
miR-449b-5p AGGCAGUGUAUUGUUAGCUGGC---
miR-449c-5p AGGCAGUGUAUUGCUAGC-GGCUGU

Human miR-34 family members:

Seed

miR-34a-5p  UGGCAGUG--UC-UUAGCUGGUUGU
miR-34b-5p  AGGCAGUG--UAAUUAGCUGAUUGU
miR-34c-5p  AGGCAGUG--UAGUUAGCUGAUUGC
miR-449a-5p UGGCAGUGUAUUGUUAGCUGGU---
miR-449b    AGGCAGUG--UUGUUAGCUGGC---
miR-449c-5p AGGCAGUGCAUUGCUAGCUGG----

Murine miR-34 family members:

Supplementary Figure S1: Human and murine miR-34 family members. Sequence alignment
of the human (left) and murine (right) members of the miR-34 family. Nucleotides conserved
between every family member are shown in orange. Nucleotides specific for the miR-34a/b/c
subfamily are in red, those specific for the miR-449a/b/c subfamily are in green.
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Supplementary Figure S2: mir-34a is not generally mutated in cancers. Only cancer types
for which at least 100 cases were analyzed have been considered (n=30 cancer types; rows), and
miRNA genes are shown in columns (n=1,750 hairpin loci in the top panel; 2,588 mature miRNA
loci in the middle panel; 2,588 miRNA seed loci in the bottom panel). For each miRNA/cancer
type pair, the heatmap shows the percentage of cases with recorded sequence variations either in
the miRNA hairpin precursor (top panel), in the mature miRNA sequence (middle panel) or in the
miRNA seed (bottom panel). miRNA loci were defined as in miRBase v.21. The column showing
mir-34a data is magnified on the right margin (framed in black). “NOS”: not otherwise specified.
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Supplementary Figure S 3: No evidence for mir-34a inactivation in the most aggressive
tumors. Cancer samples analyzed in Figure 1A were stratified by cancer grade (excluding cases
whose grade was not determined, and selecting cancer types with at least 10 cases after this
selection). miRNA abundance (normalized by the number of mapped miRNA reads) was compared
between primary tumors and normal adjacent tissues. Each miRNA is represented by a dot (mean
and standard error across independent cases are shown as a circle and error bars, respectively), with
miR-34a being shown in red. log(fold-changes) larger than +8 or smaller than -8 were set to +8
or -8 respectively, for graphical clarity. “NOS”: not otherwise specified. The number of analyzed
cases is indicated under the x-axis for each tumor grade.
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Supplementary Figure S 4: Smallest regions of consistent deletion identified in the 1p36
locus. The 1p36 locus contains 885 annotated coding genes and 36 miRNA genes (Ensembl v.101);
for clarity, only CHD5 (in blue) and miR-34a (in red) are shown. Smallest identified region of
consistent deletion are in green, and their distance to miR-34 is indicated under the map. Genomic
coordinates relate to the hg38 assembly.
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Supplementary Figure S5: Strategy for CRISPR-mediated deletion of the miR-34a locus.
Thick lines: exons; thin lines: introns. Scissors represent Cas9-mediated cleavage sites, and the
sequences of the cognate sgRNAs are written above each (PAM sequences in bold).
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Supplementary Figure S6: Proliferative effect of miR-34a in HAP1 cells. Four wild-type and
four miR-34a mutant clones were grown in sub-confluent conditions. Means and standard errors of
4 biological replicates are represented by dots and error bars. Linear modeling of log-transformed
cell counts relative to time was used to measure doubling time (Td), and to estimate the significance
of the effect of genotype (p-value is given in the inset). Shaded areas represent the 95% confidence
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by ATP quantification (results shown on the y-axis).
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Supplementary Figure S 8: miRNA abundance in human cell lines. miRNAs are ranked by
increasing abundance from left to right, and the width of each rectangle is proportional to miRNA
abundance. Members of the miR-34 family, and their expression level, are shown in red and green
(red for the miR-34a/b/c subfamily, green for the miR-449a/b/c subfamily). miRNA abundance
is normalized to the total number of genome-matching reads, and expressed as parts per million
(ppm). Small RNA-Seq datasets used in this figure are listed in Supplementary Table 2.
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Supplementary Figure S9: miRNA abundance in human tissues and body fluids. miRNAs are
ranked by increasing abundance from left to right, and the width of each rectangle is proportional
to miRNA abundance. Members of the miR-34 family, and their expression level, are shown in red
and green (red for the miR-34a/b/c subfamily, green for the miR-449a/b/c subfamily). miRNA
abundance is normalized to the total number of genome-matching reads, and expressed as parts
per million (ppm). Small RNA-Seq datasets used in this figure are listed in Supplementary Table 3.
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Supplementary Figure S 10: miRNA abundance in murine tissues. miRNAs are ranked by
increasing abundance from left to right, and the width of each rectangle is proportional to miRNA
abundance. Members of the miR-34 family, and their expression level, are shown in red and green
(red for the miR-34a/b/c subfamily, green for the miR-449a/b/c subfamily). miRNA abundance
is normalized to the total number of genome-matching reads, and expressed as parts per million
(ppm). Small RNA-Seq datasets used in this figure are listed in Supplementary Table 4.
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miRNA gene Confidence miRNA gene Confidence miRNA gene Confidence
mir-4767 lower mir-325 lower mir-542 high
mir-4770 lower mir-545 high mir-450a-2 high
mir-651 high mir-374a high mir-424 high

mir-548ax lower mir-421 lower mir-450b high
mir-3915 lower mir-374b high mir-450a-1 high

mir-548f-5 lower mir-1184-3 lower mir-503 high
mir-6134 lower mir-1184-2 lower mir-4330 lower

mir-4666b lower mir-1184-1 lower mir-452 lower
mir-23c lower mir-664b high mir-224 lower

mir-548am lower mir-6858 lower mir-767 high
mir-4768 lower mir-3202-1 lower mir-105-1 high

mir-548aj-2 lower mir-718 lower mir-105-2 high
mir-1587 lower mir-6087 lower mir-891a lower
mir-3937 lower mir-548m lower mir-892c lower
mir-4769 lower mir-3672 lower mir-891b lower
mir-222 high mir-766 high mir-892a lower
mir-221 high mir-1277 lower mir-888 lower
mir-98 high mir-548an lower mir-890 lower
let-7f-2 high mir-3978 lower mir-892b lower

mir-6857 lower mir-652 high mir-2114 lower
mir-6895 lower mir-4329 lower mir-514a-1 high
mir-6894 lower mir-1912 lower mir-514a-3 high
mir-8088 lower mir-764 lower mir-514a-2 high
mir-502 lower mir-448 lower mir-510 high
mir-660 high mir-1298 lower mir-509-3 high

mir-500a high mir-1911 lower mir-509-1 high
mir-532 high mir-320d-2 lower mir-513b lower
mir-501 lower mir-504 high mir-513c high

mir-500b lower mir-934 lower mir-513a-1 lower
mir-362 high mir-505 high mir-513a-2 lower
mir-188 high mir-92a-2 high mir-514b high

mir-1468 lower mir-106a high mir-508 high
mir-223 high mir-363 high mir-509-2 high
mir-361 high mir-19b-2 high mir-507 lower

mir-548i-4 lower mir-20b high mir-506 high

Supplementary Table S1: Frequently deleted miRNA genes in cancer. Identity of the 105
miRNA genes frequently deleted in a variety of cancers (red area at the top left corner of Figure 1B).
For each miRNA gene, its confidence level (as defined by miRBase v.21; [7]) is indicated.
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Cell line: SRA accession number(s):

A549 SRR6713501,SRR5689166, DRR036695 and
SRR1304309

Caco-2 ERR3415707
H1299 DRR036697
H2170 SRR3341761 and SRR3341762

HCT-116 SRR954987, SRR954996, SRR4235725, SRR4235726,
ERR3173398, ERR3173397 and ERR3173396

HEK293 SRR1240816 and SRR1240817
HeLa SRR8311268 and SRR8311269

Hep G2 SRR12054851
IMR90 SRR020286
Kelly SRR3533075, SRR3533074 and SRR3533073
RKO ERR3415712

SW480 SRR3923807 and SRR3923808
U-2 OS SRR10225092

Supplementary Table S2: Small RNA-Seq datasets used in Supplementary Figure S8. Several
of these cell lines had been used in previous studies to evaluate the proliferative effect of miR-34
by over-expression experiments: A549 [8], H1299 [9], HCT-116 [8, 10, 11], Kelly [12], IMR90 [8],
RKO [9], SW480 [13] and U-2 OS [9].

Tissue or body fluid: SRA accession numbers:

Astrocytes SRR2915342, SRR2915343 and SRR2915344
Bone SRR6324194
Colon SRR6895202, SRR6895203, SRR6895204 and

SRR6895205
Peripheral SRR7412273–SRR7412275, SRR7412278,

blood SRR7412280–SRR7412285, SRR7412296–
mononuclear SRR7412300, SRR7412302–SRR7412311,

cells SRR7412313–SRR7412315 and SRR7412326–
SRR7412334

Peripheral SRR9844335–SRR9844346, SRR9844348,
blood SRR9844349, SRR9844351–SRR9844360,

SRR9844362, SRR9844364, SRR9844366–
SRR9844373, SRR9844375 and SRR9844377–
SRR9844386

Saliva SRR3144036–SRR3144041, SRR3144044–
SRR3144053, SRR3144055, SRR3144057 and
SRR3144060

Semen SRR11912557–SRR11912563 and SRR11912574
Thyroid SRR8393464–SRR8393466

Total white blood cells SRR7012343

Supplementary Table S3: Small RNA-Seq datasets used in Supplementary Figure S9.
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Tissue: SRA accession numbers:
Bone marrow SRR10695972–SRR10695983 and SRR7807316–SRR7807327

Brain SRR10695984–SRR10695997 and SRR7807328–SRR7807341
Heart SRR10695998–SRR10696010 and SRR7807342–SRR7807354

Intestine SRR10696011–SRR10696022 and SRR7807355–SRR7807366
Kidney SRR10695896–SRR10695903, SRR10696023–SRR10696028

SRR7807237–SRR7807244 and SRR7807367–SRR7807372
Liver SRR10695904–SRR10695917 and SRR7807245–SRR7807258
Lung SRR10695918–SRR10695930 and SRR7807259–SRR7807271

Muscle SRR10695931–SRR10695944 and SRR7807272–SRR7807285
Pancreas SRR10695945–SRR10695957 and SRR7807286–SRR7807298

Spleen SRR10695958–SRR10695971 and SRR7807299–SRR7807312
Testis SRR10662083–SRR10662085 and SRR7807313–SRR7807315

Supplementary Table S4: Small RNA-Seq datasets used in Supplementary Figure S10.
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3.4. Discussion

3.4 Discussion

The first part of this thesis project was based on the study of the macroscopic impact of miR-
NAs, and in particular, consisted in participating in the debate concerning the definition of
miRNA targets. Indeed, the notion of functional target is not consensual in the small regula-
tory RNA field, and while one school of thought considers molecular targets as functional, an-
other reduces the potentiality of functional targets to genes for which repression at the molecu-
lar level generates a regulatory cascade at the origin of macroscopic responses. Consequently,
among the multitude of molecular targets of a given miRNA, only a minority would repre-
sent functional targets, also called phenotypic targets to avoid any misunderstanding. In the
context of the study of this second hypothesis, we were interested in strategies for the identi-
fication of molecular and phenotypic targets of miRNAs by participating, on the one hand, in
the writing of a review presenting the methods currently used, as well as their limitations. On
the other hand, we proposed a new methodology for analyzing functional targets of miRNAs
in the cultured cell system.

