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ABSTRACT

Regulation of gene expression in eukaryotes is highly precise and complex. Changes in
expression can define the fate of each cell, convert healthy tissues to diseased ones, and even
lead to speciation. Regulation occurs at the steps of transcription, mRNA processing and
stability, and translation. In the last decade, the scope of post-transcriptional regulation has been
dramatically widened through uncovering widespread small RNAs as critical regulators of gene
expression in eukaryotes.

MicroRNAs (miRNAs) compose a major class of small regulatory RNAs. They are ~22-nt in
length and bind to complementary sites in messenger RNAs to direct their degradation and
translational repression. A central question for uncovering the biological roles of miRNAs is to
understand how they find their target mRNAs, and a decade of work has highlighted one feature
as most critical: base pairing between the 5’ end of the miRNA and a complementary site usually
located in the 3" UTR. One particular miRNA from the model organism Caenorhabditis elegans,
called Isy-6, had in earlier studies not followed this principal, as most complementary sites were
not repressed, which both intrigued and confounded the field.

This thesis presents studies of Isy-6 targeting, conducted in human cell lines using heterologous
reporter assays, which uncovered the reasons for this miRNA’s generally poor targeting
proficiency. These reasons are the weak pairing stability between Isy-6 and a target site in an
mRNA, as well as the high number of endogenous mRNAs Isy-6 can bind to. Through a
collaboration, the importance of RNA pairing stability and target concentration for miRNA
targeting was extended to other miRNAs and siRNAs. Besides reconciling the unusual targeting
behavior of /sy-6 with the widely accepted model of miRNA targeting, these results also further
suggest a mechanism of repression of its in vivo targets that is more complex than for most other
miRNAs.
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Chapter 1

Introduction

Cis-regulatory elements: important regulators of gene expression
Over billions of years, evolution has tinkered with the composition of life, adjusting not only
which genes are included in a cell or organism, but how much each gene is expressed, and where
and when this happens. A large enough ensemble of small changes in the expression of different
genes can lead to different biological outcomes, such as the divergence of one species into two,
or the conversion of a healthy tissue to a diseased one. Regulation of gene expression is thus
characterized by a high degree of precision and complexity.

Sampling genetic variation in cis-regulatory elements—relatively short tracts of DNA or
RNA sequence that influence how genes are expressed—enables the testing of different levels of
gene activity in an organism. This process can potentially yield new phenotypes that could be
subject to selection, but yet are subtler than those resulting from changes in coding sequence that
often directly impact the molecular structure and function of the encoded gene product.
Comparative genome analyses of different model organisms has shown that cis-regulatory
complexity is correlated with organismal complexity (Levine and Tjian, 2003); modulation of
cis-regulatory sequences may also be a principal driver of morphological diversity during
evolution (Carroll, 2000).

DNA cis-elements are central to transcription regulation, where they serve as binding
sites for regulatory proteins (¢rans-factors). In all the post-transcriptional steps of gene

expression in eukaryotes—including mRNA processing, translation and RNA localization—



RNA cis-elements can serve as binding sites for regulatory proteins or ribonucleoprotein
complexes. RNA cis-elements can also fold into defined structures that modulate gene activity.
In the cases where cis-elements bind frans-factors, interplay between the evolution of cis-
sequences and the sequence specificities of trans-factors can add further layers of complexity to
gene regulation.

One classic example of gene regulation—oft repeated in biology textbooks and Ph.D.
theses—is that proposed by Jacob and Monod, a broadly descriptive model developed from
studies of the lactose system in E. coli (Jacob and Monod, 1961). In essence, they developed the
idea that repressors could interrogate genes to regulate their corresponding messenger RNA
synthesis or protein synthesis, thereby controlling protein output. Their prescient notion of a
regulatory molecule binding to a target gene to control its expression remains, 50 years later, the
paradigm in post-transcriptional control of gene expression.

A perfectly emblematic modern-day example of this, which has garnered significant
interest in the last decade, is the repression of mRNAs by tiny ~22-nt RNAs called
“microRNAs.” MicroRNAs (miRNAs) bind complementary sites in the mRNAs of protein
coding genes to inhibit their expression through degradation and translational repression
(Ambros, 2004; Bartel, 2004). Since miRNAs and their binding sites are ubiquitous in the
mRNAs of plants and animals, this pathway represents a compelling example of post-

transcriptional regulation of gene expression, one detail of which is the subject of this thesis.
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It all started with a purple petunia. Working at a biotech company in California in the late
1980’s, Rich Jorgensen and others sought to impress investors with their skill in genetically
modifying plants, so they added extra copies of a gene conferring purple pigment to petunias, to
intensify the flowers’ purple color. Unexpectedly, they produced flowers that appeared
variegated, or even completely white, and a mystery was born.

Jorgensen and colleagues termed the phenomenon “co-suppression,” referring to the fact
that the activity of both the transgene and the homologous endogenous pigment gene was
suppressed (Napoli et al., 1990), and in parallel another group in the Netherlands arrived at
identical results (van der Krol et al., 1990). Post-transcriptional gene silencing (PTGS) induced
by transgenes or viruses was soon found in other plants, as well as in the fungus Neurospora
crassa where it was termed “quelling” (Cogoni et al., 1996; Romano and Macino, 1992).
Through these studies it was found that introduction of transgenes or viruses could lead to their
rapid degradation, as well as that of any endogenous homologs, but what triggered the process
remained unknown.

