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SUMMARY
MicroRNAs (miRNAs) control gene expression by repressing target messenger RNAs. Target
identification is thus key to understand the biological implications of a miRNA in physiological or
pathological processes, but it has remained the main challenge in the field.
Traditionally, we refer to “canonical targets” when the 3’UTR of a gene contains a perfect WatsonCrick match to the 5’ sequence of the miRNA1. However, many non-canonical miRNA binding sites have
been identified that display seed mismatches, pairing beyond the seed or both.
In this work, we aimed at understanding the molecular requirements necessary to induce silencing of
a transcript by a specific miRNA in vivo. Using genome editing and physiological reporters, we focused
on miRNA sharing the same seed sequence (miRNA families) as they permit to understand the
involvement of both seed and non-seed pairing. For such investigation we studied the let-7 family of
miRNAs because let-7 is conserved in humans and has been found implicated in several pathologies.
We performed our studies in C. elegans because this miRNA family has been well characterized in this
nematode, and mutant animals have obvious phenotypes that are easy to score.
Our results suggest that target specificity of miRNAs belonging to a family depends on the degree of
sequence complementarity between the individual miRNA and the transcript. Particularly, pairing of
the 3’ sequence of the miRNA is the main determinant to establish preferential binding to a site. In
addition, the seed match has a key role in modulating such specificity, as it allows to discriminate
between high and low levels of miRNAs. Hence, target specificity of individual miRNAs is not hardwired,
but is modulated by the miRNA abundance. We believe that our findings have a broad impact on
miRNA target prediction and validation, especially if we want to invest in miRNA therapeutics. Lastly,
we show that studying miRNA/target interactions in physiological settings has the power to
unequivocally validate targets and expand our knowledge on the miRNA regulatory potential.
In parallel, we succeeded in optimizing a FACS-based protocol to isolate worm cells, which we used to
profile cell-type specific small RNAs and tissue-specific transcriptomes at single cell resolution. Given
the general lack of methods to obtain primary cells and high quality tissue-specific data in the C.
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elegans community, such results hold the great potential to expand our knowledge about cell-type
specific gene expression.
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1 Introduction
1.1 The non-coding RNA era
For a long time, RNA has been considered the intermediary between the information kept in the
DNA and protein production, possibly as a consequence of the “one gene-one (protein) enzyme”
hypothesis from Beadle and Tatum (Beadle and Tatum, 1941) or the controversial “dogma” proposed
by Francis Crick (Crick, 1970). However, a growing amount of evidence suggested unexpected functions
for RNA molecules.
When in the late 1950s transfer RNAs and ribosomal RNAs (tRNAs and rRNAs) were discovered,
they revealed that RNAs could be involved in protein biosynthesis without being the actual messenger,
thus expanding RNA roles to a “platform” for protein production. Later, small nucleolar RNAs with
regulatory roles and self-splicing introns with catalytic activity were identified (Cech and Steitz, 2014).
Nevertheless, the importance of RNA and the revolutionary effects that newly discovered species of
RNA had on gene expression was delayed by the idea of the so-called junk DNA. Junk DNA are
collectively considered the DNA sequences that do not make polyA+ transcripts and do not encode for
proteins (Salditt-Georgieff and Darnell, 1982), whose function was difficult to explain. Introns, for
example, have been considered silent pieces of DNA that either jumped in the genomes between
contiguous protein-coding elements, or which were vestigial links between them (Gilbert, 1985), until
the discovery of alternative splicing revealed that they could be inserted in protein-coding messengers.
Even the discovery of the first miRNA, lin-4, by the Ambros Lab (Lee et al., 1993) and its regulation of
the lin-14 gene, essential for worm development, did not get the attention that it deserved. miRNAs
would have probably remained overlooked without the discovery of RNA interference (Fire et al., 1998)
that awarded Fire and Mello the Nobel prize in 2006 and the identification of a second miRNA, let-7,
again identified in C. elegans, which was deeply evolutionarily conserved until humans (Pasquinelli et
al., 2000; Reinhart et al., 2000).
Even if the role of introns and the other non-coding RNAs, such as rRNAs, tRNAs, and small RNAs,
were eventually recognized, they only explained a small fraction of the junk DNA that lacks protein
synthesis potential. In fact, when the human genome was first sequenced, researchers were stunned
by the discovery that the ~3 billion bases of DNA contained only ~21,000 genes interspersed in a “sea”
of apparently meaningless sequences. Nevertheless, the ENCODE project revealed that 80% of the
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human genome, including the junk non-coding DNA, serves some purpose “biochemically speaking”
(Pennisi, 2012). It is now established that most of our genome produces RNAs that do not make
proteins and that several previously unappreciated classes of RNAs exist, which are characterized by
their specific size, biogenesis and functions (Cech and Steitz, 2014).
The relevance of RNA molecules in gene regulation stands out when they are found
dysregulated in human diseases. In fact, a role for several types of RNAs, such as microRNA (miRNA),
piwi-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs) or long non-coding RNAs, to name a
few, has emerged in several pathologies ranging from cancer to neurological or cardiovascular
disorders (extensively reviewed in (Esteller, 2011)). Pharmaceutical companies are thus investigating
RNA as a new class of druggable target, but also as drug. Remarkable examples are the FDA approved
antisense oligo spinraza that modulates splicing of the gene smn2 to restore its activity in spinal
muscular atrophy patients, and the first siRNA-drug onpattro for hereditary transthyretin-mediated
amyloidosis. Although the number of clinical trials involving non-coding RNAs as targets is raising, it is
still early days for RNA therapeutics. For example, miravirsen (Santaris Pharma), an oligo that binds to
miR-122 and affects its biogenesis, was developed to treat chronic hepatitis C (Janssen et al., 2013),
but never reached the market. Another example is miR-34, a miRNA with tumor suppressor function
that is often dysregulated in cancer, for which several strategies to replenish its pool have been
explored (Rupaimoole and Slack, 2017). The company Mirna Therapeutics managed to bring miR-34
mimics (synthetic double-stranded small RNA molecules that match miR-34) to the clinics as a
treatment for hepatocellular carcinoma, non-small lung cell carcinomas or pancreatic cancers.
However, the study was terminated in phase I for severe adverse effects, although it is unclear if they
are due to off-targets of the small RNA or the delivery system utilized (Press Release).
We believe that miRNAs hold great therapeutic potential, especially given their broad
involvement in human pathologies. Nevertheless, some aspects of their biology are not fully
understood, such as their physiologically relevant targets. Therefore, we studied the determinants for
miRNA targeting in the model organism C. elegans that allows target validation of conserved miRNAs
in a physiological context.
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1.2 microRNAs (miRNAs), tiny regulators of gene expression
MiRNAs are endogenous small RNA molecules of about 21 nucleotides that control gene
expression by binding through partial complementarity to the 3’ untranslated regions (3’UTRs) of
messenger RNAs. The latest version of the miRNA database (miRbase v22) lists 2654 mature miRNAs
in humans, 469 in D. melanogaster and 437 in C. elegans (Kozomara and Griffiths-Jones, 2014). Because
they are so many and each could potentially have hundreds of targets, it is not surprising that miRNAs
are involved in the regulation of almost every biological process and thus found to be misregulated in
many human pathologies, ranging from various kinds of cancer to hepatitis and cardiovascular diseases
(Rupaimoole and Slack, 2017).

1.2.1 Overview of biogenesis and function
RNA Polymerase II transcribes miRNA genes, which are usually independent genes or can be
located in introns, into a precursor molecule called “primary miRNA” (pri-miRNA). This hairpincontaining transcript is processed by Drosha, an RNAse III enzyme, which cleaves it into a ~70nt
precursor, the pre-miRNA (Figure 1. 1). The precursor (pre-miRNA) is then exported into the cytoplasm
by Exportin 5 where another RNAse III enzyme, Dicer, cleaves the loop of the hairpins releasing a ~20nt
duplex. The resulting duplex comprises the ‘guide’ miRNA, which will be loaded onto the Argonaute
(Ago) protein, and its complementary sequence, the passenger strand or miR*, which is usually
degraded (miRNA biogenesis is extensively reviewed in (Ha and Kim, 2014)).
The guide miRNA loaded onto Ago forms the core of the miRNA-induced silencing complex
(miRISC) that silences the mRNA targets. Through the recruitment of GW182 proteins and other cofactors including the CCR4/NOT complex and the decapping enzymes, miRISC triggers translation
inhibition or deadenylation and decay of the target (Jonas and Izaurralde, 2015). In animals, unlike
other classes of small RNAs and except for some exceptions (Davis et al., 2005; Yekta et al., 2004),
miRNAs usually bind to their targets through imperfect complementarity, while in plants full
complementarity is required (Bartel, 2004).
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Figure 1. 1 miRNA biogenesis. The primary miRNA (pri-miRNA) is cleaved by the microprocessor complex into
the precursor miRNA (pre-miRNA), which is subsequently exported to the cytoplasm through Exportin 5. Dicer
then cleaves the pre-miRNA. This cleavage event releases the duplex containing the guide miRNA that will be
loaded onto Argonaute protein. The passenger strand, miR*, is usually degraded. Sometimes, Argonaute itself
can process the pre-miRNA. The silencing complex miRISC recruits several proteins that will lead to mRNA
degradation or translational inhibition of the target. Adapted from (Meister, 2013).

1.2.2 MiRNA site architecture
Generally, the interaction with Ago divides the miRNA into different functional domains,
counting from the 5’ end: the anchor (nucleotide 1), the seed (2-8), the central (9-12), the 3’
supplementary (13-16) and the tail (16-21) (Wee et al., 2012). In this thesis, we will refer to the seed
as nucleotide 2-8, and the seed distal sequence as the sequence beyond the seed.
8

Figure 1.2 Argonaute divides the miRNA into distinct functional domains. Position 2-8, light blue = seed
sequence; position 9-21, black = seed distal. Positions 13-16, purple = 3’ supplementary pairing as defined by
(Wee et al., 2012)

The seed sequence (nucleotides 2-8) has been shown to be the main determinant for target
identification and silencing, being both necessary and sufficient in most cases (Bartel, 2009; Doench
and Sharp, 2004). The heptamer that has perfect Watson-Crick (W-C) complementarity to the seed is
called “seed match” (Lewis et al., 2005). It was originally identified computationally as the sequence
yielding the strongest signal in miRNA target predictions (Lewis et al., 2003). The strong conservation
suggests a central role for target specification and in fact many experiments have shown that seedcontaining sites are functional in most cases (Brennecke et al., 2005; Broughton et al., 2016; Doench
and Sharp, 2004; Grimson et al., 2007; Lai, 2002; Lai, 2004).
The role of the seed/seed match pairing has also been investigated through structural studies
(Schirle and MacRae, 2012; Wang et al., 2009) that have been instrumental for understanding how the
guide miRNA is loaded onto Argonaute and how they interact with the target mRNAs. The current
model is based on the structures of Ago bound to the miRNA, before and after duplex formation
(Schirle et al., 2014). This model suggests that the protein exposes to the solvent the seed nucleotides
in a pre-arranged helical form that favors initial target recognition and binding, overcoming the
entropic penalty for miRNA/target duplex formation (Parker et al., 2009). In particular, it was
suggested that nucleotides 2-5 are exposed while 6-8 are not, due to a kink in the small RNA backbone.
After pairing of the target to the miRNA nucleotides 2-4, Ago would change conformation and allow
access to the remaining seed nucleotides (Chandradoss et al., 2015; Schirle et al., 2014). Following
complete (2-8) seed/seed match binding, another conformational change would expose to the solvent
the remaining 3’ supplementary domain of the miRNA (nucleotide 13-16) allowing further pairing and
stabilization of the miRNA/target duplex (Chandradoss et al., 2015; Elkayam et al., 2012; Nakanishi et
al., 2012; Schirle and MacRae, 2012; Schirle et al., 2014). Additional recent single molecule studies
have also highlighted the importance of the seed sequence in mediating the interaction between
miRISC and the target in vitro (Jo et al., 2015; Salomon et al., 2015).
Sites containing a perfect Watson-Crick paired seed match are considered canonical and have
been divided in categories according to the number of pairing nucleotides. We distinguish 8mers
9

(nucleotides 2-8 with an A as the first nucleotide on the target, T1A), 7mer-m8 (nucleotide 2-8), 7mer1A (nucleotides 2-7 with T1A) and 6mers (nucleotides 2-7), (Figure 1. 3 and (Bartel, 2009)).

Figure 1. 3 Canonical miRNA sites. The four canonical sites have contiguous Watson-Crick matches to the miRNA
5’ region. Adapted from (Friedman et al., 2009)

While sixmers are almost not active (Agarwal et al., 2015; Grimson et al., 2007), sites that
feature more complementarity between the miRNA and the target are more effective in mediating
silencing in this order 6mer < 7mer-1A < 7mer-m8 < 8mer (Baek et al., 2008; Chandradoss et al., 2015;
Grimson et al., 2007).
Lastly, different miRNAs can share the same seed sequence and are then grouped into
“families”. Considering the importance of the seed sequence in target recognition, miRNAs belonging
to the same family are thought to share the same targets and be functionally redundant.
Nucleotide 1 and 9-12 do not play active roles in target identification. The first nucleotide of the
miRNA, the anchor, does not seem important for binding to the target, but rather for loading of the
small RNA onto Ago (Schirle et al., 2014). The central domain (9-12) is usually unpaired and forms a
loop that avoids cleavage of the target, by preventing miRISC from assuming a cleavage-competent
conformation (Wee et al., 2012). Interestingly, the supplementary pairing (nucleotides 13-16) can in
rare cases enhance target repression (Brennecke et al., 2005; Friedman et al., 2009; Grimson et al.,
2007) and mutations in this region can affect miRNA function (Chin et al., 2008; Wee et al., 2012; Zhang
et al., 2015).
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1.2.3 MiRNA target prediction
Identification of miRNA targets is key to understand miRNA functions, and yet it is the most
difficult task. Some of the best-known and validated miRNA targets have been identified through
genetic screens that, in model organisms like the worm or flies, led to the discovery of the miRNAs lin4, let-7, lsy-6, bantam and their targets (Hipfner et al., 2002; Johnston and Hobert, 2003; Lee et al.,
1993; Reinhart et al., 2000). Genetic screens are usually appealing because they are able to detect
genes that are physiologically relevant to the miRNA of interest, but because many miRNAs do not
induce an obvious phenotype when mutated (Miska et al., 2007), they are often an unviable option to
identify miRNA targets, other than the ones that have already been identified. Screens have been
traditionally difficult to carry out in mammalian systems, but thanks to the advent of the CRISPR/Cas9
editing technique genome wide screens are becoming possible (Doudna and Charpentier, 2014).
Experimental methods that allow quantification of gene expression can identify the effects of
miRNA misregulation on several genes and have the potential to instruct target identification. Smallscale approaches (such as Northern blots and RTqPCR) or genome-wide methods (such as microarrays
and RNA sequencing (RNA-seq)) allow estimation of changes in mRNA levels in the presence and
absence of a miRNA. Ribosome profiling is often coupled to RNA-seq because it can indirectly test
protein production, by assaying ribosome associations and position on the messenger (Ingolia, 2016).
Just like RNA-seq, but on the protein side, mass-spectrometry approaches, such as stable isotope
labeling by amino acids in cell culture (SILAC), can reveal protein changes following miRNA
misregulation (Baek et al., 2008; Selbach et al., 2008). Collectively, these approaches are useful to
determine how putative targets are regulated by specific miRNAs, whether they are degraded or if
they are stalled in translation (Eichhorn et al., 2014; Guo et al., 2010; Hendrickson et al., 2009).
However, such genome-wide approaches rarely allow identification of direct targets, as many genes
might indirectly change their expressions because of the induced perturbation, without being direct
miRNA targets. Moreover, although some genes are strongly affected by miRNAs, many others do not
show a strong reduction in their output even if they are supposedly bona-fide targets and carry a
miRNA binding site (Baek et al., 2008). For these reasons, these methods alone are not good predictors
of miRNA targets, although instrumental to understand miRNA effects on gene expression.
To identify targets genome-wide, in silico prediction tools have been developed. Because the
seed match sequence shows strong evolutionary conservation, the algorithm requirement for a
conserved perfect Watson-Crick pairing to the seed has greatly improved the reliability of target
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identification and exclusion of false positives (Lewis et al., 2003). Some additional features seem to be
important to determine a functional and effective miRNA site and are thus taken in considerations by
prediction tools such as TargetScan (Agarwal et al., 2015). 1) High AU content near the miRNA site,
which would make the site more accessible. 2) positioning 15nt away from the stop codon but away
from the center of long 3’UTR, probably to avoid interference of a translating ribosome and because
the center of a UTR could be less accessible, respectively. 3) Proximity to another site for a coexpressed miRNA site (no more than 40nt) (Baek et al., 2008; Bartel, 2009; Grimson et al., 2007;
Selbach et al., 2008). 4) An adenosine base in the target (T1A), opposite position 1 of the miRNA, which
is recognized by a binding pocket in Ago and somehow anchors the target and increases the affinity
(Schirle et al., 2014). Different prediction programs such as TargetScan, PicTar, miRanda, RNA hybrid
(Agarwal et al., 2015; Betel et al., 2010; Krek et al., 2005; Kruger and Rehmsmeier, 2006; Lall et al.,
2006) give results that only partially overlap, as the algorithms are slightly different and reward or
penalize different nucleotides and site features. RNAHybrid for example predicts miRNA sites looking
for the most favorable hybridization site considering minimum free energy and conservation
(Rehmsmeier et al., 2004) and allowing pairing outside of the seed match (Kruger and Rehmsmeier,
2006). Several tools are often used in parallel to ensure prediction of all the possible targets given that
predictions can vary significantly (Min and Yoon, 2010). Regardless of the tool used, experimental
validation is necessary due to the high false discovery rate of all predictions.

1.2.4 CLIP based methods
In silico predictions are more powerful when coupled to biochemical methods, especially when
they can identify endogenous interactions. In early days, pulldown of Ago and associated miRNAs held
great promises to identify miRNA-bound transcripts. However, they did not help refining target
prediction methods because the false rate discovery was still very high (Beitzinger M, 2007; Easow et
al., 2007; Hammell et al., 2008). In fact, it seems that during the lysis and the immunoprecipitation
artificial complexes can form due to association of molecules that are not interacting in vivo (Mili and
Steitz, 2004).
Part of the problem was solved with the advent of CLIP based method (Hafner et al., 2010;
Licatalosi et al., 2008; Ule et al., 2003). Relying on the fact that UV-irradiation (254nm) of tissues can
induce covalent bonds between a protein and a molecule of RNA that are in close proximity and likely
in contact, the cross-linking and immunoprecipitation (CLIP) method allows stringent purification of
12

RNA-protein complexes and cDNA synthesis of the bound segment of RNA. When coupled to highthroughput sequencing (HITS-CLIP), the method allows genome-wide identification of RNA-protein
interaction in an unbiased way (Licatalosi et al., 2008) and relies mostly on the ability to pull-down the
protein of interest. Ago HITS-CLIP performed in mouse brains revealed that both the miRNA and the
target are cross-linked to Ago, as expected from their close proximity (Schirle et al., 2014) with an
“Ago-footprint” on the messenger of about 62 nucleotides (Chi et al., 2009).
It was then observed that, during cDNA synthesis, the reverse transcriptase stops at the crosslinking sites creating truncated fragments or introducing deletions. Sequencing of such molecules
allows mapping of the cross-linked site at single nucleotide resolution (individual-nucleotide resolution
CLIP (iCLIP) (Konig et al., 2011; Zhang and Darnell, 2011).
A slightly different approach, photoactivatable ribonucleoside-enhanced CLIP (PAR-CLIP), which
requires incorporation of 4-thiouridine (4SU) into RNAs prior UV cross-linking at 365nm, seems more
efficient in capturing miRNA and targets (Hafner et al., 2010). In this technique, the exact cross-linked
nucleotide can be identified in silico because a cross-linked thymidine is converted to cytidine during
cDNA synthesis of the recovered RNA segments. However, the method is not optimal as it relies on
4SU that can potentially induce some cytotoxicity.
The real breakthrough came with CLASH, which stands for cross-linking, immunoprecipitation
and sequencing of hybrids (Helwak et al., 2013). In fact, this method allows simultaneous capture of
the miRNA and the target in one hybrid molecule, called chimera, which forms through a ligation step
added to the CLIP protocol. The method and its variants, which sometimes do not require an
independent ligation step to yield chimeras, have successfully been applied to several systems, such
as mouse brains, cell cultures and C. elegans, and identified many miRNA target interactions that
happen in vivo (Broughton et al., 2016; Grosswendt et al., 2014; Moore et al., 2015).
However, CLIP-based methods are not perfect. Amino acids have different properties and thus
can cross-link differently, influencing the efficiency of cross-linking of different proteins to a site.
Additionally, target enrichment depends on the transcript expression and its decay, with low abundant
transcripts difficult to be detected. Lastly, transient interactions between Ago and its targets might be
missed.
Most of the sites identified with such approaches reside in the 3’UTRs of the messengers, close
to the stop codon or the poly(A) site, and are enriched for a canonical seed match, in accordance with
13

previous knowledge (Bartel, 2009). However, the CLIP-based methods revealed that miRNA sites can
be present also in coding regions or ncRNAs, opening up a new research direction. Currently, it is
unclear if sites in coding exons are functional. For example, in worms lacking Argonaute (in which
miRNA targets should show upregulation) mRNAs with binding sites in their coding regions were not
as upregulated as the ones with sites in 3’UTRs (Zisoulis et al., 2010), neither did they appear
downregulated in HEK293 (Hafner et al., 2010). However, it has been suggested that such sites might
drive translational inhibition (Hausser et al., 2013) and cooperate with sites in 3’UTR to achieve
efficient silencing (Fang and Rajewsky, 2011).
Additionally, many of the identified Ago bound fragments (27% in (Chi et al., 2009), 40%
(Zisoulis et al., 2010), 6% (Hafner et al., 2010), 60% (Helwak et al., 2013)) had no evident canonical
seed match (orphan clusters) and showed a high degree of base paring of the 3’ sequence of the miRNA
(Broughton et al., 2016; Moore et al., 2015). In particular, clustering of chimeric miRNA/target
interactions identified 5-7 different types of miRNA sites (Broughton et al., 2016; Helwak et al., 2013;
Moore et al., 2015), comprising “seed-only” sites, “seed match plus different degrees of 3’
supplementary pairing” or “non-seed” sites in which target and miRNA pair elsewhere.
Clearly, the simple evidence that Ago is bound to a miRNA and a target does not necessarily
mean that this has functional consequences. Agarwal and colleagues have shown that most of the noncanonical sites, highly abundant in chimeras, do not seem to be effective in mediating silencing
(Agarwal et al., 2015). Therefore, putative targets still need validation with other methods that
measure gene expression. Nevertheless, the high amount of non-canonical sites identified through
these biochemical approaches suggests that more flexible pairing rules might exist for different
miRNA/mRNA pairs and that endogenous interactions are more complicated than simple seed/seed
match pairs. Considering that some non-canonical sites have been previously validated in vivo and
found to be functional (Ha et al., 1996; Vella et al., 2004a), it is clear that canonical targeting “laws” do
not always apply.

1.2.5 Non-canonical miRNA binding sites
Although prediction of perfect matches to the seed sequence has been instrumental to
understand miRNA targeting and their function, a growing amount of authors reports occurrence of
non-canonical targets in vivo, suggesting that miRNA targeting is more flexible than expected.
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As previously described, there are several arguments that favor the seed match as the main
determinant for targeting, from the general experimental observations that, following a miRNA
perturbation, the upregulated or downregulated transcripts sport a seed match, to the fact that seed
matches show an astonishing conservation throughout evolution (Bartel, 2009). However, target
validation is mostly based on studies in which miRNAs and their targets are ectopically expressed in
heterologous context, which could potentially induce artificial interactions (Brennecke et al., 2005;
Doench and Sharp, 2004; Krek, 2005; Lewis et al., 2005). When many of the lsy-6 targets predicted in
silico based on the seed match occurrence did not show repression in worms, it was suggested that
the seed match sequence is not always sufficient for silencing (Didiano and Hobert, 2006). This was an
intriguing result at the time and called for more physiological assays for target validation (Didiano and
Hobert, 2008). However, in vivo studies have lagged behind, possibly because they have a lower
throughput compared to cell-based assays, and left the scene to the “canonical seed match” as main
determinant for targeting.
Nevertheless, sites with seed ‘imperfections’, such as G: U wobble pairs or bulges exist. These
“imperfect” or “non-canonical” sites have imperfect Watson-Crick seed match pairing. For example,
the two sites in the lin-41 3’UTR or one of the lin-4 site in the lin-14 3’UTR in C. elegans contain a bulge
or a G: U wobble in the center of their seed match (Ha et al., 1996; Vella et al., 2004a). The list of noncanonical sites contains also the “pivot” sites, first described in mouse brains (Chi et al., 2012) and
characterized by a bulged G between position 5 and 6; the “centered” sites, in which the central
sequence of the miRNA pairs with the target (Shin et al., 2010; Wu and Belasco, 2005), and the more
exotic “seedless” sites that show no seed match at all (Flamand et al., 2017; Lal et al., 2009). According
to structural studies and modeling, such seed imperfections can be accommodated into Ago proteins
(Gan and Gunsalus, 2015; Wang Y, 2008) without strong increase of the energy of interaction (Wee et
al., 2012), especially if they lie at the “periphery” of the seed (Grosswendt et al., 2014; Moore et al.,
2015). However, controversy on the functionality of imperfect sites remains, as shown by the
contrasting results that described a G: U wobble pair in the seed as both detrimental (Brennecke et al.,
2005; Doench and Sharp, 2004) and benign (Didiano and Hobert, 2006).
Although imperfect sites comprise some of the best experimentally validated miRNA sites,
their functionality is generally considered compromised and they have been traditionally disregarded.
However, sites with poor seed complementarity can be functional when compensated by additional
binding of the 3’ sequence of the miRNA (Brennecke et al., 2005).
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1.2.6 MiRNAs can bind their targets through their 3’-end sequence
In contrast to the many studies showing the importance of the seed sequence, very few reports
focus on the role of the sequences beyond the seed/seed match. Studies in mammals and flies showed
that the majority of sites do not have more 3’pairing than expected by chance (Lewis et al., 2005)
(Brennecke et al., 2005). However, several sites with 3’pairing can be detected across flies genomes
and for those the degree of paired nucleotides rather than their identity is conserved. This suggests
that such pairing might have a function and that sequence conservation is not necessarily a good
predictor (Brennecke et al., 2005). In addition, further conservation analysis revealed that 3’
supplementary pairing centered at nucleotide 13-16 of the miRNA is a conserved feature (Grimson et
al., 2007) and its importance in duplex formation is backed up by structural studies of Ago (Schirle et
al., 2014). Nevertheless, the importance of the 3’ additional pairing is still controversial as in vitro
experiments show that RISC has the same binding and dissociation properties with both seed-only sites
and seed+3’pairing, suggesting that the distal pairing contributes poorly to target binding (Wee et al.,
2012). Others suggest that 3’ supplementary sites tend to be slightly more effective than seed-only
sites, although they are rather rare and comprise less than 5% of total sites that can be predicted
(Friedman et al., 2009; Garcia et al., 2011; Hafner et al., 2010).
Pointing to an underappreciated role for the sequence beyond the seed, deleterious effects
for mutations affecting the seed distal pairing have been described. The Fire lab has shown that
mutations outside of the seed diminish let-7 functionality, but they do not affect lin-4 (Zhang et al.,
2015). Similarly, a mutation outside of the seed match in the let-7 site on the 3’UTR of the gene kras
affects silencing and is correlated with bad prognosis in non-small cell lung carcinoma (Chin et al.,
2008). In addition, many of the binding sites in drosophilid genomes, like the miR-7 site on the hairy
3’UTR, contain a perfect seed match and extensive 3’ binding (Brennecke et al., 2005; Stark et al.,
2003). More recently, while showing that the seed/seed match pairing characterizes most of the
miRNA/target interactions in vivo, Ago-chimeras revealed the occurrence of many non-canonical sites
(Chi et al., 2012; Helwak et al., 2013; Luna et al., 2017) and identified duplexes featuring pairing beyond
the seed match in several cases (Broughton et al., 2016; Moore et al., 2015).
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1.2.7 Differential targeting of miRNAs belonging to families
Duplexes in which targets and miRNAs pair beyond the seed seem to be common in vivo, as
they can be widely identified in Ago-chimeras. The Darnell and Pasquinelli labs proposed that 3’ pairing
can establish specific silencing by individual miRNAs in single cell reporters or in vivo in worms
(Broughton et al., 2016; Moore et al., 2015). This is particularly relevant for miRNAs sharing the same
seed sequence, but having divergent 3’ ends. It was observed that different paralogous miRNAs crosslink with their targets at different positions. This might be caused by the different duplexes they form
thanks to their unique 3’ sequences (Zhang and Darnell, 2011).
Paralogous miRNAs are in most cases considered redundant because they share the same seed
and are predicted to target the same messengers. However, the seed sequence alone does not explain
why miRNAs belonging to the same family are not redundant and why some targets are preferentially
repressed by only one individual paralogue. Non-redundant miRNA families whose individual family
members have specific activities, such as the let-7 family, have been characterized in C. elegans
(Ambros, 2011; Broughton et al., 2016; Drexel et al., 2016; Tsialikas et al., 2017) and in mammals too,
(Cimadamore et al., 2013; Liu et al., 2008; Subasic et al., 2015; Zhao et al., 2013).
The existence of non-redundant miRNA families is usually justified by their expression
patterns. Different paralogues with the same seed can be redundant and repress the same messengers
when co-expressed; alternatively, they might be non-redundant because their expression pattern
differs either in space or in time. However, paralogues miRNAs are often co-expressed and they still
show non-redundant activity (Drexel et al., 2016; Roush, 2008). Recently, miR-790 and miR-791 in
worms were reported to show non-redundant activity in CO2 mediated response even if present in the
same neurons (Drexel et al., 2016). This is a beautiful example of a unique miRNA function, which is
apparent only when studied with a specific assay. It is possible that many miRNAs belonging to a family
and whose mutation scored as wild type in previous studies (Alvarez-Saavedra and Horvitz, 2010;
Miska et al., 2007) have a phenotype, which will be revealed only once a precise assay to detect it
becomes available. Therefore, more miRNAs with specific functions and likely more families that are
non-redundant might be waiting to be identified.
Given all these observations, it is difficult to conceive how the seed/seed match pairing alone
could explain non-redundant activity of miRNAs sharing the same seed. Because the 3’ sequence is
unique to each miRNAs (with few miRNAs showing a high degree of similarity), it could indeed be
responsible for specific silencing. Accordingly, PAR-CLIP, CLASH and iCLIP experiments suggested that
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only a fraction of detected sites has a perfect seed match, whereas the rest contains non-canonical
sites and overall an extensive 3’ pairing (Broughton et al., 2016; Hafner et al., 2010; Helwak et al., 2013;
Moore et al., 2015).
One of the reasons that possibly slowed down discovery and validation of non-canonical sites
and additional 3’pairing is that in silico tools predict them rarely (except for a few exception, such as
miRanda and RNA hybrid, (Betel et al., 2010; Enright, 2003; Kruger and Rehmsmeier, 2006)).
Interestingly, different programs largely fail in predicting sites identified through HITS-CLIP, with only
3% of sites predicted simultaneously by different programs (Zisoulis et al., 2010). Generally, they tend
to predict different set of targets (Min and Yoon, 2010). This shows that, although a conserved seed
match is an important requirement for target identification, it does not explain the interactions that
supposedly occur in vivo, thus a big gap between in silico and biochemical approaches exists. A
biophysical method that predicts sites building up from the knowledge obtained through CLIP
experiments has been developed recently (MIRZA) (Khorshid et al., 2013). Predictions are based on
two main parameters: the quality of the target, which considers the affinity of a miRNA for a CLIP
fragment (calculating all the possible structures that they can form) and the frequency of a target,
which is the amount of miRNA-loaded RISC bound to a messenger. This method shows that noncanonical sites can be confidently predicted and suggests that they are more abundant for miRNAs
whose level is very high. In other words, lowly expressed miRNAs might efficiently bind (high affinity)
canonical sites, while highly abundant miRNAs bind both canonical and (low affinity) non-canonical
sites (Khorshid et al., 2013).