Necessarily, the identification of phenotypic targets requires observing a phenotype and
identifying miRNA targets that recapitulate the overall effect of the miRNA on this pheno-
type. Cell lines are a flexible and inexpensive system to study cellular responses in complex
organisms; however, the number of observable cellular phenotypes remains limited. There-
fore, we focused on cell proliferation, which has the advantage of being simple to quantify
and suitable for mathematical modeling. We initiated this project with a miRNA known to be
anti-proliferative in multiple cell lines, including in HCT-116 cells which are diploid and thus
easily generate homozygous mutants.

However, during the preliminary study involving the quantification of the anti-proliferative
effect of this miRNA in HCT-116, our results did not match the previous studies based on over-
expression instead on deletion. Obviously, we first assumed that our results were erroneous
and tried to resolve this doubt by carefully limiting the variability of behavior between our
mutant and wild-type controls. Despite all our precautions, our results on HCT-116 never
demonstrated an anti-proliferative effect of miR-34a. We finally contacted the only lab that
created miR-34a-KO HCT-116 – by TALEN technology – to compare their proliferation ability
(Navarro et al., 2015). Unfortunately, they could not find their cells, so we decided to pay no
heed to their results and to investigate further.

For this purpose, we inspected the literature concerning miR-34a and were surprised to
observe that the established tumor-suppressor function of this miRNA was essentially based
on its anti-proliferative activity which is only demonstrated by miRNA over-expression exper-
iments. Furthermore, a miR-34a-based cancer therapy was developed to replenish the levels
of this miRNA in cancerous cells, where it is presumed to be absent or repressed. However, in
such experimental or clinical studies, the introduced amount of artificial miRNAs may exceed
physiological levels and only then appears to be anti-proliferative. Thus, even if the intro-
duction of miR-34a is efficient as reducing solid tumors, it would not be longer a question of
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solving a lack of miRNA – i.e. getting back to normal conditions – but of using a cytotoxic
agent with unpredictable side effects. Specifically, overwhelming cellular expression of artifi-
cial miRNAs is likely to saturate the miRNA machinery and thus to impair the whole miRNA
pathway with uncountable defects.

We thus halted the project on the identification of functional miRNA targets involved in cell
proliferation to further investigate this so-called master tumor-suppressor miRNA. Indeed,
our main concern was to verify whether miR-34a could be a general tumor-suppressor, like
p53, since it is often presented as such.

First, we confirmed from the Cancer Genome Atlas Program data that miR-34a is not par-
ticularly underexpressed in numerous cancer types compared to adjacent healthy tissue, and
its locus is neither particularly deleted nor mutated. This result questions the global charac-
ter of this miRNA as a tumor suppressor, since a tumor-suppressor gene is partly defined as
being mutated or silenced in cancers. However, we must raise the limit that, in the TGCA
database, cancers are sorted by histological types of cancer, i.e. by organ and if possible by
macroscopically differentiable subtype of cancer; yet there is no one type of cancer for each
organ but a multitude of subtypes of cancer, even if histologically similar. These subtypes are
rather defined by their mutation profiles or even the chronology of their mutations (Levine,
2020). Therefore, we can conceive that our bioinformatics analysis does not have the required
granularity to identify cancer types in which miR-34a would be repressed or mutated: this
subtype would be diluted in the other cancer subtypes of the same organ. Nevertheless, our
results still confirm that miR-34a does not meet the definition of a general tumor suppressor.

We then demonstrated that miR-34a does not affect endogenous proliferation, even under
genotoxic stress conditions, in the HCT-116 cell line that has been widely used to establish that
miR-34a is anti-proliferative. Finally, to explain the discrepencies between our observation
and the literature, we confirmed that ectopic expression of this miRNA is anti-proliferative
and results in an intracellular concentration of artificial miRNA hundreds of times higher than
a more natural induction (here: genotoxic stress by doxorubicin).

The objective of this project was to produce a pedagogical tool for the study of miRNAs
in cancers and simultaneously correct the misassumption that miR-34a is anti-proliferative in
HCT-116 cells. Especially, we aimed to demonstrate that, in spite of their overuse, miRNA
overexpression studies do not enable to conclude alone about the biological function of a
miRNA. Indeed, our results and others (Jin et al., 2015) reveal that overexpression by delivery
of synthetic precursors or miRNA duplexes tends to reach supra-physiological intracellular
miRNA levels which may lead to the disruption of the global miRNA pathway, among other
defects, and result in severe developmental and cellular maintenance defects (cf. section 2.1.1).
That is why, rigorous quantification of the induced intracellular miRNA concentration should
be systematically required for overexpression assay.

Nevertheless, such measurement of miRNA molecules as presented in our work does not
allow to distinguish non-functional from functional miRNA molecules i.e. miRNAs part of
miRISCs and thus able to mediate silencing. To quantify the part of delivered miRNAs indeed
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loaded into AGO proteins, we conceived of the measurement of the guide:passenger miRNA
ratio from small RNA-seq data – the miRNA passenger strand is degraded after loading of the
duplex into AGO – but such estimation would not be informative in case of saturation of the
miRNA machinery in which a part of synthetic miRNAs would accumulate.

Interestingly, we observed that whether the introduction of artificial duplexes is cytotoxic
in itself in high amounts, the extent of this toxicity is sequence-specific. While it could be
argued that the most cytotoxic small RNAs are endogenously involved in cell survival or pro-
liferation, we presume that increasing miRNA levels may affect novel low-affinity targets that
are not repressed with lower miRNA concentrations (Bosson et al., 2014), leading, in an un-
predictable way, to higher toxicity. Thus, such observation of a cytotoxic phenotype due to
sequence-specific effect is in agreement with a saturation of the miRNA targets and conse-
quently, confirms the functionality of transfected synthetic miRNA duplexes.

This work on miR-34a has been focused on its control of cell proliferation, considering
apoptosis, senescence, cell cycle arrest, and survival as many mechanisms resulting in the al-
teration of cell number. However, tumorigenesis is not limited to the proliferative aspect of
neoplastic cells. Other cellular features are involved in the establishment of cancer, including
invasion and metastasis activation, angiogenesis induction, or else cellular plasticity (Hanahan
et al., 2011). Notably, miR-34a has been shown to play a role in this latter cancer hallmark as
it restricts the pluripotent cell fate potential of mouse embryonic or induced pluripotent stem
cells and acts as a barrier to somatic reprogramming (Choi et al., 2011; Choi et al., 2017). Thus,
just as we do not question miR-34a function in the ciliogenesis of lungs and reproductive or-
gans, we do not refute miR-34a role in cell fate. Solely, we demonstrate that miR-34a is not
endogenously anti-proliferative in HCT-116 and HAP1 cells, nor a potential general tumor-
suppressor as it is not generally mutated or absent in cancers.

Eventually, in the meantime, we attempted our strategy of identifying functional miRNA
targets involved in cell proliferation with a pro-proliferative miRNA, miR-21, without suc-
cess. Indeed, the miR-21 locus deletion could not be achieved even with a robust mutagenesis
protocol. Therefore, this miRNA is likely essential for the survival of HAP1 cells. Since ex-
amples of essential miRNAs are rare (see section 2.1.2), we could consider from this ex vivo
observation that miR-21 would also be essential in vertebrate model organisms. However,
homozygous miR-21 deficient mice are viable, fertile, and born in expected Mendelian ratios
without any gross phenotypic differences. But interestingly, the deletion of miR-21 suppresses
K-ras-induced tumor development in vivo (Hatley et al., 2010; Ma et al., 2011). Therefore, it
is of matter to consider the limits of cancer cell lines for the study of endogenous miRNA
functions and miR-21 is a prominent example. This miRNA is extensively over-expressed in
human cancer cell lines (Volinia et al., 2006), as illustrated by its proportion in the total miRNA
population from Figure S8 of our paper (cf. section 3.3.2). Consequently, the impact of highly-
expressed miR-21 in cancer cell lines should not be necessarily expected from endogenously-
expressed miR-21 in primary cells. In general terms, this means that endogenous miRNA
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functions should be studied as far as possible in primary cells or model organisms, and im-
mortalized and cancer cell lines should be saved for molecular mechanism or cancer studies.
As an example, our intended CRISPR screen in HCT-116 and HAP1 cells would not genuinely
recapitulate functional targets involved in cell proliferation in humans, but rather functional
miRNA targets involved in cancer cells immortality and multiplication.
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Chapter 4

Identification of Target-Directed
microRNA Degradation Inducers

As illustrated in Chapter 2, the regulation of miRNA accumulation has been studied in an
unbalanced manner, favoring a focus on the control of transcription and biogenesis. Thus,
the understanding of miRNA turnover mechanisms was, until now, restricted to occasional
observations of sudden decreases in miRNA levels correlated with miRNA 3´-end modifica-
tions in particular contexts. Since the serendipitous discoveries of endogenous Target-Directed
miRNA Degradation1 (TDMD) inducers in animals (Bitetti et al., 2018; Kleaveland et al., 2018),
a big step forward has been taken in the understanding of the miRNA decay process as well
as the miRNA:target RNA interaction. Until then, the interaction between a miRNA and its
target was only observed through the eyes of miRISC-directed silencing or cleavage. It is now
necessary to consider this interaction as reciprocal, according to the extent of complementar-
ity. Furthermore, just as canonical miRNA targets have been extensively sought, systematic
research of TDMD inducers must be conducted.

To date, the Nicassio lab has reported the only example of a TDMD inducer identified
on purpose (Ghini et al., 2018). They took advantage of the fibroblast-serum model – mouse
embryonic fibroblasts can be induced to quiescence by serum deprivation and then stimulated
to re-enter cell cycle by serum addition – to perform an in vivo time course RNA labeling and
to measure transcriptional changes associated with the cell cycle. Then, by cross-referencing
miRNA target changes in expression during cell cycle re-entry and 3´-complementarity score
from TargetScan, their results bring a potential TDMD inducer:miRNA pair out: the Serpine1
transcript and miRNAs miR-30b/c. Eventually, they provided evidence that the Serpine1:miR-
30b/c interaction triggers miR-30 degradation through TDMD. Notably, Serpine 1 expression
induced by serum stimulation is negatively correlated with miR-30b/c abundance and small
mutations in Serpine 1:miR-30b/c pairing site disrupts miR-30b/c decay.

This part of my thesis aims to contribute to this research effort and actively search for
TDMD inducers by using a combination of computational analyses and experimental valida-
tion ex vivo and, in the long term, to understand the rules distinguishing TDMD inducers from
canonical miRNA targets.

1The state-of-the-art considering the mechanism of TDMD is introduced in section 2.2.5.
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4.1 Development of a TDMD Inducer Prediction Computational Ap-
proach

The mechanism underlying TDMD requires extensive pairing between a target and the 3´-end
of the miRNA. Indeed, such pairing may be crucial for TDMD by generating a miRISC con-
formation change favorable for ZSWIM8 interaction, followed by the recruitment of Cullin-
RING E3 ubiquitin ligase complex members and the degradation of AGO by the proteasome.
Therefore, the distinction between canonical miRNA targets and TDMD-inducing targets –
simplified TDMD inducers – primarily depends on the pairing geometry. Inspired by computa-
tional prediction tools for canonical miRNA targets which search for the presence of conserved
∼7mer sites that match the seed region of each miRNA (Lewis et al., 2005), we plan to create a
prediction tool for TDMD inducers, searching for TDMD-inducing pairing patterns in regions
that have been selectively conserved in evolution. For this purpose, we focused our research
on vertebrates since (i) this clade is sufficiently deep to score sequence conservation reliably,
(ii) provides an extensive amount of genome sequence data (iii) and of known miRNAs, and
(iv) known endogenous TDMD events have been reported in murine and human cells.