Studies in the nematode C. elegans would find a similar role for post-transcriptional gene
silencing, and importantly, define the trigger: double-stranded RNA (dsRNA). One early hint
that RNA was involved came when researchers injected an RNA antisense to the par-/ mRNA in
order to block its expression through presumed interference with translation, a common
technique at the time. It worked, but injection of a sense RNA (the negative control) worked as
well (Guo and Kemphues, 1995). A few years later, Andrew Fire and Craig Mello and colleagues

discovered that injecting dSRNA corresponding to an endogenous gene was much more efficient
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at gene silencing, in some cases even spreading to the offspring (Fire et al., 1998). The silencing
observed from sense or antisense RNAs to par-1 in the Guo and Kemphues paper probably
resulted from contaminating amounts of dsRNA.

“RNA interference,” or “RNAi” as it was known, thus represented the potent and specific
silencing by dsRNA (Fire et al., 1998). The following year it was reported that 25-nt RNAs were
associated with PTGS in plants (Hamilton and Baulcombe, 1999). It was confirmed that small
RNAs, processed from long dsRNA precursors, were directly responsible for gene silencing in
studies using Drosophila cell or embryo extracts in which 21- to 23-nt RNAs processed from
dsRNA precursors lead to cleavage of homologous mRNAs (Hammond et al., 2000; Zamore et
al., 2000).

The nature of dsRNA that enters the RNA1 pathway depends on its origins. It can be a
bimolecular duplex, as is the case for siRNAs, or it can be a unimolecular RNA that folds into a
hairpin with extended double-stranded character, as is the case for miRNAs. Bimolecular
duplexes can result from either the pairing of sense and antisense transcripts, or the activity of
RNA-dependant RNA polymerases (RdRPs) that are present in plants, fungi, and nematodes, but
absent in flies and mammals (Ahlquist, 2002). Viral derived dsRNAs, such as a replication
intermediate for an RNA virus, will also readily enter the pathway in plants, as well as in animals
with more rudimentary immune systems like nematodes and flies, highlighting what is likely to
be one of the original purposes of RNAi—defense against viruses (Shabalina and Koonin, 2008).

An RNase III enzyme called Dicer processes long dsSRNAs into ~22-nt siRNA duplexes
in a phased manner, leaving each strand with a 5’ phosphate and 2-nt 3" hydroxyl overhangs

(Bernstein et al., 2001; Elbashir et al., 2001a; Ketting et al., 2001; Zamore et al., 2000). After
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loading of the duplex into the RNA induced silencing complex, or “RISC” (Hammond et al.,
2000; Martinez et al., 2002; Nykanen et al., 2001), one strand is stably incorporated. Selection of
the loaded strand is dictated by the relative thermodynamic stabilities of each end of the
duplex—the strand whose 5’ end lies at the end with lower stability (resulting from mismatches,
bulges, or more A:U or G:U pairs) is the one that stays (Khvorova et al., 2003; Schwarz et al.,
2003), known as the guide strand. The opposite passenger strand is cleaved by RISC, and then
the cleavage fragments are released (Matranga et al., 2005; Miyoshi et al., 2005; Rand et al.,
2005). The sequence of the loaded siRNA then provides specificity for finding a target that is
perfectly or nearly perfectly complementary (Bernstein et al., 2001; Elbashir et al., 2001a;
Zamore et al., 2000). Once the siRNA pairs to a target within RISC, the central effector protein
of complex, the endonuclease Argonaute, directs cleavage of the target between nucleotides
opposite positions 10 and 11 of the siRNA (Elbashir et al., 2001a; Elbashir et al., 2001b; Liu et
al., 2004; Song et al., 2004). Upon target release, the siRNA loaded RISC can go on to mark

other target RNAs for cleavage (Haley and Zamore, 2004; Hutvagner and Zamore, 2002).

Huge numbers of small RNAs

miRNAs

While the molecular details of RNAi were being worked out, researchers were also discovering
hundreds of endogenous small RNAs in plants, worms, flies, and mammals. Years earlier,
researchers had unlocked a regulatory role for the non-coding 22-nt RNA /in-4 in controlling
larval development in C. elegans (Lee et al., 1993). Another RNA of the same size was later

discovered, and it was also shown to have a role in the C. elegans heterochronic pathway, at a
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later stage than /in-4 (Reinhart et al., 2000; Slack et al., 2000). Homologs of this RNA, /et-7,
were soon found in the human and Drosophila genomes, and could be detected by Northern blots
of samples from more than a dozen bilateral animals (Pasquinelli et al., 2000). As had been
suggested for /in-4 earlier, the mature /et-7 RNA was also predicted to originate from an unstable
precursor transcript that formed a conserved stem-loop structure. Within a year this class of
small RNAs would grow from two to more than one hundred when three labs cloned dozens of
new genes encoding small RNAs in worm, fly, and human (Lagos-Quintana et al., 2001; Lau et
al., 2001; Lee and Ambros, 2001). These additional small non-coding RNAs were found to be
conserved, have varied expression profiles, and joining founding members /in-4 and let-7,
became known as microRNAs, or miRNAs.