1.2.8 MiRNA levels
It is somehow uncommon to consider the cellular level of miRNAs and the way it affects their
repressive activity, although the so-called “rheostat model” had already been proposed by Bartel in
2004 (Bartel and Chen, 2004). In this model, every cell expresses a specific set of miRNAs and the
combination of their identity and levels differentiates cell types. Thus, a target will be silenced if it
contains sites that are either highly complementary to a miRNA, regardless of its levels, or by another
miRNA that is only partially complementary, i.e. it has a perfect canonical seed match, or it is highly
abundant (Bartel and Chen, 2004).
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This model fits well with some previous studies that showed in HeLa cells that a transgene
carrying let-7 seed matches was not silenced by the endogenous miRNA and was repressed only when
additional let-7 was introduced via transfection (Doench and Sharp, 2004). Additional results obtained
in vivo with C. elegans suggest that extremely high levels of let-7 family members can rescue the let-7
mutation, which is usually lethal (Hayes et al., 2006; Li et al., 2005). However, in this case, it is not
known if the over-expressed miRNAs repress the same let-7 targets or other genes that can anyway
allow survival in the absence of let-7.

In conclusion, the growing amount of data based on CLIP methods showing the existence of several
kinds of non-canonical sites suggests that individual miRNAs might be unique regulators. Each of them
might sample the targets in ways that cannot be explained by a mere seed match. However,
identification of Ago signature on targets via CLIP does not imply functionality of the site. In fact,
binding is not always a sign of regulation, as seen for transcription factors. Even though as many as
thousands of binding sites can be identified via ChIP (Chromatin and Immuno-Precipitation)
experiments, only a tenth of them seems to be actually regulated (Slattery et al., 2014). Further studies
are thus needed to clarify how a miRNA finds its targets.
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1.3 The miRNA repertoire of Caenorabditis elegans
Historically, Caenorabditis elegans has been “the” model organism to study miRNA biology. In
fact, the very first two miRNAs: lineage-4 (lin-4) and lethal-7 (let-7) were discovered in worms (Lee et
al., 1993; Reinhart et al., 2000). Apart from historical reasons, the nematode is often the model of
choice for its simple handling and the relative ease of performing genetic screens. Notably, at least for
some miRNAs, mutant phenotypes are obvious and therefore easy to work with. Because most miRNA
and their interactors are conserved to higher eukaryotes, the worm is an ideal model to study how
miRNAs shape development under physiological conditions.

1.3.1 C. elegans and the heterochronic pathway
C. elegans is a one-millimeter long nematode that normally lives in soil and eats bacteria. It
can grow in Petri dishes or liquid medium in the lab (Jorgensen and Mango, 2002). The worms can be
maintained as hermaphrodites, making it easy to expand a clonal population. Males can spontaneously
arise or be induced and are essential to transfer alleles among strains. Furthermore, the worm is
transparent and ideal for microscopy analysis, features that allowed John Sulston to follow and map
the fate of each single cell (Sulston and Horvitz, 1977; Sulston et al., 1983). An adult hermaphrodite
has 959 somatic nuclei and has all the basic tissues: neurons, muscles, skin, gonads and gut. The worm
reproduces with a short life cycle of about 3 days under optimal conditions. Its development comprises
an embryonic phase and four larval stages (L1- L4), which last about 8 hours, and are separated by a
lethargus phase, in which the animal stops feeding and molts, shedding the old cuticle that will be
replaced by a new one. By the end of the L4 stage, the animal matures the sexual organs, transitions
to the adult stage and stops molting. Additionally, in the absence of food or in stressful conditions the
worm enters an alternative L3 developmental stage, the long-lived dauer.
From hatching to adulthood, the worm undergoes a series of finely controlled cell divisions that
are invariant and that could be mapped (Sulston and Horvitz, 1977). Thanks to the constant cell
lineage, Ambros and Horvitz were able to identify some of the first mutant strains in which the timing
of cell division was altered and caused visible changes in morphology (Ambros and Horvitz, 1984;
Chalfie et al., 1981). These heterochronic mutants are characterized by developmental events that
either occur “earlier” (precocious events) or “later” (retarded events) relative to other invariant and
normally timed developmental events (Ambros and Horvitz, 1984).
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Temporally altered events occur in different tissues, such as the neurons or the vulva, but best
studied are the ones in the epidermis. This tissue, traditionally referred to as the “hypodermis”, even
if of ectodermal origin, covers almost the whole body of the worm and comprises mainly two cell types,
the hypodermis and specialized epithelial cells, which include the seam cells. The hypodermis consists
of the hyp7 syncytium and some other cells in the head and tail. Seam cells are stem-like cells that,
together with hypodermis, are involved in formation of stage-specific cuticle. Seam cells alone can
generate the alae, which are cuticular ridges typical of L1 or adult stages only. At hatching there are
10 seam cells per side (H0-H2, V1-V6, and T), but with every molt all the cells (except one, H0) divide
asymmetrically. The cells of the V lineage undergo one round of symmetrical division in L1 that doubles
their number (except for V5). Then, once at every stage from L2 to L4, they asymmetrically divide into
another seam cell and an anterior daughter cell that fuses with hyp7. When the worm becomes
sexually competent, at the larval-to-adult transition (L/A switch), there are 16 seam cells per side that
stop dividing, exit cells cycle and differentiate, fuse with each other in a syncytium and secrete adult
alae.
Mutations in heterochronic genes can affect seam cell terminal differentiation; in particular, they
can either go through premature or delayed development. Loss-of-function mutants of the lin-4 gene
for example are “retarded”: they maintain a juvenile state and reiterate early fate developmental
programs late in development with seam cells that never undergo asymmetrical cell division typical of
L2 stage or do not produce adult alae at the L4-adult transition (Chalfie et al., 1981; Lee et al., 1993).
On the contrary, lin-28 loss-of-function mutants are “precocious”: their seam cells skip the L2 division
and produce adult-alae when the worm is still not sexually competent in L3 stage (Ambros and Horvitz,
1984; Moss et al., 1997).

1.3.2 The let-7 family of miRNAs
Some of the core components of the heterochronic pathway are miRNAs, with lin-4 controlling
L1-to-L2 transition, miR-48/miR-241/miR-84 regulating the L2-to-L3 and let-7 being responsible for
development from L4 to adulthood (Rougvie, 2001).
Interestingly, the four heterochronic miRNAs let-7, miR-48, miR-241, miR-84 share the same
seed sequence and are thus grouped in the so-called let-7 family, which is only partially redundant. In
fact, only let-7 is essential and even if an animal triple mutant for miR-48/miR-241/miR-84 (miR21

48/241/84 (-)) is sick and poorly viable, single mutation in those miRNA genes have low penetrant
developmental defects (Abbott et al., 2005).
The let-7 null allele is lethal and the animals die bursting through the vulva at the L4-to-adult
transition (Reinhart et al., 2000). However, another allele let-7(n2853) (henceforth called let-7ts)
carries a point mutation (G-A) in the fifth nucleotide of the seed sequence and is a temperature
sensitive allele, which allows survival at the permissive temperature 15°C, but behaves like a null at
the restrictive 25 °C (Reinhart et al., 2000). Close analysis of worms carrying this loss-of-function allele
revealed that they have supernumerary seam cells and absent alae due to an extra division at the L4
stage. Animals undergo a fifth larval stage and when they reach adulthood, seam cells finally
differentiate and produce alae (Reinhart et al., 2000; Rougvie, 2001). Conversely, overexpression of
let-7 resulted in precocious seam cell differentiation at the L3-L4 transition. However, the effect of
such experiments can be difficult to interpret because different transgenic animals over-express the
miRNA at different levels, due to the intrinsic stochasticity of the methods used to achieve such overexpression that involves multi-copy arrays, sometimes randomly integrated in the genome, whose
copy number is unknown.
The four let-7 family members are differentially expressed: let-7 accumulates late in
development, with particularly high abundance in larval stage 4 (L4) and adult animals, whereas the
three sisters accumulate already in L2 (Abbott et al., 2005; Esquela-Kerscher et al., 2005; Reinhart et
al., 2000; Vadla et al., 2012) and remain high throughout development. This different temporal pattern
of expression can partially explain why the let-7 sisters are needed to specify entry into the L3 stage.
MiR-48/241/84 triple mutant animals show a retarded phenotype characterized by supernumerary
seam cells caused by reiteration of L2-to-L3 division (Abbott et al., 2005). Furthermore, miR-48/241/84
(-) animals also have incomplete alae and burst through the vulva or poorly survive due to molting
defects. Because only the miR-48/241/84 (-) has such a strong phenotype that is reminiscent of a let7 loss-of-function mutant, the miR-48/241/84 are probably redundant with each other, but only
partially redundant with let-7.
Besides the different temporal expression pattern of these four miRNAs, the exact reason why
the four miRNAs are not completely redundant is not fully understood. In fact, given that they have
the same seed sequence, they should repress the same mRNA targets. However, only let-7 is lethal
and necessary for the lin-41 mRNA repression (Ecsedi et al., 2015; Reinhart et al., 2000).
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Lin-41 is an essential gene for fertility that produces an RNA binding protein involved in the
heterochronic pathway at the time of the larval-to-adult transition (Slack et al., 2000). It has a key role
in switching off developmental programs associated with adult development, and it achieves it by
translationally repressing the transcription factor LIN-29 (Ambros and Horvitz, 1984; Rougvie and
Ambros, 1995), and by inducing the mRNA degradation of its cofactor MAB-10 (Aeschimann et al.,
2017). Accordingly, lin-41 loss-of-function mutants exhibit precocious phenotype, characterized by
premature onset of adulthood with early seam cell differentiation and alae secretion, though with
incomplete penetrance. These mutants also show precocious LIN-29 accumulation in the skin, further
confirming a precocious onset of adult developmental programs. Conversely, lin-41 overexpression
causes a phenotype similar to let-7 loss of function, with vulval bursting and extra seam cell division
(Slack et al., 2000).
To achieve timely lin-41 downregulation by let-7 only, which is necessary to direct proper vulva
development and transition to adulthood (Ecsedi et al., 2015), there must be a mechanism in place
that avoids early lin-41 repression by the let-7 sisters that accumulate a stage earlier.
Let-7 binds the lin-41 3’UTR at two sites, LCS1 and LCS2 (let-7 Complementary Site) (Vella et
al., 2004a; Vella et al., 2004b). Different from canonical miRNA sites, which are usually characterized
by perfect seed/seed match pairing (Bartel, 2009), the two sites have two imperfect seed matches
(harboring an A bulge and a G: U wobble pair, respectively) and extensive 3’ complementarity to let-7
only. Therefore, it was speculated that those sites harbor an imperfect seed match to ensure specific
let-7 binding and avoidance of the let-7 sisters. In fact, binding of the sisters only through the
seed/seed match would result in a weak and unstable duplex that would not engage in silencing, while
let-7 compensates for the imperfect seed match with additional distal pairing (Bartel, 2009; Brennecke
et al., 2005; Doench and Sharp, 2004). Therefore, it has been postulated that the imperfect seed
pairing in the lin-41 3’UTR avoids redundant activity of the let-7 sisters (miR-48, miR-84, miR-241)
which would lead to precocious lin-41 downregulation that would in turn trigger premature adult
development. However, this has never been experimentally validated.
Surprisingly, two of the let-7 paralogues have been found to rescue a let-7 lesion. In both cases
the paralogue was exogenously supplemented through multi-copy arrays that possibly over-expressed
the miRNA at levels far from physiological (Hayes et al., 2006; Li et al., 2005). Even though this suggests
that some miRNAs can compensate for each other, it is not clear whether this happens through
silencing of lin-41 or other targets. In fact, other genes that induce precocious phenotype, like hbl-1,
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can rescue the let-7 mutation (Abrahante et al., 2003; Lin et al., 2003). Furthermore, the artificially
high level of the miRNA questions the relevance of such results.

1.3.3 Transcriptional and post-transcriptional control of the let-7 family
The let-7 family undergoes transcriptional and post-transcriptional regulation that ends up in
a very complicated network of factors that influence the expression of these miRNAs.
HBL-1 is a transcription factor homolog of the Drosophila hunchback (hb) (Fay et al., 1999).
Because its downregulation induces precocious seam cell differentiation, it is a heterochronic gene.
Phenotypic observations are based on hypomorphic alleles or post-embryonically provided RNAi, as
the null is embryonic lethal (Fay et al., 1999). Surprisingly, even if some seam cells differentiate already
in L3, they do not fully exit the cell cycle because their nuclei divide again during adulthood resulting
in a syncytium with more than 16 nuclei (Abrahante et al., 2003; Lin et al., 2003). Furthermore, hbl-1
loss of function alleles induce protruding vulva phenotype, caused by precocious vulva cell
development in L2 (Lin et al., 2003).
Hbl-1 was shown to be target of the let-7 sisters in the hypodermis and of let-7 in the ventral
nerve cord, but the exact binding sites are still unknown (Abbott et al., 2005). In turn, HBL-1
transcriptionally represses let-7 in a tissue specific manner (Roush and Slack, 2009). Thus, let-7
represses hbl-1 in the ventral nerve cord, but hbl-1 represses let-7 in the seam cells to confine its
expression to later stages; meanwhile the sisters repress hbl-1 in the hyp7 (Roush and Slack, 2009).
However, hbl-1 seems to be epistatic to let-7, although it was shown to disappear from the epidermis
before the L3 stage and to be important for the L2-to-L3 transition in the seam cells (Abrahante et al.,
2003; Lin et al., 2003). Additionally, hbl-1 function seems to be semi-redundant to that of lin-41 in
determining the L/A switch through LIN-29 as suggested by the fact that lin-29 is epistatic to both genes
(Abrahante et al., 2003; Lin et al., 2003). Currently, the exact expression pattern, function and
regulation of this transcription factor are mysterious.
More transcription factors seem involved in the let-7 family regulation, such as ELT-1, LIN-42,
BLMP-1 and DAF-12. ELT-1 was shown to stimulate expression in seam cells (Cohen et al., 2015); LIN42 might be involved in repression of miRNA transcription, as suggested by increased pri-let-7 levels in
lin-42 mutants (McCulloch and Rougvie, 2014; Perales et al., 2014; Van Wynsberghe et al., 2014).
BLMP-1 is important for terminal differentiation of hypodermis, as blmp-1 null mutants fail to secrete
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alae (Horn et al., 2014) and DAF-12, which seems to downregulate the let-7 sisters, rescues let-7
mutation, while also being a target of the let-7 family (Bethke et al., 2009; Grosshans et al., 2005;
Hammell et al., 2009).
Additionally, it has been shown that let-7 can stimulate its own processing through Argonaute
(Grishok et al., 2001). Indeed, in both C. elegans and human cells, let-7-loaded-Argonaute binds the
pri-let-7 transcript in a conserved element downstream of the miRNA sequence and induces processing
into the mature form (Zisoulis et al., 2012). Furthermore, the RNA binding protein LIN-28 has been
found to prevent maturation of let-7 through direct binding of its precursors (Heo et al., 2009; Newman
et al., 2008; Viswanathan et al., 2008). In C. elegans this interaction is expected to avoid precocious
accumulation of let-7 (Stefani et al., 2015; Van Wynsberghe et al., 2011), the misregulation of which
would eventually result in premature adult development, as seen in lin-28 null animals (Ambros and
Horvitz, 1984). In mammals, where LIN-28 binding to let-7 pre-miRNA was first identified, LIN-28 was
proposed to promote reprogramming of somatic cells to an embryonic state (Balzeau et al., 2017;
Viswanathan et al., 2008).

1.3.4 Other miRNA families in C. elegans
The let-7 family is not the only miRNA family in C. elegans and in fact about 60% of worm
miRNAs belong to a family and a third of those is conserved across species (Lim et al., 2003a; Lim et
al., 2003b; Miska et al., 2007). With very few exceptions, mutations in single nematode’s miRNA genes
do not result in altered development or viability. Conversely, mutations affecting more than one single
member of a miRNA family result in synthetic phenotypes (Abbott et al., 2005; Alvarez-Saavedra and
Horvitz, 2010; Miska et al., 2007; Sherrard et al., 2017).
The lin-4 miRNA family comprises lin-4 and miR-237. lin-4 mutations lead to strong
heterochronic phenotypes (Chalfie et al., 1981; Lee et al., 1993), it is required to down-regulate lin-14
to induce the larval stage 1 to larval stage 2 (L1-to-L2) transition and lin-28 to induce the L2-to-L3;
accordingly, worms lacking this miRNA reiterate L1 specific cell division patterns (Resnick et al., 2010).
On the contrary, mir-237 seems to enhance or suppress heterochronic phenotypes and does not show
obvious defects when mutated singularly (Miska et al., 2007; Tsialikas et al., 2017).
Another family with clear role in worm development is the miR-35 family. As opposed to most
miRNAs, the eight members of this family are maternally provided and simultaneous deletion of all of
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them leads to embryonic lethality (Alvarez-Saavedra and Horvitz, 2010). One of its function, recently
characterized, seems to prevent activation of male developmental programs (McJunkin and Ambros,
2017). Interestingly, miR-35 family has another function for which it cooperates with another miRNA
family, the miR-58, to avoid precocious apoptosis of cells during development (Sherrard et al., 2017).
The miR-58 family comprises six members and it is related to the bantam miRNA in Drosophila, which
is involved in cell proliferation and survival (Brennecke et al., 2003; Hipfner et al., 2002). This group of
miRNAs functions redundantly and shows a cooperative behavior, as suggested by stronger
upregulation of their targets when an increasing number of miRNAs is deleted (Subasic et al., 2015).
For many other families a function has not yet been described (Miska et al., 2007), but this could
be due to our inability to detect subtle phenotypes. In fact, some mutant worms that look superficially
wild type revealed their essential role only when using dedicated assays, as reported for lsy-6, which
controls the expression of chemosensory receptors that establishes the left/right asymmetry of the
gustatory ASE neurons, and miR-791, which is involved in CO2 sensing (Drexel et al., 2016; Johnston
and Hobert, 2003). Thus, it is plausible to imagine that most miRNA mutants are superficially wild type,
and thus considered not-essential, only because we have not yet identified their specific function. This
could be the case for the mir-72 family, whose mutations do not induce any obvious phenotype (Miska
et al., 2007); although its conservation hints to a function, (this family is related to miR-73 in C.
briggsae, which separated from C. elegans 80-100 million years Ago, and the miR-31 family in humans).

1.3.5 The let-7 miRNA in higher eukaryotes
Understanding miRNA family biology, targets and regulation of each member is not only
helpful to understand miRNA targeting in general, but might have therapeutic potential, too. In fact,
at least a third of C. elegans miRNA families is conserved across species (Miska et al., 2007). For
example, the let-7 family is conserved in humans and often downregulated in human cancers (Roush,
2008). Except for the fruit fly that has only one let-7, usually several let-7 isoforms exist: in worms
there are seven members including let-7 itself (although only miR-48, miR-241 and miR-84 are well
characterized and discussed in this thesis), and eleven in zebrafish. In mammals, there are ten miRNAs
sharing the exact let-7 seed sequence and they are usually identified by a letter. Let-7a is 100%
conserved to the worm and drosophila’s let-7 proper, while the other isoforms have slightly divergent
sequences.
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The evolutionary conservation of each of the 22 nucleotides of let-7 is difficult to explain. One
explanation could be that because let-7 has to bind several targets, its sequence cannot vary, as this
would change the target repertoire. Hence, paired regions would remain conserved to maintain
invariant the miRNA repressive activity. However, in worms, although several targets can be predicted
in silico and might be important for yet to discover functions, lin-41 seems to be the only let-7 target
necessary for animal viability (Ecsedi et al., 2015). If paired regions are conserved to ensure broad
target recognition, regions that are unpaired and form loops or bulges would be conserved as they
might function as recognition pads for RNA binding proteins (RBPs) or other molecules that modulate
silencing (Ruvkun, 2008). Currently, none of these has been shown.
Similarly to let-7 involvement in stem cell differentiation (i.e. seam cells) in C. elegans, let-7
roles in flies neuromuscular junction formation or mammalian limb development, together with more
general role in cell proliferation and development have been described (Roush, 2008). Generally, let-7
levels increase as cells differentiate. Lower levels of let-7 isoforms have been described in cancerous
cells. In contrast, their expression was reported during differentiation of breast stem cell progenitor
(Roush, 2008; Rupaimoole and Slack, 2017). Let-7 miRNAs can target oncogenes, such as kras that is
often mutated in cancers (Johnson et al., 2005; Ratner et al., 2010). In addition to the sequences, the
genomic location and post-transcriptional regulation of the let-7 family is similar in different animals
(Roush, 2008). For example the LIN-28/let-7 axis, originally found in mammalian cells and later in
worms (Newman et al., 2008; Van Wynsberghe et al., 2011; Viswanathan et al., 2008), stands out in
showing the conserved role of such miRNA in differentiation and development. Because LIN-28 posttranscriptionally represses let-7 and its pro-differentiation activity, lin-28 mutant worms prematurely
become adults (Ambros and Horvitz, 1984; Vadla et al., 2012). Accordingly, LIN-28 is upregulated in
cancer cells where let-7 levels are low (Roush, 2008) and lin-28 has been described as one of the genes
that has to be upregulated to reprogram cells to an undifferentiated state, possibly through its
repressive activity on let-7 (Balzeau et al., 2017).

1.4 Tissue-specific miRNA profiling in C. elegans
Even if transcriptional reporters give us an idea about temporal and spatial distribution of
miRNAs, it should be kept in mind that this is only a proxy. First, cloning of promoter sequences carries
the inherent risk that some regulatory elements might be missed, thus resulting in imprecise
expression pattern detection. Second, miRNAs, and in particular the let-7 family, undergo a tightly
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regulated biogenesis and we must take into account the effect of post-transcriptional control on
mature miRNA levels. For instance, it has been recently shown that let-7 biogenesis is controlled by
LIN-28 (Stefani et al., 2015; Van Wynsberghe et al., 2011) and let-7 itself (Zisoulis et al., 2012).
Molecular biology techniques such as northern blots, RT-qPCRs or small RNA sequencing have the
potential to complement transcriptional reporters and enrich our understanding of miRNA temporal
expression patterns. They are usually performed on whole worm lysates (Bracht et al., 2004; EsquelaKerscher et al., 2005; Li et al., 2005; Vadla et al., 2012), as primary cells isolation is extremely limited
in C. elegans and not widely applicable (Zhang, 2013). Efforts in optimizing in situ hybridization for
miRNAs in worms confirmed the expression of some miRNAs, including the four let-7 members, as
inferred through transcriptional reporters. However, the method lacks the resolution needed to reveal
cell specific expression (Andachi and Kohara, 2016).
Due to the fact that the cuticle makes dissociation of the worm and collection of intact cells
challenging, tissue-specific data have been mostly limited to analysis of transcriptional reporters (Hope
lab databases, GFPfusion database and (Martinez et al., 2008)) or obtained through computational
analysis of several microarrays performed in different conditions (Kim et al., 2001). Some diverse
protocols to obtain tissue-specific data bypassing the inability to obtain viable cell suspensions have
been described. One of them is based on the culturing of embryonic cells that differentiate in neurons,
which are then successfully FACS sorted (Fox et al., 2005). Embryonic cells are easier to obtain than
larval cells, but it is currently unknown how to differentiate them in other tissues, thus limiting
applicability of this technique (Tintori et al., 2016). Alternatively, microarray or sequencing analysis of
nuclear material was reported for FACS sorted intestinal nuclei (Haenni et al., 2012), while nuclei
originating from the muscles have been obtained by the Henikoff lab by applying to adult worms the
INTACT method. INTATC involves tissue specific biotinylation of nuclei that are then purified through
streptavidin beads (Steiner and Henikoff, 2015; Steiner et al., 2012). However, these techniques are
limited to the recovery of only nuclear mRNA species and are not suitable for miRNAs.
Pull-down of a tissue-specifically expressed poly-A binding protein has been reported for
several tissues and is based on the assumption that tissue-specific transcript co-precipitate with the
protein because they are bound in vivo in the tissue of interest. This technique, which was originally
referred to as “mRNA tagging”, was initially coupled to microarray and used to obtain gene expression
data for muscles, seam cells, gut and neurons (Gorrepati et al., 2013; Pauli et al., 2006; Roy et al., 2002;
Takayama et al., 2010). Later it has been coupled to high-throughput RNA sequencing leading to
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analysis of gene expression profiles from several tissues in different stages of development (Blazie,
2015; Blazie et al., 2017; Spencer et al., 2011). However, the mRNA tagging technique tends to be
characterized by a high background signal and can suffer from artifacts due to the lysis procedure. In
addition, like the nuclei-based approaches, it does not allow recovery of miRNAs. Some FACS-based
techniques based on (Zhang, 2013) have been described, but only with limited application, as shown
by the profiling of specific larval neurons (Spencer et al., 2014). Only recently, a single-cell RNA
sequencing experiment that profiled 27 individual worms tissue was described (Cao et al., 2017).
In conclusion, although some protocols to obtain tissue-specific data have been developed, the
field is still at its infancy. Some cell-type specific transcriptomes have been described, but the methods
used are not well suited for miRNA profiling. Therefore, a protocol that allows investigation of the
actual level of the mature and active form of miRNAs in specific tissues is still missing.