In broad strokes, our workflow comprises three phases. It searches TDMD-inducing pair-
ing patterns for each miRNA in the corresponding species genome. Then, it scores conserva-
tion of recorded sites. Finally, it provides a selection of promising TDMD inducer candidates
in a cell type or tissue of interest according to their expression and their TDMD-triggering site
conservation score.

Preliminary step: Establishment of TDMD-inducing pairing rules

Despite all previously described TDMD inducers, there is no exact consensual definition of
the TDMD-inducing pairing. Therefore, we established standard features from all examples
– artificial, viral, and endogenous TDMD inducer:miRNA pairs – reported in the literature.
Precisely, we evaluated manually 30 examples of active TDMD inducers and 7 examples of
inactive sites from Park et al., 2017 and every publication cited in section 2.2.5. As a result, we
defined two TDMD-inducing patterns introduced in Figure 4.1.

3´ mismatches:

6 nt seed 
pairing

central pairing
(U-G allowed)

8 nt unconstrained

5´

Central bulge:

6 nt seed 
pairing

3-6 nt bulge
(symmetric or 
asymmetric)

3'-end pairing
(U-G allowed)

5´3´ 3´

FIGURE 4.1: Patterns of TDMD-inducing pairing geometry. The miRNA sequence is repre-
sented by the red strand and the target inducer by the black one. 3´ mismatches complementar-
ity: allows mismatches for the last 8 nucleotides at the 3´ end and for the first nucleotide at the
5´ end of the miRNA. Central bulge complementarity: allows a symmetric or asymmetric bulge
of 3 to 6 nucleotides just after the seed pairing and followed by a perfect pairing at the 3´ end.

104



4.1. Development of a TDMD Inducer Prediction Computational Approach

In details, for the 3´ mismatches complementarity pattern, the miRNA must be perfectly
paired on its nt 2–7 (without GU wobble), then paired (GU wobbles allowed) on any number
of nucleotides, then possibly unpaired on the 3´ end (no longer than on the 8 last nt). For
the central bulge complementarity pattern, two possibilities are accepted: (i) the miRNA is
perfectly paired on its nt 2-7 (without GU wobble) then paired (GU wobbles included) on nt 8,
then unpaired on nt 9 and on the 1–5 next nt, then paired (GU wobbles included) from nt 15 to
the end; (ii) the miRNA is perfectly paired on its nt 2-7 (without GU wobble) then paired (GU
wobbles included) on nt 8-10, then unpaired on nt 11 and on the 1-3 next nt (if only nt 11 and
12 are unpaired, then the inducer has to have 7 or 8 unpaired nt on the other strand; otherwise,
as little as 3 unpaired inducer nt are accepted), then paired (GU wobbles allowed) from nt 15
to the end.
In each case, GU wobbles are not allowed in the seed because we hypothesize that TDMD
pairing results from the same mechanism of canonical miRNA target recognition by nucleation
from the seed region, thus requiring perfect Watson-Crick complementarity.

Step 1: Computational TDMD-inducing pattern search in vertebrates

In order to localize TDMD-inducing sites, multiple strategies could be applied. The least elab-
orate would be to search for TDMD-compatible pairings directly in whole genomes for ev-
ery known mature miRNA sequence in vertebrates. However, since only deeply conserved
candidates would be ultimately considered, such unrestricted sequence analysis appears to
be a waste of time. For instance, Ghini and colleagues based their TDMD inducer identi-
fication strategy on predicted miRNA:target pairs from TargetScan and took advantage of
prior TargetScan conservation and 3´ pairing contribution (3C-score) evaluations. Similarly,
we could conceive to investigate only established conserved genomic sequences – instead of
whole genomes – to spare unnecessary calculations. Nevertheless, we could imagine at least
two scenarii for which such strategy would not be appropriate. (i) TDMD-compatible sites for
a given mature miRNA in species X and conserved in species Y are relevant only if an identical
mature miRNA does exist in species Y; or (ii) mature miRNAs and their TDMD inducer sites
could diverge across species in a coevolution manner. Eventually, to consider any eventuali-
ties, we decided to favor the conservation of TDMD-inducing pairings before the conservation
of TDMD-inducing sites. Thus, we impartially analyzed whole-genome multiple alignments
centered on the human genome to identify TDMD-inducing pairings in multiple species inde-
pendently.

Our workflow starts from two inputs: the Fasta format sequences of all mature miRNA
sequences from miRBase (https://www.mirbase.org/ftp.shtml) and the multiple alignments
of 99 vertebrate genomes with the human genome from UCSC (https://hgdownload.soe.-
ucsc.edu/goldenPath/hg38/multiz100way/). Because miRNAs have not been identified in
all vertebrates for which the genome sequence is available, we first created an inner join ta-
ble to extract the common species names between the two inputs. In the miRBase input, the
miRNA species is indicated by its Latin name as well as its three letters prefix, while in the
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Chapter 4. Identification of Target-Directed microRNA Degradation Inducers

UCSC input, only the genome assembly name is specified. Thus, we extracted the correspond-
ing Latin name for each genome assembly name from the README of the multiple alignment
file and using Latin names as key values, we joined miRBase prefixes and genome assembly
names, as illustrated in Figure 4.2.

239

46

54

Database miRBase 
All mature miRNA sequences
Format fasta file

>cel-let-7-5p MIMAT0000001 Caenorhabditis elegans let-7-5p

UGAGGUAGUAGGUUGUAUAGUU

>cel-let-7-3p MIMAT0015091 Caenorhabditis elegans let-7-3p

CUAUGCAAUUUUCUACCUUACC

Index of common species names
#Latin_species        miRBase_prefix     UCSC_assembly

Homo sapiens          hsa                hg38

Callithrix jacchus    cja                calJac3

Mus musculus          mmu                mm10

Database UCSC
Human vs 99 vertebrate genomes
Format multiple alignement file (1 per chromosome) 

a score=1380.000000

s hg38.chrY               10849 20 + 57227415 TGCAAACACTTTGTACGAAA

s rheMac3.chrUn_JH290449    748 20 +    18974 TGCCAACATTTTGTAGACAA

i rheMac3.chrUn_JH290449 C 0 C 0

s colLiv1.KB375582       237180 19 -  1274627 TGCAAAC-CTTCATGCTGGA

i colLiv1.KB375582       N 0 C 0

 

a score=1184.000000

s hg38.chrY               11200 11 +  57227415 CTATGGCTTCT

s rheMac3.chrUn_JH290449   1099 11 +     18974 CTATGGGTTCT

i rheMac3.chrUn_JH290449 C 0 I 1354

s allMis1.JH732223       485913 11 +    622340 CCCTGGACATC

i allMis1.JH732223       I 1 C 0

block

one aligned 
sequence

miRBase

UCSC

FIGURE 4.2: Input files pre-processing. Left: The miRBase fasta file of all mature miRNA
sequences gathers miRNAs from 285 species, mainly metazoans, but also viridiplantaes,
mycetozoans, viruses, alvelolatans and chromoalveolatans (https://www.mirbase.org/cgi-
bin/browse.pl for more details). A part of the miRBase fasta file is represented. The UCSC
multiple alignment file applies to the human genome with 99 vertebrate species. A part of the
chromosome Y maf file is represented. Middle: Venn diagram with the number of common
species between the two files and unique to each file. Right: A part of the common species name
index used in our workflow to link miRNA species with aligned genome species.

To minimize the calculations of our program, for each miRNA in the 46 species of inter-
est, the following data are stored prior to searching for pattern matching: miRNA ID, miRNA
name, species, seed sequence, and reverse complement of seed sequence. All Us are replaced
by Ts to allow direct comparison with genome data. Then, unified lists for the seeds and their
reverse complement sequences are created since miRNAs exhibit numerous paralogs and or-
thologs across vertebrates sharing a same seed sequence. In practice, for one seed sequence,
we keep a trace of all miRNAs sharing this seed in a hash table: the key is the seed sequence
and the corresponding value is a vector of arrays of which each comprises the whole sequence
of the miRNA, its name and its species.

Multiple alignment files are divided into 25 files, one per chromosome: 1–22, X, Y, and
mitochondrial DNA. The Multiple Alignment Format (maf) stores a series of multiple align-
ments at the DNA level between entire genomes in a format that is easy to parse. We will refer
to individual multiple alignments as blocks and each sequence from the block alignment as an
aligned sequence. Because some blocks contain only the human sequence or consist of aligned
sequences shorter than the minimal miRNA length (20 nt), we first clean maf files from such
blocks. Our program reads remaining blocks, one by one, and temporarily stores aligned se-
quences with their corresponding species, chromosome, genomic coordinates, strand, length
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sequence, and sequence data in an array. Each sequence is then interrogated in turn, and to
facilitate the search of patterns, all sequences are standardized by removing dashes and capi-
talizing all characters.

For each aligned sequence, our program first tests a match to every seed or reverse comple-
ment seed – hereafter, antiseed – from the unified lists. To note, a match between a seed and an
aligned sequence means that this seed is complementary to the opposite strand of this aligned
sequence. In this case, the seed sequence is oriented in 5´ to 3´ and the substring to compare
with TDMD-inducing patterns is : 1 nt before the seed match + the seed match + 14 nt after
the seed match. Reciprocally, a match between an antiseed and the aligned sequence means
that the seed is complementary to the aligned sequence. In this case, the seed is oriented in
3´ to 5´ and the substring to test is : 14 nt before the seed match + the seed match + 1 nt after
the seed match. The rationale behind such string comparison is illustrated in Figure 4.3. In the
text below, only the case of seed match is detailed to ease the method description.

anti-seed

String transformation

miRNA sequence 5´-UAGCACCAUCCGAAAUCAGUACC-3´

5´-TAGCACCATCCGAAATCAGTACC-3´

1 2 3 4 5 6 7 8 9 1011 121314 15 161718 19 20 2122 23

seed

3´-GGTACTGATTTCGGATGGTGCTA-5´

5´-AAGCACCACCCGAAATCTGACCCACGTTT-3´
5´-TAGCACCATCCGAAATCAGTACC-3´

seed match

sense strand

3´-TTCGTGGTGGGCTTTAGACTGGGTGCAAA-5´antisense strand

5´-TAGCACCATCCGAAATCAGTACC-3´miRNA 

anti-seed match
3´-GGTACTGATTTCGGATGGTGCTA-5´

5´-AAACGTGGGTCAGATTTCGGGTGGTGCTT-3´

sense strand

5´-AAACGTGGGTCAGATTTCGGGTGGTGCTT-3´
3´-CCATGACTAAAGCCTACCACGAT-5´miRNA 

sense strand

Pattern matching Complementarity equivalent

FIGURE 4.3: Rationale behind miRNA seed match search in sense and antisense strands.
MiRNA sequences are first transformed by replacing Us by Ts. Seed and reverse complement
seed subsequences are then extracted to test a match within sequences from the multiple align-
ment files. A match to the seed sequence indicates that the miRNA is complementary to the
antisense strand while a match to the antiseed sequence indicates that the miRNA is comple-
mentary to the sense strand.