In the last ten years, the number of newly described miRNAs has skyrocketed, and
current estimates number well over 500 in humans, about 200 in the model plant Arabidopsis
thaliana, and close to 150 each in Drosophila and C. elegans. MicroRNAs have even been found
in distantly branching simple animals like the marine sponge Amphimedon queenlandica, where
8 were cloned (Grimson et al., 2008). An Internet registry called miRBase contains a
comprehensive list of published miRNA sequences (albeit containing a number of false positives
resulting from sequencing and computational predictions that fail further experimental

confirmation)(Kozomara and Griffiths-Jones, 2011).

Endogenous siRNAs
Deciphering the trigger for RNAi depended in part on the robustness of C. elegans processing

exogenously sourced long dsSRNA molecules into short siRNA duplexes capable of gene
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silencing. Worms also have two major classes of endogenous siRNAs, 22- or 26-nt in length
(Claycomb et al., 2009; Gu et al., 2009b; Han et al., 2009; Ruby et al., 2006). They map to a
fraction of protein coding genes (and also intergenic regions), including many germline-
associated and stage-specific genes, in both sense and antisense orientations with respect to
coding sequences. C. elegans encodes an RARP that is thought to amplify initial “primary”
siRNAs into a greatly increased number of “secondary” siRNAs, using transcripts
complementary to the primary siRNAs as templates (Pak and Fire, 2007; Sijen et al., 2007). The
details of how RdRP is recruited by primary siRNA-loaded Argonautes to templates are
unknown. The amplification is also not Dicer-dependent, so the mechanism by which the long
dsRNA precursors are processed into small secondary siRNA duplexes also remains a mystery.
Since the secondary siRNAs heavily outnumber the primary siRNAs, distinguishing the two
populations by high-throughput sequencing methods remains an unsolved challenge.

Flies have endogenous siRNAs originating from a variety of sources—transposons,
mRNAs, and long hairpins precursors (Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et
al., 2008; Okamura et al., 2008). Like in worms, the canonical RNAi pathway in flies also
readily processes exogenously derived dsRNA substrates into small siRNA duplexes that can
silence genes.

Even yeast have siRNAs. In contrast to their post-transcriptional silencing roles in plants
and animals, siRNAs in the fission yeast Schizosaccharomyces pombe direct transcriptional
silencing. After being loaded into the RN A-induced initiation of transcriptional gene silencing
(RITS) complex, they direct histone methylation on their target loci, leading to heterochromatin

formation (Reinhart and Bartel, 2002; Verdel et al., 2004; Volpe et al., 2002). The budding yeast
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Saccharomyces castellii has siRNAs that direct post-transcriptional silencing through an RNAi
pathway in which a single Dicer and Argonaute protein are sufficient for post-transcriptional
silencing (Drinnenberg et al., 2009).

In Arabidopsis thaliana, there are several classes of siRNAs that can be distinguished by
their lengths, modes of biogenesis, and targets (Ghildiyal and Zamore, 2009; Mallory and
Vaucheret, 2006). Natural antisense siRNAs (natsiRNAs ) and trans-acting siRNAs (tasiRNAs)
are endogenous siRNAs that silence near perfectly matched mRNAs through cleavage, while cis-
acting siRNAs (casiRNAs) direct DNA methylation and histone modification at homologous

loci.

PIRNAs

Another class of metazoan small regulatory RNAs is the PIWI-interacting RNAs
(piRNAs)(Aravin et al., 2006; Girard et al., 2006; Lau et al., 2006). They arise from genomic
clusters that are expressed and amplified by a still to be worked out mechanism and silence
transposons and repeat elements (Aravin et al., 2007). Their activity seems to be especially
important in the germline, where transposons can be very active during early stages of
development. The C. elegans version of piRNAs appears to be the 21U-RNAs which were
originally named for their size and first nucleotide preference (Ruby et al., 2006); 21U-RNAs

were later found to share some similarities to piRNAs (Batista et al., 2008; Das et al., 2008).

Others

The lack of similarity between animal and plant miRNA identity (and structure—plant miRNAs
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tend to be processed from stem loop precursor transcripts that are generally larger and more
variable in size) implies that these pathways evolved convergently. An ancestral RNAi pathway
probably consisted of siRNA- and piRNA-like small RNAs for defense against viruses and
transposons. It is likely that still other mechanisms exist by which siRNAs can be generated or
function in other less studied organisms, yet to be discovered. Recently bacteria and archaea
have been found to have their own cohort of small RNAs that can silence genes using a distinct
set of proteins in the CRISPR pathway (Marraffini and Sontheimer, 2010). Some bacterial and
archaeal species also contain Argonaute related proteins (Makarova et al., 2009). CRISPR differs
in many ways from RNAi—the small RNAs tend to be slightly longer, the effector proteins are
different and not conserved in any metazoans examined thus far, and silencing occurs at the
DNA level (to destroy plasmids and phage) in all but one example characterized (Hale et al.,
2009). Nevertheless, it’s interesting to note that both CRISPR and RNA1 appear to have evolved
originally to silence parasitic elements like phage, viruses, and transposons, often by cleaving the
nucleic acid portions of these elements directly and using the resulting products to target
additional copies of these elements. In plants and animals, the RNAi machinery was adapted to
serve the miRNA pathway, in which endogenous small RNAs repress genes in trans, targeting

mRNAs arising from loci apart from which the miRNAs arise (Bartel, 2004).

miRNA biogenesis and origins
The distinction between endogenous miRNAs and siRNAs in metazoa arises not from their
functional differences, but from their biogenesis and origins. Since both classes are similar in

length and have the same chemical moieties on their ends, miRNAs can direct target cleavage on
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sites with high complementarity (Hutvagner and Zamore, 2002; Song et al., 2004; Yekta et al.,
2004), and siRNAs can function as miRNAs on sites with only partial complementarity, like
those typical of miRNA targets (Doench et al., 2003).