29

2 Results
Against a “seed-centric” view for miRNA targeting, previous data obtained in the lab showed
that the miRNAs of the let-7 family can repress different targets in different tissues (Ecsedi, 2015). In
particular, a GFP reporter with lin-41 3’UTR, although generally specific to let-7 (Ecsedi, 2015; Ecsedi
et al., 2015) revealed that lin-41 is silenced by different members in different tissues. While the let-7
sisters had barely any role in repressing it in the vulva, they were required in the hypodermis, as the
lin-41 reporter was partially de-silenced in miR-48/241/84 (-) animals. Distinct results were found for
other reporters containing the hbl-1 3’UTR, or to a lesser extent for daf-12 3’UTR, which seemed
specific to the let-7 sisters. The data thus suggested that in the same tissues let-7 and the sisters can
have different targets and show different extent of repression.
To understand the mechanisms that in different tissues determine the target specificity
observed for the let-7 family, we aimed to test what we originally named the quality or quantity
hypothesis, i.e. whether specificity is an intrinsic property (based on sequence complementarity
between a miRNA and a target) or if it is due to the context. We hypothesized that different levels of
mature miRNAs in different tissues might modulate specificity, likely with the involvement of unknown
tissue-specific factors. Therefore, we envisioned a scenario in which complementarity between a
miRNA and a target is important to establish silencing, but in which the cellular context can
nevertheless modulate the interactions that take place.
The results on the “sequence determinants of specificity” are described in the form of a
manuscript (Brancati and Grosshans, 2018) in the next chapter 2. 1, whereas the results on the “tissuespecificity” are described in chapter 2.2.
In addition, we optimized a worm dissociation and cell sorting approach, which we named
FACSeq (FACS sorting and sequencing of C. elegans cells). The analysis of the transcriptomes of
different cell types, the miRNA profile of seam cells and a single-cell sequencing experiment are
described in the chapter 2.3.
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ABSTRACT
MicroRNAs often occur in families whose members
share an identical 5 terminal ‘seed’ sequence. The
seed is a major determinant of miRNA activity, and
family members are thought to act redundantly on
target mRNAs with perfect seed matches, i.e. sequences complementary to the seed. However, recently sequences outside the seed were reported to
promote silencing by individual miRNA family members. Here, we examine this concept and the importance of miRNA specificity for the robustness of
developmental gene control. Using the let-7 miRNA
family in Caenorhabditis elegans, we find that seed
match imperfections can increase specificity by requiring extensive pairing outside the miRNA seed region for efficient silencing and that such specificity
is needed for faithful worm development. In addition,
for some target site architectures, elevated miRNA
levels can compensate for a lack of complementarity outside the seed. Thus, some target sites require
higher miRNA concentration for silencing than others, contrasting with a traditional binary distinction
between functional and non-functional sites. We conclude that changing miRNA concentrations can alter cellular miRNA target repertoires. This diversifies
possible biological outcomes of miRNA-mediated
gene regulation and stresses the importance of target validation under physiological conditions to understand miRNA functions in vivo.
INTRODUCTION
MicroRNAs (miRNAs) are small RNAs of about 22 nucleotides that silence target messenger RNAs by binding to
partially complementary sequences in their 3 untranslated
regions (3 UTRs). miRNAs are loaded onto an Argonaute
* To

(Ago) protein to form the core of the miRNA-induced silencing complex (miRISC), which induces decay or translational repression of the targets (1). Conceptually, miRNAs can be separated into two parts: the ‘seed’, comprising
nucleotides two through eight, and the ‘seed-distal’ 3 end
(Figure 1A). The seed sequence has emerged as the main
determinant for target identification (2). Usually, functional
miRNA targets contain ‘seed matches’, heptamers that base
pair with perfect Watson-Crick complementarity to the
miRNA seed. These were found to be necessary and sufficient for silencing in studies using ectopic miRNA expression (3–5). Structural and biochemical analyses of miRISC
have provided an explanation for these results: the seed of a
miRNA bound by Ago exists in a pre-arranged conformation, thus reducing the entropic cost of binding and favoring
duplex formation with a target (6–8).
miRNAs frequently occur in families that share the seed
sequence but differ in the seed-distal part. Given the reliance of target silencing on seed matches, it is assumed
that miRNA family members can function redundantly,
and most computational approaches that predict miRNA
targets make predictions for miRNA families rather than
for individual miRNAs (2). Consequently, it was hypothesized that in order to attain specificity among family members, miRNAs require imperfect seed matches. In this scenario, an imperfect seed match impairs binding and activity
of most family members, but extensive seed-distal base pairing would enable a specific family member to compensate
for the unfavorable seed binding (3).
However, high-throughput biochemical capture of Agobound miRNA/target duplexes revealed numerous instances of interactions that frequently extended beyond the
seed, to involve the seed-distal parts of the miRNA (9–12).
In cell culture and in vivo assays, some of the targets that
could base pair through their seed-distal parts were silenced
preferentially by specific family members (9,12). Because
such specificity also occurred for target sites with perfect
seed matches, these findings argued that seed match im-
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Figure 1. let-7 becomes dispensable for viability when the lin-41 3 UTR contains perfect seed match sites. (A) Schematic drawing of a miRNA/target
duplex with seed (nucleotides 2–8)/seed match and limited seed-distal pairing indicated. Top mRNA, bottom miRNA. (B) The let-7 family with the seed
sequence (nucleotides 2–8) highlighted in magenta. (C) The two let-7 complementary sites (LCS1 and LCS2) in the lin-41 3 UTR of C. elegans. Each site
contains an imperfect seed match (a bulged A and a G: U wobble, respectively, in bold) to the let-7 family and an extensive seed-distal pairing to let-7
only. The sites are separated by 27 nt of intervening sequence (dashed line). (D, E) Representative images of animals carrying the let-7ts mutation and (D)
wild-type lin-41 or (E) the lin-41(xe83[perfect]) allele with perfect seed match to the let-7 family and unchanged seed-distal region. Animals were grown
at 25◦ C. let-7ts: let-7(n2853) X, temperature sensitive lesion. miRNA site legend: magenta = seed/seed match; cyan = let-7 seed-distal binding.

perfections might not be a requirement for miRNA family
member specificity.
By contrast, specificity of miRNA silencing through
seed mismatches would explain why members of the let7 family of Caenorhabditis elegans have partially nonredundant functions. Indeed, among four members with
overlapping expression patterns (13), let-7, miR-48, miR84 and miR-241 (Figure 1B), only let-7 is essential for viability (14,15). let-7 ensures proper development of C. elegans by repressing one crucial target, lin-41 (16,17), whose
3 UTR contains two functional let-7 binding sites (let-7
complementary sites, LCSs) (18). Both LCSs contain imperfect seed-matches, which yield a bulged-out nucleotide
and a G:U wobble base-pair respectively (Figure 1C). More-

over, both LCSs exhibit extensive complementarity to the
seed-distal sequence of let-7 but to none of its sisters. Here,
we test if this miRNA site architecture ensures specific silencing by let-7 and explore miRNA site architectures as a
mechanism for the selectivity of different family members
towards distinct targets.
We show that extensive seed-distal pairing favors miRNA
silencing by an individual miRNA family member even
when the seed match is perfect, but that an imperfect
seed match greatly enhances this family member specificity.
Thus, we find that perturbing let-7-specific regulation of lin41, by introducing a perfect seed match, impairs normal C.
elegans development through allowing the let-7 family sisters miR-48, miR-241 and miR-84 to prematurely silence
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MATERIALS AND METHODS

41(xe83[perfect]), lin-41(xe76[ap427 W-C]), and lin41(xe99[48-ized]) alleles. Wild-type worms were injected
as described in (24) with a mix containing 50 ng/l pIK155,
100 ng/l of each pGB48 and plin-41sgRNA, 20 ng/
l repair oligo (see Supplementary Table S4), dpy-10 cocrispr mix containing 100 ng/ml pIK208 (Addgene plasmid #65630) and 20 ng/ml AF-ZF-827 oligo PAGE purified (IDT). Single F1 roller progeny of injected wild-type
worms were picked to individual plates and the F2 progeny
screened for the mutated allele using PCR assays and sequencing (Supplementary Table S3). The alleles were outcrossed three times to the wild-type strain.
let-7 over-expression. A let-7(++) strain (HW 1909
[xeSi287, V]) was obtained by injection of the plasmid
pGB26, obtained via Gibson assembly of the PCR amplified minimal rescue fragment from (15) and the pIK37 plasmid. Transgenic worms were obtained by single-copy integration into the oxTi365 locus on chromosome V (universal
MosSCI strain #EG8082 (25).

Worm handling and strains
Worms were grown using standard methods at 25◦ C. The
transgenic unc-54 + miRNA sites reporter strains were obtained by single-copy integration into the ttTi5605 locus on
chromosome II (20). Injected plasmids were cloned using
the MultiSite Gateway Technology (Thermo Fisher Scientific) and the destination vector pCFJ150 (21) or Gibson
assembly (22). All strains are listed in Supplementary Table
S1.
unc-54 + miRNA sites reporters
All unc-54 + miRNA sites reporters were constructed using
the MultiSite Gateway Technology (Thermo Fisher Scientific) and the destination vector pCFJ150 (21) or Gibson
assembly (22). First, the pGB0 vector was obtained via sitedirected mutagenesis (23) of the pDONR P2R-P3 p37 vector to insert the AscI restriction site. Then, the pGB01 plasmid was obtained via LR reaction (Gateway LR Clonase
II Enzyme mix, Thermo Fisher Scientific; 11791020) of the
three entry vectors pdpy-30 x pGFP::H2B x pGB0 and the
pCFJ150 backbone.
All the plasmids listed in Supplementary Table S2 were
obtained via Gibson assembly of the digested pGB01 plasmid and gBlocks® Gene Fragments (Integrated DNA
Technologies) listed below. All plasmids were verified by
sequencing. Transgenic worms were obtained by singlecopy integration into the ttTi5605 locus on chromosome
II, following the published protocol for injection with
low DNA concentration (20). We optimized our previous
mCherry reference transgene (16) by replacing the artificial 3 UTR with an endogenous unc-54 3 UTR, to achieve
more physiologic and brighter expression. The resulting
Pdpy-30::mCherry::H2B::unc-54 transgene was integrated
on chromosome I to yield strain HW1454.
Genome editing
Mutations in the endogenous lin-41 3 UTR sequence
were obtained by CRISPR-Cas9 to generate the lin-

Reporter quantification
For confocal assays, worms were grown at 25◦ C. Let-7ts
worms were maintained at 15◦ C and adults were transferred
to 25◦ C for 48 h before imaging. Z-stacks of 0.313 m m
thickness were acquired in green, red and transmitted light
channels at 40× magnification on a Zeiss LSM700 confocal
microscope coupled to Zeiss Zen 2010 software equipped
with a multi-position tile scan macro. The z-stacks were
stitched together and compiled into a single image using
scripts in Matlab and Fiji (26).
For data analysis, late L4 worms were selected based on
visual inspection of gonad length and vulva morphology
(27). Ten to fourteen vulva cells were selected in the ‘cell
counter’ macro in Fiji. Images around these seed points
were de-noised using a Richardson-Lucy algorithm and
segmented using an Otsu global threshold. Remaining holes
were filled using a morphological filter. Signal intensity in
the green channel was divided by the red signal intensity for
each cell; relative signal intensities were then averaged for
each worm. 10–12 vulva cells in 5–10 worms per genotype
were quantified, mean signal intensity and SD were calculated and graphed using GraphPad Prism software.

Confocal analysis of LIN-29 precocious accumulation
Synchronized arrested L1 larvae of animals carrying endogenously tagged LIN-29, lin-29(xe61[lin29::gfp::3xflag])
(28),
in
wild-type
or
lin41(xe83[perfect]) background, were plated on food
and incubated at 25◦ C on 2% NGM agar plates with
Escherichia coli OP50 bacteria and imaged at the L3 stage
(20–22 h after plating). Images were acquired in green and
transmitted light channels (with Differential Interference
Contrast, DIC) with 40×/1.3 oil immersion objective on a
Zeiss LSM700 confocal microscope coupled to Zeiss Zen
2010 software. Further image processing was performed
with Fiji (26).
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lin-41. Moreover, specificity of targets with perfect or nearly
perfect seed matches can be overcome through elevated levels of a miRNA that is incapable of seed-distal pairing.
Hence, although sequence-instructed, specificity is not fully
hard-wired and can be altered by changes in miRNA expression levels.
Our observations are consistent with a model where let-7
family miRNAs act as rheostats (19), such that the interplay of target site architecture and miRNA abundance determine the extent of target silencing. This flexible targeting mechanism expands the regulatory potential of miRNA
families and indicates that miRNA activity may differ on
bona fide targets at a given miRNA concentration. Conversely, alterations in miRNA concentrations may then
change the miRNA target repertoire, expanding the range
of possible biological outcomes, and revealing a need for
target validation under physiological conditions to understand miRNA function in vivo.
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RESULTS
Perfect seed matches in the lin-41 3 UTR make let-7 miRNA
dispensable for animal viability
Specific regulation of lin-41 by let-7 and not by its sisters
was previously speculated (3) to derive from the imperfect
seed-matches in the two let-7 miRNA Complementary Sites
(LCS1 and LCS2) in the lin-41 3 UTR (Figure 1C (18,29)).
When bound by let-7 family miRNAs, the seed match sequences of LCS1 and LCS2 generate an A-bulge and a G:U
wobble pair. Both sites contain seed-distal complementarity
to let-7, but not to its sisters. However, Broughton and colleagues recently identified a target site in the 3 UTR of dot1.1 that appeared specific to the let-7 family member miR48 in the absence of seed match imperfections (9). Given this
unexpected finding, we tested the possibility that seed mismatches in LCS1 and LCS2 were similarly dispensable for
specific recognition by let-7. To this end, we generated a lin41 allele, lin-41(xe83[perfect]), which differs from the wildtype allele in two nucleotides: We eliminated the A bulge in
LCS1 and converted the G:U wobble pair of LCS2 into a
standard Watson-Crick base pair.
Strikingly, these two nucleotide changes rescued the larval lethality caused by loss of let-7, both in the let-7(mn112)
null mutant strain and the let-7(n2853) temperaturesensitive strain (henceforth let-7ts), which recapitulates the
let-7 null phenotype at the restrictive temperature, 25◦ C
((15), Figure 1D and E). Thus, ≥98% (N = 3, each with
n ≥ 200 animals) of lin-41(xe83[perfect]); let-7ts double
mutant animals survived into adulthood, as did 100% (N =
2, n ≥ 98 animals) of lin-41(xe83[perfect]); let-7(mn112)
double mutant animals, of which 6% subsequently died as
adults. These findings suggest that seed mismatches are required to restrict silencing of lin-41 to let-7, because other
let-7 family members confer silencing in their absence.

A perfect seed match allows redundant activity of the let-7
sisters
To confirm that the perfect seed matches of the lin41(xe83[perfect]) allele allow redundant binding of the
let-7 family, we monitored the activity of the four miRNAs through a GFP reporter modified from (16) (Materials and Methods). In our assay, each animal contains a red
mCherry reporter, which is used as reference during image
analysis, and a GFP reporter, which is the miRNA activity
sensor (Figure 2A). Both reporters are driven by the ubiquitous and constitutively active dpy-30 promoter and contain the unc-54 3 UTR, generally thought to be devoid of
regulatory elements. Finally, each reporter is integrated by
Mos1-mediated single copy integration into a distinct genomic location (20).
To monitor let-7 activity, we generated the reporter ‘unc54 + let-7 sites’ in which only a stretch of 111 nucleotides of
the lin-41 3 UTR, comprising LCS1 and LCS2, was transplanted into the unc-54 3 UTR (Figure 2A). Silencing of this
minimal target reporter by let-7 was comparable to that of
a reporter containing the full-lenght lin-41 3 UTR (Figure
2B, C and Supplementary Figure S1A), confirming functionality. We focused our analysis on the vulva because lin-

41 repression by let-7 in this organ is required and likely
sufficient to prevent vulval rupturing (16).
As expected, the ‘unc-54 + let-7 sites’ reporter was expressed in young L1 or L2 animals (Supplementary Figure S1B), when the let-7 family levels are low (30). Moreover, it was robustly silenced in older, L4-stage larvae, when
let-7 family levels are high (Figure 2B and C). Finally, it
was de-silenced in let-7ts animals, but not in animals lacking the three let-7 sisters ([mir-48/mir-241(ndf51)V, mir84(n4037)X], henceforth mir-48/241/84(–)) (Figure 2C).
Therefore, the stretch of 111 nucleotides suffices for efficient
and specific let-7-dependent silencing.
Next, we generated an ‘unc-54 + let-7 sites perfect seed
match’ reporter, modified to contain LCSs with perfect seed
matches, as in the endogenous lin-41(xe83[perfect]) mutation (Figure 1E). Like the ‘unc-54 + let-7 sites’ reporter, the
new reporter was expressed in young L1 or L2 animals (Supplementary Figure S1B), but robustly silenced in L4-stage
larvae (Figure 2D). However, unlike the ‘unc-54 + let-7 sites’
reporter, the new reporter was only marginally de-repressed
in L4-stage larvae lacking let-7 (let-7ts) or the three let-7
sisters (mir-48/241/84(–)) (Figure 2D).
A seed-distal match establishes specificity to one miRNA in
the presence of an imperfect seed match
Taken together, the genetic interaction and the reporter assay data presented thus far validate the hypothesis that the
seed mismatches in the let-7 complementarity sites of lin-41
are necessary for specific regulation of lin-41 by let-7, to the
apparent exclusion of the other family members. However,
this conclusion appears at odds with the results of biochemical miRNA–mRNA duplex identification, which indicate
preferential target binding by individual family members
even in the presence of perfect seed matches (9,12). Thus, to
challenge our finding, we sought to reprogram the LCSs to
another let-7 family member, miR-48, and test the effect of
seed match imperfections. We chose miR-48 because its expression levels and spatial expression patterns appear very
similar to those of let-7 (13,14,31).
Because structural data suggest that base pairing between
nucleotides 13–16 of the miRNA and a target may be favored (8), we started out by generating a reporter with seeddistal base pairing to only these nucleotides. However, this
reporter failed to be silenced even in wild-type conditions,
i.e. with both let-7 and miR-48 present (Figure 3A and Supplementary Figure S2A). Hence, it appears that more extensive seed distal complementarity is required for functionality of targets with a sub-optimal seed match. Indeed, an
‘unc-54 + miR-48 sites’ reporter that emulated the LCS architecture by carrying a central bulge in the seed sequence
and an extensive seed distal match to miR-48 (Supplementary Figure S2B), was silenced in L4 stage animals. Moreover, and in agreement with our predictions, the ‘unc-54 +
miR-48 sites’ reporter was repressed at the L4 stage in both
the presence and absence of let-7 miRNA, but became derepressed when miR-48 was absent (Figure 3B).
Consistent with our results for the let-7 reporters, the
specificity of the ‘unc-54 + miR-48 sites’ reporter was largely
lost when we modified it to contain perfect seed matches: the
resulting ‘unc-54 + miR-48 sites perfect seed match’ reporter
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Figure 2. Redundant activity of the let-7 family in the presence of a perfect seed match. (A) Schematic of the reporters used to monitor miRNA activity
in vivo. The depicted GFP transgene unc-54 + let-7 sites reporter contains 111 nucleotides of the lin-41 3 UTR (shaded in blue), which harbor the two
let-7 binding sites and the 27 nt-long intervening sequence, grafted into the heterologous, unregulated unc-54 3 UTR. Worms also contain a red mCherry
reporter for normalization. Transcription of the single-copy integrated reporters from the ubiquitously active dpy-30 promoter is constitutive. miRNA
site legend: magenta = seed/seed match; cyan = let-7 seed-distal binding. (B) Representative confocal images of the vulvae of animals carrying the red
mCherry reporter (for normalization) and GFP reporters with the indicated 3 UTRs. These are ‘lin-41 3 UTR full-length’, ‘unc-54’ (CTRL, unregulated)
and ‘unc-54 + let-7 sites’ in wild-type and ‘unc-54 + let-7 sites’ in the let-7ts background. Images are merged GFP, mCherry and DIC channels. Red color
indicates a greater, and green color a lesser degree of reporter repression. Dashed lines outline the vulvae of the animals, which confirm appropriate late
Larval stage 4 (L4). Scale bars 15 m. (C, D) Quantification of (C) ‘unc-54 + let-7 sites’ reporter, (D) ‘unc-54 + let-7 sites perfect seed match’ reporter. Each
dot represents the average of the GFP signal intensity, obtained by confocal imaging, divided by the mCherry intensity for a single animal per condition.
10–12 vulva cells were quantified per worm. Mean values are normalized to the average value of the GFP/mCherry ratio of the negative control unc-54
3 UTR reporter, which is not silenced. Horizontal line and error bars indicate mean values per condition ± SD. *P < 0.05 and ***P < 0.001, two-tailed
unpaired t-test. For reference, data obtained for the unc-54, Neg.Control reporter are replotted in panel D; gray shading is bounded by the min-max values
of this control.

continued to be silenced extensively in both let7ts and mir48/241/84(–) animals (Figure 3C). However, silencing appeared marginally impaired in the absence of the let-7 sisters
(Figure 3C), mirroring an analogous result for the ‘unc-54
+ let-7sites perfect seed match’ reporter in let-7ts animals
(Figure 2D). We conclude that the imperfect seed match and
the extensive 3 pairing are both important determinants for
the robust target specificity of the lin-41 sites.
A G:U wobble base-pair in a peripheral seed match location
promotes miRNA specificity
The duplexes formed between let-7 and lin-41 contain a
bulge between nucleotides 4–5 in LCS1 and a G:U wobble base-pair at position 6 in LCS2 (Figure 1C). We won-

dered if such centrally located ‘imperfections’ were required
for specificity. We turned to the miRNA binding site in the
dot-1.1 3 UTR, which had been shown to be specific to
miR-48 (9). Broughton et al. found that substitution of the
let-7 complementary sites in the endogenous lin-41 3 UTR
by two copies of the dot-1.1 site rendered animals insensitive to loss of let-7 (9), but made them depend on the
presence of miR-48. This finding was attributed to the fact
that the site features an extensive seed-distal match to miR48 (Figure 3D and Supplementary Figure S2C). However,
we noticed that the let-7 family/dot-1.1 predicted duplexes
exhibited not only perfect Watson–Crick pairing from nucleotides 2–7, but also a G:U wobble pair at position 8 (Supplementary Figure S2C). Although hexameric seed match
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sites, with complementarity to nucleotides 2–7, are considered canonical and functional (2), genome-wide studies
also suggested that they are less functional than heptameric
sites that match nucleotides 2–8 (6,32,33). Since G:U wobble base pairs elsewhere in seed-seed match duplexes appear
detrimental to silencing (3,4,34–36), we wondered if this ‘peripheral G:U’ in seed match position 8 might affect silencing
and specificity.

To test this hypothesis, we modified the endogenous target sites in lin-41 to those of dot-1.1, but with the G:U
wobbles at positions 8 converted to Watson-Crick G:C
pairs, yielding allele lin-41(xe76[dot-1.1 W-C]) (Supplementary Figure S2D). We then compared the reliance of
this and the lin-41(ap427[dot-1.1 G:U]) strain, which carried the unmodified G:U-wobble-containing dot-1.1 sites,
on let-7 and miR-48 for survival. Whereas both strains
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miRNA abundance affects silencing in vivo
Although our experiments provided strong evidence that
seed mismatches are required for robust specificity among
let-7 family members, we consistently observed evidence of
residual specificity even for targets that contained a perfect seed match. In target reporters containing perfect seed
matches, we observed modest but reproducible de-silencing
specifically when the family member with seed-distal match
was lost (Figures 2D and 3C), and phenotype (Figure
3E(ii)). In fact, although lin-41(xe76[dot-1.1 W-C]); mir48(–) animals survived into adulthood, they exhibited an
egg-laying (Egl) defect (Figure 3E (ii), 93%, n = 132), i.e. a
partial vulval dysfunction that is consistent with incomplete
repression of lin-41 (16).
We wondered if this partial specificity could be overridden by increased levels of another miRNA family member. Since we were unable to overexpress mir-48, we tested
this possibility by overexpressing let-7. Mos1-mediated single copy integration (25) of a genomic fragment, known
to rescue let-7 lethality (15), to a locus on chromosome V
that is ∼5 cM apart from mir-48, yielded a ∼2-fold increase
in expression levels (data not shown). Consistent with our
hypothesis, lin-41(xe76[dot-1.1 W-C]) animals that overexpressed let-7 were no longer Egl in the absence of miR48 (Figure 3E(iii), compare to E(ii)). We conclude that, in
vivo, increased miRNA levels can override the specificity imparted by seed-distal pairing.

peripheral seed mismatches, was restored to almost wildtype level in the same conditions (Figure 4B). This suggests
that for miR-48 targets with extensive seed-distal pairing,
sensitivity to let-7 levels depends on seed match quality.
To confirm this result on a functional level, we tested
whether let-7 overexpression could suppress the dependence
on miR-48 of animals carrying lin-41 alleles analogous
to those in the miR-48-specific reporters, namely the lin41(ap427[dot-1.1 G:U]) allele and the newly generated lin41(xe99[48-ized]) allele (Figure 4C and D, respectively).
As predicted by the reporter assay, overexpression of let7 rendered lin-41(ap427[dot-1.1 G:U]); mir-48(–) double
mutant animals viable, although Egl (Figure 4C). By contrast, we were unable to obtain viable animals of the lin41(xe99[48-ized])I; mir-48(–) let-7 (++)V genotype (Figure 4D). Instead, we readily observed dead animals, which
had burst through the vulva. Genotyping revealed that such
animals were homozygous for the three alleles of interest, lin-41(xe99[48-ized]), mir-48(–), and let-7(++) (Figure 4D). [Note that mir-48(–) and let-7(++) are closely
linked loci on chromosome V, explaining why we did not
find dead animals that were lin-41(xe99[48-ized]); mir48(–) double mutant but lacked the let-7 over-expression
transgene.] In contrast, randomly selected wild-type animals were never doubly homozygous for lin-41(xe99[48ized]) and mir-48(–), irrespective of let-7 transgene status,
and only one Egl animal was found to be lin-41(xe99[48ized]); mir-48(–) let-7(++) mutant. Hence, although an
increase in let-7 levels can overcome the specificity to miR48 imposed by seed-distal matches in combination with a
perfect seed (Figure 3E) or in the presence of peripheral seed
mismatches (Figure 4C), it cannot do so with a central seed
bulge or wobble (Figure 4D), at least within the physiological ranges of the expression levels that we tested.
We conclude that specificity arises through seed-distal
pairing of a miRNA, but that it is enhanced in extent and
robustness by appropriate seed match architecture (Figure
4E).
Loss of miRNA specificity impairs robust development

Seed match imperfections maintain specificity upon miRNA
overexpression
Since the modest preferential silencing imposed by the seeddistal pairing to miR-48 could be overcome by increasing
the levels of let-7 in the presence of a perfect seed match
(Figure 3E (ii) and (iii)), we wondered about the effect of let7 over-expression on sites with more extensive target specificity. Hence, we examined two reporters specific to miR-48
that harbored imperfect seed matches: the previous ‘unc-54
+ miR-48 sites’ (Figures 3B and 4A) and the new ‘unc-54 +
dot-1.1 sites’ reporter, obtained by inserting two copies of
the binding sites from the dot-1.1 3 UTR (Figure 4B). Consistent with the in vivo data ((9) and Figure 3E), silencing of
both reporters was dependent on miR-48 but not let-7 (Figures 3B, 4A, B and Supplementary Figure S2E). However,
the response of the two reporters differed when we overexpressed let-7 in the absence of miR-48. The ‘unc-54 + miR48 sites’ reporter, with central seed mismatches, was insensitive to a doubling of let-7 expression (Figure 4A). By contrast, silencing of the ‘unc-54 + dot-1.1 sites’ reporter, with

Our results suggest that sites with central seed match imperfections, such as LCS1 and LCS2 in the lin-41 3 UTR, are
extremely specific to one miRNA, even when a paralogue is
highly expressed. We suspected that such robust specificity
would be physiologically relevant in the case of lin-41. This
is because the let-7 sisters are all expressed prior to let-7,
in the L2 stage (30). Given their overlapping spatial expression patterns, lack of mechanisms to prevent let-7 sisters’ action on lin-41 might cause inappropriately early repression
of lin-41, as speculated previously (2,3). Consistent with this
notion, we found that the ‘unc-54 + let-7 sites perfect seed
match’ reporter was precociously repressed during the L3
stage, whereas the ‘unc-54 + let-7 sites’ reporter was still expressed at the same stage (Figure 5A).
To test whether this precocious repression of lin-41 had
physiological consequences, we examined the accumulation
of LIN-29A, a target of LIN-41. In wild-type animals, LIN41 translationally represses LIN-29A until the L4 stage,
when repression is released following let-7 accumulation
and consequent LIN-41 downregulation (28). Premature

Downloaded from https://academic.oup.com/nar/article-abstract/46/7/3259/4948035 by Novartis Forschungsstiftung / Friedrich Miescher Institute user on 10 December 2018

were insensitive to loss of let-7 (Figure 3E(i) and (9)), lin41(ap427[dot-1.1 G:U]) but not lin-41(xe76[dot-1.1 WC]) required miR-48 for survival into adulthood (Figure
3D and E(ii)). We conclude that the G:U wobble at position
eight repels binding by all let-7 family members such that
only miR-48 can exert repression by compensating through
extensive complementarity of its 3 seed-distal sequence.
Collectively, our data thus reveal that bulges or wobbles in
different positions of a seed match can serve to avoid redundancy of the let-7 family and confer strong target specificity.
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loss of LIN-41 activity causes inappropriately early activation of LIN-29A and thereby precocious execution of the
so-called larval-to-adult transition, which includes fusion
of hypodermal seam cells into a syncytium and secretion
of an adult cuticular structure termed alae (17). We observed LIN-29A levels through use of a lin-29(xe61[lin29::gfp::3xflag]) strain, in which the endogenous lin-29 locus has been edited to produce GFP-tagged LIN-29A and
B isoforms, and in which loss of lin-41 activity yields a spe-

cific upregulation of only LIN-29A (28). At mid-L3 larval
stage, wild-type animals have LIN-29::GFP signal only in
their seam cells (Figure 5B). By contrast, animals carrying
the lin-41(xe83[perfect]) allele show additional GFP expression in the major hypodermal syncytium, hyp7, at the
same developmental stage (Figure 5B). Therefore, precocious downregulation of lin-41(xe83[perfect]) is responsible for premature LIN-29 translation and accumulation

Downloaded from https://academic.oup.com/nar/article-abstract/46/7/3259/4948035 by Novartis Forschungsstiftung / Friedrich Miescher Institute user on 10 December 2018

A
miR-48

unc-54 + dot-1.1 sites

Nucleic Acids Research, 2018, Vol. 46, No. 7 3267

A

unc-54+ let-7 sites

unc-54+ let-7 sites_perfect match

B

LIN-29::GFP wild-type

DISCUSSION

LIN-29::GFP lin-41(xe83 [perfect])

C

wild-type
hbl-1 RNAi

37% no alae

63% alae

lin-41(xe83
[perfect])
hbl-1 RNAi
100% alae

Figure 5. Developmental robustness requires an imperfect let-7 seed match
in lin-41. (A) Representative confocal images of skin cells of animals carrying an unc-54 3 UTR reporter (top), an ‘unc-54 + let-7 sites’ (center), or an
‘unc-54 + let-7 sites perfect seed match’ reporter (bottom). At the L3 stage,
levels of miR-48 but not let-7 are already high (39). Scale bars 15 m. (B)
Microscopy images of the skin of late L3 worms expressing endogenously
tagged LIN-29::GFP (xe61) (28) in wild-type and lin-41(xe83[perfect])
background. Cyan arrowheads point to LIN-29 signal in seam cells, magenta arrows to LIN-29 accumulation in hyp7 cells. Images in the middle
are inverted to increase clarity. Worms are staged according to the position
of the distal tip cell (green) and gonad length. Scale bars 15m. (C) Representative images of wild-type (n = 27) or lin-41(xe83[perfect]) (n = 36)
animals treated with hbl-1 RNAi. Percentages of animals with the indicated
alae status at the L3/L4 transition are indicated. Gonads are outlined to
confirm appropriate staging. The strains used, SX346 and HW2144, additionally contain the mjIs15 and wIs51 transgenes. Scale bars 15m.