For each match between a seed and an aligned sequence, all miRNAs sharing this seed
and from the same species than the aligned line, are investigated. To find TDMD-inducing
patterns, our program tests if the aligned sequence matches a regular expression including the
seed sequence and a supplementary subsequence. The miRNA subsequences from nt 8 to the
8th before the miRNA end are named supplementary MM match – for 3´ mismatches match –,
and from nt 15 to the miRNA end are named supplementary CB match – for central bulge match.
To consider GU wobble pairing, variants are generated by replacing Gs by As and Ts by Cs in
all possible combinations. Thus, aligned sequences matching the pattern “seed + supplemen-
tary MM match” or “seed + 4-9 nt + supplementary CB match” are recorded as potential 3´
mismatches or central bulge hits, respectively.
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Each hit is finally tested by RNAduplex (https://www.tbi.univie.ac.at/RNA/RNAduplex.-
1.html) with its cognate miRNA. This function from the ViennaRNA package (https://www.tbi.-
univie.ac.at/RNA/index.html) computes the structure upon hybridization of two RNA strands.
By providing the miRNA sequence and the extended TDMD target sequence – in this case,
the reverse complement of the recorded matching sequence with 6 extra nt – it is possible to
verify that the most stable secondary structure of the duplex fits the 3´ mismatches or cen-
tral bulge complementarity pattern. Especially for central bulges, if the primary structure fits
the pattern, it does not assure that the RNA species will spontaneously fold within a central
bulge. RNAduplex produces dot-bracket notation of an RNA secondary structure composed
by a three-character alphabet: “.” codes for an unpaired base, “(” an open base pair, and “)”
a closed base pair. However, it does not distinguish between Watson-Crick pairing and GU
wobbles. Therefore, dot-bracket notation of the intermolecular folding between the miRNA
and its target is translated in numeric notation of base pairing for each strand: “0” codes for
unpairing, “1” a GU wobble, and “2” a Watson-Crick pairing. This workflow is illustrated in
Figure 4.4.

ATCCGAAA
ACCCGAAA
ATCCAAAA
ACCCAAAA

AAGCACCACCCGAAATCTGACCCACGTTT

seed match

supp MM match

AGCACC

ATCAGTACC
ACCAGTACC
ATCAATACC
ATCAGCACC

supp CB match

ACCAATACC
ACCAGCACC

ACCAACACC
ATCAACACC

TAGCACCATGGCATCAATACCGCCTAGGG

seed match
AGCACC

miRNA sequence

RNAduplex folding

UAGCACCAUCCGAAAUCAGUACC

TAGCACCATCCGAAATCAGTACC
1 2 3 4 5 6 7 8 9 1011 121314 15 161718 19 20 2122 23

seed supp MM
supp CB

.((((((((((((((((.(..((&.))..).)))))))))))))))).

TTCGTGGTGGGCTTTAGACTGGGTGCAAA

TAGCACCATCCGAAATCAGTACC
0 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 2 0 2 0 0 2 2

0 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 2 0 2 0 0 2 2 0

(((((((((.....(((((((((&.)))))))))...)))))))))

.((((((((((((((((.(..((

.)))))))))))))))).)..)).

(((((((((.....(((((((((

)))))))))...  ))))))))).

ATCGTGGTACCG--TAGTTATGGCGGATCCC

TAGCACCATCCGAAATCAGTACC
2 2 2 2 2 2 2 2 2 0 0 0 0 0 2 2 2 2 1 2 2 2

2 2 2 2 2 2 2 2 2 0 0 0 2 2 2 2 1 2 2 2 2 0

2

Numeric transformation

Supplementary sequence extraction
GU variant definition

Pattern matching

FIGURE 4.4: Schematic of 3´ mismatches and central bulge complementarity identification
workflow. MiRNA sequences are first transformed by replacing Us by Ts. Seed, supplementary
MM and supplementary CB subsequences are extracted to test a match within sequences from
multiple alignment files. For each match, the duplex structure of the reverse complement of the
target and the miRNA sequences is predicted by RNA duplex which generates a dot-bracket
format. An indetermediate step is represented to illustrate how this dot-bracket notation is in-
terpreted: bold black lines indicate Watson-Crick base-pairing and bold grey lines GU wobbles.
The dot-bracket RNA duplex notation is finally converted in a numeric base-pairing code for
both miRNA and target sequences.

At the end of this step, two reports are generated, one for each TDMD-candidate pattern.
They comprise all 3´ mismatches and central bulge hit sites, including the candidate site ge-
nomic localization, its sequence, its pairing code, as well as its cognate miRNA sequence and
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pairing code.

Step 2: TDMD-inducing site conservation score in vertebrates

Our program scores (i) the conservation of a human TDMD-compatible sequence in all verte-
brates through the identity and number of aligned genomic sequences in the block and (ii) the
conservation of a TDMD-compatible pairing in all vertebrates through the identity and num-
ber of recorded TDMD-compatible sites in other species at the same localization according to
multiple alignment data. These two distinct conservation scoring methods were respectively
named: the blind and the informed strategies.

Concretely, the blind strategy confirms human TDMD-candidate site conservation within
its alignment block regardless of whether these other species possess a miRNA that could bind
it. Thus, for each human 3´ mismatches or central bulge hit, nt 2-12 or nt 2-7 and 15-20 are ex-
tracted, respectively, and tested if the subsequence is found at the same position in another
species in each other species aligned line. For the informed strategy, we took advantage that
each alignment block starts by the human reference line to test, for each non-human 3´ exten-
sive or central bulge hits, if a human TDMD-candidate site had been localized on the human
line, and if the nucleotide facing miRNA nt 1 is at the same position.

Such conserved TDMD-candidates are recorded in two other reports, one for each conser-
vation strategy. They comprise all 3´ mismatches and central bulge conserved sites for the
blind strategy and conserved TDMD-inducing pairing for the informed strategy, at least be-
tween humans and another species. The report records conservation by species pairs: the
human TDMD-candidate site, its genomic localization, its cognate miRNA, the other species
name and localization of the conserved site. At this step, TDMD candidate conservation is
recorded but not scored yet.

Ideally, the informed strategy would be preferred over the blind strategy since we ex-
plained in subsection 4.1 that we aimed to favor the conservation of TDMD-inducing pairings
before the conservation of TDMD-inducing sites. However, the informed strategy relies on
identifying TDMD-compatible sites in various vertebrates and thus is limited by the state of
discovery about miRNA sequences in these species. Consequently, we inevitably miss TDMD-
inducing sites in most non-model vertebrates for which a low amount of miRNAs have been
described, thus undeniably increasing the part of false-negative results. On the contrary, be-
cause the blind strategy consists of scoring sequence conservation regardless of whether other
species possess complementary miRNAs, it is thus prone to false-positive results, for exam-
ple, in the most conserved regions of the genome. Consequently, the issue would be to find
a balance that minimizes both false-positive and false-negative results. For want of anything
better, we decided to record outputs from both strategies and preferred the informed strategy
stringency in a second phase for experimental validation of the best candidates.
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The simplest way to score site conservation would be to count the number of species in
which this site has been reported as conserved, according to one of our strategies of conserva-
tion evaluation. Nevertheless, from an evolution point of view, a sequence conserved sporadi-
cally is not equivalent to a sequence specifically conserved in one clade. To take into consider-
ation the conservation distribution across vertebrates, we created a score of clade-specificity: a
site is specific to a phylogenetic clade when present in >50% of species in the clade and absent
in every species outside the clade. For this purpose, we manually created a phylogeny file that
details the taxonomic classification of each studied species. For example, the chicken Gallus
gallus belongs to the following taxa: Metazoa, Bilateria, Deuterostoma, Chordata, Vertebrata
and Aves. Thus, for each TDMD inducer candidate, it is possible to examine in which species
it is conserved and establish its clade specificity.

Step 3: TDMD-inducing candidate selection in a tissue of interest

The previous steps permit the prediction of all potential TDMD-inducing sites in vertebrate
genomes and to assign them a conservation score. Our workflow brings out the most con-
served and expressed TDMD inducer candidates in a tissue of interest.

First, to limit false-positive candidates, only conserved candidates from the informed strat-
egy were investigated and TDMD candidates localized in genomic region particularly con-
served in an obvious miRNA-independent manner – i.e. localized in exons of mRNA open
reading frames (ORF) – were evicted. Genomic annotation information was obtained from
the human NCBI RefSeq gene (coding and non-coding) annotation. This file indicates RefSeq
accession numbers of genes – and indirectly the molecule types since mRNAs, for example,
begin with the prefix XM_ if predicted and NM_ if curated – as well as their coordinates, ORF
coordinates, exon number and coordinates.

Secondly, the expression of transcripts hosting TDMD candidate sites is evaluated in a
tissue of interest. Our workflow cross-references RNA-seq data with the results of our TDMD
inducer site prediction algorithm. To distinguish the most promising candidate sites, it ranks
all RNA:miRNA pairing sites by clade specificity and candidate inducer RNA expression.
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4.2 TDMD Inducer Candidates in Murine Neuronal Cells

In order to verify the prediction efficiency of our algorithm, we focused on a cell type that
could be used for experimental validation. It has been shown that the TDMD mechanism is
more efficient in primary neurons than in non-neuronal cells or induced neuronal cell lines (de
la Mata et al., 2015). We therefore set up a collaboration with the Perroy laboratory (Institute
of Functional Genomics, Montpellier) which studies the pathophysiology of synaptic trans-
mission and could provide us in primary neuronal culture. We agreed on an experimental
validation with mouse cortical neurons which can be easily collected and in sufficient quantity
for our experiments.

Therefore, we cross-referenced the results of our TDMD inducer site prediction algorithm
with RNA-seq data of mouse cortical neurons from different laboratories available on NCBI
SRA (control samples in SRA study SRP150077). To distinguish the most promising candidate
sites, TDMD inducer:miRNA pairs are plotted according to their score of pairing conservation
and the TDMD inducer RNA host expression in murine cortical neurons (Figure 4.5).