The types of genomic loci miRNAs arise from are diverse: independent transcription
units, polycistronic transcripts encoding multiple miRNAs, and within the introns or exons of
protein coding genes (Kim et al., 2009). MicroRNAs are transcribed by RNA Polymerase II into
primary miRNA transcripts (pri-miRNAs) of ~120-nt that fold into stem-loop structures (Figure
1). The pri-miRNA is composed of a hairpin containing the miRNA and a partially
complementary sequence that are connected by a loop at one end, flanked by long single
stranded regions at the other end. The first processing step removes the single-stranded flanks
through the nuclear RNase III enzyme Drosha with its cofactor DGCR8/Pasha (Denli et al.,
2004; Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004; Lee et al., 2003). Cleavage
occurs at ~11-nt, or roughly one helical turn, from the base of the stem, which determines one
end of the eventual mature miRNA duplex (Han et al., 2006). The resulting pre-miRNA is then
exported to the cytoplasm via Exportin-5 (Lund et al., 2004). In the cytoplasm, Dicer, the same
RNase III enzyme responsible for processing long dsRNA into siRNA duplexes, processes pre-
miRNAs. After recognizing the free end containing the 2-nt 3’ overhang left by Drosha, Dicer
cleaves off the terminal loop at the other end by measuring roughly two helical turns away (Lee
et al., 2002; Macrae et al., 2006), generating the final ~22-nt miRNA duplex containing the
miRNA and miRNA* (miRNA “star”) with 2-nt, 3" overhangs on each strand. This short duplex
maintains the imperfect pairing characteristic of the stem of the original pri-miRNA. Another

protein known as TRBP/Loquacious assists Dicer in miRNA processing and subsequent
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recruitment and loading into Argonaute (Ago), the core protein component of the miRNA RISC
(miRISC)(Chendrimada et al., 2005; Forstemann et al., 2005). If the miRNA duplex is loaded
into an Ago protein with cleavage activity (e.g. Ago2 in mammals), the miRNA* can be cleaved
and removed (Matranga et al., 2005; Miyoshi et al., 2005; Rand et al., 2005). If the duplex is
loaded into a non-cleaving Ago (e.g. Agol, Ago3, and Ago4 in mammals, all of which can
repress target mRNAs without cleaving them), the miRNA* is removed from miRISC by an
unknown mechanism. Occasionally the miRNA* is stably loaded over the miRNA, and
regulation of which strand is loaded can even be dynamic during development (Chiang et al.,
2010). Deep sequencing of many organisms, however, has generally shown strong preference for
loading one strand of the duplex—by definition this strand is usually referred to as the miRNA.
There are also a few non-canonical miRNA biogenesis pathways. In one special case,
miRNAs arise from introns where the termini of the pre-miRNA species is defined by splice sites
processed by the spliceosome. These molecules therefore bypass Drosha processing, and are
called mirtrons (Ruby et al., 2007a). Mirtrons were first found in worms and flies which both
have an average intron size close to that of pre-miRNAs, but they’ve also been found in
mammals (Babiarz et al., 2008; Berezikov et al., 2007). They suggest a mechanism for the
generation of new miRNAs before Drosha emerged with its dominant role in the first step of
biogenesis. There is also one case of a miRNA that bypasses Dicer processing, the conserved
miR-451. It has an unusual stem loop structure which is first processed by Drosha and then
enters directly into Ago which cleaves the passenger arm and trims the 3’ end of the miRNA to
generate mature miR-451, now primed for targeting (Cheloufi et al., 2010; Cifuentes et al.,

2010).
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Loaded miRNAs are considered to be very stable, with estimated half-lives sometime
exceeding days (van Rooij et al., 2007). Once loaded though, miRNAs are not totally refractory
to modification, as they can be trimmed and tailed at their 3’ end, with tailing adding
untemplated adenosines or uridines (Ameres et al., 2010; Cazalla et al., 2010). Such
modifications are suggested to affect the stabilities of miRNAs.

Some miRNAs can be grouped into families based on sharing an identical (or nearly
identical) sequence at their 5’ end, know as the “seed” sequence (Lewis et al., 2003). Since the
seed sequence is the most influential factor in determining targets (more in the following
section), miRNAs that share a seed are also predicted to share the same targets. Of course, not all
family members will be co-expressed similarly, and differences in sequence at their 3’ ends can
further distinguish targets that have the potential for additional pairing with this region, as well
as affecting their loading or stability (Bartel, 2009).

While most miRNA genes arise from individual transcripts, some come from
polycistronic transcripts containing multiple miRNAs often related in sequence or function. As
could be expected, these clustered miRNAs tend to have coordinated expression patterns, and
intronic miRNAs also tend to have coordinated expression with their host genes (Baskerville and
Bartel, 2005).