It has been an open question to what extent and by which
mechanisms miRNA family members can function nonredundantly despite a shared seed sequence. Previously, it
was proposed that redundancy was the rule (2). Rare occasions of non-redundant function were hypothesized to require targets with both an imperfect seed match and extensive seed-distal pairing to only one specific family member (3). According to this view, the seed match imperfection impairs silencing by all family members but extensive
seed-distal pairing can compensate to facilitate silencing
by an individual miRNA. However, this hypothesis has remained untested, and recent observations have challenged
it by providing evidence that non-redundant target binding
appears wide-spread and that seed-distal pairing may suffice to achieve specificity (9,12).
Our systematic study through gene editing and fluorescent reporter analysis with cell-type resolution resolves the
discrepant views on specificity-promoting features for the
let-7 family: We demonstrate that extensive seed-distal pairing to a specific family member suffices to generate a weak
but consistent preference for silencing by this family member. However, more robust discrimination requires an imperfect seed match and depends on the quality of such imperfections: a central bulge or G:U wobble base pair, as in
the lin-41 3 UTR, confers the strongest specificity, while a
peripheral G:U wobble base pair, as in the dot-1.1 3 UTR,
gives an intermediate level. The physiological importance
of extensive, seed-mismatch-dependent specificity is evident
from the decreased developmental robustness that results
when perfect let-7 seed matches permit promiscuous silencing of lin-41 by the whole let-7 family.
Perfect seed matches can still be compatible with selective targeting by individual miRNAs, but the effect depends
on miRNA abundance: A moderate increase in let-7 levels
(∼2-fold) could overcome the specificity of a binding site
that was silenced by miR-48 and had a perfect seed match.
However, it only partially did so when the seed match contained a peripheral G:U wobble, and it was insufficient to
override sequence-determined specificity when a site contained a central seed match imperfection. This suggests that
in vivo, miRNA binding site architecture, particularly seed
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in the hypodermis, as described for other lin-41 loss-offunction alleles (17).
The lin-41(xe83[perfect]) animals looked superficially
wild-type, but the premature upregulation of LIN-29 was
sufficient to promote precocious larval-to-adult transition
in a sensitized background. Specifically, the transcription
factor HBL-1 inhibits larval-to-adult transition, possibly in
parallel to LIN-41 (37,38), and its RNAi-mediated depletion causes partially penetrant and partially expressive precocious alae formation (Figure 5C). This phenotype was enhanced when we depleted HBL-1 in lin-41(xe83[perfect])
mutant animals, resulting in fully penetrant precocious secretion of alae (although weak or patched in some cases)
(Figure 5C). We conclude that loss of specificity of repression by let-7 alone in the lin-41(xe83[perfect]) background
impairs the robustness of temporal patterning through premature LIN-29 accumulation.
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match quality, and miRNAs abundance act together to determine miRNA activity towards individual targets (Figure
6).
The finding that miRNA activity is determined at the
level of individual targets has implications beyond the issue of miRNA family member specificity. It contrasts with a
view where a miRNA is globally either ‘on’ or ‘off’ in a cell,
silencing all of its targets at sufficiently high concentrations
and none at low ones. Variable, target site-dependent activity was already entertained in the early days of the miRNA
field when miRNAs were likened to rheostats, whose activity is adjusted by two features, namely the extent of target site complementarity to the miRNA and miRNA abundance (19). A lack of explicit experimental testing of such
context-dependent function (4) and the rising popularity of
the ‘seed-match only’ model caused this hypothesis to fade
from view. We propose that it is time to revisit the idea of
miRNAs functioning as rheostats and subject it to further
testing.
We note that target validation experiments that rely, as
often done, on ectopic miRNA expression appear to make
the implicit assumption that miRNAs are uniformly active
on their targets. However, if the goal of target validation is
to provide insights into pathway biology, physiology and/or
pathology, our results and those of others (34) strongly suggest that it must be conducted in a relevant physiological context, avoiding ectopic expression or overexpression
of miRNAs. Ideally, validation will also involve functional
studies such as those offered by direct manipulation of individual miRNA/target interaction through genome editing.
We predict that such efforts will reveal a more nuanced picture of dynamic, context-dependent miRNA target reper-

toires, and thereby improve our understanding of the diversity of biological outcomes that miRNA-mediated gene regulation can achieve in vivo.
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2.2: Tissue Specificity of the let-7 family
Giovanna Brancati, Matyas Ecsedi & Helge Grosshans conceived the project; ME generated the strains HW1191,
1223, 1127. GB performed and analyzed all the experiments with technical help from Kathrin Kunzer for strain
generations and under HG’s supervision.

Previous data of the lab revealed that a GFP reporter containing the lin-41 3’UTR was silenced
differently among tissues (Ecsedi, 2015). In particular, it was proposed that lin-41 silencing was specific
to let-7 only in the vulva, while all the let-7 family members were required for silencing in the
hypodermis.
One plausible explanation is that the four miRNAs of the let-7 family have different expression
patterns. For example, the sisters could fail to repress lin-41 in the vulva because they are not present
in this tissue. Alternatively, because the let-7 family regulation is intertwined, deletion of one gene can
result in altered expression of the others, an effect that is difficult to study in a tissue-specific manner.
To clarify this issue, we aimed to investigate in detail the expression patterns of the let-7 family
studying both the activity of their promoters, through transcriptional reporters, and their mature levels
in different tissues, by establishing a method that allows FACS sorting of specific cell types.

2.2.1 Expression pattern of the let-7 family (1)
Although the expression pattern of the let-7 family has been previously described (Roush,
2008), detailed data at the L4 stage, the time when let-7 silences lin-41 are missing. Moreover, the
transgenes used, which carried a cytoplasmic GFP fused to the miRNA promoters, usually were multicopy arrays of unknown copy number randomly integrated in the genome or extra-chromosomal
(Evans, 2006). This led to inconsistent results, even after analysis of several independent strains
carrying the same reporter, as described for miR-241 (Esquela-Kerscher et al., 2005).
Therefore, to confirm the expression patterns and the presence of the let-7 family in the
hypodermis and vulva cells of late L4 worms (the time when let-7 silences lin-41), we generated new
transcriptional reporters. These are single-copy integrated in the genome and contain the putative (~2
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kb upstream the miRNA sequence) promoter of the miRNA, a nuclear destabilized GFP
(GFP/PEST::H2B) and the unregulated unc-54 or let-858 3’UTR (Figure 2.1).
Expression patterns of our single-copy integrated reporters resembled what was described
before (Esquela-Kerscher et al., 2005; Hayes et al., 2006; Li et al., 2005; Martinez et al., 2008) with few
exceptions. While the let-7 promoter is active in both seam cells and hyp7, as shown by GFP expression,
Pmir-48 driven GFP was restricted to the seam cells. For miR-84 and miR-241 reporters GFP was
detected only in the hyp7 and at lower levels than in other tissues (Figure 2.1A). We do not know if the
previously reported expression in the seam cells was an artifact due to the overexpressed multi-copy
arrays used before (Johnson et al., 2005; Martinez et al., 2008). In fact, some other authors report that
the hypodermal expression of miR-241 was not observed consistently in the transgenic lines that they
generated (Li et al., 2005).
In the vulva, GFP was detected in all cells in let-7, miR-48 and miR-84 reporters, as expected
from previously reported expression in the vulval precursor cells (Esquela-Kerscher et al., 2005; Roush,
2008). However, we could not detect vulval GFP expression in the PmiR-241 reporter strain (~1.3kb,
HW2279); even if we could confirm the expression in body wall muscles and ventral nerve cord. The
same result was true for another strain containing a longer promoter sequence (~2kb, HW2278). Pmir241 was both reported for being active in the vulva (Li et al., 2005; Roush, 2008) and only present in
the vulval musculature (Martinez et al., 2008). We then looked at the VT1189 strain, which was used
by Martinez and colleagues and is publicly available. The strain carries an integrated array and shows
no GFP in the vulva (Figure 2.1B). This strain showed a strong and diffused GFP signal around this organ
(Figure 2.1B, white box) that induced us to think that the previously reported vulval expression was
rather the cytoplasmic GFP signal in the muscle cells around it.
However, it is unclear if miR-241 expression can be recapitulated by such transcriptional
reporters at all. In fact, the miR-241 gene is upstream of miR-48 in a cluster on chromosome V and it
is only 1.7kb apart from the paralog (Figure 2.1C), therefore we cannot exclude that regulatory
elements controlling miR-241 expression are present in the intervening sequence between the two
miRNAs that is excluded from the reporters. For these reasons, miR-241 expression remains elusive.
In conclusion, our single-copy integrated transcriptional reporters show a more precise
expression pattern for the four miRNAs than what was previously described with arrays. In addition,
we extended previous published results by assaying the expression in late L4 staged animals: While
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the let-7 family expression in the vulva cells is overlapping (apart from miR-241), in the hypodermis, it
is slightly distinct.

Figure 2.1. Let-7 family expression pattern in late L4 worms (A) Confocal images of late L4 worms expressing
nuclear-localized GFP (PEST)::H2B reporters, driven from the putative promoters of the four let-7 family
members (Plet-7fam). Shown the hypodermis (left) and the vulva (right). (B) Confocal images of late L4 worms
carrying an integrated array containing a putative Pmir-241 promoter and cytoplasmic GFP (strain VT1189). Left
panel shows the hypodermis, white arrows = seam cells, arrowheads = hyp7 cells. Right panel shows the vulva,
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highlighted by the dashed box. (C) Cartoon of the miR-48/miR-241 cluster on chromosome V and of the two GFP
reporters used in (A). The two miRNAs are 1.7kb apart.

2.2.2 Expression pattern of the let-7 family (2): mature miRNA levels in different tissues
To confirm that the let-7 levels are altered in specific tissues of miR-48/241/84 (-) animals,
quantification of the miRNA in each tissue is needed. In fact, transcriptional reporters give us an idea
about temporal and spatial distribution, but do not consider post-transcriptional regulation (Van
Wynsberghe et al., 2011; Zisoulis et al., 2012). Methods that allow tissue-specific studies are missing
in the C. elegans community (paragraph 1.4) thus molecular biology techniques that allow detection
of the mature form of miRNAs have only been performed on whole worm lysates (Esquela-Kerscher et
al., 2005; Li et al., 2005; Vadla et al., 2012). Similarly, in situ hybridization protocols for miRNAs
detection have been described, but they have poor resolution, cannot reveal cell-specific expression
and are not quantitative (Andachi and Kohara, 2016). Therefore, evidence for the actual level of the
mature and active form of miRNAs in specific tissues is missing.
To fill this gap and obtain quantitative data on the expression of the mature forms of the let-7
family, we optimized a recently published method that allows dissection of the worm and cell recovery
(Materials and Methods and (Zhang, 2013)). With the precious support of Hubertus Koehler (FMI, FACS
facility), we were able to sort several cell types at different developmental stages. Because activity of
the let-7 family has been mostly described in seam and vulva cells of L4 animals, we first tried to FACSsort these cell types to quantify the four miRNAs. However, those tissues in L4 animals were difficult
to sort and although we could profile their transcriptome (chapter 2.3), we could not obtain small RNA
data due to the amount of cells and RNA extracted, which was low for the protocols available at that
time.
In conclusion, we obtained primary C. elegans cells and profiled their transcriptome (as
described in next chapter 2.3). However, quantification of the let-7 miRNAs in the two relevant tissues
in which they function to test how their abundance in different tissues affects their repressive activity
towards lin-41 or other targets was not possible.

2.2.3 In the hypodermal tissue lin-41 is probably silenced only by let-7
As mentioned, some tissue-specific activity of the let-7 family towards the lin-41 reporter has
been described (Ecsedi, 2015). Although transcriptional reporters reveal their expression pattern, we
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could not quantify the levels of the let-7 family in hypodermis and vulva and relate their abundance to
lin-41 silencing (paragraph 2.2.2), thus we addressed the problem from another angle.
It was suggested that lin-41 could be silenced by the whole let-7 family in the hypodermis,
while only by let-7 in the vulva (Ecsedi, 2015). To confirm this result, we repeated the same analysis in
those two tissues with a slightly different reporter, the unc-54+let-7site, in wild type, let-7ts and miR48/241/84 (-) background. First, we confirmed that this reporter was specific to let-7 in the vulva of L4
worms and mimicked lin-41 full-length regulation (Brancati and Grosshans, 2018). Then, we
reproduced the results previously described, namely that the unc-54+let-7sites reporter was silenced
in the hypodermis of wild type animals, shown by absence of GFP, but failed to be repressed in both
let-7 and miR-48/241/84 (-) background ((Ecsedi, 2015) and Figure 2.2A). This result suggests that all
the let-7 family members can effectively silence lin-41 in the hypodermis in contrast to the vulva cells,
where only let-7 represses lin-41.
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Figure 2.2 let-7 is transcriptionally repressed in the hypodermis of miR-48/241/84 (-) animals
(A) Confocal images of the unc-54+let-7sites reporter in the hypodermis of wild type worms, or animals lacking
let-7 (let-7ts) or the three sisters miR-48/miR-241/miR-84 (miR-48/241/84 (-)). The worms carry a ubiquitous
GFP::unc-54+let-7 sites reporter (described in chapter 2.1, Figure 3, and carrying let-7 sites) and a ubiquitous
mCherry::unc-54 reporter. Shown GFP and mCherry overlay. (B) Confocal images of late L4 animals carrying a
nuclear GFP (GFP/PEST::H2B) driven by let-7 promoter and followed by the unregulated unc-54 3’UTR. Shown
are hypodermis (left) and vulva cells (right) in wild type and miR-48/241/84 (-) animals. (C) Quantification of GFP
intensity in hyp7, seam and vulva cells of animals carrying Plet-7::gfp reporters in wt or miR-48/241/84 (-)
background. Analysis performed with Fiji on 12hyp7 cells, 4 seam cells and 8 vulva cells of four randomly chosen
animals per condition after visual inspection of 13 wt and 15 miR-48/241/84 (-) animals. ± SD 2way ANOVA,
Sidak's multiple comparisons test, performed and graphed through GraphPad PRISM.

We excluded the differential expression of the let-7 family members as the reason for these
different effects in hypodermis and vulva, given that we can infer that the sisters are expressed in the
vulval cells from analysis of transcriptional reporters, which describe temporal and spatial activation
of their promoters, even with the limitation previously described (Figure 2.1). Furthermore, we can
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confidently assume that they are active in this tissue thanks to reporters containing binding sites to
the let-7 family that can be repressed by any let-7 paralogue (Figure 2 and 3 in (Brancati and Grosshans,
2018) or hbl-1 3’UTR reporter (Ecsedi, 2015)). Therefore, we wondered, what if the apparent
requirement of the sisters for lin-41 silencing in the hypodermis was caused by a reduction in let-7
levels in the miR-48/241/84 (-) strain? In other words, in an animal lacking the three let-7 sisters, let-7
expression could be affected only in the hypodermis resulting in failure to silence lin-41 in this tissue.
RT-qPCR experiments performed on whole worm lysates of the miR-48/241/84 (-) background did not
show any significant alteration of let-7 levels (ME personal communication). However, such
experiments are not able to detect subtle changes in gene expression, e.g. caused by a tissue-specific
effect.
To test if let-7 may be altered only in some tissues, we tested the expression of the Plet-7::GFP
that recapitulates let-7 transcription (introduced in Figure 2.1A). Figure 2.2B shows representative
confocal images and the quantification of GFP signal intensity (Figure 2.2C) of worms carrying such
reporter in wild type or miR-48/241/84 (-) background. As shown by the lower GFP signal, animals
lacking the three let-7 sisters show a reduced activity of the let-7 promoter in the hypodermal hyp7
cells (Figure 2.2B and C), while seam or vulval cells are unaffected.
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Figure 2.3 hbl-1 knock down restores lin-41 silencing in hypodermis of miR-48/241/84 (-) animals
(A) Model of part of the heterochronic pathway centered on the let-7 regulation in the hypodermis of young
worms. When the let-7 sisters are absent, HBL-1 accumulates and transcriptionally represses let-7, thus allowing
lin-41 expression. In wild type animals, the sisters repress hbl-1 thus allowing let-7 accumulation (not shown).
Color scheme: gray = deleted or repressed; black = expressed. (B) Confocal images of miR-48/241/84 (-) animals
carrying the Plet-7::gfp reporter subjected to mock or hbl-1 RNAi (n = 8) show increased GFP signal when hbl-1 is
knocked down. (C) Confocal images of late L4 miR-48/241/84 (-) animals treated with mock or hbl-1 RNAi. The
worms carry the GFP::unc-54+let-7 sites and the mCherry::unc-54 reporters as in 2.2A. Shown GFP and mCherry
overlay. Vulva is shown at the left side corner as a reference for the worm age (n= 7). let-7ts: let-7(n2853) X; miR48/241/84 (-): miR-48/miR-241(ndf51) V; miR-84(n4037) X.

It has been described that hbl-1 transcriptionally represses let-7 expression in a tissue-specific
fashion, in particular in the hypodermis (Roush and Slack, 2009). It is also known that the three let-7
sisters downregulate hbl-1 expression post-transcriptionally (Abbott et al., 2005). Therefore, we
hypothesized that in mutant animals lacking the three let-7 sisters, HBL-1 accumulates and represses
let-7, thus preventing lin-41 downregulation specifically in the hypodermis (as outlined in Figure 2.3A).
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To prove that transcriptional repression of let-7 and thus of our Plet-7::GFP reporter was
dependent on hbl-1, as suggested earlier, we treated miR-48/241/84 (-) worms with hbl-1 RNAi to
reduce hbl-1 levels and release let-7 repression. In fact, in miR-48/241/84 (-) animals, because posttranscriptional regulation by the let-7 sisters is missing, the misregulated HBL-1 might repress let-7
more than in wild type worms. As hypothesized, knockdown of hbl-1 resulted in enhanced expression
of Plet-7::GFP, and according to the tissue-specific origin of this regulation, this was true in the
hypodermis, but not in the vulva nor the seam cells of the animals (Figure 2.3B).
Finally, we wanted to confirm that the tissue-specific effect originally described in (Ecsedi,
2015), namely that lin-41 was repressed by both let-7 and the sisters in the hypodermis, was an artifact
due to hbl-1-induced let-7 repression in the hypodermis of worms lacking the three sisters. Therefore,
we imaged the unc-54+let-7 sites reporter in miR-48/241/84 (-) background in hbl-1 RNAi conditions
(Figure 2.3C). While the reporter shows no sign of downregulation in the hypodermis of miR-48/241/84
(-) animals treated with mock RNAi, knockdown of hbl-1 restores complete silencing in the hypodermis
(Figure 2.3C, compare also to Figure 2.2A). We concluded that let-7 levels in hypodermis of animals
lacking the three let-7sisters are affected by hbl-1 overexpression.

Chapter Discussion
It was suggested that the specific repression of lin-41 by let-7 takes place only in some tissues,
such as the vulva (Ecsedi, 2015). In fact, Ecsedi observed that, in the hypodermis, ablation of the three
let-7 sisters partially abolished repression of a GFP reporter carrying the lin-41 3’UTR. The author thus
concluded that all the members of the let-7 family are required for lin-41 silencing in the hypodermis,
and that only let-7 is essential in the vulva.
Even though we cannot measure the exact levels of the mature miRNAs, we can at least
exclude the trivial explanation that lin-41 specificity to let-7 in the vulva is due to the lack of the sisters
in this tissue. In fact, the sisters are likely expressed in vulva cells (Figure 2.1) and our results show that
the observed specificity depends on the lin-41/let-7 site architecture (Brancati and Grosshans, 2018).
Regarding the activity in the hypodermis, our data suggest that the absence of lin-41
repression in worms lacking the three let-7 sisters is not evidence for the involvement of the whole let7 family in lin-41 silencing, as suggested in (Ecsedi, 2015). Rather, we hypothesize that it is a
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consequence of reduced let-7 levels in miR-48/241/84 (-) animals and of the complicated feedback
loops that characterize the let-7 family and the heterochronic genes (Figure 2.3).
Deletion of the let-7 sisters and consequent lack of post-transcriptional regulation likely results in
higher levels of HBL-1 protein in the hypodermis, thus leading to transcriptional repression and
reduced let-7 levels, which leads to inefficient lin-41 silencing. Accordingly, in this tissue, reduction of
hbl-1 levels via RNAi in worms lacking the three let-7 sisters restores complete hypodermal silencing
of lin-41 and of the reporter that we have shown to be strictly let-7 specific in the (Brancati and
Grosshans, 2018). This suggests that lin-41 silencing is likely specific to let-7 in the hypodermis, too.
Analysis of the HBL-1 protein through GFP reporter might confirm the expression changes of such
protein in the two genetic backgrounds. However, a validated single-copy integrated reporter for hbl1 is not currently available, thus we could not investigate this further.
In conclusion, we show that lin-41 is repressed only by let-7 in each worm tissue. Given what
we have learned about specificity (Brancati and Grosshans, 2018), even if the sisters were present in
each tissue where let-7 functions, they would not be able to engage in effective silencing. The duplex
that the sisters would form with the lin-41 sites has imperfect seed matches that do not allow
engagement in effective silencing. Moreover, given that the central bulge and wobble in the seed
match avoid silencing by miRNAs that do not have extensive 3’pairing, even when they are
overexpressed, we suggest that lin-41 would maintain strict specificity to let-7 in every tissue. Whether
the sisters have different targets, like hbl-1 or daf-12, if let-7 can contribute to their silencing in some
tissues or if more instances of target specificity exist for this miRNA family still needs further
investigation.
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2.3 The worm, transcripts and miRNAs, one cell at a time
GB & HG conceived and designed the project and analyzed the data with help from Dimos Gaidatzis. GB optimized
the dissociation and FACS protocol. Experiments were performed with technical help from Kathrin Kunzer,
Hubertus Kohler (FMI, FACS) and Birgitte Lucas (FMI, Functional Genomics), unless otherwise stated. DG or SC
performed the bioinformatics analysis.

As discussed in the previous chapter, we aimed at obtaining primary C. elegans cells to profile
miRNAs, and in particular the let-7 family, to address the interplay between miRNA abundance and
target specificity.
We succeeded in optimizing a FACS-based protocol to isolate specific cell types. Given the
general lack of methods to obtain primary cells and high quality tissue-specific data in the C. elegans
community (paragraph 1.4), such a result holds the great potential to expand our knowledge about
cell-type specific gene expression.
Here, we describe isolation of cells from several tissues at the L3 and L4 stage, which we
subjected to mRNA sequencing to reveal their unique profiles. Furthermore, we show the strength of
our approach applying it to more challenging high-resolution experiments. A single-cell sequencing
experiment, the long-sought miRNA profiling and an application of the tissue-specific data to
understanding C. elegans rhythmic gene expression are described below.

FACSeq: dissociation, sorting and sequencing of C. elegans cells
To isolate different cell types, we selected worm strains carrying tissue-specific fluorescent
reporters: scm::gfp for seam cells, egl-17::mCherry for vulva cells, myo-3::RFP for muscles, dpy-5::GFP
for hyp-7 and rab-3::GFP for neurons (see the Worm strains table for details). All the markers are
strongly specific for the tissue that is listed, except for the scm promoter and egl-17. Scm is exclusively
expressed in seam cells in L4 and adult worms, but for younger larvae, we cannot exclude that a small
percentage of GFP positive cells are hyp7. Microscopy analysis of the strain carrying the scm::gfp
reporter revealed that when a seam cell undergoes asymmetric cell divisions, both daughter cells
retain GFP until one of them fuses to the hyp7 syncytium and loses it. However, for simplicity, cells
isolated from the scm::gfp strain at the L3 stage will be referred to as “L3 seam cells”. In L4 worms
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there are 32 seam cells and at the larval-to-adult transition, they fuse into a syncytium, a structural
feature that possibly makes the extraction more challenging than in younger animals. We refer to such
cells as “L4 seam cells”. Lastly, although we generally refer to “L4 vulva cells”, we specifically sorted
only two vulval cell types (in a worm, there are 22 vulva cells of seven types (vulA, vulB1-B2, vulC-F,
(Schindler and Sherwood, 2013)). Since most of the genes known to be expressed in the vulva are also
expressed in other tissues, we chose the promoter of the gene egl-17 to drive the sort, as it is strictly
expressed in vulC and vulD (Inoue et al., 2002).
To obtain tissue-specific transcriptomes, we generated primary cultures from L3 or L4 stage
worms carrying one of the fluorescent reporters described above. The dissociation protocol, adapted
from (Zhang, 2013) is described in the Materials and Methods section. Briefly, larvae were subjected
to mechanical dissociation and enzymatic treatment. The resulting cell suspensions were incubated
with propidium Iodide or DAPI to avoid collection of dead cells. 10,000 cells isolated through a BD FACS
aria with a 70um nozzle were collected. After RNA isolation, sequencing libraries were prepared with
the SmartSeq2 protocol with the help of Birgitte Lucas of the functional genomic facility at FMI.
For each experiment a set of three samples was collected and sequenced: the fluorescentlylabeled cells; the input, which is the cell suspension that runs through the FACS and that contains all
the cells of the worms selected for viability (propidium iodide (PI) or DAPI negative); and the nonfluorescent cells (GFP or mCherry/RFP (-)). Figure 2.4 shows representative plots of one L3 seam cell
sorting. After analysis of several replicates, we acknowledge that our input sample does not correlate
100% with a whole worm, as some genes seem to be lost during the worm dissociation. We
hypothesize that some cell types are more sensitive than others are to our dissection protocol and
probably die even before sorting. Neurons, for example, are usually depleted in our preparations.
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Figure 2.4 Representative L3 seam cell sorting. (A) Seam cells (P4, purple) are GFP positive and propidium iodide
(PI) negative. Non-fluorescent cells (P6, orange) are GFP and PI negative. The input cointains both GFP positive
and negative cells, PI negative (P4+P6). (B) Control cells derived from wild type non-fluorescent worms, treated
with PI.

2.3.1 Cell-type specific gene expression
Because of our interest in the hypodermal tissue and the vulva of the animals as the tissues
where the let-7 family is functional and where heterochronic phenotypes can easily be observed, we
focused our analysis on those tissues, even if we collected data for muscles and neurons, too.

The hypodermal seam cell-enriched genes

Figure 2.5 Comparison of the L3 seam cells sample to its input identifies the seam cell-enriched genes. Shown
are read counts (log2) for every gene. Highlighted in red the “hypodermal genes” by (Cao et al., 2017).
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We thus performed gene expression profiling for seam and hyp7 cells at L3 and seam and vulva
cells at L4 stage. For every tissue, we collected and profiled three samples: input, fluorescently labeled
and non-fluorescently labeled cells. We determined tissue specific expression by comparing
fluorescently labeled fraction to the respective input control. Figure 2.5 depicts such comparison for
the case of seam cells. To validate that our approach is indeed able to detect tissue specific expression,
we compared our data to a recently published single-cell expression atlas, where hypodermal seam
cell specific genes have been defined (Cao et al., 2017). When we highlighted those genes in Figure
2.4, we could detect a clear enrichment in the fluorescently labeled fraction as opposed to the input.

Comparative analysis of seam, hyp7 and vulval cells
While comparisons of the fluorescently labeled fraction to the input, one tissue at a time,
allows for the detection of genes with higher expression in one tissue than in the whole worm, finding
the more subtle differences between two similar tissues is more challenging. In this dataset, we were
specifically interested in three such subtle comparisons, namely "L4 seam cells to L4 vulva", "L3 seam
to L3 hyp7" and "L3 seam to L4 seam". This inevitably involved comparing experiments that were
performed on different days.
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Figure 2.6 Comparative analysis of seam, vulva and hyp7 cells (A) Comparison of the input of the “L4 vulva” and
“L4 seam cells” samples reveals variability between sorts performed on different days. Differential analysis for
“L4 vulva” vs. “L4 seam” (B), “L3 hyp7” vs. “L3 seam” (C) and “L4 seam” vs. “L3 seam” (D).

To obtain information about day-to-day variability, we compared individual input samples
from the different experiments. Figure 2.6A shows a representative comparison for L4 seam to L4
vulva. The correlation coefficient between the samples was 0.93. This is lower than obtained for typical
bulk RNA-seq samples (R > 0.98); demonstrating that creating a single cell suspension introduces
substantial variability from experiment to experiment. To account for this variability we set a stringent
cutoff for differential expression to 16 fold, as most genes change less than that in the input.
Comparing L4 seam cells to L4 vulva showed a high number of differentially expressed genes. We
detected 338 genes specific to vulva and 205 genes specific to seam cells (Figure 2.6B). Comparing L3
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seam cells to L3 hyp7 cells showed much less differences (Figure 2.6C) which is not surprising given
that seam cells and hyp7 cells originate from the same precursors. We detected 74 genes slightly
enriched in hyp7 and only one gene slightly enriched in the seam cells. When comparing L4 seam cells
to L3 seam cells, we detected 73 upregulated in L4 and 3 slightly downregulated (Figure 2.6D).

Figure 2.7 Seam cell-enriched genes in L3 and L4 staged larvae. Comparison of “L4 seam cells” vs. “L3 seam
cells” (A), of their input (B) and of the GFP negative samples (C). Highlighted in red the 73 genes upregulated in
“L4 seam cells”. (log2) read counts.

In the case of this last comparison (L3 vs. L4 seam cells, Figure 2.6D and 2.7A), estimating the
noise from the respective input samples is not possible as these differ in terms of their developmental
timing (expression changes are to be expected). We argued that if the 73 genes upregulated in L4 are
real, we should see them also being slightly upregulated in the input samples (since seam cells are part
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of the input), but less so in the non-fluorescently labeled fraction (since these should be depleted in
seam cells). Figure 2.7B shows a comparison of L3 and L4 inputs coloring the 73 genes of interest.
Indeed, we can see that those genes are upregulated in the input samples and, as expected, at lower
enrichment values as in the fluorescently labeled fraction (given that other tissues make up for a
substantial fraction of the worm). Comparing the non-fluorescently labeled fractions (gfp negative,
Figure 2.7C), we can see even less enrichment than in the input for the 73 genes, supporting the
conclusion that those genes are upregulated from L3 to L4 in seam cells.

To find motifs enriched in promoters from different cell types or stages, we ran known and de novo
motif finding using HOMER (analysis performed with Sarah Carl). The set of known, C. elegans-specific
motifs was downloaded from the CIS-BP database (Weirauch et al., 2014). HOMER was run comparing
promoters from a set of genes highly enriched (log2 fold-change >= 4) in L4 seam cells vs. L4 vulva, L4
vulva vs. L4 seam cells, and seam cells in L4 vs. L3. The tables in the Appendix A list the top 10 hits for
such analysis. Notably, elt-1 is the top hit among the seam cell-enriched motifs compared to vulva cells
and it is known for being important for let-7 family transcription exactly in this cell type (Cohen et al.,
2015). Transcription factors of the nuclear hormone receptor (nhr) type, such as nhr-23, which are
known for being expressed in the hypodermis (Hayes et al., 2006), are enriched in our analysis, too.
The analysis of seam cells at the two developmental stage did not show any significant enrichment.

In conclusion, our data sets provide evidence that our FACSeq approach can be used to study
tissue-specific expression patterns in different developmental stages. Analysis of the transcriptome of
different sorted cell types identifies genes that are enriched in distinct tissues and allows detection of
subtle differences among them.
To demonstrate the usefulness of our protocol, we also used the tissue specific data to
understand a peculiar trait of C. elegans biology, namely its rhythmic gene expression (Hendriks et al.,
2014; Kim et al., 2013).