The most promising TDMD inducer candidates are the most conserved and expressed
TDMD-compatible sites. First of all, our results recognize the two already reported neu-
ronal TDMD pairs: Nrep:miR-29b and Cyrano:miR-7 (Bitetti et al., 2018; Kleaveland et al.,
2018), which are positive controls in our analysis. Then, we colored 3 candidate TDMD in-
ducer:miRNA pairs and one positive control in red for further experimental validation, Nnat:miR-
708, Mapre2:miR-1a, Ppp1cb:miR-23b and Nrep:miR-29b. Nnat or Neuronatin is an imprinted
gene exclusively expressed from the paternally inherited allele (Kagitani et al., 1997) and en-
riched in the developing brain (Joseph et al., 1994). It encodes a proteolipid that may be in-
volved in the regulation of calcium channels during brain development (Dou et al., 1996; Lin
et al., 2010; Oyang et al., 2011). Mapre2, also known as EB2 or RP1, encodes a microtubule-
associated protein (Su et al., 2001) that is necessary for spindle symmetry during mitosis
(Brüning-Richardson et al., 2011; Iimori et al., 2016) and for the establishment of cell polar-
ity (Goldspink et al., 2013). Ppp1cb encodes for one of the three catalytic subunits of protein
phosphatase 1 (Barker et al., 1994) and its mutation may participate in a RASopathy – genetic
disorder caused by mutations in multiple genes encoding components of the RAS/MAPK
pathway – similar to the Noonan syndrom (Bertola et al., 2017; Gripp et al., 2016; Zambrano et
al., 2017). These 3 TDMD inducer candidate sites are localized in 3´-UTRs, and Nnat:miR-708
and Ppp1cb:miR-23b present a 3´ mismatches pattern, while Mapre2:miR-1a present a central
bulge pattern. In Figure 4.6, the multiple alignments of each site show their sequence conser-
vation in the 100 vertebrates. The Mapre2 TDMD candidate is well conserved in vertebrates,
except in some fishes, likewise the Nrep TDMD inducer. The Ppp1cb TDMD candidate is also
globally well conserved in amniotes, i.e. in all vertebrates in the alignment except xenopus and
fishes. Finally, the Nnat TDMD candidate is conserved only in placental mammals and, inter-
estingly, its cognate miRNA miR-708 is also conserved only in placental mammals, suggesting
co-selection between the miRNA and its regulator.
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FIGURE 4.5: TDMD inducer candidates in mouse cortex. TDMD site:miRNA pairs are repre-
sented according to their conservation and their abundance in murine cortical neurons. In red
are shown selected pairs for experimental validation. X-axis: expression of TDMD site host RNA
in ppm (mean +/- st. error). Y-axis: ranking of TDMD sites by clade specificity.
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FIGURE 4.6: Multiple alignment of TDMD inducer candidates in vertebrates. From left to
right, Ppp1cb, Mapre2 and Nnat TDMD candidate sites from 100 vertebrates are aligned and
ranked according to a phylogenetic tree represented on the right. The percentage of identity
conservation of a nucleotide at each position in the 100 vertebrates is indicated by a color rang-
ing from yellow (0%) to red (100%). The colored squares on the left of each sequence indicate
whether an annotated TDMD-compatible (green), non-annotated (yellow) or no miRNA (red) is
identifiable for this sequence in this species.
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4.3 Experimental Validation of AGO2-bound miR-708 Cleavage Ac-
tivity

The rigorous examination of the candidate Nnat:miR-708 interaction shows a perfect comple-
mentarity, except for the 1st nucleotide at the 5´ end of the miRNA. Such complementarity
matches the 3´ mismatches TDMD pattern and resembles the nearly perfect complementarity
required for target miRNA-mediated cleavage. As explained in section 1.3.2, in cases of ex-
tensive or perfect complementarity, AGO proteins with active cleavage activity – only AGO2
in vertebrates – can directly cleave the target transcript, which is degraded afterwards. There-
fore, it is conceivable that, in vertebrates, Nnat transcript and miR-708 reciprocally control each
other in the following manner: miR-708 loaded into AGO1-3-4 may trigger the degradation of
miR-708 by TDMD while when loaded into AGO2, the interaction may lead to the cleavage
and degradation of Nnat transcript instead.

In order to verify if miR-708-bound AGO2 endogenously triggers Nnat cleavage, we per-
formed an RLM-5´-RACE (RNA Ligase-Mediated Rapid Amplification of cDNA 5´ Ends) from
murine primary cortical neuron extracts. This modified 5´-RACE method allows to map the
5´-ends of target mRNAs within the expected cleavage site by taking advantage of two charac-
teristics of AGO-mediated slicing: (i) it cleaves the target RNA strand between 10th and 11th
nucleotides, relative to the 5´-end of the miRNAs, and (ii) it leaves fragments ending with
5´-monophosphates, thus competent for T4 RNA ligase-mediated ligation of a 3´ hydroxyl-
terminated adaptor.

The experimental outline is presented in Figure 4.7.A. External and internal primers were
designed to produce a 72 nt-long fragment whether Nnat is indeed cleaved by AGO2. Nega-
tive control PCR reactions were performed without the adapter-specific forward or the gene-
specific reverse primers to identify amplification products that result from nonspecific binding
of the other pair primer. We finally obtained specific Nnat fragments of ∼100 bp, 300 bp, 400 bp
and 500 bp (Figure 4.7.B). The ∼100 bp fragment was extracted, cloned and sequenced. Out of
24 clones, the detected 5´-ends of Nnat map predominantly between nt 15-16 and 16-17 relative
to the 5´-end of miR-708, but not between nt 10-11 as expected (Figure 4.7.C). In conclusion,
we were not able to detect AGO2-cleaved Nnat transcripts in murine primary cortical neurons.

This result may suggest that in murine primary neurons, miR-708 is not abundant enough
to trigger detectable Nnat cleavage, or else that TDMD occurs faster than AGO2-mediated
cleavage which may explain the rare observations of endogenous RNAi-like miRNA target
slicing.

113



Chapter 4. Identification of Target-Directed microRNA Degradation Inducers

AAAAA
P

AAAAA

AAAAA
P

m7Gppp
AAAAA

m7Gppp
AAAAA

Murine cortical 
neurons

Total RNA 
extraction

oligo(dT)-coated beads

m7Gppp
AAAAA

m7Gppp
AAAAA

TTTTTTTTTTTTTmRNA capture

5' adaptor ligation
OH

Reverse 
transcription

TTTTT

External PCR

AAAAA

AAAAA Cloning and 
sequencing

Internal PCR

100 bp -

300 bp -

400 bp -

500 bp -

1 2

Cloned and
sequenced

Supplementary 
fragments

Nnat mRNA 
(NM_010923.3)

1120 1140 1160 1180

58% 38% 4%

miR-708 GGGUCGAUCUAACAUUCGAGGAA
||||||||||||||||||||||

5´3´

...AGUGUCUCCCCAGCUAGAUUGUAAGCUCCUGGAGACAGGGACCACCUCCACCAAAAAUAAAAA...

1234567891011121314151617181920212223

predicted AGO cleavage site

A B

C

FIGURE 4.7: AGO2-cleaved Nnat transcripts are not detected by RLM-5´-RACE in murine pri-
mary cortical neurons. A: RLM-5´-RACE outline. Total RNA is extracted from murine primary
cortical neurons, then poly(A)-RNAs are captured by oligo(dT)-coated beads and ligated with 5´
adaptor. To ensure a higher yield of 5´ RACE products and to reduce amplification of nonspe-
cific products, Nnat fragments are amplified by nested PCR. Finally, the 5´ RACE products are
run on agarose gel and distinctive bands are gel-purified, cloned, and sequenced. B: Agarose gel
electrophoresis of RLM-5´-RACE PCR products. Lane 1 = 100 bp NEB ladder and lane 2 = nested
PCR product. Four gel fragments were extracted, cloned in pGEM-T easy and sequenced. C:
Illustration of the expected cleavage site of Nnat by AGO2-loaded with miR-708 – between 10th
and 11th nucleotides relative to the 5´-end of the miRNA – and detected Nnat 5´-ends from 24
clones of the 100 bp fragment.
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4.4 Experimental Validation of TDMD Inducer Candidates

Our prediction program underlines three TDMD inducer candidates in the mouse cortex –
Nnat, Mapre2 and Ppp1cb – that remain to be experimentally validated. For this purpose, we
planned to silence these transcripts and a positive control TDMD inducer, Nrep, in primary
cortical neurons and to measure the subsequent levels of cognate miRNAs.

Strategy 1: RNAi with pre-designed shRNA contructs

To perform a long-term RNAi, we used pre-designed shRNAs from Dharmacon cloned into the
pGIPZ lentiviral vector (cf. appendix A). The pre-designed shRNA constructs are expressed
as human pri-miR-30 transcripts with optimized flanking regions for efficient Microprocessor
and Dicer processing (Chang et al., 2013; Silva et al., 2005). The company Dharmacon pro-
vided us three to four mouse-specific shRNA lentiviral vectors for each target gene to guaran-
tee above 70% of knockdown.

Packaging of shRNA construct pools – to assure the highest possibility of mRNA targeting,
multiple shRNA constructs are used at once to silence each gene – and purification of lentiviral
particles have been performed by the Vectorology Platform of Montpellier. Infectious titration
determination has been performed by FACS, 72 hours after HeLa cells transduction.

Isolation of primary cortical neurons from newborn mice P0-P3, as well as lentiviral trans-
duction have been performed by our collaborators, the Perroy lab. At day 6 of in vitro culture
(DIV6), dissociated neurons plated in 10 cm petri dishes were transduced with 25 µL of lentivi-
ral particles at 109 IU/mL. At 10 days post-infection (DIV16), we verified the efficiency of
cell transduction and shRNA transcription by GFP imaging (Figure 4.8.A), and extracted total
RNA for validation of target mRNA knockdown by RT-ddPCR (Figure 4.8.B) and sequencing
of small RNAs (Figure 4.8.C).

GFP imaging validates the transduction of cortical neurons with lentiviral particles. How-
ever, as neophytes in neuronal cell culture, we also found glial cells in non-negligible amounts
in primary cortical cell cultures. This could participate in the dilution of the derepression of
miRNAs generated by the knockdown of TDMD inducers. But more likely, in this experiment
the pool of shRNA constructs induced poorly efficient silencing of target genes. Especially, our
TDMD positive control, Nrep, was likely not sufficiently knockdown (33%) to observe dere-
pression of miR-29b. For the three candidates, we did not observe any miRNA derepression
either. For Ppp1cb, the most silenced candidate – 62% of knockdown –, this result suggests
that either the knockdown is too weak to affect miR-23b abundance, or Ppp1cb is not a TDMD
inducer. For the two other candidates, we consider that their knockdowns – Nnat 23% and
Mapre2 40%– were too low to induce any consequence.
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FIGURE 4.8: Lentiviral delivery of pGIPZ shRNAs against TDMD inducer candidates resulted
in poorly efficient mRNA knock-down. A: GFP imaging of murine primary cortical neurons 10
days after transduction of pGIPZ shRNA contructs against Nrep. B: RT-ddPCR measurement of
TDMD inducer candidate expression 10 days after transduction of pGIPZ shRNA contructs. In
grey are the abundance of the target RNA normalized by Gapdh abundance in control samples,
and in red its abundance in knockdown samples. C: Small RNA-seq measurement of cognate
miRNA levels 10 days after transduction of pGIPZ shRNA contructs. In grey are the abundance
of miRNAs in control samples and in red their abundance in knockdown samples. Panel B and
C: Means and standard errors of 3 biological replicates are represented by dots and error bars,
respectively. The significance of the difference in expression between control and knockdown
samples was tested by t-tests (“n.s.”: non-significant, “*”: p-value≤0.05 and “**”: p-value≤0.01).

We sought explanations for this poor silencing and explored small RNA sequencing data
to evaluate siRNA processing. Commercial pGIPZ vectors were sequenced to obtain the pre-
designed shRNA sequences based on the miR-30 pri-miRNA backbone as detailed in Chang
et al., 2013. From small RNA-seq data, we examined the read coverage profile of shRNA
hairpin sequences. Well-processed miR-30-based shRNAs should exhibit higher read cover-
age on their 3´ arm – the siRNA guide strand – with well-defined extremities, resulting from
accurate cleavages by DROSHA and DICER. However, if most of the pre-designed shRNA
coverage profiles appear to be satisfactory, some shRNAs do not seem properly processed,
with reads exhibiting inconsistent extremities and mapping on shRNA arms heterogeneously
(Figure 4.9.A).