Theories about the origins of new miRNAs implicate gene duplication followed by
promotion of the miRNA* as the dominant species of the duplicated copy (subfunctionalization);
a duplicated copy acquiring mutations conferring novel function in the miRNA or miRNA*

(neofunctionalization); or de novo emergence from a portion of a pre-existing RNA transcript
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(including introns) capable of folding into a hairpin structure capable of entering the miRNA

biogenesis pathway (Ruby et al., 2007b).

miRNA targeting

The seed rules

The first clues to how miRNAs find their targets came through the first studies of the C. elegans
miRNA /in-4 when it was noted that this RNA had sequence complementarity to several
conserved sites in the 3' UTR of the /in-14 mRNA (Lee et al., 1993; Wightman et al., 1993).
These sites had previously been shown to be required for regulation of /in-14 by lin-4, even
before it was known that /in-4 was a non-coding RNA (Wightman et al., 1991). Genetic analyses
uncovered these first examples of miRNA—target relationships, but once larger scale efforts in
cloning and computational discovery revealed hundreds of miRNAs, predicting all of their
targets became a much larger and more complex puzzle.

The predicted binding sites for /in-4 in the /in-14 mRNA were not fully complementary
to the miRNA. In contrast, for plant miRNAs it was noted that targets could be confidently
predicted by searching for near perfect matches, suggesting they would lead to mRNA target
cleavage, as is the case for siRNAs (Rhoades et al., 2002). For animals however, targets with
extensive complementarity subject to cleavage have been found only in rare cases (Davis et al.,
2005; Yekta et al., 2004). There are also examples of so called “center sites,” in which a target
site pairs with the center of the miRNA, which can lead to cleavage or mRNA repression (Shin et
al., 2010). It is now clear, however, that the dominant class of miRNA target site in animals has

complementarity with the 5" end of the miRNA, known as the seed sequence (Figure 2).
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Quantitative analyses of microarray, proteomics, and ribosome profiling datasets
monitoring the response of gene expression to transfection of a miRNA into cell lines has
revealed a hierarchy in the types of sites that mediate repression (Figure 3)(Bartel, 2009; Guo et
al., 2010). Basal sites have perfect Watson-Crick pairing to positions 2—7 of the miRNA—
defined as the seed—and these sites are called 6mers, which tend to confer only weak repression.
In terms of the amount of repression conferred, the next most effective site has perfect seed
pairing and an Adenine (A) across from the 1 position of the miRNA—these are called 7mer-Al
sites. The A in the target site across from the first nucleotide of the miRNA benefits site efficacy
regardless of the identity of the first nucleotide of the miRNA, as these bases do not pair within
the silencing complex (Lewis et al., 2005; Ma et al., 2005; Parker et al., 2005). Thus this A
contributes to some aspect of targeting other than seed pairing. The next most effective site has
perfect pairing at positions 2—8, known as a 7mer-m8 site. The most effective sites on average
are 8mers, which combine aspects of the 7mer-A1l and 7mer-m8 sites—they have perfect pairing
at positions 2—8 and an A in the site at position 1. Conservation analyses has also uncovered the
offset 6mer site, which has pairing with positions 3—8 of the miRNA (Friedman et al., 2009), but
these sites are repressed even less than canonical 6mers.

Computational studies provide strong support for the importance of seed pairing for
target recognition. Requiring conserved Watson-Crick base pairing with the miRNA seed can
significantly reduce the rate of false-positive miRNA target predictions when searching through
a genome, significantly more than matches to any other region of the miRNA (Lewis et al.,
2003). After subtracting the number of sites expected to be conserved by chance (e.g. shuffled

sequences with similar properties to seed sequences), the number of conserved matches to the
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seed region of a miRNA can be in the hundreds in coding sequences, with greater numbers of
predicted targets for highly conserved miRNAs (Brennecke et al., 2005; Krek et al., 2005; Lewis
et al., 2005; Xie et al., 2005). More than half of human protein-coding genes appear to be
selectively maintaining sites complementary to the seed of one or more miRNAs based on
conservation analysis (Friedman et al., 2009). In this most recent conservation analysis, the
ability to predict the number of selectively conserved targets improved through the use of better
control sequence cohorts that minimize the inclusion of sites conserved for reasons other than
miRNA regulation. For example, these analyses utilize control shuffled sequences that correct
for factors that can affect the conservation level of short sequences, such as GC content,
dinucleotide content, and local conservation rates. Transcriptome-level experimental data,
monitoring the effects of overexpressing a miRNA for example, has greatly improved our
understanding of those types of miRNA target sites are functional and those that are not. This has
in turn lead to the development of miRNA target prediction algorithms that rank the repression
levels of all mRNAs predicted to be targeted by a given miRNA, in a quantitative fashion
(Bartel, 2009; Grimson et al., 2007).

Numerous types of experimental studies also support the importance of seed pairing for
target recognition. One early report noted that short sequence elements previously shown to
mediate post-transcriptional repression of mRNAs were complementary to only the 5’ region of
Drosophila miRNAs (Lai, 2002). Subsequent global approaches helped further cement the
model. Transfecting exogenous miRNA duplexes into HeLa cells resulted in the downregulation
of hundreds of mRNAs containing seed matches, enough to shift the HeL.a expression profile