2.3.2 Tissue-specific oscillatory gene expression
Temporal gene expression analysis with hourly resolution has recently revealed that in C.
elegans about 20% of the transcriptome (>2700 genes) has a peculiar oscillating behavior (Hendriks et
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al., 2014; Kim et al., 2013). In particular, genes can be divided in three categories depending on their
behavior over time: oscillating, flat or rising. Flat genes, as the name suggests, do not show any
particular change over time, and rising genes, which are mostly germ line specific, tend to go up
steadily from the time the gonads start developing. Oscillating genes tend to be expressed in the soma
and peak once per larval stage with a period of 8h at 25 °C. Their fold change in oscillatory expression
is usually very high, with genes changing from two to more than 10 fold, and they peak across a
continuum of phases, which means that at any point in development, some genes are peaking.
Furthermore, pairs of different genes maintain a constant phase difference from one to the next
oscillation (oscillations are phase-locked). Oscillating transcripts probably arise from periodic
transcription because pre-mRNAs show a similar oscillatory gene expression and eventually lead to a
rhythmic translation (Hendriks et al., 2014). However, the transcription factors that regulate this
oscillatory behavior are unknown.
The periodic gene expression seems to be coordinated with the worm molting cycle (Kim et
al., 2013), which every 8h induces formation of a new cuticle, shedding of the old one and progression
to the next larval stage. However, it would be simplistic to conclude that the role of oscillating genes
is only to drive molting, as only some of the rhythmic genes are coding for obviously molting-related
proteins. Moreover, the diversity of phases suggests another role for some genes because if they were
only involved in molting cycle, they would only peak around the molts.
Given that the experiments in (Hendriks et al., 2014; Kim et al., 2013) have been performed on
whole worm lysates, it is possible that measurements of amplitudes are rather an underestimation.
Different genes might indeed oscillate only in one or few cell types, without showing any rhythm in
others. Therefore, the observed amplitude would be the sum of the hypothetical tissue-specific
amplitudes dampened by the tissues where the genes are not oscillating. A similar problem applies to
phases. The observed continuum of phases could be caused by the sum of different tissues, each
oscillating with a certain phase. Alternatively, oscillating genes might not be enriched in any particular
tissue and sport a diversity of phases. To gain insight into those questions, we combined information
about oscillatory status of genes with information about tissue specificity.
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Figure 2.8 Most of the seam cell-enriched genes are oscillating (A) 18.9% of all C. elegans genes are classified as
oscillating in contrast to 68% of the seam cell-enriched genes (hypergeometric distribution, p-value~0). (B) Phase
distribution shows that the seam cell specific genes strongly peak between 25 and 225 degrees. (All = all C.
elegans oscillating genes).

Starting from seam cells as the first test case, we addressed the question if there is any link
between tissue specificity and oscillatory status. We tested if genes enriched in the L3 seam cells
showed a higher or lower prevalence of oscillatory gene expression than expected in all the genes.
While in total, 18.9% of the genes are classified as oscillating during development (Hendriks et al.,
2014), in seam cells, 68% of the genes showed a rhythmic expression pattern (Figure 2.8A). This
suggested that there is a link between tissue specificity and oscillatory gene expression. Furthermore,
when examining the phases of those seam cell specific genes, we noticed that they tended to be
strongly polarized and lied preferentially within a range of 25 and 225 degrees at the whole worm level
(Figure 2.8B, purple line). Genes overall covered the full range of 0 and 360 degrees with some
preference for the two phases 100 and 315 degrees (Figure 2.8B, black line).
The striking result that most genes in the seam cells have rhythmic gene expression has been
partially validated generating some reporter strains harboring GFP driven by oscillating promoters,
which indeed show oscillatory expression in the hypodermal tissue (Hauser and Grosshans,
unpublished). This suggested that oscillating genes are enriched in a specific tissue, the seam cells,
where they are not only abundant, but where they also show a distinctive behavior as exemplified by
their “early phase” preference (25 < phase < 225).
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To identify transcription factor motifs enriched in the promoters of seam cell-specific genes, we ran
known and de novo motif finding using HOMER (analysis performed with Sarah Carl). The top-scoring
de novo motif (p=1e-21) was predicted to correspond to the transcription factor BLMP-1, while the top
three known motifs (p=1e-15, p=1e-14 and p=1e-13) were all variants of the NHR-23 motif.

Figure 2.9 BLMP-1 and NHR-23 motif and ChIP peaks are enriched in the promoters of seam cell genes.
Enrichment of ChIP peaks for the transcription factors (A) BLMP-1 and (B) NHR-23 in promoters of seam cellenriched genes and seam cell enriched and oscillating genes. The motif logo for each TF is shown below.

Given the strong enrichments observed for motifs of these two factors, we downloaded ChIP-seq
data for both BLMP-1 and NHR-23 in L3 larvae from modENCODE (Contrino et al., 2012). To visualize
the distribution of ChIP enrichments in promoters, we first selected seam-specific promoters from all
genes. Then, to ask if seam cell oscillating genes would show different transcription factors signatures
than seam cell genes in general, we further selected oscillating genes from among the seam-specific
promoters. The density functions of enrichments in each of these sets of promoters were then plotted
for both BLMP-1 and NHR-23, showing a clear shift towards higher enrichments in both seam-specific
and oscillating seam-specific promoters for both factors. We conclude that BLMP-1 and NHR-23 might
drive the expression of seam cell enriched genes in general and oscillating seam specific genes, in
particular.
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Additional tissues that feature rhythmic gene expression
The discovery that seam cells are specifically enriched in genes that oscillate with early phase,
induced us to extend our analysis to all the other tissues, which we had profiled, to ask if there is a
second tissue that is oscillating with a “late phase” (225 < phase < 25). Moreover, to generalize the link
between tissue expression and oscillatory status, we calculated the prevalence of oscillatory behavior
in our FACS-sorted tissues (labeled as “GB”) and in additional tissue specific gene sets obtained from
(Spencer et al., 2011) and labelad as “L” (Fig. 2.10). Since we have previously seen phase preference in
addition to amplitude, we included both of those readouts to categorize the genes into six groups. Two
of those represented non-oscillatory expression (flat and rising during development) and four of those
represented oscillatory expression, namely early phase (25 < phase < 225) with high amplitude (ampl
> 1.5), early phase (25 < phase < 225) with low amplitude (0.55 > ampl < 1.5), late phase with high
amplitude and late phase with low amplitude.

Figure 2.10 Oscillatory status of genes expressed in different tissues Content (%) of flat, rising or oscillating
genes (split by phase and amplitude) in different tissue-specific transcriptomes. “GB” = FACS sorted tissues, “L”
= data from Spencer 2011, “ALL_genes” = complete C. elegans transcriptome. N = number of genes in each tissue.

Figure 2.10 shows a quantification of the oscillatory status for all the genes expressed in a
particular tissue. This revealed multiple tissues that showed a tendency to express genes with
oscillatory expression during development in a phase-specific fashion, namely seam cells, hyp7 and
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vulva, which as observed before are enriched for the early phase. Notably, some of the tissues showed
substantial depletion for oscillatory gene expression. These were neurons and muscles. The fact that
seam cells, hyp7 and vulva cells all together show this enrichment could be explained by lineage and
because of their similarity at the level of the transcriptome (Figure 2.6). The issue of tissue similarity
in this case poses a substantial challenge as it prevents us from exactly pinpointing the tissue with the
greatest link to oscillatory gene expression. Concerning the late phase of oscillatory gene expression,
to this point we have found no tissue that enriches for that fraction.
Taken together, this suggests that oscillatory gene expression during development originates
from a potentially small set of tissues, possibly seam cells, hyp7 or vulva and is not taking place in
neurons or muscle cells.

Paragraph discussion
Tissue specific gene expression analysis is a resource useful to reveal networks of genes that
collaborate in determining cell identity or execution of cellular programs, development etc. Here, we
used the data obtained through FACSeq to answer a question recently raised in the lab. In fact, others
and we described that 20% of C. elegans genome has a rhythmic expression. However, we do not yet
understand the mechanism. Moreover, because experiments have been performed on whole worm
lysates it is not possible to know if the oscillating genes are specifically expressed in one tissue or if
they are rather broadly expressed, and if the oscillation features, such as amplitude or phases, change
across tissues.
Analysis of our sorted tissues and other public datasets (Spencer et al., 2011) revealed that
oscillating genes are a feature of the hypodermal tissues, where most of the genes peak with one
specific phase. De novo motif analysis, intersected with published ChIP peaks, revealed that the motifs
of two transcription factors, namely BLMP-1 and NHR-23, are enriched in seam cell genes. Considering
that most of the seam cell genes are oscillating (~70%), it is not surprising that these transcription
factors are the same that preferentially bind to oscillating genes in general (S. Carl and H. Grosshans
unpublished).
Our evidence suggests that oscillatory gene expression takes place in specific tissues, possibly
seam/hyp7/vulva and not in tissues such as muscles and neurons. However, multiple scenarios could
give rise to the oscillations that are observed during development. It could be the case that within
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seam/hyp7/vulva only a small set of genes are transcribed rhythmically, which would be the genes that
show particularly high amplitudes in the bulk experiment. An alternative hypothesis could be that
there is a much larger number of genes oscillating in seam/hyp7/vulva than what can be detected in
the bulk developmental time course. This could e.g. occur for genes that are not exclusively expressed
in seam/hyp7/vulva but also present in another tissue. In this case, tissue bleed-through would result
in dampening of the amplitude in the bulk. However, it is difficult to conceive that all the genes in a
tissue, including housekeeping genes, might show such oscillatory behavior. Accordingly, preliminary
data obtained through confocal imaging of two ubiquitously expressed reporters suggests that only a
subset of genes is oscillating. For example, the ubiquitously expressed reporter Pdpy-30::gfp::unc-54
does not show oscillatory gene expression in the hypodermis of L4 animals (Hauser and Grosshans
unpublished). To investigate this issue further, a tissue-specific time course would be necessary. In
fact, profiling of a tissue, e.g. the seam cells, in a time course manner would allow analysis of the
transcriptome with the time resolution needed to appreciate the oscillations. Therefore, through
FACSeq, we have isolated seam cells four times every two hours to cover one period of oscillations.
Bioinformatics analysis is in progress.
In addition, considering that it is now possible to perform single-cell RNA sequencing (next paragraph
and (Cao et al., 2017)), it could design an experiment aimed at obtaining the transcriptomes of every
worm cell simultaneously. In fact, such “time course at single-cell resolution” experiment might reveal
which additional tissues are responsible for the peculiar rhythmic gene expression observed during C.
elegans development and extend our preliminary analysis (Fig. 2.10).
It has been speculated that oscillatory or sustained expression of certain factors can maintain
cells in a self-renewal or differentiated states. In particular, rhythmic expression has been linked to the
undifferentiated state (Bielefeld et al., 2017; Giachino and Taylor, 2014; Pfeuty, 2015). For example,
neural progenitor cells in mouse are characterized by oscillatory expression of the Notch effector Hes1
and the pro-neural factor Neurogenin2 (Imayoshi et al., 2013). In contrast, in differentiated neurons,
Hes1 is not expressed and Neurogenin2 acquires steady expression (Shimojo et al., 2008). In C. elegans
oscillatory gene expression characterizes larval development and stops after the L4 stage, when the
worm reaches adulthood (Hendriks, 2015). Additionally, we observed rhythmic expression in the
hypodermal tissue and in seam cells in particular. Notably, seam cells are progenitor cells that divide
in an asymmetric fashion once per larval stage and differentiate when the worm becomes adult.
Hence, although this is pure speculation, it is intriguing to imagine that the oscillations of genes in the
seam cells might be necessary to sustain their stem-like status during larval development. In this
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scenario, the rhythmic expression observed in the whole animal would derive from this pulsing tissue.
Intriguingly, in lin-29(-) mutants in which seam cells fail to differentiate (Rougvie, 2001), the oscillations
do not stop at the L4 stage (Aeschimann, Hendriks, Carl and Grosshans unpublished).
In contrast to the hypothesis that the seam cells are the main pulsing tissue in the worm, our
transcriptome analysis suggests that at least hyp7 and vulva cells are enriched in oscillating genes, too.
However, seam, hyp7 and vulval cells are so similar in their transcriptomes (Figure 2.6) that we cannot
distinguish if the seam cells have a stronger link to the oscillations than the other tissues.

2.3.3 Small RNA sequencing of seam cells at the L3 stage
Our initial attempt to profile miRNAs in different cell types was unsuccessful because the
amount of RNA isolated from the sorted cells was too low to perform small RNA sequencing at that
time (~1ug minimum input material). Nevertheless, we later collaborated with Dr. Dominik Jedlinski
from the Zavolan lab at University of Basel, as the lab had established a protocol to prepare libraries
from as little as 100ng total RNA. Therefore, by collecting 100,000 seam cells of L3 staged worms we
were able for the first time to study the miRNA milieu of a tissue at a specific developmental stage.
For small RNA sequencing of L3 seam cells, we collected two biological replicates of seam cells
and input (the cell suspension from which the seam cells derive).
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Figure 2.11 Small RNA sequencing of L3 seam cells (A) Expression change in two biological replicates. (B)
Comparison of miRNA expressed in seam vs. input identifies six highly enriched seam cell miRNAs (C) Same as in
(B), but highlighting the let-7 family. Read counts (log2).

As shown in Figure 2.11A, the changes in expression are highly reproducible between
replicates (R= 0.85). The top enriched miRNAs are shown in Figure 2.11B. The fact that we see
upregulation for the mature as well as the passenger strand (miR*) provides further validation for the
selected differentially expressed genes. In addition, this suggests that the high expression of those
miRNAs in seam cells is likely caused by increased transcription of the miRNA loci. The six enriched
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miRNAs are listed in the following table and for each of them the expression pattern, as inferred
previously through transcriptional reporters (Martinez et al., 2008) is listed.
miRNA
miR-46

Expression (Adapted from (Martinez et al., 2008))
Expressed from early embryo continuing through adulthood. In the embryonic stage,
expression is detected on the lateral sides. Later on, expression is seen in hypodermis an seam
cells

miR-47

Expression detected from late embryos to adults. In embryos, expression is detected on lateral
sides and in larval stages on, in all hypodermis, rectum and vulval cells.

miR-49

n.a.

miR-230
miR-235
miR-244

Expressed from L1 to adulthood. Strong expression in rectum, seam cells (L1-L4) and weak
expression in hypodermis (not expressed in vnc and dnc). Also, expressed in vulva muscles
Expressed from late embryos to adulthood. Expression detected in hypodermis, especially at
L1-L2. Also detected in vulva, rectum and some amphid neurons.
Expressed in seam cells from late embryos until adults.

In accordance with their enrichment, five of the six identified “seam-specific” miRNAs (no data
are available for miR-49) have been previously shown to be expressed in the seam cells through
transcriptional reporters (Martinez et al., 2008), thus corroborating their expression in this tissue.
Interestingly, miR-46 and miR-47 are the only two members of a miRNA family. Even if their apparent
seam-specific localization could be intriguing and suggest some function in this tissue, a double mutant
animal does not show any obvious phenotype (Alvarez-Saavedra and Horvitz, 2010). Among the seamdepleted miRNAs we identified miR-1, which is known for being muscle specific in C. elegans and in
higher eukaryotes (Figure 2.11B) (Andachi and Kohara, 2016; Simon et al., 2008). We also looked at
the let-7 family in the L3 seam cells and noticed that all the family members are quite abundantly
expressed (Figure 2.11C).
In conclusion, through optimization of the FACS-sorting protocol, we were able to profile the
miRNAs of seam cells at the L3 stage. Considering that many miRNAs are post-transcriptionally
regulated, their quantification in the tissue of interest is necessary. Our results provide the first
evidence of miRNA profiling in seam cells of C. elegans.

2.3.4 A single-cell worm atlas
Even if only a few years ago dissection of a whole worm in its constituent cells followed by
single-cell sequencing would have sounded impossible, it is now reality. In principle, such experiments
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allow recovery of all tissues simultaneously, without the need to sort specific cell types sequentially
and therefore avoiding batch-effects. Moreover, unbiased clustering of cells based on their gene
expression can lead to identification of new cell types and markers.
Single-cell sequencing protocols have improved dramatically and they allow sequencing of
individual cells at a reasonable cost (Grün and van Oudenaarden, 2015). More recently, oil droplet
based methods that ensure efficient barcoding have been described (Macosko et al., 2015; Zilionis et
al., 2017). They are based on the formation of aqueous droplets that form after mixing a cell
suspension with micro particles coated with barcoded polyT primers in oil. Although instructions for
self-made chips are available, similar methods to encapsulate cells together with barcodes have been
developed and commercial products are available. Figure 2.12 shows the strategy utilized by the 10X
Genomics.

Figure 2.12 ChromiumTM Single-cell 3’ Solution. The cell suspension is mixed with gel beads containing individual
barcodes and oil in a microfluidic device. Each “GEM” contains an encapsulated single cell, a barcode and the
enzymes for reverse transcription. After the RT, pooled barcoded cDNA can be amplified and used for library
preparation in bulk. Adapted from https://www.10xgenomics.com/

To perform our single-cell experiment using the 10X technology and create an “atlas of each cell
of the worm”, we collaborated with Guglielmo Roma, Global Head of Genomics Science & Technologies
at Novartis. Our dissection protocol works best for L3 staged larvae, thus we grew worms for 24h at
25°C. To obtain a good single cell suspension and avoid debris, we used worms carrying a ubiquitously
expressed GFP marker (eft-3::gfp) and FACS sorted the GFP(+) cells. In this way, we could also select
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for viability through propidium iodide staining. We loaded about 4,000 of cells on five lanes of the
cartridge and recovered 13,002 cells with a median number of UMI/cell of 4,109 and a median of 1,088
genes/cell, which is better than in (Cao et al., 2017) (mean = 1,121 UMIs and 431 genes per cell).
Considering that the worm has only ~800 cells at the L3 stage, we oversampled the animal (16x).

Figure 2.13 The single cells recapitulate a whole worm
Scatter plots showing the comparison between the single-cell bulk, obtained by aggregating all the single cells
together, and whole worm from where they originated (A) or the GFP positive (GfpPos) cell suspension before it
was subjected to droplet formation (B). Shown are read counts (log2) for every gene.

As a reference, we sequenced RNA obtained from L3 larvae before starting the dissociation
procedure (whole worm) and the GFP positive cells before the droplet formation (GfpPos). Both
samples were profiled in bulk using the SmartSeq2 protocols. We then compared these reference
datasets to an artificial bulk (single-cell bulk), which we obtained by aggregating together the
transcriptomes of all the individual single cells (Figure 2.13). The comparison revealed overall a good
correlation between the single-cell bulk and the whole worm sample, considering that they were
prepared with two different protocols. The GgfPos sample, i.e. the cell suspension made up of all GFP
positive cells, correlated better to the single cells, as expected given the fact that the two samples have
gone through the same methodological procedure (except the droplet formation). In contrast, the
whole worm sample contains some genes that are absent in the cell suspensions. We hypothesize that
the “lost” genes belong to cell types that, like neurons, tend to be depleted in our preparations.
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Figure 2.14 t-SNE map of 13,002 cells identifies 43 independent clusters

In order to identify individual tissues within the single-cell dataset, we performed
dimensionality reduction of the single-cells gene expression profiles. Next, we clustered the cells by
applying a 2D density estimate on the tSNE map and thresholding the result. Figure 2.14 shows a 2D
projection using tSNE considering 13,002 cells. This revealed extensive separation into a large number
of smaller clusters, which is expected given the large number of cell types in a whole worm. We
obtained 43 clusters of variable size.
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Figure 2.15 Projection of the 27 tissues (identified in (Cao et al., 2017)) on our preliminary t-SNE map

Given that a single-cell atlas of L2 larvae was recently published (Cao et al., 2017), we
compared it to our dataset. Figure 2.15 highlights in our t-SNE map the 27 cluster identified in (Cao et
al., 2017). Some clusters, like the cluster corresponding to the body wall muscles, seam cells or hyp7,
can be easily identified. We noted, as our colleagues, that the muscles seem to be more abundant and
more easily recovered than any other cell type (Cao et al., 2017). The remaining of the clusters will
require finer analysis to be confidently assigned (work in progress).
Taken together, our results suggest that the FACSeq protocol can allow profiling of transcripts
and small RNAs with tissue-specific resolution. Remarkably, it can also be successfully coupled to
single-cell technologies.
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3 Discussion
3.1 Towards a C. elegans single cell atlas
Although C. elegans is a great model organism that allows easy manipulation and elegant
genetic perturbations, it has the main limitation of not allowing tissue-specific investigations. Some
protocols have been optimized to profile the transcriptomes of different tissues, but miRNA profiling
has not been described yet.
Compared to the other approaches based on nuclei purification or pulldown, we believe that
our FACSeq method is very appealing for several reasons. First, it allows analysis of viable cells, thus
avoiding artifacts due to dead or fixed cells. Second, in contrast to nuclear sorting, it allows sequencing
of all isoforms of mRNAs, assuming they are expressed at reasonably high levels. Third, and most
importantly for people interested in small RNAs, it allows simultaneous analysis of both mRNA and
small RNA species, which are lost with the other protocols. Additionally, given that there are so many
publicly available strains carrying fluorescent transgenes, which are specific to cell types or individual
cells, it is potentially possible to FACS sort and profile all the cells of C. elegans without the need to
create additional transgenic lines. We acknowledge that our dissociation protocol could be optimized
further to reduce the time between the harvesting of the worms, their treatment and the FACS sorting.
Currently, this takes about 4 hours and carries the risk of introducing unwanted changes in gene
expression, which can affect the transcriptomic analysis. Moreover, as discussed previously, the
transcriptome of the cell suspension is similar to a whole worm, but lacks some tissues that seem to
be “lost” during the preparation. Alternative methods, possibly more gentle, might overcome this
problem, even if we believe that some cells, like the neurons, will not be efficiently recovered from
dissociated worms, due to their long neurite extensions.
Our initial analysis revealed the expression profile of different tissues (seam cells, hyp7,
muscles and vulva) at a certain developmental stages (L3), and of the same tissue in two different
stages (seam cells in L3 and L4). Because the samples were always treated in the same way, we could
perform comparative analysis that identified putative tissue specific-genes. This led to identification of
new cell-type marker genes that are particularly useful for the vulva, for which a gene that has
exclusive expression is missing. We are currently generating transgenic animals that harbor promoters
of some of these tissue-specific genes to confirm their expression profile.
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We are also using FACSeq to investigate the gene expression changes in specific tissues of
mutant animals. For this, we started a collaboration with Dr. Jan Padeken and Dr. Anna Mattout from
the Gasser Lab. Our preliminary results are very promising and more experiments are in progress to
validate them.
Additionally, we have been able for the first time to identify the miRNAs that are expressed in
a particular tissue, the seam cells, at a certain stage in worm development, namely the L3. Considering
that new protocols for small RNA-seq that start from low input amounts or even a single cell are now
available, we believe that FACSeq can be coupled to those new methodologies to expand the analysis
to more tissues, ideally with single cell resolution (Trilink and (Faridani et al., 2016)).
The differential analysis of distinct transcriptomes revealed similarities among tissues of
hypodermal origins, but just hit the surface of more complex comparative studies that could be
performed if all the different worm tissues were available and simultaneously recovered. Hence, we
overcome the limitation of our own “bulk RNA-seq” by performing single-cell sequencing. This
experiment has the great advantage that the data for each tissue are obtained in a unique experiment
thus avoiding potential artifacts derived from the variability of different cell preparations performed
on distinct days. Moreover, it greatly expands the number of tissues that can be sorted simultaneously
and it allows identification of rare or unknown cell types.
Although our cluster assignment is still in progress, we are confident that we will soon
appreciate the value of our newest data set. The recently published companion experiment, single cell
sequencing of L2 worms, has in fact already shown the value of single-cell sequencing by identifying
27 cell types, whose transcriptome is now available for further investigations (Cao et al., 2017).
Notably, these authors fixed the cells, as a necessary step in their library preparation protocol, whereas
we sequenced RNA from cells that were selected for viability by FACS sorting. Whether the two
approaches are similar or if one of the two reflects a more physiological condition is still under
investigation. As a proof of principle, such approach can be extended to analyze mutant animals that
lack a muscle-specific transcription factor, UNC-120. Analysis of such mutant, for which muscle-specific
RNA-seq data are already available (Steiner and Henikoff, 2015), might reveal how cells in different
tissues respond to the lack of a necessary transcription factor and how they rewire to compensate for
the muscular defects.
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In conclusion, we believe that the optimization of FACSeq is a milestone for the C. elegans
community, which has so far lacked such tissue-specific resource. Here, we describe only some of the
applications for FACSeq, namely “bulk” tissue-specific profiling, miRNA profiling and single-cell
sequencing. We envision that a “single cell atlas of C. elegans” containing cell-type specific profiles of
mRNAs, long non-coding RNAs, small RNAs, transcription factor binding profiles and chromatin
modifications and accessibility will soon be reality. In fact, single-cell or low-input protocols for all
these analysis are being optimized. In this “single-cell era”, the worm is a very special animal: each cell
is known, their lineage and division pattern have been described, and we know their position in time
and space (Jorgensen and Mango, 2002). The possibility to enrich the knowledge we have on each
worm cell with its own molecular milieu, which will help understanding the molecular physiology of
the whole organism, is just a few steps away.

3.2 Rethinking miRNA target prediction and validation
The seed sequence of a miRNA has been traditionally considered sufficient and necessary for
miRNA-mediated repression (Bartel, 2009) and in fact, functional studies confirmed such hypothesis
(Brennecke et al., 2005; Lai, 2002; Lai, 2004; Lewis et al., 2005). Nevertheless, if such sequence were
truly the only determinant for targeting, in silico prediction tools should not have high rate of false
positives nor would miRNAs sharing the seed sequence have non-redundant activity. In addition, some
miRNAs, such as let-7, are fully conserved from worms to humans, suggesting that each nucleotide
might be relevant for function.
In the following paragraphs, we discuss what our in in vivo validation of non-canonical targets
revealed about the modulation that site architecture and miRNA abundance exert on silencing. We
dissected the let-7 binding site of the C. elegans lin-41 3’UTR and found that while the 3’ pairing
establishes specific binding, the seed match has a key modulating role. Moreover, we discuss the
advantages of physiological assays for target validation and how they have revealed new features of
miRNA binding sites. Lastly, we discuss some challenges associated with miRNA therapeutics.

MiRNA target specificity within a miRNA family is determined by the 3’ pairing and modulated by
the seed match
It was hypothesized that miRNA specificity arises in the presence of an imperfect seed match
compensated by extensive 3’ distal pairing, as exemplified by the let-7/lin-41 sites in C. elegans, and
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that such “compensatory sites” are only rarely present in the genome (< 5% of all miRNA sites, (Bartel,
2009; Brennecke et al., 2005)). However, recent Ago-CLIP chimeric reads suggested that specificity
arises thanks to only the 3’ pairing of the miRNA (Broughton et al., 2016; Moore et al., 2015).
To clarify this issue, we reanalyzed Ago-chimeras from (Broughton et al., 2016). We tested if
sites with an imperfect seed match to a miRNA family were more specific to individual miRNAs than
sites with canonical seed matches (Brancati et al., 2017). First, we found that in contrast to previous
hypothesis, sites harboring a seed mismatch were as abundant as perfect sites in Ago-iCLIP chimeras.
In addition, regardless of the amount of 3’ pairing and the seed match type, perfect and imperfect sites
showed the same degree of specificity, as they were mostly bound by one miRNA family member
rather than multiple ones. This suggests and confirms that 3’ pairing alone drives specific targeting
within a miRNA family. However, if this were true, how can we explain that the let-7 sites in the C.
elegans lin-41 3’UTR carry a bulge and a wobble in the seed match, if the 3’ pairing might suffice in
instructing specificity?
Our results suggest that the imperfect seed match is required to establish robust specificity. We
found that the whole let-7 family could repress sites with a perfect seed match, revealing redundant
activity for the four miRNAs. However, they retained residual specificity towards the miRNA that could
pair its unique 3’ sequence. In contrast, stronger specificity could be observed in sites carrying seed
match “imperfections”, being it a central bulge (position 4-5 along the seed match) or a peripheral G:U
wobble (position 8). Hence, in accordance with previous reports, we propose that the 3’ pairing is the
first determinant for preferential binding of individual miRNAs belonging to a family. In addition, we
propose a new role for the seed match in modulating the observed miRNA target specificity.
In light of such results, the name “compensatory sites”, often used to refer to sites with
imperfect seed match and extensive 3’pairing, such as the ones in the lin-41 3’UTR of C. elegans, is
misleading (Bartel, 2009; Brennecke et al., 2005). In fact, it implies that the additional pairing is needed
to compensate for the imperfect seed match. In contrast, moving away the focus from the seed match,
we propose that the role of the seed distal pairing in the lin-41 3’UTR is to determine specific repression
by let-7 and that the imperfect seed match confers a stronger specificity than a perfect seed match
would allow. We refer to such sites as “centrally imperfect” because of the central bulge and wobble
they have in the seed/seed match duplex.
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MiRNA abundance can override specificity in some cases
It was also speculated that “compensatory sites” allow discrimination of changing miRNA
concentrations (Brennecke et al., 2005). We provide a first evidence for such hypothesis, but find that
in vivo the situation is more complex, as it does not only apply to compensatory sites only, but to all
binding sites.
Initially, we observed specificity for sites with 3’ seed distal pairing and a perfect seed match,
although only marginal. In contrast, sites with imperfect seed matches displayed a stronger specificity,
suggesting that they enhance preferential binding by individual miRNAs. Remarkably, the role of the
seed match was more evident when we studied silencing after perturbation of the levels of a miRNA.
In particular, when we over-expressed let-7 2-fold we could differentially modulate target specificity
according to the architecture of the binding site. While a site with perfect seed match and extensive
distal pairing to miR-48 was, under normal condition, specific to miR-48, it could be repressed by let-7
when its level increased. Sites that contained a peripheral mismatch showed the same behavior. In
contrast, sites with central imperfections were highly specific to miR-48 and did not allow abundant
let-7 to override the sequence-instructed specificity.
Hence, we propose that specificity of miRNA binding sites increases in this order: seed matchonly sites (non-specific) < perfect seed match + distal 3’pairing < peripheral imperfect seed match +
distal 3’pairing < central imperfect seed match + distal 3’pairing.
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Figure 3 Different miRNA binding sites architectures. Careful analysis of the duplex is required when evaluating
miRNA binding sites. (A) The seed match and the 3’ (non-seed) distal match both have a role in silencing of an
mRNA. (B) Seed match-only sites are not specific to any individual miRNA. The specificity of sites with 3’ distal
pairing increases according to the seed match. Sites with central imperfections are the most specific and are
insensitive to miRNA levels.