We also quantified reads mapping on the siRNA guide strand of each shRNA and observed
that, for each target gene, only one siRNA looks well-processed (>100 ppm): for Nnat, shRNA
#1; for Nrep, shRNA #2; for Mapre2, shRNA #3; and surprisingly, none for Ppp1cb while it is
the most effectively depleted RNA in our RNAi assay (Figure 4.9.B).

We then examined the structural accessibility of target mRNA sequences for the most ex-
pressed shRNAs. Using various RNA folding strategies (full-length mRNA folding, 7–15 nt
windows by 2 nt increments, 17–33 nt windows by 2 nt increments, and 63–101 nt windows by
2 nt increments), we verified the self-pairing probability of pre-designed siRNA targets. Thus,
the most accessible regions are those where the siRNA match has a low pairing probability
for each match nucleotide. We found that pre-designed siRNAs target moderately to poorly
accessible sequences (Figure 4.10). Altogether, these results suggest that this RNAi assay on
potential TDMD inducers failed, partly because of a defect in the processing and targeting of
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designed guide siRNAs.
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FIGURE 4.9: Small RNA-Seq coverage profile of pGIPZ shRNAs. A: Poorly processed and B:
well processed pGIPZ shRNAs. Abundance of reads mapping on the sense and antisense strand
of the shRNA are colored in red and blue, respectively. In solid lines are represented reads
mapping unambiguously to one place of the loop-stem, and in dotted line, all reads.

Strategy 2: RNAi with optimized shRNA contructs

Consequently, we designed our own shRNA sequences to clone into the lentiviral pGIPZ vec-
tor. The rationale behind our siRNA sequence choice was the accessibility of the gene target
site and its compatibility between human and mouse genomes, so we could use them on cells
from both species. In detail, we selected 13 nt-long stretches perfectly conserved between be-
tween humans and mice, then selected those with high structural accessibility. We used the
same RNA folding strategies as detailed above. Candidates were ranked according to their ac-
cessibility by progressively increasing the pairing probability cutoff, and candidates captured
by the same cutoff in both species were selected.2

Finally, to ensure better processing of shRNAs and to favor the guide strand selection,
siRNA sense and antisense sequences were not inserted in the same pri-miR-30 backbone but
instead in an artificial pri-miRNA backbone yielding large amounts of accurately processed
miRNAs in Fang et al., 2015 (Figure 4.11). The antisense strand, which is the guide sequence,
is placed on the 3´ arm and wobble GU pairs are included at its 5´ end to keep stable base
pairs near the DROSHA cleavage sites which should favor accurate processing by DROSHA,
therefore also by DICER. These shRNA sequences are cloned into the lentiviral pGIPZ vector.

2This strategy of siRNA selection was used, as part of a collaboration with the company “Medesis Pharma”, to
design siRNAs targeting mRNAs of the SARS-CoV-2. The related invention patent is attached in appendix B.
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Nnat shRNA #1 Nrep shRNA #2

Mapre2 shRNA #2 Mapre2 shRNA #3

FIGURE 4.10: Structural accessibility of target gene sequence. The targeted sites are shown in
red (thick line: match to the guide seed). Target nucleotide base-pairing probability: in grey: full-
length mRNA folding; solid black line: 7–15 nt windows (by 2 nt increments); dashed black line:
17–33 nt windows (by 2 nt increments); dotted black line: 35–61 nt windows (by 2 nt increments);
dash-dotted black line: 63–101 nt windows (by 2 nt increments). Displayed are means +/- st.
error across sequence window lengths.

FIGURE 4.11: Optimized synthetic pri-miRNA backbone from Fang et al., 2015. One of the
synthetic pri-miRNA backbone yielding large amounts of accurately processed miRNAs. Placing
the intended guide strand on the 3´ arm will allow to include wobble GU pairs at its 5´ end –
which are tolerated at least at the second position – while keeping stable base pairs near the
Drosha cleavage sites.

Eventually, validation of shRNA efficiency was not performed in primary mouse neurons
but in the human neuroblastoma cell line SK-N-BE(2). Prior to testing the effect of individual
shRNA constructs, we verified the expression of target genes in control samples by RT-ddPCR
and the transfection ability of this cell line with pGIPZ. SK-N-BE(2) were transfected with in-
dividual pGIPZ vectors expressing shRNAs against each candidate gene (3 vectors per target
gene). Total RNA was extracted 48 hours post-transfection and mRNA target abundance was
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quantified by RT-ddPCR. Again, none of the newly designed shRNA constructs induced effi-
cient knockdown of the four target genes (Figure 4.12).
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FIGURE 4.12: Quantification of TDMD inducer candidates knockdown with optimized
shRNA constructs. RT-ddPCR measurement of TDMD inducer candidate expression 2 days
after transfection of pGIPZ shRNA contructs. In grey are fold-change of abundance of the tar-
get RNA relative to the control and normalized by Gapdh abundance in control samples and
in red in knockdown samples (two biological replicates are displayed). Despite the low num-
ber of replicates, two-way ANOVA analysis was performed to test whether siRNA transfection
has an effect on target mRNA expression (Nnat p-value=0.141; Nrep p-value=0.0585; Mapre2 p-
value=0.749; Ppp1cb p-value=0.0121), and post-hoc pairwise t-tests was performed for Ppp1cb
to test whether sh11 or sh12 affect significantly Nrep mRNA levels (p-value=0.08561 and p-
value=0.9755 respectively).

Strategy 3: dCas-KRAB-mediated gene silencing

Simultaneously, we attempted an RNAi-independent strategy based on the use of catalytically
inactive Cas9 protein lacking endonuclease activity, also known as dead Cas9 or dCas9. Dead
Cas9 was found to maintain guide RNA-directed binding of specific DNA sequences and, in
this way, to sterically block transcription of coding regions in Escherichia coli (Qi et al., 2013).
This system was called CRISPR interference (CRISPRi) and was recapitulated in mammalian
cells but at a lower extent (Qi et al., 2013). However, the fusion of transcriptional repressor do-
mains to dCas9, for example, of the Krüppel-associated box (KRAB) domains which promote
heterochromatin formation (Groner et al., 2010), does allow efficient and specific transcription
repression in human cells (Gilbert et al., 2013). Since, this CRISPR-mediated gene silencing sys-
tem is widely used for genetic screens in mammalian cells (Kampmann, 2018) and efficiently
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replaces RNAi strategies.

Recently, the ZIM3 KRAB domain was shown to be more effective in target gene silenc-
ing and less sensitive to guide RNA selection than currently existing systems (Alerasool et
al., 2020). Therefore, we decided to use the same vector expressing dCas9-KRAB/ZIM3 (Ad-
dgene 154472, cf. appendix A), in addition with a lentiviral dual CRISPR gRNA expres-
sion vector from mouse U6 and human U6 promoters (Addgene 72667, cf. appendix A).
Guide RNAs against Nnat were designed to target sequences at 100 nt distance upstream or
downstream of Nnat transcriptional start site (TSS) and following CRISPOR recommendations
(http://crispor.tefor.net/) (Concordet et al., 2018). To allow a 5 days-long puromycin selection
of transfected cells, co-transfection was performed twice: on day 1 and day 4, while puromycin
treatment started on day 3. At day 7, total RNA was extracted and mRNA Nnat abundance
was quantified by RT-ddPCR. Unfortunately, none of the tested gRNA resulted in Nnat knock-
down (Figure 4.13).
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FIGURE 4.13: Quantification of TDMD inducer candidates knockdown with dCas9-
KRAB/ZIM3. RT-ddPCR measurement of Nnat expression 7 days after co-transfection of dCas9-
KRAB/ZIM3 and gRNA expression vectors and puromycin selection. In grey are fold-change
of abundance of the target RNA relative to the control and normalized by Gapdh abundance in
control samples and in red in knockdown samples (three biological replicates, mean +/- st.error).
Two-way ANOVA analysis shows that none of the dCas9/KRAB treatment affect significantly
the Nnat mRNA expression (p-value=0.202).
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4.5 Analysis of Degradation Intermediates from small RNA-seq Data

Following the early characterization of the TDMD mechanism and the discovery of endoge-
nous TDMD inducers in metazoan neuronal cells, miRNA trimming and A or U-tailing were
found to be correlated with the TDMD process. Thus, it was initially assumed that the 3´A or
U-tailed and 3´ trimmed miRNA isoforms were intermediate degradation species, and conse-
quently their distribution was used to be explored to demonstrate a TDMD event. Later, the
publication of Han et al., 2020 and Shi et al., 2020 papers have demonstrated that TDMD and
miRNA 3´ end enzymatic modification, or TDTT, are more likely independent processes that
may influence each other but are mechanistically uncoupled.

Analysis of small RNA-seq data typically involves counting reads aligned to miRNA loci
whose ends match the native form of the miRNA from the miRBase database. Thus miRNA
variants are either included in this count without distinction, or completely excluded depend-
ing on the stringency setting. We, therefore, developed a program to distinguish native miR-
NAs from canonical and non-canonical 3´ isomiRs in small RNA sequencing datasets, and
count them apart. We differentiate canonical variants which are generated by an alternative
maturation cleavage, from non-canonical derived from 3´ end addition or trimming of nu-
cleotides. The initial scope of this tool was to provide insights into miRNAs ongoing TDMD,
but it also could help to identify miRNAs subjected to 3´-end enzymatic modifications in a
given biological context and provide an exact quantification of miRNAs and their isomiRs.
Such computational pipeline has been developed like isomiRage from the Nicassio lab, a web
application for the analysis of mouse and human dataset (Muller et al., 2014). In our case, this
workflow has been developed within the scope of a collaboration with Dr. Sebastian Canzler
and Dr. Jörg Hackermüller (Helmholtz Centre for Environmental Research - UFZ, Germany),
in part of the project “XomeTox”, an oral rat toxicity multi-omics-based study focusing on
direct and indirect thyroid toxicity.

XomeTox samples preparation

Preparation of samples and total RNA extraction were covered by our collaborators. In de-
tail, samples were grouped in preparation sets to contain 15 liver and 15 thyroid samples from
each of the 15 treatment groups. The subsequent processing of those samples in each set was
randomized meaning that the samples were not prepared in their originally assigned order.
Additionally in each preparation set a negative control (water) and a positive control (human
liver total RNA) was included. Total RNA quality was assessed on electrophoretic spectra
from a Fragment Analyzer (Agilent), analyzed with the PROSize software (v. 3.0.1.6). Libraries
were prepared using NEXTflex Small RNA-Seq Kit v3 (Bio Scientific) following the manufac-
turer’s instructions. Libraries were verified by DNA quantification using Fragment Analyzer
(kit High Sensitivity NGS), and by qPCR (ROCHE Light Cycler 480). Libraries were sequenced
on Illumina NovaSeq 6000 using NovaSeq Reagent Kit (100 cycles). RNA quality assessment,
library preparation, validation and sequencing were performed by the MGX sequencing facil-
ity. Adapters ended with 4 randomized nucleotides in order to reduce ligation biases. Because
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of the sequencing design, the adapter sequence (5’ GTTCAGAGTTCTACAGTCCGACGATC-
NNNN 3’) appears at the beginning of the read sequence, and the final 4 nucleotides of the
read are the initial randomized nucleotides of the other adapter, whose other nucleotides are
not read.