toward a cell type in which the transfected miRNA is normally highly expressed (Lim et al.,
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2005). Complementing the transfection based experiments, sequestering miR-122 (a miRNA
highly expressed in liver) in mice using novel chemically engineered oligonucleotides lead to the
observation that hundreds of upregulated messages in liver were enriched for sites matching the
seed of miR-122 (Krutzfeldt et al., 2005). In another in vivo example, compared to mRNA levels
in wild-type zebrafish embryos, the mRNA levels in embryos in which Dicer was knocked out
showed significant enrichment for seed matches to miR-430—a miRNA normally highly
expressed in embryos—in hundreds of upregulated messages (Giraldez et al., 2006). Analogous
results were found in microarray analyses of murine immune cells lacking miR-155 (Rodriguez
et al., 2007). Proteomics based approaches have also shown seed matches as being the sequence
motif most highly associated with downregulation of protein levels upon miRNA transfection
into cell lines, or derepression of protein levels in the absence of an endogenous miRNA (Baek
et al., 2008; Selbach et al., 2008). Studies utilizing co-immunoprecipitation of Argonaute protein
cross-linked to physically associated mRNAs, followed by deep sequencing of bound mRNA
fragments, showed strong enrichment for seed matches to transfected or highly expressed
endogenous miRNAs (Chi et al., 2009; Hafner et al., 2010; Leung et al., 2011). Other studies
have shown directly the dependence on seed-matched sites in mRNAs for co-
immunoprecipitation with miRISC (Karginov et al., 2007).

Regulation of sites lacking perfect seed pairing, such as those with mismatches or bulges,
and those containing GU wobble pairs, has been suggested in a few cases, most notably for let-7
sites in the /in-41 3' UTR in C. elegans (Vella et al., 2004). Evaluating the general effectiveness
of these non-canonical sites on a larger scale, however, is hampered by the numerous possible

pairing schemes, and in the cases of co-immunoprecipitation of miRISC complexes, the fact that
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it’s difficult to confidently assign target sites pulled down to the action of a specific miRNA,
since each cell expresses dozens to hundreds of them.

One noteworthy study questioned the overall predictive value of seed matches, despite
much evidence to the contrary. In this study the authors found that when they monitored the
response of GFP reporter constructs bearing the 3" UTRs of 14 predicted targets of the C. elegans
miRNA /sy-6, only one was repressed (Didiano and Hobert, 2006). Each 3" UTR contained one
or two sites, most of them conserved, and the reporter transgenes were expressed in two neurons,
one of which endogenously expresses /sy-6 and one that does not. In comparing GFP levels
between the two cells, it could be evaluated which targets respond to endogenous Isy-6, and the
only UTR that responded was from cog-1. This UTR contains two well conserved /sy-6 sites, and
was a known target of the miRNA from earlier genetic studies (Johnston and Hobert, 2003).
Because only 1 of 14 targets was repressed, and repression of Isy-6 sites placed ectopically in
other UTRs was not always observed, the authors concluded that “perfect seed pairing is not a
generally reliable predictor for miRNA target interactions” (Didiano and Hobert, 2006). Even in
the shadow of a large body of evidence in support of a seed based targeting model, the intriguing

data of this study, which profiled in vivo targeting interactions, warranted further study.

Beyond the seed: other determinants
While often predictive of repression, a seed match site in an mRNA is not always sufficient.
Other determinants include pairing with the 3’ end of the miRNA, but more importantly, the

sequence context of the site in the UTR (Bartel, 2009).
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Supplementary pairing to nucleotides 13—16 of the miRNA can boost repression
modestly (Grimson et al., 2007), and these site types are preferentially conserved (Friedman et
al., 2009). In a few cases, more extensive pairing to the 3’ end of the miRNA is believed to
compensate for poor pairing with the seed (Brennecke et al., 2005; Friedman et al., 2009). For
example, the two let-7 sites in the lin-41 3' UTR of C. elegans both have imperfect seed pairing,
with either a GU wobble or a single nucleotide asymmetric bulge, and extensive pairing with the
3" end of one of the let-7 miRNA family members (probably making these sites specific for this
single family member (Bartel, 2009)). While there are other examples of conserved sites with
this type of compensatory pairing, they still make up only a very small minority of preferentially
conserved sites, and it has not been determined if these sites consistently mediate repression
(Friedman et al., 2009).

Several features of site context are important. The first is that to be effective, sites in 3’
UTRs must be positioned at least 15-nt from the stop codon. This feature can be explained by the
footprint of the ribosome as it arrives at the stop codon, covering the first ~15-nt of the UTR
(Grimson et al., 2007). This “ribosome shadow” is predicted to interfere with binding of a
miRISC silencing complex. Consistent with ribosome interference making certain areas
refractory to miRISC binding, 5" UTRs don’t generally have any effective sites, and sites in the
OREF tend to be less effective than those in 3' UTRs (Bartel, 2009). Effective ORF sites may rely
on a context of reduced translation (Gu et al., 2009a).

The second context feature correlated with target site efficacy is positioning of sites away
from the middle of long 3" UTRs (Grimson et al., 2007). The reasons for this aren’t totally clear,

but may involve proximity to translation machinery in the context of a circularized mRNA,
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leading to more efficient repression since the UTR ends would be closer to either the ORF or the
poly-A tail that interacts with the 5’ cap. There may also be a higher chance for the center of long
UTRs to form secondary structure than the ends, since ORFs and poly-A tailed ends of UTRs are
less likely to form structure with neighboring UTR sequence (Grimson et al., 2007).