Possibly, at lower miRNA concentrations, sites with perfect match or peripheral mismatches
and extensive 3’ pairing are bound by one specific miRNA, but as miRNA levels increase they cannot
discriminate anymore among paralogues. We propose that this does not apply to imperfect sites that
supposedly arose to “lock” silencing to one unique miRNA in any conditions. Hence, some sites might
have evolved to mediate repression by a certain miRNA, but also engage in effective silencing with
another highly abundant miRNA to ensure robustness, maybe in different cell types or under stressful
conditions. In contrast, some other binding sites might be characterized by a more stringent specificity,
possibly reflecting a key function and highly controlled regulation of the host gene. Such case is
exemplified by the role that the imperfect sites in the lin-41 3’UTR have on C. elegans development
(described below).

Taking together our results, we observed that imperfect sites seem as specific as the perfect
ones in the captured Ago-chimeras, while in vivo robust specificity requires an imperfect seed match
(Brancati et al., 2017). These observations might be harmonized considering the context in which
miRNA/target interactions occur, that is often overlooked for simplicity. The chimeric reads in fact
derive from whole worm lysates: although they can reveal interactions that happen in vivo, they lack
the resolution to identify tissue-specific events. As discussed extensively, the C. elegans community
lacked methods to assess the precise expression of miRNAs across cell types. Hence, we cannot exclude
that different family members have distinct expression patterns and that miRNA-specific iCLIP reads
derive from confined co-expression of the miRNA with the target, independently of the binding site
quality. However, we have developed FACSeq, a technique that allows successful cells isolation and
RNA sequencing. For example, we have already profiled the miRNAs present in one tissue, namely the
seam cells, and found that there the four let-7 family members are all expressed. Thus, we believe that
soon we will be able to profile cell type-specific miRNAs in more cell types and address this issue.
Alternatively, it is possible that individual miRNAs or families have binding preferences, as
shown for miR-30a and miR-30c or miR-122 (Luna et al., 2017; Moore et al., 2015). In this scenario,
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some miRNAs might prefer imperfect bulged sites independently of specificity. For example, we have
observed peculiar targeting behavior for distinct miRNA families (Brancati et al., 2017). While Ago iCLIP
chimeric reads with imperfect sites exhibited preferential binding of individual miRNAs of the let-7 and
miR-72 families, promiscuous binding by the whole family was observed in the presence of perfect
seed matched sites. In contrast, some other families, such as the miR-58, did not discriminate between
perfect and imperfect sites and multiple miRNAs were bound to both kinds of site. It could be
hypothesized that this might at least partially be explained by miRNA abundance. Highly expressed
miRNAs are predicted to bind more non-canonical sites than lowly abundant ones, and display a
broader spectrum of target sites (Khorshid et al., 2013). Notably, the let-7 and miR-72 miRNAs, which
exhibited specific binding, are among the most abundant miRNA in the nematode. However, the same
is true for the miR-58 family, which in contrast is more promiscuous.

Taken together, our results affect the way miRNA targets are currently predicted. In fact, we
describe silencing instances that happen in vivo only under certain conditions, but are difficult to
identify with in silico tools that do not take into account the context in which the interactions occur.
We believe that new mathematical predictions, trained on chimeric-CLIP data, are needed and should
include differential expression and abundance of miRNAs, affinity of miRISC for canonical and noncanonical sites, target levels and their isoforms including alternative poly (A) usage that alters miRNA
repression and RBPs that, in tissue-specific ways, can modulate site accessibility.

Additional experiments to confirm and expand our findings
In this study, we used the let-7 family in C. elegans as a representative example, and showed,
as a proof-of-principle, that over-expression of a family member could override target specificity and
rescue the associated lethality, provided the seed match quality can allow for it.
To confirm that this happens globally, more experiments will be needed. For example, in the
3’UTR of the akap-1 gene, three miRNA binding sites have recently been validated in vivo, two of them
showing extensive 3’ pairing to miR-791 and a 6nt match to both miR-790 and miR-791(Drexel et al.,
2016). As we would predict, the 3’ pairing establishes specific repression of akap-1 by miR-791 in the
CO2 sensing neurons of C. elegans, although the sister miR-790 is co-expressed (Drexel et al., 2016). To
further test our hypothesis and the effect that abundant miRNAs have on such specific binding sites, it
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would be interesting to test if overexpression of miR-790 in such neurons, would restore akap-1
downregulation in the absence of miR-791.
Considering how strongly the worm relies on lin-41 repression to proceed into adulthood,
additional experiments based on genome editing of the lin-41 native sites could be designed. First, we
could pursue a “candidate” approach by exchanging the lin-41 sites with other sites putatively specific
to another miRNA family, as identified in the Broughton dataset of chimeras. For example, assuming
that the mir-72 family members are as abundant as the let-7 family and have a similar expression
pattern, especially in the vulva, we could insert miR-72 specific sites in the lin-41 3’UTR (with or without
seed match bulges and complementary 3’ pairing). Worm death, following miR-72 deletion, would be
the expected outcome if specificity to this miRNA were indeed established. Overexpression of a sister
and subsequent observation of the induced phenotype, similarly to what we observed for lin-41/let-7
and miR-48 (Brancati and Grosshans, 2018), will then provide additional evidence against or in favor
of our hypothesis that centrally mismatched sites are highly specific, and “locked”, to one miRNA.
Alternatively, a different approach could be pursued. MiR-48 mutant worms could be injected with
CRISPR mixes that contain homologous recombination oligos to edit the lin-41 sites. Oligos with
different bulged nucleotides in distinct positions along the seed match and with diverse degrees of
3’pairing might be designed to induce and modulate miR-48 specificity. If such specificity is established,
miR-48(-) animals will die and sequencing of their lin-41 locus will allow identification of the nucleotide
composition for the edited sites. Overexpression of let-7 will then reveal sensitivity or insensitivity to
increased levels of a paralogue.
However, some messengers could be differentially regulated across tissues. Although we do
not believe that sites with centrally imperfect seed matches, which are insensitive to high miRNA level
in the worm vulva, will be repressed in other cell types, we cannot exclude that tissue-specifically
expressed RNAs or RBPs could influence site accessibility and, more generally, repression. To test this,
a screen could be performed to identify “specificity factors” that can modulate specific targeting of
miRNAs. We hypothesize that such factors might comprise RNA binding proteins (RBPs) that bind
3’UTRs, or transcription factors and RBPs that interfere with the biogenesis of the miRNAs. Candidates
for such screen are genes that interfere with the specific lin-41/let-7 axis and would drive lin-41
repression towards the sisters. Such candidates could be the 25 hits identified as enhancers of
precocious adult development in (Hayes and Ruvkun, 2006). Alternative candidates are the genes
identified by our lab (Rausch et al., 2015) that suppress let-7 lethal phenotype and can induce
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precocious col-19::GFP accumulation, which is a typical sign of seam cell terminal differentiation that
we would expect if the sisters were precociously repressing lin-41.
Lastly, assays in different models are required to confirm and extend our results to higher
eukaryotes. For example, to test the interplay between site architecture and levels, mammalian cells
could be stably transfected with reporters harboring different miRNA binding sites and increasing
miRNA amounts. To test the specificity of the different binding sites (seed-only sites, perfect seed +
3’pairing to an individual miRNA, peripherally or centrally imperfect seed match + 3’ pairing) the
silencing of reporters should be evaluated in the presence and absence of the putative specific miRNA.
Then, the system could be challenged with increasing amounts of a paralogous miRNA to test if, as
described before, the over-expression can override the sequence-determined specificity in all cases,
except the centrally imperfect sites. The limitations of such cell-based assay should anyway be kept in
mind when drawing conclusions from such experiments.

3.3 Target validation in physiological conditions
Apart from revealing that miRNA target specificity relies on both the sequence
complementarity and the miRNA levels, our data have a main implication, of possibly broader concern,
regarding the methods commonly used to validate miRNA targets.
Predicted targets have been traditionally validated in heterologous contexts by introducing a
reporter gene fused to the 3’UTR of interest, the miRNA or both, often through transient transfections
(Brennecke et al., 2005; Doench and Sharp, 2004; Krek, 2005; Lewis et al., 2005). However, ectopic
over-expression of miRNAs and their putative targets can induce artificial interactions between
molecules that have the potential to bind. Remarkably, such effect has already been described for
transfected reporters harboring a seed match to let-7 that failed to be repressed unless more let-7
molecules were provided exogenously (Doench and Sharp, 2004). Hence, such experimental systems
could be far from physiological.
It was already proposed that miRNA levels and sequence complementarity together determine
mRNA repression in different cells (Bartel and Chen, 2004). The rheostat model predicts that highly
complementary sites can be bound by a miRNA, regardless of its levels, whereas low complementary
sites (i.e. seed match only) would be bound solely by highly abundant miRNAs. In accordance with such
overlooked model, our in vivo CRISPR assay and reporters analysis reveal that let-7 overexpression can
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repress a gene that is usually not silenced at the endogenous levels of the miRNA, similarly to what has
been observed in cells. This is also consistent with recent mathematical and experimental studies
describing how occupancy of non-canonical sites (such as 6nt seed sites) and miRNA binding overall
increases at higher miRNA concentrations (Bosson et al., 2014; Denzler et al., 2014; Khorshid et al.,
2013). Notably, in our case, the over-expression was only 2-fold, thus nearly physiological, and yet it
induced an effect. Thus, we argue that if such small increase in miRNA levels can affect silencing in
vivo, then some of the targets validated in systems based on ectopic over-expression of the miRNA
need to be cautiously reconsidered.
Our results are an important piece of evidence that more physiological assays are needed to
validate miRNA targets and corroborate the concerns already raised by the Hobert Lab in 2006 (Didiano
and Hobert, 2006) and which we share. Particularly, experimental strategies that validate targets in
non-physiological systems might have incorrectly scored as functional interactions that are not
happening in vivo. This might have “biased” the way we think about miRNA targets.

Genome editing through CRISPR/Cas9 allowed us to study the effects that alteration of one
specific miRNA/target interaction has on the physiology of the animals. In contrast to cell-based assays,
such approach has the advantage of testing miRNA interactions in the context where they happen. For
example, we revealed that two single point mutations, which are supposed to favor binding of the
whole let-7 family to lin-41 3’UTR, are deleterious for worm development (see below “Why specificity
matters”). Such approach had already revealed its power when showing that let-7 controls vulval
development through one target, namely lin-41, against the broadly accepted belief that miRNA exert
their function through downregulation of multiple targets (Ecsedi et al., 2015). Hence, we strongly
believe that more studies focused on endogenous perturbations of miRNA/target interactions are
needed to fully understand miRNA mediated silencing.

Physiological reporter assays in live animals
Additionally, to complement the in vivo data, we used a reporter assay that allows monitoring
of miRNA activity with cell type resolution in living animals. Even in this case, we studied silencing in a
physiological context, as we evaluate repression of modified lin-41 sites in the cells where lin-41 and
let-7 physiologically interact, namely the vulva (Ecsedi et al., 2015). Importantly, miRNA levels and the
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cellular context are unaffected. Although we ectopically express fluorescent reporters fused to a 3’
UTR harboring the binding sites of interest, we integrate such reporters in single copy. This is important
if we consider that highly expressed targets can saturate the miRNA pool (Mukherji et al., 2011). We
acknowledge that the system is imperfect because we might still over-express the transgene and reach
higher levels than the real endogenous mRNA.
Our reporter approach (modified from (Ecsedi et al., 2015)) builds on the previous silencing
sensor described by Didiano and Hobert (Didiano and Hobert, 2006; Didiano and Hobert, 2008). These
authors studied miRNA targeting rules in nearly physiological conditions by looking at the repressive
activity of the miRNA lsy-6 in the left gustatory neuron (called ASEL) of C. elegans. Lys-6 in fact is
expressed specifically in such ASEL neuron, where it silences the gene cog-1. By modifying the cog-1
sites and studying ~ 150 transgenes, they raise concerns about considering the seed match sequence
as the main predictor for targeting (Didiano and Hobert, 2006). In fact, in contrast to cog-1, other 13
predicted targets harboring a seed match to lsy-6 were not repressed. This approach is very elegant,
but relied on the use of overexpressed multi-copy arrays. Although the authors studied the lowexpressing transgenes, the lack of single-copy integration does not allow the full standardization
necessary to compare different conditions. In addition, they are limited by the specific neuron (ASEL)
and miRNA (lsy-6) that can be studied. In contrast, our approach is based on MosSCI single-copy
integration and can be applied to other miRNAs. For example, by grafting the lin-4 site present in the
lin-28 3’UTR in our heterologous system, we could show that the reporter faithfully recapitulates lin-4
specific binding and is insensitive to the seed-related miR-237 (Appendix A).

Finally, it was also shown that the context, i.e. the 3’UTR in which a miRNA site resides, is
important for silencing (Didiano and Hobert, 2008; Grimson et al., 2007). This notion was already
proposed specifically for the lin-41 3’UTR (Vella et al., 2004a), and for silencing in general (Grimson et
al., 2007).
One of the observations reported about the importance of the 3’UTR context is, among others,
the fact that the lsy-6 sites found in the cog-1 3’UTR were unable to redirect silencing and induce
repression when grafted in the heterologous unc-54 3’UTR (Didiano and Hobert, 2006; Didiano and
Hobert, 2008). Surprisingly, the same sites could redirect silencing of other two unrelated 3’UTRs,
namely lin-28 and act-1. Hence, it was hypothesized that different 3’UTRs can have peculiar features
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that allow or prevent miRNA mediated silencing. However, our own reporter system is centered on
the successful engineering of the very same unc-54 3’UTR that we can “activate” for silencing by the
let-7 family or lin-4. Hence, we compared the published vectors to ours and found that a longer version
of the unc-54 3’UTR was used, which likely induced the authors to inadvertently misplace the lsy-6
sites. Expression in the ASEL neuron of our reporter carrying our engineered unc-54 3’UTR with grafted
lsy-6 sites would clarify this issue. We predict it will show that the lsy-6 sites can redirect the unc-54
3’UTR to silencing by this miRNA, too.

The let-7 sites in the C. elegans lin-41 3’UTR
It is worth mentioning that Vella and colleagues, who were the first to validate the let-7 binding
sites on the lin-41 3’UTR of C. elegans (Vella et al., 2004a), proposed also that such binding sites need
to be in a very specific configuration for proper repression (Vella et al., 2004b). Specifically they suggest
that both the two let-7 sites are necessary for robust targeting and that they have to be spaced by the
27nt linker, as suggested by failed repression of the reporter carrying a mutated form of the let-7 sites
or the linker. However, such observations might need some more testing. In fact, we observed that
exchanging the wild type 27-nt linker by the C. briggsae 12nt string did not affect silencing of our
reporter (Appendix A, “Additional miRNA reporters”). Likewise, worms carrying a lin-41 allele with only
one let-7 binding site do not show any evident phenotype, which we would expect if let-7 regulation
was compromised (characterization of such strains is in progress).
Although some regions of 3’UTRs can generally disfavor silencing, probably by modulating
binding sites accessibility, we confirm that the miRNA sites and their peculiar molecular architecture
have a main role in targeting. In fact, we could graft 111nt from the lin-41 3’UTR into the unc-54 3’UTR
and induce silencing that strongly mimics the one of the wild type lin-41 in time and space. Moreover,
such repression was specifically let-7 dependent, suggesting that the short region that we grafted
contains all the information for robust and specific silencing. Additionally, when we exchanged the let7 sites with the lin-4 sites from lin-28, we could observe specific lin-4 silencing (Appendix A, “Additional
miRNA reporters”). Hence, although RBPs could bind UTRs and modulate silencing, most of the
information required to drive efficient repression is imparted by the miRNA binding site itself, at least
in these two cases.
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Taken together, other authors’ observations and ours suggest that some of the targets solely
predicted on the presence of a seed match in their 3’UTRs and validated in commonly used cell culturebased assays might need further validation. Such issue should concern not only future scientists who
will have to face the challenge to validate new miRNA targets, but in particular people working on
opening the way to miRNA-based therapeutics from the lab to the clinics. Generally, we believe that
cell-based assays should be one of several experiments aimed to confirm functional interactions and
that more studies testing the “rheostat model” (Bartel and Chen, 2004) and focusing on the interplay
between sequence complementarity and miRNA levels are needed.

3.4 Why specificity matters: lessons from C. elegans
It has been hypothesized that the imperfect seed match in the lin-41 3’UTR is necessary to
avoid redundancy of the let-7 family (Bartel, 2009). Indeed, when we modify the sites to perfectly
match the whole let-7 family, let-7 is not essential and its sisters can silence lin-41 (Brancati and
Grosshans, 2018). Moreover, it was believed that such particular sites, of which one with a bulge
between nucleotide 4-5 the seed match sequence, rarely found in other transcripts or organisms (in
humans for targets of miR-33 and miR-374 (Agarwal et al., 2015), evolved because of the lin-41
function in worm development. Specifically, lin-41 needs to be downregulated at an exact time to allow
triggering of adult programs through accumulation of the transcription factor LIN-29 and its cofactor
MAB-10. Accordingly, precocious or delayed lin-41 repression results in heterochronic defects (Slack
et al., 2000). To our surprise, two single point mutations that confer a perfect seed match to the let-7
family induce premature repression of lin-41 that results in precocious accumulation of LIN-29.
However, such effect did not lead to any other obvious phenotypes, as if the induced LIN-29
accumulation was not sufficient to alter development to an extent that we could detect in the lab.
It is possible that gross defects were not detected because the imperfect sites are only one of
many layers of regulation that protects the worms from developmental abnormalities. In fact, miRNA
activity is usually part of regulatory networks in which complex feedbacks ensure robust regulations
and buffering of fluctuations (Ebert and Sharp, 2012). In these cases, analysis of the network in a
sensitized background, where a node is defective, can reveal the role of other network components (Li
et al., 2009; Ren and Ambros, 2015). Similarly, we reasoned that the lin-41(xe83 [perfect]) allele might
not show obvious phenotypes, because other genes are involved in preventing the onset of adult
development.
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The hbl-1 gene induces partially penetrant precocious adult phenotypes when knocked down
on its own (Abrahante et al., 2003; Lin et al., 2003), but it leads to stronger defects in combination with
lin-41 RNAi. Similarly, we showed that sensitization via hbl-1 knockdown leads to stronger and almost
completely penetrant precocious adult phenotypes (scored as seam cell fusion and alae secretion)
when in combination with the lin-41(xe83 [perfect]) allele (Brancati and Grosshans, 2018). This reveals
that the regulation through imperfect sites is a mechanism to ensure robustness. In addition, we want
to test if the imperfect seed match generally confers robustness when different genes involved in the
heterochronic pathways, beyond hbl-1, are mutated. Thus, we plan to test enhancement of precocious
phenotypes in the lin-41(xe83 [perfect]) animals after knock down of other genes that are known to
induce premature adult development, such as lin-42 and lin-28.
To explain why obvious premature development can be observed only in sensitized
background, we hypothesize that even if lin-41(xe83 [perfect]) is prematurely downregulated, the
repression could be suboptimal to efficiently trigger adult development on its own. The lin-41
downregulation by the sisters might be suboptimal because, even if the sisters are already expressed
earlier than let-7, they are not highly abundant. In fact, their maximum accumulation occurs about the
time when let-7 is highly expressed (Vadla et al., 2012). Hence, although the sisters start repressing lin41, the optimal downregulation level might be reached only in L4, as in wild type animals. Another
explanation is that lin-41 is dosage sensitive, such that only when its level decreases under a certain
threshold, then it releases the repression on its targets, such as LIN-29 and MAB-10 (Slack et al., 2000,
Aeschimann et al. 2017). Alternatively, LIN-29 or its cofactor MAB-10 might need to reach a certain
concentration in the hypodermis, resulting in an on/off-like response to trigger precocious adult
development. Supporting this model, we observed that LIN-29 accumulation was stronger in animals
subjected to lin-41 RNAi than in the animals carrying the lin-41(xe83 [perfect]) allele. Similarly, we
expect that worms carrying the lin-41(xe83 [perfect]) treated with hbl-1 RNAi will show higher levels
of LIN-29 that precociously accumulates in the hypodermis. Lastly, we know that LIN-41 specifically
represses LIN-29A (Aeschimann et al., 2017) while the function of LIN-29B, the other isoform, is
unknown. It is intriguing to believe that LIN-29B, whose regulation is independent of LIN-41
(Aeschimann et al., 2017), might be partially redundant to LIN29A and thus responsible for the partially
penetrant phenotypes of lin-41 hypomorphic alleles.
In conclusion, our working hypothesis is that the imperfect seed match is needed to avoid
precocious lin-41 regulation by the sisters, which would trigger premature adult development if other
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components of the heterochronic pathways were affected. Although the imperfect seed matches are
not essential for viability, they are necessary to confer robustness to the heterochronic pathway.
Notably, the imperfect seed matches in the let-7 sites in the lin-41 3’UTR are typical of the genus
Caenorabditis, but lost in the trim71 3’UTR in higher eukaryotes.
Many miRNA sites have been found to share pairing beyond the seed in conservation analysis
(Brennecke et al., 2005; Grimson et al., 2007). Biochemical assays suggest that target specificity of
miRNA family members could arise through 3’ pairing (Broughton et al., 2016; Moore et al., 2015). Our
results suggest that strong specificity develops through centrally imperfect seed match. We speculate
that the lin-41 sites might have had originally perfect seed match and extensive pairing to let-7. This
would have allowed specific silencing by let-7 in tissues where this miRNA is highly abundant. However,
it would have also led to repression of lin-41 in cells where the level of the let-7 sisters is high enough
to drive repression, as the perfectly matched sites can allow for some redundant activity. Later, the
appearance of the bulge and the wobble would have marked the specificity of let-7 for lin-41 in any
cell type or condition, such as when one of the genes of the heterochronic pathway is affected,
essential to ensure robustness of developmental programs.

3.5 Open questions
Function of miRNA families
The presence and origin of miRNA families in animals, like the let-7, remains unclear. Seedrelated miRNAs possibly originated through duplication, especially when the different isoforms are
closely related to each other, such as the mammalian let-7 family (Roush, 2008). After gene
duplication, individual miRNAs might have been mutated and subjected to positive selection that led
to sub-functionalization or neo-functionalization, maybe through divergence of their 3’sequence or
change in their expression patterns (Berezikov, 2011; Wolter et al., 2016). It is unlikely that silencing
by more miRNAs with the same seed sequence would result in stronger repression of a target, as one
miRNA may drive efficient downregulation on its own. Hence, highly similar miRNAs might have arisen
to ensure robustness (Ebert and Sharp, 2012) or to repress distinct targets following neofunctionalization. Redundancy of miRNAs with the same seed sequence is based on the assumption
that the seed is enough for targeting and the observation that mutations of individual miRNAs induce
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no phenotypes (Miska et al., 2007). For example, the miR-290-295 family (located in a cluster)
represses retinoblastoma-like 2 protein in embryonic stem cells (Benetti et al., 2008; Sinkkonen et al.,
2008) or the miR-51 or miR-35 family show redundant activity in C. elegans (McJunkin and Ambros,
2017; Shaw et al., 2010). However, some non-redundant activity has been described for miRNA sharing
the same seed. In worms, for example, of the co-expressed miR-790 and miR-791, only miR-791 is
needed for CO2 detection in worms (Drexel et al., 2016) and only lin-4 mutation and not miR-237
induces severe heterochronic defects (Lee et al., 1993; Tsialikas et al., 2017). Likewise, in mammals,
only let-7i is targeting pro-neuronal differentiation genes in neural precursor cells (Cimadamore et al.,
2013). Generally, the lack of consensus about miRNA families’ function arises from our inability to
predict miRNA targets with confidence.
Non-redundant miRNA families challenge the generalization of the seed sequence as the main
determinant for targeting and let us wonder if we should not rather consider individual miRNAs as
unique regulators with their own features, as proposed by Moore and colleague (Moore et al., 2015).
Interestingly, we could show that lin-41 specificity to let-7 depends on the 3’ pairing and on the
imperfect seed match created by the target sequence (Brancati and Grosshans, 2018). Therefore, we
suggest that both features in a duplex should be attentively studied to determine if a target is
repressed by an individual miRNA, or redundantly silenced by miRNAs with the same seed sequence.

Reasons to study the let-7 family in C. elegans
Studying the biology of miRNA families, the targets and regulation of each member in a model
system such as C. elegans is not only helpful to understand miRNA targeting in general, but might hold
therapeutic potential, too. In fact, it seems that 85% of conserved human miRNAs belong to a family
(Wolter et al., 2016). Additionally, at least a third of C. elegans miRNA families is conserved across
species (Miska et al., 2007).
Several parallelisms exist between C. elegans and mammals. For example, some let-7 isoforms
can be found misregulated in distinct cancers like individual let-7 family members can be mis-regulated
in worms, following lin-28 mutation (Balzeau et al., 2017; Vadla et al., 2012). In addition, nonredundant and specific activity for some mammalian let-7 isoforms has been described (Cimadamore
et al., 2013) similarly to lin-41 specific repression by let-7 (Vella et al., 2004a). Lastly, over-expression
of some isoforms can have different consequences on liver regeneration and tumor suppression (Wu
et al., 2015), resembling the diverse phenotypes that we observed when increasing let-7 doses
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(Brancati and Grosshans, 2018). Hence, studying the let-7 family in C. elegans allows investigations in
a system that is easy to manipulate and in a physiological setting, and can lead to identification of
transcriptional and post-transcriptional mechanisms that tightly control the expression of miRNA
families or their target specificity. In addition, although evolutionary distant, studying worms holds the
potential to identify mechanisms that can be translated to humans and bring miRNAs closer to the
clinics, especially for those cancers in which the let-7 family is affected (Thammaiah and Jayaram,
2016).

MiRNA-based therapies
Although some miRNAs are slowly finding their way to the clinic (www.clinicaltrial.gov), we
still lack a general understanding of their targets. Our limitations derive from diverse issues, some
specific to cancer research, others broadly applicable to other pathologies. First, miRNAs and their
targets need to be studied in samples derived from patients, but identification of a “good miRNA
candidate” is extremely hard because biopsies from cancer patients do not always mirror the tumor
landscape and, in addition, hypoxia or inflammation can change gene expression locally (Rupaimoole
and Slack, 2017). Second, even if a miRNA candidate is chosen, we do not understand enough of its
biology. On the one hand, given that miRNAs are supposed to have many targets, they could repress a
set of genes with opposite effect (like oncogenes and tumor suppressors or completely unrelated
genes) making it hard to find the balance between favoring and diminishing the miRNA function
through small molecules or by other means. Additionally, as we observed in worms and others
described in mouse models of liver cancer (Wu et al., 2015), overexpression of a miRNA can be
deleterious and induce repression of targets that under ordinary physiological conditions would be left
untouched. Therefore, replenishing of a miRNA through its overexpression might not always be the
most straightforward way to address its pathological loss. On the other hand, as extensively discussed,
miRNA targets are largely unknown, thus precise disruption of particular miRNA/mRNA duplex is still
not possible.
Nowadays, several CLIP-datasets from cancer cell lines or animal models have been deposited
and they are useful together with other strategies, such as high-throughput screens, to identify and
then validate relevant candidate targets. For example, Ago-CLIP of miR-122 mutant mice led to the
identification of new targets (mostly harboring non-canonical binding sites) that could harbor
predictive power for hepatocellular carcinoma patients (Luna et al., 2017). This suggests that such
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target identification approach has therapeutic value. Such results are in accordance with our main
conclusion that miRNA targets should be identified and validated with assays that resemble
physiological conditions.

Final Remarks
Poorly validated miRNA targets might explain why we are still not able to predict targets with
high confidence. Experimental validation is key to generalize results and identify common rules, but
what if some of our conclusions are biased by the “over-expression” effect in the assays that have been
used? What if we have over-interpreted the significance of the mere presence of a miRNA site? After
all, transcription factors teach us that the presence of their motif on DNA does not always result in
functional interactions (Slattery et al., 2014). Similarly, the presence of a seed match might not always
be sign of targeting. This applies to the miRNA binding sites identified in the CLIP datasets, too. The
simple evidence that Ago was found on a transcript does not imply functionality of the binding site,
likewise the binding of a transcription factor to a site does not always modulate transcription.
Solving the conundrum about how to best predict miRNA targets is not easy. In fact, the seedmatch seems consistently involved in miRNA-mediated repression. For example, proteomic studies
performed after miR-223 deletion in neutrophils (Baek et al., 2008) revealed that seed-match
containing sites were upregulated upon the miRNA removal. However, considering that upregulation
of targets is usually minor, it remains to be determined whether it has any relevant functional
outcome. Additionally, it was reported that the endogenous seed match-containing-messengers are
upregulated after transfection of siRNAs or miRNA mimics due to competition of the transfected and
the endogenous small RNAs (Khan et al., 2009), suggesting that, although gene expression is clearly
altered after transfections, the seed match must have some roles in silencing. However, growing
amounts of reports suggest that the seed match is not enough to predict targets.

In conclusion, there is a big amount of false positives among the in silico predicted seed-matchcontaining transcripts and potentially among the targets validated in systems characterized by ectopic
expression of miRNA and/or targets. Hence, it is reasonable to wonder whether the so-called bona fide
targets, predicted and validated through these approaches, are more informative than the noncanonical sites identified in vivo, or whether we should rewrite the rules of miRNA targeting to include
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the variety of unconventional sites that have been identified. In fact, some of the best validated targets
studied in vivo or in nearly physiological conditions carry non-canonical sites (let-7/lin-41(Vella et al.,
2004a), lin-4/lin-14 (Ha et al., 1996), lsy-6/cog1 (Didiano and Hobert, 2006)), which have been shown
to be generally more abundant than previously thought (Broughton et al., 2016; Helwak et al., 2013;
Khorshid et al., 2013; Luna et al.; Moore et al., 2015).
As suggested before “if there is one lesson to be learned from the history of the miRNA field,
it is that one should not discard individual case studies as mere oddities”(Didiano and Hobert, 2008;
Ruvkun, 2004).
Some miRNAs are already in the clinics, but we do not seem to appreciate their mechanism of
action with the precision needed to make miRNA therapeutics reality. Despite decades of research,
the most fundamental question remains unanswered: what makes a miRNA target?