Development of a miRNA isoform quantification approach

The adapter-trimmed reads were mapped with HISAT2 (Kim et al., 2015) on rat pre-miRNA
hairpin sequences from miRBase (version October 2018) extended by 10 nt on each flank ac-
cording to the rat genome sequence. In order to account for potential non-canonical trim-
ming and tailing at the miRNAs 3´end, a multi-pass mapping procedure was employed. First,
full-length reads are mapped with default settings, and unmapped reads are recorded in a
dedicated file. By turns, unmapped reads are mapped with the “-3” option, which trim a set
number of bases from the 3´ end of each read before alignment, and unmapped reads are still
recorded in a dedicated file. This operation is repeated from one trimmed until five trimmed
nucleotides. At the end of the procedure, miRNA read counts are expressed as “rpm” (reads
per million) after normalization per sequencing depth, i.e; the number of adapter-trimmed
reads matching the rat genome according to HISAT2 on full-length reads.

miRNA sequence

TAGCACCATCCGAAATCAGTACCGGA

UAGCACCAUCCGAAAUCAGUACC
1 2 3 4 5 6 7 8 9 1011 121314 15 161718 19 20 2122 23

seed

Genomic DNA

TAGCACCATCCGAAATCAGTACC
TAGCACCATCCGAAATCAGTAC
TAGCACCATCCGAAATCAGTACCG
TAGCACCATCCGAAATCAGT
TAGCACCATCCGAAATCAGTACCAAA
TAGCACCATCCGAAATCAGTTT

TAGCACCATCCGAAATCAGTACCGGA

Mapping: 3´-trimmed (1 nt) reads

Mapping: 3´-trimmed (3 nt) reads

Mapping: default settings

TAGCACCATCCGAAATCAGTACCGGA

TAGCACCATCCGAAATCAGTACCAAA
TAGCACCATCCGAAATCAGTACCGGA

TAGCACCATCCGAAATCAGTACCAAA
TAGCACCATCCGAAATCAGTTT

Mapping: 3´-trimmed (2 nt) reads

TAGCACCATCCGAAATCAGTACCGGA
TAGCACCATCCGAAATCAGTACCAAA
TAGCACCATCCGAAATCAGTTT

native miRNAs and canonical isomiRs

3´ trimmed isomiR

3´ trimmed and tailed isomiR

3´ tailed isomiR

FIGURE 4.14: Example of the mapping strategy to record canonical and non-canonical
isomiRs. The initial mapping is performed with default stetting. Full-size reads that align to
the miRNA locus (highlighted in grey) are recorded as miRNAs (read length = miRNA length)
and canonical isomiRs (read length = miRNA length -1 or +1 to +3 of genomically templated nt)
or as 3´ trimmed isomiRs (read length = miRNA length -2 to -3). Non-mapped reads go through
successive 3´-trimmings and mappings. 3´-trimmed reads that align to the miRNA locus are
recorded as 3´ tailed isomiRs (3´-trimmed read length = miRNA length -1 or +1 to +3 of genom-
ically templated nt) or 3´ trimmed and tailed isomiRs (3´-trimmed read length = miRNA length
-2 to -3). Canonical isomiRs are highlighted in red and non-canonical isomiRs in green.

Native miRNA sequences and canonical isomiRs comprise reads with a same 5´ end than
in the miRBase-annotated sequence, and a 3´ end trimmed by no more than 1 nt, and extended
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by no more than 3 genomically templated nucleotides. By contrast, non-canonical isomiRs
correspond to reads with a same 5´ end but a 3´ end trimmed by 2 to 3 nt, extended by 3 to 5
non-templated nt, or else trimmed by 1 to 3 nt then tailed by 3 to 5 non-templated nt.

From the XomeTox dataset, we found that native miRNAs and canonical isomiRs account
for most sequences in the libraries: around 70-75% of genome-matching reads, minimum
67.4% and maximum 82% (Figure 4.15).
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FIGURE 4.15: Distribution of native miRNAs sequence percentage in Xometox libraries. X-
axis: the percentage of canonical miRNAs and isomiRs in a library. Y-axis: percentage of libraries.

Inconsistencies in rat miRNA annotation

During the development of this workflow, we noticed several non-negligible misannotations
in the rat miRNA dataset from miRBase. Among them:

• Some pre-miRNAs do not match the rat genome.
• Some pre-miRNAs recorded in miRBase and the miRNA hairpin Fasta file are missing

from the miRBase GFF3 file.
• Some miRNAs generated from multiple loci are assigned to a single locus in miRBase

(e.g., rno-mir-26a is attributed to a single locus on chr8, while it also has another hairpin
on chr7)

• For 47 miRNA hairpins, their antisense has also been annotated as a bona fide hairpin
(e.g., rno-mir-3556b-1 is the antisense of rno-mir-29c-1).

Consequently, the classical strategy of mapping reads on the genome and then intersecting
with the miRBase GFF3 annotation file would have provide misestimations of miRNA counts.
To resolve this issue, we prepared a manually curated Fasta file with hairpin sequences ex-
tended by 10 nt on both ends – in order to account for reads with imprecise maturation –
except for the 47 antisense-fake hairpins. From that cleaned-up Fasta file, we generated a new
HISAT2 index and mapped reads on that index.
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4.6 Discussion and Perspectives

The second part of this thesis involves the reciprocal regulation of miRNAs by their targets
and the recent discovery of an active and highly specific mechanism of miRNA decay induced
by miRNA targets, the Target-Directed miRNA Degradation pathway. Mostly, our work con-
sisted in providing a computational tool for the systemic research of TDMD inducers, which
will complement the current collection of prediction strategies for miRNAs or miRNA targets.

During this project, we designed an adaptable workflow for the identification of conserved
TDMD-compatible pairing sites in any tissue or cell line of interest, and attempted to validate
the best in silico candidates experimentally. For this purpose, we had to modulate the TDMD
inducer expression and measure the cognate miRNA’s subsequent derepression. TDMD ex-
amples have been reported or suggested by ZSWIM8 depletion in various cell types: human
cancer (HeLa, MCF7, A549) and inducible neuronal cells (SH-SY5Y); rodent embryonic cells
(MEFs, mESC, embryonic hypothalamic neurons) and cell lines (NIH3T3, K562); drosophila
cells (S2); and in C.elegans (de la Mata et al., 2015; Ghini et al., 2018; Han et al., 2020; Shi et al.,
2020). Despite the possibility to study more effortless cells, we chose primary neuronal cells for
our experimental validation as the miRNA derepression extent following the TDMD pathway
disruption would be greater in this system as illustrated in de la Mata et al., 2015 with a 7 to
12-fold derepression after mutation of the TDMD inducer against 1.5 to 2-fold in non-primary
neuronal cells.

The implementation of our TDMD inducer prediction program has resulted in the selec-
tion of three candidates to be experimentally validated: Nnat for the regulation of miR-708-5p,
Mapre2 for miR-1a-3p and Ppp1cb for miR-23b-3p. Unfortunately, the TDMD candidate si-
lencing strategies we opted for were either insufficient or required more optimization. At this
time, we chose to turn to CRISPR-Cas9 technologies in place of RNAi through shRNA expres-
sion. We have already initiated the design of dCas9-KRAB-based silencing strategy as well as
the genetic invalidation of the TDMD inducer candidates by Cas9-mediated knockout. Fur-
thermore, to resolve the potential issue that primary neurons have to be co-cultured with glial
cells to survive – which can dilute the studied effect – we plan to purify neurons from glia by
growing them in a device allowing simple mechanical separation of the two cell types (Viviani,
2006).

In the course of selecting TDMD inducer candidates, the target:miRNA pair Nnat:miR-
708 aroused our curiosity because of its complementarity geometry: these two RNAs are per-
fectly complementary, except on miRNA nt 1. This observation raises the obviousness that the
TDMD-inducing 3´ extensive complementarity is compatible with the perfect – or nearly per-
fect (Schwarz et al., 2006) – complementarity required for AGO-induced target slicing. It can
therefore be anticipated that some miRNA:target pairs will simultaneously trigger the degra-
dation of each RNA. In Drosophila for example, this phenomenon is not questionned since
AGO1, the miRNA-loading AGO, does not exhibit catalytically efficient endonuclease activity
(Förstemann et al., 2007). However, in vertebrates, AGO2 has conserved its mRNA slicing
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ability (Liu et al., 2004; Meister et al., 2004). Thus, it would be possible that the miRNA:target
pairing function would depend on the nature of the AGO protein loading the miRNA.

We attempted to identify products of Nnat cleavage by miR-708-guided AGO2 in murine
primary cortical neurons using RLM-5´-RACE but did not obtain any fragments mapping the
expected AGO2 cleavage site. In light of the low levels of miR-708 in comparison with the
high expression of Nnat transcript in this cellular context (Figure 4.8), miR-708 may not be
abundant enough to induce any detectable AGO2-induced slicing. Indeed, it was precisely
demonstrated that low abundant miRNAs induced virtually no mRNA degradation, whereas
highly abundant miRNAs trigger efficient degradation of the target mRNAs, suggesting that
variations in miRNA abundance can balance between TDMD and mRNA decay processes (de
la Mata et al., 2015; Mullokandov et al., 2012). To confirm this hypothesis, we could overex-
press miR-708 in primary cortical neurons by using the pGIPZ lentiviral vector cloned with the
pri-miR-708 instead of the shRNA-adapted pri-miR-30, and then reiterate a RLM-5´-RACE. It
would be also possible to study this mutual interaction in another cellular system easier to
mutate by CRISPR/Cas9, such as HCT-116 cells (especially suitable for genome editing) or
the human neuroblastoma SK-N-BE(2) cell line (more similar to the primary neuron model),
once it would have been verified that one of this line is TDMD-competent with a positive
TDMD control: Nrep:miR-29b or Cyrano:miR-7 interaction. Exactly, we could measure both
components of the reciprocal regulation: comparing miR-708 levels in wild-type and Zswim8-
deficient cells would quantify the amplitude of Nnat-guided TDMD, while comparing Nnat
mRNA levels in wild-type and Ago2-deficient cells would evaluate the extent of miR-708-
guided Nnat cleavage.

Furthemore, because mammalian miRNAs appear to associate to every available Ago pro-
tein without any clear preference (Meister et al., 2004), it is expected that miR-708 loads equally
on AGO1, AGO2, AGO3 and AGO4, in proportion to their relative amounts. But because only
AGO2 is able to efficiently cleave the Nnat mRNA, we anticipate that TDMD of miR-708 will be
less active on the AGO2-loaded pool of miRNA that on the AGO1-, AGO3- and AGO4-loaded
pools. It is possible to verify that prediction by capturing miR-708-5p/AGO complexes by a
biotinylated oligo (Hutvágner et al., 2004), then measuring each AGO’s abundance by quan-
titative mass-spectrometry to detect potential enrichments for AGO2 in the miRISC-miR-708
complexes.