A third context feature correlated with target site efficacy is multiple sites in close
proximity to each other. Although multiple sites in a UTR generally act independently (Doench
et al., 2003; Grimson et al., 2007), sites spaced in close proximity can act cooperatively
(Grimson et al., 2007; Saetrom et al., 2007). This results in more repression from a pair or
combination of sites than expected if the sites functioned independently. These studies estimated
a distance requirement of ~10—40-nt between the sites to observe cooperativity, but the spacing
could potentially be larger if two sites distantly apart in UTR sequence were brought physically
close together through secondary structure in the UTR. The mechanism of cooperativity in
miRNA targeting remains unknown, but possibilities include: cooperative binding of Ago (pre-
associated or non-pre-associated) in which one Ago binding event strongly favors a second
binding event nearby; after the binding of two Agos to two closely spaced sites, increased
retention of one Ago by its interactions with the second Ago; cooperative recruitment of
downstream silencing factors. One recent study reported that in mammalian cells only specific
Argonautes could mediate cooperativity (Broderick et al., 2011).

The fourth context feature is AU-rich local sequence context, which is the additional
determinant most correlated with target site efficacy (Bartel, 2009). Context is most important in
the immediate vicinity of the site, ~30-nt upstream or downstream, after which the benefit

declines (Grimson et al., 2007). Local AU-rich content is also observed to be elevated around
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conserved sites compared to non-conserved sites. Some of the benefit of local AU content may
be to minimize secondary structure and make sites more accessible to a silencing complex. Using
computational methods to predict UTR secondary structure, several studies have proposed that
reduced local secondary structure is correlated with miRNA target efficacy (Hammell et al.,
2008; Kertesz et al., 2007; Robins et al., 2005; Zhao et al., 2005). One study used their structure-
based model to explain that inhibitory structure could explain why so few Isy-6 targets were
repressed in the worm reporter assays from Didiano and Hobert (Long et al., 2007). Despite the
correspondence between AU content and secondary structure, the AU content feature alone is
still capturing effects missing from structural models. Including the AU content feature leads to a
greater increase in performance of a target prediction algorithm than including secondary

structure as a feature (Baek et al., 2008; Grimson et al., 2007).

Conservation and expression context considerations

MicroRNAs that have been conserved over longer evolutionary time scales, such as those found
in both nematodes and mammals, tend to be expressed at higher levels and in broader cell
contexts than poorly conserved miRNAs found only in closely related species, like those limited
to the nematode clade (Bartel, 2009; Chen and Rajewsky, 2007). More broadly conserved
miRNAs also tend to have a greater number of conserved predicted targets than do
“nonconserved” miRNAs (Lewis et al., 2005; Lewis et al., 2003), demonstrating that miRNAs
retained through evolution help shape the conservation of their cognate seed matches in the
transcriptome. Conserved miRNAs with broader tissue expression patterns also tend to have

more predicted targets than those with more restricted expression (Ruby et al., 2007b). As a
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result, it is more difficult to predict a significant number of functional sites above background for
poorly conserved miRNAs or those with lower or more restricted expression. For example, when
evaluating 53 miRNA families conserved in mammals but not broadly in other vertebrates, the
predicted number of functional sites above background levels was considerably lower than for
target predictions for miRNAs conserved across vertebrates (Friedman et al., 2009).

Since the recognition motif in a miRNA is only 6—7-nt, nonconserved target sites
outnumber conserved ones by 10:1 (Farh et al., 2005). Do all these nonconserved sites work?
Could they just be titrating the miRNA away from its real sites? Reporter assays monitoring the
response of nonconserved sites to miRNA transfection showed that many of these sites do indeed
function, albeit less frequently than conserved ones (Farh et al., 2005). This supports the idea
that the presence of a seed match alone can be a good predictor of which mRNAs will respond to
a co-expressed miRNA, and implies that the presence of additional site context features might
make conserved sites more effective. Since a target site alone has the potential to confer
repression, highly expressed messages avoid harboring sites for co-expressed miRNAs (Farh et
al., 2005; Stark et al., 2005). This phenomenon is known as selective avoidance, and thus
expression of a miRNA can directly influence 3' UTR evolution. Selective avoidance isn’t
complete however, as several studies observed derepression of many messages containing
nonconserved sites upon loss of a miRNA (Baek et al., 2008; Giraldez et al., 2006; Krutzfeldt et
al., 2005; Rodriguez et al., 2007).

That highly expressed mRNAs specifically avoid sites for co-expressed miRNAs is
suggestive of a concentration dependence. In heterologous reporter assays, repression of

conserved and nonconserved target sites can be lowered steadily by titrating down the amount of
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transfected miRNA (Farh et al., 2005). Overexpression of transgenes containing target sites for
endogenous miRNAs causes derepression of their endogenous targets (Ebert et al., 2007).
Similarly, overexpression of exogenous miRNAs causes derepression of the endogenous targets
of highly expressed endogenous miRNAs (Khan et al., 2009). These latter data suggest that the

abundance of Ago/miRISC can be limiting.

Role of Argonaute

Although the context of pairing between a miRNA and mRNA is essential for promoting
targeting, the Ago protein is what holds everything together and mediates repression. Three
domains compose the portion of Argonaute that contacts a loaded miRNA. The MID domain has
specificity for a 5" monphosphate and uracil that is the predominant first base observed in
miRNAs (Boland et al., 2010; Frank et al., 2010). The PIWI domain contacts the central part of
the miRNA and contains the endonuclease DDH motif required for target cleavage in some Agos
(Parker et al., 2004; Song et al., 2004). The 3’ end of the miRNA makes contacts with the PAZ
domain, which enforces a steric block that limits the length of miRNAs to ~22-nt (Ma et al.,
2004).