Materials and Methods
Worm handling and strains
Worms were grown using standard methods at 25 °C. The transgenic unc-54+miRNA sites reporter
strains were obtained by single-copy integration into the ttTi5605 locus on chromosome II (FrokjaerJensen et al., 2012). Injected plasmids were cloned using the MultiSite Gateway Technology (Thermo
Fisher Scientific) and the destination vector pCFJ150 (Frokjaer-Jensen et al., 2008) or Gibson assembly
(Gibson et al., 2009). All strains are listed in the “Worm Strains” table.
Unc-54+miRNA sites reporters
All unc-54+miRNA sites reporters were constructed using the MultiSite Gateway Technology (Thermo
Fisher Scientific) and the destination vector pCFJ150 (Frokjaer-Jensen, 2008) or Gibson assembly
(Gibson et al., 2009). First, the pGB0 vector was obtained via site-directed mutagenesis (Zheng et al.,
2004) of the pDONR P2R-P3_p37 vector to insert the AscI restriction site. Then, the pGB01 plasmid was
obtained via LR reaction (Gateway LR Clonase II Enzyme mix, Thermo Fisher Scientific; 11791020) of
the three entry vectors pdpy-30 x pGFP::H2B x pGB0 and the pCFJ150 backbone.
All the plasmids listed in the Plasmids table were obtained via Gibson assembly of the digested pGB01
plasmid and gBlocks® Gene Fragments (Integrated DNA Technologies) listed below. All plasmids were
verified by sequencing. Transgenic worms were obtained by single-copy integration into the ttTi5605
locus on chromosome II, following the published protocol for injection with low DNA concentration
(Frokjaer-Jensen et al., 2012). We optimized our previous mCherry reference transgene (Ecsedi et al.,
2015) by replacing the artificial 3’UTR with an endogenous unc-54 3’ UTR, to achieve more physiologic
and brighter expression. The resulting Pdpy-30::mCherry::H2B::unc-54 transgene was integrated on
chromosome I to yield strain HW1454.
let-7(++) strains: let-7(++) strain (HW 1909 [xeSi287, V]) was obtained by injection of the plasmid
pGB26, obtained via Gibson assembly (Gibson et al., 2009) of the PCR amplified minimal rescue
fragment from (Reinhart et al., 2000) and the pIK37 plasmid. Transgenic worms were obtained by
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single-copy integration into the oxTi365 locus on chromosome V (universal MosSCI strain #EG8082
(Frokjaer-Jensen et al., 2014).
CRISPR strains
Mutations in the endogenous lin-41 3’UTR sequence or miR-235 locus were obtained by CRISPR-Cas9
to generate the lin-41(xe83 [perfect]) allele, lin-41(xe76 [ap427_W-C]), lin-41(xe99 [48-zed]) and miR235(xe181). Wild-type worms were injected with a mix containing 50 ng/μl pIK155, 100 ng/μl of each
pIK198 with a cloned sgRNA, 20 ng/ µl repair oligo for gene of interest, co-crispr mix containing 100
ng/ml pIK208 and 20 ng/ml AF-ZF-827 oligo PAGE purified (IDT). Single F1 roller progeny of injected
wild-type worms were picked to individual plates and the F2 progeny screened for deletions using PCR
assays. After analysis by DNA sequencing, the alleles were outcrossed three times to the wild-type
strain.
Reporter Quantification
For confocal assays, worms were grown at 25 °C. Let-7ts worms were maintained at 15 °C and adults
were transferred to 25 °C for 48 h before imaging. Z-stacks of 0.313 µm µm thickness were acquired in
green, red and transmitted light channels at 40x magnification on a Zeiss LSM700 confocal microscope
coupled to Zeiss Zen 2010 software equipped with a multi-position tile scan macro. The z-stacks were
stitched together and compiled into a single image using scripts in Matlab and Fiji (Schindelin et al.,
2012).
For data analysis, late L4 worms were selected based on visual inspection of gonad length and vulva
morphology (Mok et al., 2015). 10-14 vulva cells were selected in the ‘cell counter’ macro in Fiji. Images
around these seed points were de-noised using a Richardson-Lucy algorithm and segmented using an
Otsu global threshold. Remaining holes were filled using a morphological filter. Signal intensity in the
green channel was divided by the red signal intensity for each cell; relative signal intensities were then
averaged for each worm. 10-12 vulva cells in 5-10 worms per genotype were quantified; mean signal
intensity and SD were calculated and graphed using GraphPad Prism software.

Confocal analysis of LIN-29 precocious accumulation
Synchronized arrested L1 larvae of animals carrying endogenously tagged LIN-29, lin-29(xe61[lin29::gfp::3xflag]) (Aeschimann et al., 2017), in wild type or lin-41(xe83[perfect]) background, were
plated on food and incubated at 25 °C on 2% NGM agar plates with Escherichia coli OP50 bacteria and
imaged at the L3 stage (20-22h after plating). Images were acquired in green and transmitted light
channels (with Differential Interference Contrast, DIC) with 40x/1.3 oil immersion objective on a Zeiss
LSM700 confocal microscope coupled to Zeiss Zen 2010 software. Further image processing was
performed with Fiji (Schindelin et al., 2012).
Ago iCLIP reads analysis
Reproducible miRNA-target sites as defined in (Broughton et al., 2016) were extracted from
supplementary table S2. Target sequences were retrieved from the UCSC October 2010 (ce10) genome
assembly (Rosenbloom et al., 2015), using the BSgenome.Celegans.UCSC.ce10 package in R. Sites in 3’
UTRs or CDSs were identified by intersecting all sites with annotated 3’ UTRs or CDSs from the ce10
Ensembl gene annotations. MicroRNA family information, including mature miRNA and seed
sequences, was downloaded from TargetScanWorm release 6.2 (Agarwal et al., 2015). Chimeras were
predicted by calling RNAhybrid on all miRNA-target pairs using the command ‘RNAhybrid -b 1 -c -s
81

3utr_worm’ (Rehmsmeier et al., 2004). Perfect sites were identified by searching for an exact match to
the corresponding seed in the predicted bound miRNA and target sequences for each chimera.
Imperfect sites were defined as any site containing a single bulged nucleotide, a single G: U wobble or
a single mismatch in the target between positions 2-8.
The number of paired 3’ nucleotides for each chimera was determined by counting the number of
nucleotides in the mature miRNA predicted to be bound by RNAhybrid downstream of the seed match.
For imperfect sites where an exact seed match was not present, 3’ paired nucleotides were considered
as any predicted to be bound downstream of the 7th paired nucleotide after trimming an initial U if
present (corresponding to position 8 of the seed).
RNA-seq data from alg-1(-) vs. WT were downloaded from the SRA (accession number: SRP078368).
Reads were aligned against the ce10 genome assembly using the qAlign function from the QuasR R
package (Gaidatzis et al., 2015) with default settings. Reads were counted in all annotated transcripts
from the ce10 Ensembl gene annotations. Counts were normalized by the mean number of reads in
transcripts in both libraries, and a log2 fold-change for each transcript was calculated between alg-1(-)
and WT. Transcripts were considered to be targets of a particular miRNA if a corresponding miRNAtarget site was found in either the 3’ UTR or CDS, respectively. The empirical cumulative distribution of
the log fold-change for each class of sites was calculated using the ecdf function in R.
Minimum free energy predictions were taken directly from RNAhybrid. For seed-only minimum free
energy, RNAhybrid was run with the same parameters but using only the seed sequence as input for
the miRNA. All computations were performed using R (version 3.4.0) in the RStudio environment
(version 1.0.143).
MiRNA Promoter strains
The promoters miR-241 and miR-235 (~2kb upstream of the miRNA hairpin) were cloned from C.
elegans genomic DNA into entry clones pGB27 & pGB28 and pGB33 & pGB34 using the Gateway BP
Clonase II Enzyme mix (Thermos Fisher Scientific; 11789020). Entry plasmids containing the promoters,
gfp::H2B and the pCM5.37 were then recombined with the pCFJ150 vector backbone (Gateway LR
Cleanse II Enzyme mix, Thermos Fisher Scientific; 11791020) into pGB29, pGB30 and pGB35, pGB36.
Transgenic worms were obtained by single-copy integration into the ttTi5605 locus on chromosome II,
following the published protocol for injection with low DNA concentration (Frokjaer-Jensen et al.,
2012).
FACSeq
Worm dissociation: C. elegans strains carrying integrated fluorescent reporters (see strains table) and
non-fluorescent wild type worms were used in all experiments. A synchronized L3 population was
obtained by bleaching gravid adults and allowing the eggs to hatch in the absence of food to generate
a population of starved L1 animals. Around 150,000 L1 larvae were plated on each 15cm peptone rich
petri plates seeded with NA22 bacteria and grown at 25 °C for 24 hours (early L3 larvae), or 48h at 20
°C (late L4). Dissociated cells were recovered following a published protocol (Zhang, 2013) with
modification. Specifically, L3 or L4 stage worms were collected by adding 10 ml sterile M9 buffer to
each plate. The collected larvae were pelleted by centrifugation at 1300 g for 1 min. The larval pellet
was let sediment on ice for 30min, washed and sediment again to remove bacteria. After washing with
sterile ddH2O, the resulting pellet was transferred to a 1.6 ml micro centrifuge tube. Around 80 μl of
the final compact pellet was used for each cell dissociation experiment. The worm pellet was treated
with 200 μl of SDS-DTT solution (20 mM HEPES pH8, 0.25% SDS, 200 mM DTT, 3% sucrose) for 4 min.
Immediately after SDS-DTT treatment, egg buffer (25mM HEPES pH 7.3, 118mM Nalco, 48mM Kill,
2mM CaCl2, 2 mM MgCl2, osmolarity to 340±5 mOsm) was added to the SDS-DTT treated worms.
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Worms were pelleted at 500 g for 1 min, and then washed 5 times with egg buffer). Pelleted SDS-DTT
treated worms were digested with 200 μl of 15 mg/ml pronase (Sigma-Aldrich, St. Louis, MO) for 20
min. Pipette the larvae suspension in each tube and transfer singularly to individual wells of a 96-well
plate and pipetted by the Hamilton Starlet robot (3 x 99strokes). Treated worms are then transferred
to a fresh tube and treatment was finalized by pipetting the suspension with a modified glass Pasteur
pipette. After 25min the reaction was stopped by adding 900μl L-15 medium (Thermos Fisher Scientific
#21083027, supplemented with 10% fetal bovine serum and 50 U/ml penicillin + 50 μg/ml
streptomycin (Sigma P4458); osmolarity 340±5 mom). The pronase treated worms were washed 3x
with L-15 medium by centrifugation at 150g for 5min at 4°C. After the last centrifugation step, the
samples were left on ice for 30min and the supernatant-containing cells (800μl) was filtered with 20
μm and 10 μm filters (Celtrics®) and transferred to a fresh tube. Cell were treated with DAPI or
propidium iodide and sorted with a BD FACS aria with 70 µm nozzle.
RNA Sequencing: 10,000 sorted cells were lysed in 100 μl of Norgon lysis buffer (+ β-mercaptoethanol)
(Norgen Biotek # 17200) and flash frozen in liquid nitrogen. Libraries were prepared following the
SmartSeq2 protocol (Picelli et al., 2014) and then sequenced on an Illumina HiSeq 2500. The total RNA
sequencing data was analyzed as previously described (Hendriks et al., 2014).
Transcription factor motif and ChIP peak Analysis on seam cell-enriched genes
Known and de novo motif finding was run using HOMER and comparing seam cell promoters (n=1,143)
against promoters of all other coding genes (n=19,051). The set of known C. elegans-specific motifs
was downloaded from the CIS-BP database (Weirauch et al., 2014).
Next, we downloaded ChIP-seq data for both BLMP-1 and NHR-23 in L3 larvae from modENCODE
(Contrino et al., 2012). Reads were aligned against the ce10 genome using QuasR with default
parameters (Gaidatzis et al., 2015). Aligned reads were counted in promoters of all protein-coding
genes, defined as the 2 kb upstream of the TSS, and a log2 enrichment score of ChIP over input was
calculated for each factor.
Small RNA sequencing
For small RNA sequencing of seam cells, total RNA was extracted from 100,000 sorted cells using TRIzol
reagent (Thermofisher, #15596026) from two biological replicates (performed on different days).
100ng total RNA were used as input. The protocol was adapted from (Vigneault et al., 2001) by the
Zavolan lab (University of Basel). Briefly, small RNAs (15-30nt) were separated on a 15% PAA gel 1XTBE
buffer in RNA loading dye, after denaturation (30s at 95°C). A radiolabeled 5 bp ladder (low Molecular
Weight Marker, Affymetrix) was used for size selection. Gel pieces from 15nt to 30nt were cut and RNA
was elute from PAA gel overnight in 450 µl 0.4M NaCl at 4°C. 1 µl of glycogen-carrier was added
followed by 1.125 ml of 100% ethanol; precipitation was done for 1h at -80°C. Samples were spun
down at max speed at 4°C for 10 min; pellet was then washed with 70% ethanol and air-dried for 7-8
min. For ligation of 3’adenylated adapters, the pellet was dissolved in 8µl of the adapter-containing
mix (1µl T4 RNAligase Buffer, 1µl 20uM 3-rApp-adpaters, 2µl 50% DMSO, 4µl RNA in H2O).
Denaturation was performed at 90°C for 30 sec and 4°C for at least 30 sec. 0.5µl RNase Inhibitor (40
U/µl) and 1.5µl T4 RNA Ligase 2tr (200 U/ µl) were added directly to the ligation reactions on ice and
incubate overnight (18-20 h) at 4°C. Annealing of RT primer was done adding 1µl 20µM RT Primer to
each reaction on ice, Incubating at 90°C for 30 sec, then 65°C for 5 min, then 4°C for at least 30 sec.
For 5’RNA adapter ligation, 1.5µl 10 mM ATP, 1.5µl T4 RNA Ligase 1 (20 U/µl) and 1 µl of 20 µM 5’ RNA
Adapter (prepared by incubating ~5µl at 70°C for 2 min, then 4°C for at least 30 sec) were added to the
ligation reaction. The ligation was perform incubating at 20°C for 1 h + 37°C for 30 minutes. Reverse
transcription of captured MicroRNAs was done using Superscript III (200 U/µl, Invitrogen) and 15µl of
ligated miRNAs. Pilot PCRs to determine optimal cycle conditions for library amplification were done
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with increasing numbers of cycles (12-22). Large scale PCRs with the determined cycle number were
loaded on an agarose gel and the amplified library (135bp-160bp) was excised from the gel and eluted
in 400 µl pure H2O overnight. For precipitation, 1 µl Glycogen and NaCl to a concentration of 0.3 M
were added followed by 3 volumes of 100 % ethanol. Pellet was washed once with 70% ethanol, airdried and dissolved in 20 µl H2O. Libraries were ran on a bio analyzer and sequenced on Illumina HiSeq
2500. MiRNA expression levels were quantified as described before (Miki et al., 2014).
Single-cell RNA sequencing preparation
Synchronized L1 larvae carrying the transgene Peft-3::gfp (HW1057) were grown for 24h at 25 °C on
15cm peptone rich plates seeded with NA22 bacteria. Cell suspension was obtained following the cell
dissociation protocol described previously.
GFP positive and propidium iodide negative cells were collected in cold L-15 medium. Cell number and
viability were evaluated with the Countess II FL Automated Cell Counter (Invitrogen) and ~4,000 cells
were loaded 5 channels of a 10X genomics cartridge. Library preparation was performed following the
manufacturers’ instructions (https://www.10xgenomics.com/).
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Worm strains

Name
let-7ts
unc-54 (Ctrl)
lin-41 reporter
lin-41 reporter
let-7ts
lin-41 reporter
miR-48/241 (-)
lin41 miR48/241/84(-)
unc-54+let-7
sites - gonads off
unc-54+let-7
sites let-7ts
unc-54+let-7
sites miR-48/241
(-)
unc-54+let-7
sites miR48/241/84(-)
unc-54+miR-48
sites wt
unc-54+miR-48
sites let-7ts
unc-54+miR-48
sites miR-48 (-)
unc-54+miR-48
sites mir-48 (-)
let-7(++)
let-7(++)
unc-54+lin-4
sites
unc-54+lin-4
sites; lin-4 (-)
unc-54+lin-4
sites; mir-237(-)
unc-54+let-7
sites perfect
seed
unc-54+let-7
sites perfect
seed; let-7ts
unc-54+let-7
sites perfect
seed; miR48/241/84(-)
unc-54+miR-48
site perfect seed

Genotype
let-7(n2853) X
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi104[Pdpy30::GFP(PEST)-H2B::unc-54 3'UTR, unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi78 [Pdpy-30::GFP(PEST)H2B::lin-41 3'UTR, unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I, xeSi78 [Pdpy30::GFP(PEST)-H2B::lin-41 3'UTR, unc-119 (+)] II, let-7 (n2853) X
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi78 [Pdpy30::GFP(PEST)-H2B::lin-41 3'UTR, unc-119 (+)] II; miR-48/miR-241 (nDf51) V
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi78 [Pdpy30::GFP(PEST)-H2B::lin-41 3'UTR, unc-119 (+)] II; miR-48/miR-241 (nDf51)
V; miR-84 (n4037) X
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi139[Pdpy30::GFP(PEST)-H2B::unc-54 LCS 3'UTR, unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi139[Pdpy30::GFP(PEST)-H2B::unc-54 LCS 3'UTR, unc-119 (+)] II; let-7 (n2853) X
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi139[Pdpy30::GFP(PEST)-H2B::unc-54 LCS 3'UTR, unc-119 (+)] II; miR-48/miR-241
(nDf51) V; miR-84 (n4037) X.
xeSi176 [Pdpy30::mCherry::H2B::unc-54] I; xeSi139[Pdpy-30::GFP(PEST)H2B::unc-54 LCS 3'UTR, unc-119 (+)] II, miR-48/miR-241 (nDf51) V; miR-84
(n4037) X.
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi183[Pdpy-30::GFP(PEST)H2B::unc-54 LCS 48ized 3'UTR, unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi183[Pdpy-30::GFP(PEST)H2B::unc-54 LCS 48ized 3'UTR, unc-119 (+)] II; let-7(n2853) X
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi183[Pdpy-30::GFP(PEST)H2B::unc-54 LCS 48ized 3'UTR, unc-119 (+)] II; mir-48(n4097)V
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi183[Pdpy-30::GFP(PEST)H2B::unc-54 LCS 48ized 3'UTR, unc-119 (+)] II; mir-48(n4097) xeSi287 [Plet7::let-7] V
xeSi287 [Plet-7::let-7] V
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi403[Pdpy30::GFP-H2PPEST::unc-54 3'utr with lin4 binding site wt] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi403[Pdpy30::GFP-H2PPEST::unc-54 3'utr with lin4 binding site wt] II, lin-4(e912)
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi403[Pdpy30::GFP-H2PPEST::unc-54 3'utr with lin4 binding site wt] II; miR-237(n4296) X
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi368 [Pdpy30::GFP-H2PPEST::unc-54 3'utr LCSs with perfect seed match, unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi368 [Pdpy30::GFP-H2PPEST::unc-54 3'utr LCSs with perfect seed match, unc-119 (+)] IIlet-7 (n2853)
X
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi368 [Pdpy30::GFP-H2PPEST::unc-54 3'utr LCSs with perfect seed match, unc-119 (+)] IImiR-48/241
(nDf51) V; miR-84 (n4037) X #4
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi404[Pdpy30::GFP-H2PPEST::unc-54 3'utr 48z with perfect seed match, unc-119 (+)] II

Strain number
(HW)
18
1542
1529
2179
2268
1964
1316
1306
1326
2266
1305
1300
1646
2267
1909
2270
2271
2272
2058
2059

2060
2273
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wt (unc-54+miR48 sites)
unc-54+miR-48
sites_perfect;
let-7ts
unc-54+miR-48
sites_perfect;
miR-48/241/84()
unc-54+dot-1
sites site
unc-54+dot-1
sites; let-7ts
unc-54+dot-1
sites; miR-48(-)
unc-54+dot-1
sites; miR-48(-)
let-7(++)
unc-54+let-7
sites 13-1648zed
lin-41(xe83)
lin-41(xe83); let7ts
ap427
ap427 miR-48(-)
let-7(++)
ap427GU
ap427 GU miR48(-)
ap427 GU miR48(-) let-7(++)
ap427 GU let-7ts
lin-41(48zed)
LIN29::GFP
LIN29::GFP, lin41(xe83)
Plet-7::GFP
Pmir-48::GFP
Pmir-241::GFP
(2kb)
Pmir-241::GFP
(1.3kb)
Pmir-84::GFP
Plet-7t; miR48/241/84(-)
vt1189
PmiR-235::GFP
(~1.5kb)
PmiR-235::GFP
(~1kb)
scm::gfp

xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi404[Pdpy30::GFP-H2PPEST::unc-54 3'utr 48z with perfect seed match, unc-119 (+)] II; let-7
(n2853) X
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi404 [Pdpy30::GFP-H2PPEST::unc-54 3'utr 48z with perfect seed match, unc-119 (+)] II; miR58/miR241(ndf51) V; miR-84(n4037) X
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi375 [Pdpy30::GFP-H2PPEST::unc-54 dot-1.1zed (ap427)], unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi375 [Pdpy30::GFP-H2PPEST::unc-54 dot-1.1zed (ap427)], unc-119 (+)] II; let-7(n2853) X
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi375 [Pdpy30::GFP-H2PPEST::unc-54 dot-1.1zed (ap427)], unc-119 (+)] II; miR-48(n4097) V
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi375 [Pdpy30::GFP-H2PPEST::unc-54 dot-1.1zed (ap427)], unc-119 (+)] II; mir-48(n4097) xeSi287 V
xeSi176[Pdpy30::mCherry::H2B::unc-54; unc-119+] I; xeSi405 Pdpy30::GFPH2B-PEST::unc-54 3'utr with LCS 1/2 (lin-41) LCS 13-1648zed II;
N2;lin-41 perfect seed (xe83) I
N2; lin-41 perfect seed (xe83) I; let-7 (n2853) X
N2, lin-41(ap427) I (PQ570)
N2, lin-41 (ap427), I; miR-48(n4097) V xeSi287 [Plet-7::let-7] V;
N2; (xe76) lin-41 (ap427, GU corrected at position 8) I
N2; (xe76) lin-41 (ap427, GU corrected at position 8) I; mir-48 (n4097) V
N2; (xe76) lin-41 (ap427, GU corrected at position 8) I; mir-48 (n4097)
xeSi287 [Plet-7::let-7] V
N2; (xe76) lin-41 (ap427, GU corrected at position 8) I; let-7 (n2853) X
N2; (xe99); lin-41(48zed, 3’UTR to contain miR-48 specific sites (48zed as
the reporters = specific to mir-48)
N2, lin-29(xe61[lin-29::gfp::3xflag]) II
N2, lin-41 perfect seed (xe83) I; lin-29(xe61[lin-29::gfp::3xflag]) II
xeSi117[Plet-7::GFP(PEST)-H2B::unc-54 3'UTR, unc-119 (+)] II
xeSi100[Pmir-48::GFP(PEST)-H2B::let-858 3'UTR, unc-119 (+)] II
xeSi406[Pmir-241(esquela)::GFP::H2B::PEST::unc-54] II
xeSi407[Pmir-241(1.3kb)::GFP::H2B::PEST::unc-54] II
xeSi61[Pmir-84::GFP(PEST)-H2B::let-858 3'UTR, unc-119 (+)] II
xeSi117[Plet-7::GFP(PEST)-H2B::unc-54 3'UTR, unc-119 (+)] II; mir-48/mir241(nDf51) V; mir-84(n4037) X [HW1191 x 803]
maIs140 [mir-241p::GFP + unc-119(+)]
xeSi408[Pmir-235long(pGB33.2)::GFP::unc-54] II
xeSi409[PmiR-235(pGB34.1)::GFP::H2B::unc-54] II
unc119(e2598) III; lin-15(n765) X; mjIs15[ajm-1::mCherry::LIN-15];
wIs51[scm::gfp, unc-119(+)]

2274

2275
2151
2142
2143
2276
2269
2103
2138
(Broughton et
al., 2016)
2102
2069
2140
2117
2139
2228
1822
2147
1191
1223
2278
2279
1127
1963
1645
2280
2281
647
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scm::gfp; lin41(xe83)
dpy-5:GFP
rab-3::GFP
egl-17::mCherry
myo-3::RFP
Peft-3::GFP
unc-54+let-7
sites + C.br linker
unc-54+let-7
sites + C.br
linker; let-7ts
miR-235(-)
miR-235 seed
mutant

unc119(e2598) III; lin-15(n765) X; mjIs15[ajm-1::mCherry::LIN-15];
wIs51[scm::gfp, unc-119(+)]
ttTi5605, xeSi339 [pDpy-5 - npp-9::GFP::BLRP::3xFLAG - unc-54 3'UTR] II
jsIs682[rab-3p::GFP::RAB-3; pJM23]
rdvIs1 [egl-17p::Myri-mCherry::pie-1 3'UTR + egl-17p::mig-10::YFP::unc-54
3'UTR + egl-17p::mCherry-TEV-S::his-24 + rol-6(su1006)] III.
GW76, gwIs4[myo-3::RFP baf-1::GFP lacI let-858]
ttTi5605; oxSi221[eft-3::GFP] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi209[Pdpy30::GFP-H2PPEST::unc-54 3'utr LCS with linker from C. briggsae, unc-119 (+)] II
xeSi176[Pdpy30::mCherry::H2B::unc-54] I; xeSi209[Pdpy30::GFP-H2PPEST::unc-54 3'utr LCS with linker from C. briggsae, unc-119 (+)] II; let-7
(n2853) X
miR-235(n4504) I

2144
1978
1374
RDV55
GW76 (Towbin
et al., 2012)
1057
1378
1379
1072

miR-235(xe181) I

2643

Plasmids

Name
pCM1.1
51
pCM5.3
7

Insert

pdpy-30

Plasmid
pENTR_L1
-L2
pENTR_R2
-L3
pENTR_L4
‐R1

pFA173

pCFJ210

Pdpy30::mCherry::H2B::unc-54 3'UTR

pGB0

pENTR_R2
-L3

pGB01

pCFJ150

pGB02

pCFJ150

pGB07C

pCFJ150

pGB11A

pCFJ150

pGB19

pCFJ150

pGB26

pGB28

pIK37
pDONR_P
4-P1
pDONR_P
4-P1

pGB29

pCFJ150

pGB27

Cloning
technique

Cloning Reagents
(Oligos, plasmids or
References)

mCherry-H2B

(Merritt et al., 2008)

unc-54 3’UTR

(Merritt et al., 2008)

Pdpy-30

unc-54 3' UTR with AscI site
Pdpy30::GFP::H2B-PEST::unc-54 3'UTR with
AscI site
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
LCS 1/2 (lin-41)
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
LCS 1/2 (lin-41) 48ized
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
LCS 1/2 (lin-41) linker from C. briggsae
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
LCS 1/2 (lin-41) LCS 13-1648zed
Plet-7::let-7 (Promoter + minimal rescue
fragment from Slack)
Pmir-241 (esquela Kercher boundaries)
Pmir-241 short
Pmir-241(esquela)::gfp::H2B/Pest::unc-54

LR
reaction
Site
directed
mutagene
sis
LR
reaction
Gibson

(Ecsedi et al., 2015)
pdpy-30 x pCM1.151
x pCM5.37
Based on (Zheng et
al., 2004)
pdpy-30 x pGFP::H2B
x pGB0

Gibson

pGB01 x LCSwt
pGB01 x LCS 48ized
(ATT bulges)
pGB01 x LCS brig
linker

Gibson

pGB01 x GBgblock01

Gibson

Gibson
BP
reaction
BP
reaction
LR
reaction

GB108/GB105
GB116/GB117
GB117/GB118
pGB27 x pGFP::H2B x
pCM5.37
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pGB30
pGB31
pGB33.
2
pGB34.
1
pGB35.
2
pGB36.
2

pCFJ150
pDONR_P
4-P1
pDONR_P
4-P1

Plin-48::GFP (pTJ1157)
PmiR-235long_deleted tRNAs
PmiR-235 (NO blmp1 site)

pCFJ150

PmiR-235(long)::GFP::H2B/PEST::unc-54

pCFJ150

PmiR-235(short)::GFP::H2B/PEST::unc-54
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
lin4 binding site wt
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
LCS 1/2 (lin-41) 48ized perfect seed
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
LCS 1/2 (lin-41) LCSs perfect seed

pGB37

pCFJ150

pGB45

pCFJ150

pGB46

pCFJ150

pGB48

pIK198

pGB49
pGFP::H
2B

pCFJ150
pENTR_L1
-L2

pIK155
pIK208
plin41sgRN
A

LR
reaction

Pmir-241(1.3kb)::gfp::H2B/Pest::unc-54

pIK198

sgRNA targeting lin-41 LCS1 (same as in
Broughton 2015)
Pdpy30::GFP-H2P-PEST::unc-54 3'utr with
dot1.1 sites (as in ap427)

BP
reaction
BP
reaction
LR
reaction
LR
reaction

pGB28 x pGFP::H2B x
pCM5.37
(Johnson et al., 2001)
GB123/GB124
GB124/GB125
pGB33.2 x pGFP::H2B
x pCM5.37
pGB34.1 x pGFP::H2B
pCM5.37
pGB01 x GBgblock06

Gibson

pGB01 x GBgblock09

Gibson

pGB01 x GBgblock10
LCS1 sgRNA
sense/LCS1 sgRNA
antisense in NotI site

Gibson
Gibson

GFP(PEST)-H2B (pBMF2.7)

pGB01 xGBgblock11
Wright et al., 2011
(Wright et al., 2011)

Peft-3::Cas9::tbb-2 3’UTR
sgRNA targeting dpy-10 (sgRNA sequence
GCTACCATAGGCACCACGA)

(Katic et al., 2015)

pU6::lin-41sgRNA

(Ecsedi et al., 2015)

Oligos
Name

Purpose

Sequence

GB66 n2853 fwd
GB67 wt fwd

to genotype let-7 locus_66/68 (n2853)
67/68 (wt)

tacactgtggatccggtgaca
tacactgtggatccggtgacg

To sequence the unc-54 3’UTR

atacagttcttgcgactccga
agagctccgcatcggccg

GB68 rev
GB97
GB98
GB99
GB105

mir-48(n4097) deletion genotype

ggtagcaccacgttattgaatgaaac
caccttgatgacgataccatcgg

amplifies the minimal rescue let-7
fragment (Reinhart et al., 2000)
flanked by pIK37 sequences for gibson

gcgtgtcaataatatcactcggtaccctccctcttttaagcctg

ccgtcgaagacccaataaga

GB110

genotype of chr V: 109/110 (transgenic
band) and 109/111 (wt band)