Finally, the differential potency of TDMD between neuronal and non-neuronal cells was
not explained for now. Because Nnat exhibits a neuron-specific expression, we could conceive
that the presumed reciprocal regulation between Nnat and miR-708 may explain Nnat distri-
bution, either because neuronal cells display a favorable context for TDMD (higher AGO1-
3-4/AGO2 ratio, higher levels of ZSIW8 or other Cullin-RING E3 ubiquitin ligase complex
member. . . ), or instead for Nnat-specific TDMD (lower levels of miR-708). More precisely, the
TDMD-compatible site located in Nnat 3´-UTR could mediate canonical miRNA-mediated si-
lencing or cleavage of the mRNA in non-neuronal cells, or turn to an inducer of miRNA decay
through TDMD in neuronal cells. Such assumption would require to investigate both the miR-
708 distribution in various cells and the correlation with Nnat expression, and the presumed
tissue-specificity of TDMD.
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Using the UCSC whole genome multiple alignments from 124 insects, we could also apply
the same strategy in order to identify TDMD inducer candidates in D. melanogaster. Because
many Drosophila mutant lines are already available, mutants will probably already exist for
many candidates and would greatly facilitate the experimental validation of our computa-
tional predictions. Whenever a candidate mutant would be available and viable, we would
use RT-ddPCR to evaluate miRNA abundance in these mutants and compare with cognate
heterozygotes. Candidates with an apparent TDMD activity and candidates that could not be
tested because the mutant was lethal and whose phylogenetic conservation would be particu-
larly deep will then be properly validated. Using genome editing to mutate only their TDMD-
inducing MRE, we could also characterize their in vivo phenotypes, including development,
motricity, and learning abilities. However, available RNA-Seq from NCBI for the wild-type
Drosophila brain are limited. Therefore, we must first generate RNA-Seq data from whole brain
at various stages using tissue-specific GFP markers to facilitate dissection in the earliest stages.
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Appendix A

Vector Maps

FIGURE A.1: Vector map of pGIPZ lentiviral vector from Dharmacon. The Dharmacon GIPZ
Lentiviral shRNA Library was developed in collaboration with Dr. Greg Hannon of Cold Spring
Harbor Laboratory [CSHL] and Dr. Steve Elledge of Harvard Medical School. From the online
technical manuel provided by Dharmacon.
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Appendix A. Vector Maps

pKLV2.2-
mU6gRNA5(SapI)-
hU6gRNA5(BbsI)-
PGKpuroBFP-W

(9,102 bp)

pLX303-ZIM3-KRAB-dCas9
(12,279 bp)

FIGURE A.2: Vector maps of plasmids for dCas9-KRAB/ZIM3-mediated gene silencing. Left:
The pKLV2.2 plasmid is a lentiviral dual CRISPR gRNA expression vector from mouse U6 and
human U6 promoters (Addgene 72667). Right: pLX303 is a lentiviral vector expressing dCas9-
KRAB/ZIM3 (Addgene 154472)
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Appendix B

Patent WO2021185766

The strategy of siRNA selection detailed in section 4.4 have been initially developped as part
of a collaboration with the company Medesis Pharma to design siRNAs targeting mRNAs of
the SARS-CoV-2.

The first draft of the siRNA selection workflow have been developped in February 2020
and my participation was the double-check of this siRNA selection from SARS-Cov-2 genomic
data available in March 2020 (at that time, the number of SARS-Cov-2 genome sequences
posted online was increasing day by day). An invention patent was filed in March 2020 and is
currently being made public: “Treatment of Covid-19 with reverse micelle system comprising
unmodified oligonucleotides” (https://data.inpi.fr/brevets/WO2021185766).

Below is the content of this patent, except for pages 22 to 31 which consist of the Sars-CoV-2
genome sequence.
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Zekri, L., Duygu Kuzuoğlu-Öztürk, and Elisa Izaurralde (Apr. 3, 2013). “GW182 proteins cause
PABP dissociation from silenced miRNA targets in the absence of deadenylation”. In: EMBO
J 32.7, pp. 1052–1065. ISSN: 1460-2075. DOI: 10.1038/emboj.2013.44.

Zeng, Y., R. Yi, and B. R. Cullen (Jan. 12, 2005). “Recognition and cleavage of primary mi-
croRNA precursors by the nuclear processing enzyme Drosha”. In: EMBO J 24.1, pp. 138–
148. ISSN: 0261-4189. DOI: 10.1038/sj.emboj.7600491.

Zhang, H. et al. (July 9, 2004). “Single processing center models for human Dicer and bacterial
RNase III”. In: Cell 118.1, pp. 57–68. ISSN: 0092-8674. DOI: 10.1016/j.cell.2004.06.017.

Zhao, J. et al. (Sept. 2013). “TP53-independent function of miR-34a via HDAC1 and p21(CIP1/WAF1.)”
In: Mol Ther 21.9, pp. 1678–1686. ISSN: 1525-0024. DOI: 10.1038/mt.2013.148.

Zisoulis, D. G. et al. (Feb. 2010). “Comprehensive discovery of endogenous Argonaute binding
sites in Caenorhabditis elegans”. In: Nat Struct Mol Biol 17.2, pp. 173–179. ISSN: 1545-9985.
DOI: 10.1038/nsmb.1745.

167

https://doi.org/10.1093/nar/gkl458
https://doi.org/10.1101/gad.1158803
https://doi.org/10.1101/gad.1158803
https://doi.org/10.1038/nsmb.1733
https://doi.org/10.1016/j.celrep.2013.09.029
https://doi.org/10.3389/fgene.2014.00416
https://doi.org/10.1038/s41580-020-0246-8
https://doi.org/10.1073/pnas.1817018116
https://doi.org/10.1002/ajmg.a.38056
https://doi.org/10.1016/S0092-8674(00)80620-0
https://doi.org/10.1038/emboj.2013.44
https://doi.org/10.1038/sj.emboj.7600491
https://doi.org/10.1016/j.cell.2004.06.017
https://doi.org/10.1038/mt.2013.148
https://doi.org/10.1038/nsmb.1745


ABSTRACT

Reciprocal regulation between microRNAs and their targets
Over the last 15 years, the several hundreds of identified microRNAs have been proposed to control numerous

biological processes in healthy conditions or diseases. We studied two aspects of microRNA biology: the biological
role of a perceived microRNA as a tumor suppressor; and the control of microRNA stability. Some microRNAs
have been presented to act as pro-oncogenic or tumor-suppressor due to their role in controlling critical cellular
pathways in the establishment of cancer. Nevertheless, a consensual definition of tumor-suppressing microRNAs
is still missing. Similar to coding genes, we propose that tumor suppressor microRNAs must show evidence of
genetic or epigenetic inactivation in cancers and exhibit an anti-proliferative activity under endogenous expres-
sion levels. In a first project, we tried out this definition with the miR-34a microRNA, which has attracted a lot of
attention because it is regulated by the tumor-suppressor transcription factor p53 and became the first microRNA-
based drug reaching clinical trial phase 1 in oncology. We used cancer genetics data to assess the expression level
and the genetic status of miR-34a in multiple cancer types. We also performed genetic ablation to measure the
endogenous function of this microRNA on cell proliferation in cancer cell lines and investigated in-depth previous
over-expression studies showing its anti-proliferative effect to explain discrepancies with our results. Browsing
a large diversity of cancer types, it appears that miR-34a is not down-regulated in primary tumors relative to
normal adjacent tissues, and its gene does not accumulate mutations in cancer. Our work also shows that the es-
tablished anti-proliferative action of miR-34a was based on over-expression experiments, leading to unrealistically
high microRNA levels. Our data indicate that endogenous miR-34a levels do not have such an effect; therefore
argue against a tumor-suppressive function for miR-34a. MicroRNAs repress mRNAs, but reciprocally, target mR-
NAs can also modulate microRNA stability. In a second project, we considered the endogenous regulation of
microRNAs by mRNAs through target RNA-directed microRNA degradation (TDMD). Artificial targets as well as
in vivo examples (viral transcripts, long non-coding RNAs libra in zebrafish and Cyrano in mouse) have shown
that extensive complementarity between a target RNA and a microRNA triggers the proteolysis of the microRNA-
Induced Silencing Complex by the ubiquitin-proteasome pathway, which exposes the microRNA for degradation.
Based on published data about target RNA patterns leading to TDMD and phylogenetic conservation, we devel-
oped a computational tool for the in silico identification of RNA sites that induce microRNA degradation through
TDMD. Supplemented with published RNA-seq and small-RNA-seq data, our software allows to focus on cell-
specific TDMD inducer candidates. Our search uncovered several convincing candidates in mouse neurons and
their molecular characterization has been initiated.

Régulation réciproque entre les microARN et leurs cibles
Au cours des 15 dernières années, des centaines de microARN ont été identifiés et proposés comme impliqués dans
le contrôle de nombreux processus biologiques, en condition saine ou dans des maladies. Nous avons étudié deux
aspects de la biologie des microARN : le rôle biologique d’un microARN perçu comme suppresseur de tumeur,
et le contrôle de la stabilité des microARN. Certains microARN ont été définis comme pro-oncogéniques ou sup-
presseurs de tumeur de par leur rôle dans le contrôle de voies cellulaires critiques dans l’établissement de cancer.
Néanmoins, une définition consensuelle d’un microARN suppresseur de tumeur fait toujours défaut. Comme
pour les gènes codants, nous proposons que les microARN suppresseurs de tumeur doivent démontrer des signes
d’inactivation génétique ou épigénétique dans les cancers et présenter une activité anti-proliférative à des niveaux
d’expression endogènes. Dans un premier projet, nous avons testé cette définition avec le microRNA miR-34a, qui
a attiré beaucoup d’attention puisqu’il est directement régulé par le facteur de transcription suppresseur de tumeur
p53 et est devenu le premier miARN testé en tant que médicament atteignant la phase 1 des essais cliniques en on-
cologie. Nous avons utilisé des données de séquençage de cancers pour évaluer le niveau d’expression et le statut
génétique de miR-34a dans plusieurs types de cancer. Nous avons également réalisé une ablation génétique dans
des lignées de cellules cancéreuses afin de mesurer la fonction endogène de ce microRNA sur la prolifération cel-
lulaire et avons examiné en profondeur les études antérieures de surexpression montrant son effet anti-prolifératif
pour expliquer les divergences avec nos résultats. En parcourant une grande diversité de types de cancer, il appa-
raît que miR-34a n’est pas inhibé dans les tumeurs primaires par rapport aux tissus normaux adjacents, et que le
locus exprimant ce microARN ne présente pas d’accumulation de mutations dans les cancers. Notre travail mon-
tre également que l’activité anti-proliférative établie du miR-34a est basée sur des expériences de surexpression
conduisant à des niveaux de microRNA irréalistement élevés. Nos données indiquent finalement que les niveaux
endogènes de miR-34a n’ont pas un tel effet et plaident donc contre une fonction tumeur-suppressive pour miR-
34a. Les microARN répriment les ARNm, mais réciproquement, les ARNm cibles peuvent également moduler la
stabilité des microARN. Dans un second projet, nous avons examiné la régulation endogène des microARN par les
ARNm via la dégradation des microARN dirigée par les ARN cibles ou ”target RNA-directed microRNA degrada-
tion” (TDMD). Des cibles artificielles ainsi que des exemples in vivo (des transcrits viraux, l’ARNlnc libra chez le
Poisson-zèbre, l’ARNlnc Cyrano chez la Souris) ont permis de démontrer qu’une complémentarité étendue entre
un ARN cible et un microARN entraîne la protéolyse du complexe protéique associé au microARN ou ”microRNA-
Induced Silencing Complex” par la voie ubiquitine-protéasome, ce qui expose le microARN à la dégradation. Sur
la base des données publiées sur les modèles d’ARN cibles conduisant au TDMD et à l’analyse de la conservation
phylogénétique des génomes, nous avons développé un outil informatique permettant l’identification in silico des
sites d’ARN qui induisent la dégradation des microARN par TDMD. En le complémentant avec des données de
RNA-seq et de small-RNA-seq publiées, notre logiciel permet de faire ressortir les candidats inducteurs de TDMD
spécifiques à un type cellulaire. Nos résultats ont permis d’identifier plusieurs candidats convaincants dans les
neurones de souris et leur caractérisation moléculaire a été initiée.
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