GB111
GB116

Pmir-241 cloning (long)

GB108

GB109

atccagtcactatggcggccctgaaaactaaaaacactaacaaagaattg

tatcgtaaatcggcgcgagc
atgaaaggcaagcgtgaact
ggggacaactttgtatagaaaagttggtgtcgtcgtgttctaaatgttcc
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GB117
GB118

Pmir-241_ 1.31 kb (short)

ggggactgcttttttgtacaaacttgcactttgacacccccgcggtttg
ggggacaactttgtatagaaaagttggcatacccttctcagcttcaccag

GB124
GB125

Pmir-235_ GW attB1r
Pmir-235 (short) GW_ GW attb4 fwd

ggggactgcttttttgtacaaacttgctgatcctgatatcttcggacg
ggggacaactttgtatagaaaagttgtcattcatcgttatgtcattgtg

GB128
GB129

mir-235(n4504) genotyping

tctccttcttttggcagtcgatc
gcaaacaagatgggcgtactc

GB130
GB142
GB143
GB149
GB153
GB155
GB160
mosSCI_fw_outside
mosSCI_rv_unc119
mosSCI_fw_GFP
mosSCI_rv_outside
Right rec II rv
Left rec fw
mir-48 mir-241 fwd
mir-48 mir-241 rev
mir-48/241 del int
rev
mir-84 fwd
mir-84 rev
right rec I fw
left rec I rv

to amplify let-7(++) inside the universal
mossci site on chr V
Amplifies the LCSs in lin-41 3'UTR
to genotype lin-41(xe76), use with
gb149
to genotype lin-41(xe99)_use with
gb149
5' integration mossci site (chr II or
universal)
3' integration of GFP reporter in chr II
mossci site
To genotype wild type chr II (680bp in
wt; 1970 with Mos1)
genotyping of mir48/241(nDf51)_fwd/rev (mutant)
fwd/rev int (wt)
genotyping of mir-84(n4037), amplifies
a shorter product in the mutant,
Ta=52C (wt = 1694bp, about 905bp if
mutant)
genotyping of wild type chr I

gggcggaccttcaattggtac
gcccgggcgtgtcaataatatc
atatccagtcactatggcggcc
ttcccatccattcatatggc
taaaattgggtgcgcaagaag
ggtttcaatggttcatgaggtug
gaggcagaattcagtagatgc
cag aat gtg aac aag act cg
caaggacttggataaattggc
ggc cgt cac caa gta c
ggaggcgaacctaactg
tgaatttggcttgtaacgcgga
agacgacgagccacttgctca
ttgggtttgttttggctctc
cgttcgcactctctgttctg
cagatgtgtgtagacggcaaag
gcaacgggaagctctgttac
aagtatcattcagcttcaattttgtc
atagctctctcgcatactcgaattcc
cgaggtgtcggccgctaaa
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gBlocks
and other oligos used for CRISPR editing
g
Description
LCS1 & 2 wild type
48zed sites (site1 mutated to att bulge - wt has
gtt)

LCSs 13-16nt 48zed_att bulge

LCS 1-2 48ized_ATTbulges_Perfect seed

LCS 1-2 wt_perfect seed
dot1.1 sites in LCS environment containing sites
exactly as in ap427 (pGB47&Gblock 11 are
slightly different) for reporter
LCS1&2(lin41,Celegans)with 12nt from
C.briggsae_for Gibson
lin-4 site(lin-28)_wt

Oligos
Description
dpy-10 repair oligo for co-crispr mix
miR-235 sgRNA

Name

Sequence

Name
AF-ZF-827 (Arribere
et al., 2014)
mir235 sg sense
mir235 sg antisense

Sequence
CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAAACCGTACCGCAT
GCGGTGCCTATGGTAGCGGAGCTTCACATGGCTTCAGACCAACAGCCTAT
GCTGGAA
TTGCAATT
AATTGCAAATCTAAATGTTTttctacactcaacgcgatgtGTTTAAGAGCTATGCTGG
AA
TTCCAGCATAGCTCTTAAACacatcgcgttgagtgtagaaAAACATTTAGATTTGCA
ATT
gatggttcttaattttctatctattccttattcttccaagtgctatctattcgtttgctgaaaatcgtccgaa
gatatcaggatcaggccttggctgattTACCaattgttcaccgtgaaaattaaataGGTAactctcc
ccggcctgatctgagagtaaggcgaagctgaattgactttaattcgacaggtttgttttt
AAGTATACCTTTTATACAACCGTTCTACCTCAACGCGATGTAAATATCGCAAT
CCCTTTTTATACAACCATTCTaCCTCTGAACCATTGAAACCTTCTCCCGTACTC
CCACCAATAGATTATTGCACTTTTCTGAGAGTTTTTCTG
GAATTAAAACACCCACAATAGCACCTCTTTTCCTCAAATTGCACCAACTCAAG
TATACCTTttgcatctgaactcccCtacctcatCGCGATGTAAATATCGCAATCCCTTTt
tgcatctgaactcccCtacctcatGAACCATTGAAACCTTCTCCCGTACTCCCACCAAT
GAATTAAAACACCCACAATAGCACCTCTTTTCCTCAAATTGCACCAACTCAAG
TATACCTTttgcatctgaactcccCtacActcatCGCGATGTAAATATCGCAATCCCTTT
ttgcatctgaactcccCtGcctcatGAACCATTGAAACCTTCTCCCGTACTCCCACCAA
TAGATTATTGCACTTTTCTGAGAGTTTT
AAGTATACCTTGCATCTACTGAATTCTACACTCAACGCGATGTAAATATCGC
AATCCCTTTGCATCTACTGAATTCTGCCTCTGAACCATTGAAACCTTCTCCCG
TACTCCCACCAATAGATTATTGCACTTTTCTGAGAGTTTTTC
AGTATACCTTGCATCTACTGAATTCTACCTCAACGCGATGTAAATATCGCAAT
CCCTTTGCATCTACTGAATTCTaCCTCTGAACCATTGAAACCTTCTCCCGTACT
CCCACCAATAGATTATTGCACTTTTCTGAGAGTTTTTCTG

ttctcttaatttctttgtGGATTGCACCAACTCAAGTATACCTTTTATACAACCGTTCTACACTCA
ACGCGATGTAAATATCGCAATCCCTTTTTATACAACCATTCTGCCTCTGAACCATTGAAAC
CTTCCGCGCCtttttagcttcttttaagtc
LCS wt
ttctcttaatttctttgtGGATTGCACCAACTCAAGTATACCTTGCATCTACTGAATTCTACACTC
LCS 48ized (ATT bulges) AACGCGATGTAAATATCGCAATCCCTTTGCATCTACTGAATTCTGCCTCTGAACCATTGA
AACCTTCCGCGCCtttttagcttcttttaagtc
ttctcttaatttctttgtGGATTGCACCAACTCAAGTATACCTTTTATtactCCaTTCTACACTCAA
CGCGATGTAAATATCGCAATCCCTTTTTATtactCCATTCTGCCTCTGAACCATTGAAACCT
TCCGCGCCtttttagcttcttttaagtc
GBgblock01
ttctcttaatttctttgtGGATTGCACCAACTCAGTATACCTTGCATCTACTGAATTCTACCTCAA
CGCGATGTAAATATCGCAATCCCTTTGCATCTACTGAATTCTaCCTCTGAACCATTGAAAC
CTTCCGCGCCtttttagcttcttttaagtc
GBgblock09
ttctcttaatttctttgtGGATTGCACCAACTCAAGTATACCTTTTATACAACCGTTCTACCTCAA
CGCGATGTAAATATCGCAATCCCTTTTTATACAACCATTCTaCCTCTGAACCATTGAAACC
TTCCGCGCCtttttagcttcttttaagtc
GBgblock10
ttctcttaatttctttgtGGATTGCACCAACTCAAGTATACCTTttgcatctgaactcccttacctcatCGC
GATGTAAATATCGCAATCCCTTTttgcatctgaactcccttacctcatGAACCATTGAAACCTTCC
GCGCCtttttagcttcttttaagtc
GBgblock13
ttctcttaatttctttgtGGATTGCACCAACTCAAGTATACCTTTTATACAACCGTTCTACACTCA
aaaacaccccttTTATACAACCATTCTGCCTCTGAACCATTGAAACCTTCCGCGCCtttttagctt
cttttaagtc
LCS brig linker
ccccctatttttgttattatcaaaaaacttctcttaatttctttgtGGcctcctcaaattgcactctcagggattcttttt
tttttcaaaCGCGCCtttttagcttcttttaagtcacctctaacaatgaaattgtgt
GBgblock06

LCS1 sgRNA sense
sgRNA from Broughton, 2016 to cut LCS1 LCS1 sgRNA
antisense
(modified from oligos A3427&3428)
mir-235 CRISPR seed mutant (seed
mutation in both mir-235 and mir-235*)

mir235 HR oligo 2
lin41 HR
perfect seed match in LCS1&LCS2 in lin-41 oligo_perfect
seed_sense
3'UTR (as in GBgblock10)_sense
dot1.1 sites in LCS environment for CRISPR
- GU corrected to GC
GB lin41 HR oligo1
dot1.1 sites in LCS environment for CRISPR
- with A bulge and GU wobble GB lin41 HR oligo2
endogenous GU corrected to GC
lin-41(48zed) allele, sites with imperfect
seed matches

48zed site HR oligo

lin-41(48zed) allele, sites with perfect
seed matches

48zed site perfect
HR oligo
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Appendix A (Additional results)
a) MiR-235: a seam cell specific miRNA
Of the six seam-enriched miRNAs, miR-235 caught our attention due to a recent publication that
describes its involvement in blast cell quiescence (Kasuga et al., 2013).

Figure 4.1 miR-235 characterization (A) Confocal analysis of a PmiR-235::GFP reporter confirms miR-235
hypodermal expression and extends it to head, tail and vulva. (B) A reporter with a shorter putative PmiR-235
sequence loses only hypodermal expression. (C) Worms carrying the same reporter as in (A) but treated with
blmp-1 RNAi show no altered GFP expression. (D) Starved L1s lacking miR-235 (miR-235 (-)) grown in poor
nutritional medium supplemented with cholesterol remain trapped in their cuticle (top panel) or display overproliferation of unidentified cells (bottom).

To confirm that miR-235 was indeed expressed in the seam cells, we generated two transgenic
lines carrying a putative promoter, nuclear GFP and unregulated unc-54 3’UTR. A ~1.5kb promoter
drove GFP expression in the head and in about five cells close to the anus, likely neurons, in L3 and L4
stage. GFP expression was detected also in the vulva, starting already in precursor cells in L3, as well
as in the hypodermis, both hyp7 and seam cells, where it started in young larvae and remained high
throughout development (HW2280, Figure 4.1A).
However, when we used a shorter putative promoter sequence (~1kb, HW 2281) not only GFP
hypodermal expression was low until adulthood, but also GFP was undetectable in seam cells at any
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stage (Figure 4.1B). Outside of the hypodermis, the expression pattern was unchanged. This suggested
the presence of a hypodermal-regulatory element in the 500bp sequence that differentiates the two
reporter strains (Figure 4.1A and B). We then scanned the promoter sequence of miR-235 for matches
to the blmp-1 motif and nhr-23 using the matrix-scan tool from RSAT (Thomas-Chollier et al., 2008)
(performed by Sarah Carl). The analysis indicated the presence of a putative site for the transcription
factor BLMP-1 (Horn et al., 2014), which is known for being expressed in the hypodermis and whose
ChIP peaks are often found in seam-enriched genes (see “2.3.2 Oscillatory gene expression”). However,
we could not detect any change in the expression of the transgene containing the long promoter when
BLMP-1 was depleted via RNAi (HW2280, Figure 4.1C) or when using a null blmp-1 allele (data not
shown), suggesting that another factor must be involved in the hypodermal expression of miR-235.

MiR-235 couples regulation of blast cells and nutritional cues
Usually worms go through four stages of larval development and molt before progressing to
the next stage. However, this happens only in the presence of food. In fact, after hatching in a fooddeprived environment, worms arrest development to enter a quiescent state (L1 arrest) until food is
available again. In contrast to wild type, animals lacking miR-235 do not arrest when grown in
nutritionally poor condition, but seem to molt and enter the L2 stage, as indicated by several markers:
lin-4, lin-42 and mlt-10 accumulation, absence of L1- alae, precocious blast cell development (P cell
ventral migration and M cell division) (Kasuga et al., 2013).
Surprisingly, when we repeated the experiment described by Kasuga and colleagues, which
involves growing synchronized L1 larvae without food for 3 days, we made the unexpected observation
that miR-235 mutant worms grew differently in different solutions. When grown in S-medium +
cholesterol, we noticed that most of the L1 mutant worms had the cuticle attached, probably about to
shed it, while some others had patches of over-proliferated cells whose origin was unknown (Figure
4D, bottom panel). On the contrary, wild type worms were normal and showed none of these
phenotypes. Mutants grown on S-medium without further cholesterol addition did not shed the
cuticles, but were rather trapped in it close to their mouth. The same was true for worms grown in Sbasal. Interestingly, miR-235(-) larvae in S-basal supplemented with cholesterol showed yet a different
phenotype. In fact, they looked rather dry or “dissolved” in the medium, as if they shed the cuticle
without having a new one to protect them. Lastly, when miR-235 mutant worms were grown in M9
buffer, which is the equivalent of PBS for cells, their tissue degenerated, whereas when cholesterol
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was supplemented, they either dried out (as observed for S-basal growing worms) or got trapped in
their cuticle (as in S-medium). Wild type worms looked normal or slim or had a swollen pharynx, at
most, in all conditions.
In conclusion, our data confirm and extend the function of miR-235 in controlling blast cell
quiescence (Kasuga et al., 2013). The phenotypes of miR-235 mutant animals in nutritionally poor
media supplemented with cholesterol confirms that the miRNA is important to stop development of
starved larvae and avoid improper L1/L2 molting in stressful environments, where animals would not
survive. The presence of unshed cuticle or of worms somehow “dissolved” in the media suggests that
the animals tried to molt, but then failed, as if their molting timing was wrong. Moreover, we
hypothesize that the different phenotypes that miR-235 mutant worms show in the different solutions
(M9, S-basal and S-medium) reflects a function of this miRNA in osmolarity sensing. We predict that
among the direct and indirect targets of the miRNA there could be cuticle proteins or components of
sensory organs, whose misregulation would affect the ability of the worm to sense and respond to
change in the osmolarity of the environment. However, this needs further testing.

Putative miR-235 targets
To find putative miR-235 targets we performed RNA sequencing of miR-235 null animals and
compared their transcriptome to wild type. Because we found miR-235 enriched in seam cells at the
L3 stage, we specifically looked at this stage. To avoid artifacts due to the oscillating gene expression
of the worms (Hendriks et al., 2014), which could lead to misleading gene expression profiles when
analysis is limited to one time point, we sequenced RNA extracted from worms harvested at 24h, 26h,
28h and 30h of development at 25°C and then combined in equal amounts for library preparation (in
collaboration with Stephane Thierry, FMI genomic facility).
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Figure 4.2 Genes upregulated in miR-235 (-) mutants (A) Comparison of miR-235 (-) mutant and wild type animal
identifies 33 upregulated genes. (B) The genes upregulated in miR-235 (-) mutants are enriched in seam cells and
specific to L4 animals. (C) The genes upregulated in miR-235 (-) mutants are high in L4 larvae or adult wild type
animals. Time course from 5h to 48h after hatching at 25°C. (D) The miR-235 mutant animals are younger than
the wild type counterpart is. Germline genes (red line) expression increases as the animal ages.

Comparison of mutant and wild type animals shows that very few genes are overexpressed in
the absence of the miRNA (gene list in the table below and Figure 4.2A). Nhr-91, which was previously
identified as a target important to maintain blast cell quiescence (Kasuga et al., 2013), was not among
those, but its repression might not be relevant in L3 or its change might be lower than the variability
that we detect in our experiment.
Since miR-235 is highly expressed in the seam cells, we wondered if the upregulated genes
that we identified are expressed in the same tissue. Figure 4.2 shows seam cells expression in L3 and
L4 stage, highlighting the upregulated genes upon miR-235 deletion. Notably, they are specifically
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expressed only in the seam cells at L4 stage. We confirm this result in Figure 4.2C where we displayed
those genes in the context of a full developmental time course in wild type.
We hypothesize that miR-235 loss allows in the hypodermis of younger L3 worms precocious
expression of some genes that are usually only expressed at the L4 stage. To rule out the possibility of
slight differences in timing between the wild type and the mutant samples, we quantified the
expression of previously described germ line genes, which increase gradually their expression with
time (Hendriks et al., 2014). If our miR-235 worm sample were developmentally older than the wild
type sample, then we would expect higher expression of the germ line genes in the putatively older
mutant. In contrast to this possibility, Figure 4. D shows that miR-235 sample is slightly younger than
the wild type because the germ line genes are slightly reduced in expression. This supports our
hypothesis that miR-235 causes precocious seam cell development. Nevertheless, we cannot exclude
that miR-235 has an impact on the germline; possibly leading to a smaller tissue that would also result
in reduced expression of germ line genes. Of note, we observed gonad migration defects in miR-235
mutant animals and reduced brood size count (90 in miR-235(-) vs. 182 in wild type).
Next, we scanned the upregulated genes to identify a seed match to miR-235 using TargetScan
(Agarwal et al., 2015), but only 2/35 genes had a canonical seed match (cut-1 and grl-23). In addition,
none of those genes was found ligated to miR-235 in Ago-chimeras (Broughton et al., 2016). Given the
absence of strong evidences to identify miR-235 targets, we concluded that the genes that upregulated
in the RNA-seq are likely misregulated as an indirect effect of the miRNA loss.

Discussion
The function of miR-235 in the arrest of blast cell quiescence in response to nutritional stimuli is
intriguing. Considering the effect that the nutritional state has on animal development, it could be
helpful to understand how nutritional cues and miRNAs affect development using the worms as a
model system. It has recently been shown that ethanol and amino acids provided to arrested L1 larvae
grown in poor nutritional media awaken blast cells from their quiescent state by activating the insulin
like signal in the hypodermis (Fukuyama et al., 2015). We observed a similar effect when larvae were
grown in media supplemented with cholesterol. Because we cannot rule out whether the effect is
purely cholesterol dependent, or rather ethanol dependent, as cholesterol is dissolved in ethanol, it
would be necessary to repeat our experiments in the presence of a control set of worms grown in
media supplemented only with the alcohol.
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Additionally, it would be worth to characterize further miR-235 by investigating how its
expression changes in poor nutritional conditions by growing the PmiR-235::GFP strain in the absence
or presence of ethanol. Maybe the shorter transgene, which showed no hypodermal expression (Figure
4B), will be expressed under nutritional stress. Furthermore, RNA-seq of miR-235 mutant worms grown
in the different poorly nutritional conditions might help understanding the mechanism underlying the
supposedly altered osmolarity sensitivity of the mutants and the changes involved in the L1/L2
transition induced by ethanol/cholesterol. We hypothesize that miR-235 might be required in stressful
conditions to control the cuticle, thus experiments to test if mutants normally enter or exit the
alternative dauer developmental stage, where yet another cuticle is needed, or if they have alterations
of the molting cycle (e.g. by luciferase assay (Olmedo et al., 2015)) would be required.
Considering that we show that miR-235 is specifically expressed in the hypodermis and that it
has already been shown to be important to keep the blast cells quiescent, additional studies focused
on the relationship between miR-235, food and the insulin-like signaling and their interplay in the
hypodermis will be important to understand how the nutritional state regulates developments.

Lastly, our results suggest that miR-235 activity might be needed beyond L1 stage. We suppose
that in L3 larvae miR-235 plays a key role in repressing L4 and adult genes. In fact, some of the
upregulated genes in miR-235(-) are cuticle genes that are L4 or adult specific collagens, hinting to the
possibility that the developmental timing of miR-235(-) worms might be altered particularly in the
cuticle formation or maybe more generally in the hypodermal tissue. Rol-1 is among the upregulated
genes, this collagen is typical of adult cuticles. The rol-1(e61) mutant in fact was used to determine if
genes have a precocious or retarded phenotype (Abrahante et al., 2003). Accordingly, if rol-1 is indeed
precociously upregulated, animals double mutant for miR-235 (-); rol-1(e61) would roll as young larvae,
due to the premature presence of adult cuticle. Even if rol-1 has no seed match to miR-235, the
precocious accumulation of this collagen might be a downstream effect of the loss of this miRNA. It is
intriguing to think that miR-235 might be part of the heterochronic pathway. To investigate this, the
rol-1 assay should be performed together with analysis of typical heterochronic phenotypes of the
hypodermis (seam cell fusion, seam cell number and alae secretion). Further experiments will clarify
the effects that lack of miR-235 has on worm physiology and will reveal if miR-235 will join the group
of miRNAs whose mutation causes heterochronic defects in C. elegans.
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It is worth mentioning that the available miR-235 mutant strain, miR-235 (-), harbors a deletion
that removes the miRNA stem loop, but affects the downstream gene by removing part of its promoter,
too. Even though it seems that the phenotypes are specific to the miRNA loss, as shown by Kasuga and
colleagues, we generated via CRISPR an additional mutant strain that specifically lacks the miRNA
function without affecting the nearby genomic context, by scrambling the seed sequence of the miRNA
(HW2643). RNA-seq of this strain will reveal if the upregulated genes in the miR-235 (-) strain are
specific to the loss of such miRNA.

Additional Material and Methods
MiR-235 (-) starvation experiment
Gravid adults of wild type or miR-235(-) were bleached as described previously and larvae hatched and
starved in one of the following media (with or without addition of 10ul [5mg/ml] cholesterol per 10ml
of medium) for 3 or 4 days on a rotating wheel at room temperature. S-basal (1L): 5.9g NaCl; 50ml 1M
KPO4 (pH 6.0); 1ml cholesterol (5mg/ml in ethanol); water up to 1L, autoclaved. S-medium complete
(100ml) : S-Basal + 300ul 1M MgSO4; 300ul 1M CaCl2; 1ml 100X trace metal solution; 1ml 1M
potassium citrate (pH 6). M9 (42 mM Na2HPO4, 22 mM KH2PO4, 86 mM NaCl, 1 mM MgSO4).
RNA sequencing and data analysis of miR-235(-) mutants Synchronized L1s of wild type N2 and miR235(-) (~1000/plate) were grown for 24h, 26h, 28h and 30h at 25 °C and then independently harvested
in TRIzol Reagent. RNA was isolated following manufacturer’s instruction. RNA quality was assessed
with an Agilent bioanalyzer prior to library preparation. The RNA from each of the four time points was
combined in equal amounts for library preparation with Truseq stranded mRNA sample preparation
kit (Illumina) and then sequenced on an Illumina HiSeq 2500 with the help of Stephane Thiery, FMI
Functional Genomics). The mRNA sequencing data was analyzed as previously described (Hendriks et
al., 2014). The data used in Figure 4.2C and D are published in (Hendriks, 2015) and (Hendriks et al.,
2014), respectively.
Genes upregulated in miR-235(-) mutants
Gene
name
cnc-4

WormBase ID

Description

WBGene00000558

col-2

WBGene00000593

col-36

WBGene00000613

col-37

WBGene00000614

cnc-4 encodes one of eleven C. elegans caenacin peptides; cnc-4 expression is strongly
induced after infection by the fungus Drechmeria coniospora.
col-2 encodes a member of the collagen superfamily containing collagen triple helix
repeats (20 copies); expression peaks during the molt that separates the L2 larval and
dauer stages as the dauer cuticle is being formed, and mRNA is expressed at low levels
in post-dauer L4 larvae and in adult animals.
col-36 encodes a collagen protein; expressed during the L1 to L2 and L2 to dauer larval
stage molts.
col-37 encodes a cuticle collagen.

col-40

WBGene00000617

col-40 encodes a cuticle collagen protein that belongs to the col-6 cuticle collagen family;
col-40 transcript is present in L1 larvae and at the L2d-dauer molt.

col-51

WBGene00000628

col-51 encodes a cuticle collagen.

col-60

WBGene00000636

developmental delay postembryonic
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col-63

WBGene00000639

col-88

WBGene00000663

col-120

WBGene00000694

col-122

WBGene00000696

col-140

WBGene00000713

col-181

WBGene00000754

col-183

WBGene00000756

cut-1

WBGene00000851

dao-4

WBGene00000930

dpy-14

WBGene00001075

grd-11

WBGene00001700

grl-23

WBGene00001732

grl-25

WBGene00001734

rol-1

WBGene00004394

mutant animals exhibit increased lethality as a result of exposure to environments with
a higher solute concentration than their own internal environment, compared to control.

col-181 is homologous to the human gene PRO ALPHA 1(I) COLLAGEN (COL1A1;
OMIM:120150), which when mutated leads to osteogenesis imperfecta.
cut-1 encodes a component of cuticlin, an insoluble residue of the nematode cuticle
required for alae formation and radial shrinking during dauer differentiation; expressed
specifically in the cuticle of dauer larvae and is secreted by the seam cells.
dao-4 encodes a novel protein, conserved amongst nematodes; dao-4 transcripts are
expressed at higher levels in wild-type adult animals than in daf-2 mutant adults at 25C,
suggesting that dao-4 expression is positively regulated by DAF-2/insulin-like receptor
signaling; reduced dao-4 expression in daf-2 mutants is dependent upon DAF-16.
dpy-14 encodes a type III (alpha 1) collagen that is required for embryonic, larval, and
vulval development, proper amphid morphology, and regulation of body shape and size;
a dpy-14 promoter-GFP fusion construct is reportedly expressed in embryonic neurons.
grd-11 encodes a hedgehog-like protein, with (from N- to C-terminus) a signal sequence,
four Ground domains, an short region of low-complexity sequence, and a Hint/Hog
domain; the Hint/Hog domain is predicted to cut GRD-2 into two halves and then
covalently link cholesterol to the C-terminus of the Ground domain; the four N-terminal
Ground domains are predicted to form one or more cysteine-cross-linked proteins
involved in intercellular signaling; Ground domains have subtle similarity to the Nterminal Hedge domain of HEDGEHOG proteins; grd-11 has no obvious function in RNAi
assays.
grl-23 encodes a hedgehog-like protein, with (from N- to C-terminus) a signal sequence,
a glycine-rich low-complexity region, a Ground-like (Grl) domain, and an acid-rich lowcomplexity region; the Grl domain is predicted to form a cysteine-cross-linked protein
involved in intercellular signalling, and it has subtle similarity to the N-terminal Hedge
domain of HEDGEHOG proteins.
grl-25 encodes a putatively hedgehog-like protein, with an N-terminal signal sequence
and an extended glycine-rich low-complexity region; GRL-25 is expressed in intestine and
the nervous system.
rol-1 encodes a nematode cuticular collagen required for normal body morphology at
the adult stage of development; rol-1 expression is under the control of the
heterochronic pathway, as heterochronic mutants that synthesize adult cuticle early
produce animals that roll as larvae, while heterochronic mutants that fail to execute
normal adult development never display the roller phenotype.
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b) Transcription factor motifs enriched in comparative analysis (paragraph 2.3.1)
Tables listing the transcription factor motifs identified in selected comparisons. Minimum p value of
10^4, except for seam L4 vs. seam L3 where the first two hits had a p value of 10^3. For the “seam vs
vulva” and “vulva vs. seam” comparisons, the genes identified in the “L4 seam cell” sample were used.
Strikethrough = genes are absent from the tissue of interest according to the GExplore database (Hutter
and Suh, 2016).
seam cells vs vulva
Motif Name TF name
M4691_1.02 elt-1
M4713_1.02 elt-1
M5221_1.02 unc-55
M6454_1.02 nhr-23
M1491_1.02 nhr-41
M1458_1.02 nhr-23
M1469_1.02 nhr-23
M1497_1.02 nhr-41
M1459_1.02 nhr-23
M3837_1.02 nhr-23

Consensus
AGATRDTATC
GATAANVATCT
TGACCTT
TGACCTASTTWT
DTGACCTN
NNTGACCTCN
NTGACCTS
NNTGACCY
RNTGACCTCD
WTGACCTTGATWY

vulva vs seam cells
Motif Name TF name
M4343_1.02 daf-19
M4504_1.02 egrh-1
M3295_1.02 fkh-6
M5182_1.02 ces-1
M3830_1.02 daf-19
M1971_1.02 egrh-1
M4897_1.02 C27D6.4
M2943_1.02 hlh-11
M6180_1.02 crh-1
M5270_1.02 ceh-22

Consensus
P-value
GGTTGCCATGGCAA 1.00E-07
GGBGCGGGGGCGGR 1.00E-07
NSNVAGTAAATAAAC 1.00E-06
1.00E-06
CAACAGGTGGT
NDGTHRCCATGGCA 1.00E-05
GGCGGGGGCGGGGG1.00E-05
GVTBACGTGGCA
1.00E-05
AGARYCAGCTGYGGT 1.00E-05
GTGACGTCA
1.00E-04
1.00E-04
GCACTTGAGC

P-value
1.00E-10
1.00E-07
1.00E-05
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
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L3seam vs L4seam
Motif Name TF name
M5860_1.02 ets-4
M2337_1.02 gei-11
M4691_1.02
M5184_1.02
M4577_1.02
M1511_1.02
M3960_1.02
M4512_1.02
M6208_1.02
M5163_1.02

Consensus
P-value
ACCCGGATGTR
1.00E-03
GTGTCGGCCGCT
1.00E-03
AGATRDTATC
1.00E-02
TKCAACAGGTGGT 1.00E-02
YATKNCCAWATAAG 1.00E-02
WWGGCCCCCC
1.00E-02
GBCCAWATAWGGM 1.00E-02
HTTKCCTTATATGG 1.00E-02
MMCMGGAAGTSC 1.00E-02
STTAATCC
1.00E-02
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c) Additional miRNA reporters

Figure 4.3 (A) Quantification of reporters containing lin-4 binding sites from the lin-28 3’UTR in the hyp7 cells of
wild type, lin-4(-) and miR-237(-) animals at the L4 stage. The sites are specifically silenced by lin-4.
(B) Quantification of reporters containing the wild type let-7 sites spaced by the 12nt linker from C. briggsae lin41 3’UTR sequence (wild type linker is 27nt). De-silencing of the reporter is let-7 dependent in the unc-54_let-7
sites +C.br linker, too, and not affected by the change in the linker.
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