The importance of seed pairing for miRNAs (and also for nucleating perfectly matched
sites for siRNAs) is reconciled structurally with the observation that within Ago, the miRNA
seed region has greater binding affinity for target sites and is more structurally constrained than
other regions of the miRNA (Haley and Zamore, 2004; Lambert et al., 2011; Parker et al., 2009).
Sites with a mismatch or wobble to the seed are not conserved above background (Brennecke et

al., 2005; Lewis et al., 2005; Lewis et al., 2003), and repression is highly sensitive to base
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mismatches and GU wobbles (Brennecke et al., 2005; Doench and Sharp, 2004; Kloosterman et
al., 2004; Lai et al., 2005). As such, sites that introduce mismatches are used as negative controls
in heterologous reporter assays, and all messages lacking a site with perfect seed pairing are
bundled together as a control set in genome-wide analyses (“no site”). Despite contributing
positively to RNA duplex stability in vitro in the absence of protein, GU wobbles are apparently
disfavored in Ago and therefore generally not included as criteria for making target predictions
(Bartel, 2009).

The number of Argonaute proteins per organism varies widely. Worms have the most
known of any organism, with 27 Agos, split among 3 general clades that associate with specific
classes of small RNAs with differing functions. Mammals have a total of 8, split between two
classes: 4 PIWI-type Agos and 4 regular Agos. Not all four human regular Agos are represented
equally in cells. Ago2, which can cleave extensively paired targets, is the most highly expressed
family member in at least two human cell lines, constituting ~60% of all Ago protein, followed
by Agol and Ago3 (Petri et al., 2011). In this study Ago4 protein was barely detectable, despite
reasonable mRNA levels. These four Agos do not exhibit loading preferences for certain
miRNAs since, with a few exceptions, all miRNAs are distributed between them at similar
frequencies (Burroughs et al., 2011; Meister et al., 2004).

Several lines of evidence suggest that Ago protein is limiting in vivo. Overexpression of
any of the four human Ago proteins increases levels of mature miRNA from ectopically
expressed constructs (Diederichs and Haber, 2007). This study also found that in Ago2 knockout
murine cell lines, lower endogenous miRNA expression is observed, which is rescued by

reintroduction of Ago2 in these cells. Overexpression of Ago2 can also enhance siRNA-directed
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cleavage of perfect matching sites (Diederichs et al., 2008). Results mentioned in the previous
section that demonstrated changes to endogenous silencing upon miRNA/target site mimic
overexpression, lend further support to Ago levels being an essential component of small RNA
directed silencing capacities. Silencing should also depend on rates of miRNA loading or
turnover in Ago, which could vary for different miRNAs. For example, some miRNAs could
reach loading saturation in Ago at lower expression levels than other miRNAs. Post-translational
modifications of Ago proteins should also influence their function (Johnston and Hutvagner,

2011).

Mechanisms of miRNA repression
Upon pairing stably to a target site, miRNAs direct a combination of mRNA degradation and
translational repression, mediated by the silencing complex and associated factors.

For years, many in the field were influenced by reports that translational repression was
the dominant mode of repression, although there wasn’t complete agreement as to whether this
occurred at translation initiation or at a later step. Techniques including polysome profiling,
reporter assays, and in vitro reconstitution systems were used, measuring where miRNAs co-
sediment in polysome gradients or final protein output as a result of miRNA repression.
Meanwhile, other studies pointed toward mRNA degradation as an important aspect of miRNA
repression. One study monitored the response of messages to miRNA transfection in cell lines
using microarrays, seeing a significant response from messages with seed matches which
demonstrated that mRNA levels are significantly impacted (Lim et al., 2005). A complementary

study reported derepression of many messages containing sites for miR-122 when the miRNA’s
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activity was blocked in liver cells where it is highly expressed (Krutzfeldt et al., 2005).
Reexamination of the /in-4:lin-14 interaction—that started the miRNA field and first observed
translational repression without mRNA degradation—demonstrated that the /in-7/4 mRNA was
indeed reduced (Bagga et al., 2005).

The most common routes of mRNA degradation in vivo are removal of the protective 5’
caps or 3’ poly-A tails, and miRNA directed repression leads to both outcomes. Widespread
deadenylation was first reported in the clearance of maternal mRNAs by miR-430 during
zebrafish embryogenesis (Giraldez et al., 2006). Other studies connected canonical mRNA
degradation machinery—the CCR4-NOT and PAN2-PAN3 deadenylase complexes, and the
DCP1:DCP2 decapping complex—to miRNA directed mRNA degradation (Behm-Ansmant et
al., 2006; Rehwinkel et al., 2005). The GW182/TNRC6 class of proteins are essential for
repression (Jakymiw et al., 2005; Liu et al., 2005; Meister et al., 2005; Rehwinkel et al., 2005),
and physically link Ago with Poly-A Binding Protein (PABP)(Fabian et al., 2009; Zekri et al.,
2009) and deadenylation complexes (Chekulaeva et al., 2011; Fabian et al., 2011).

To investigate the relative contributions of mRNA degradation and translational
repression by miRNAs, one study performed microarray analyses and high-throughput
proteomics on miRNA transfected cell lines and miRNA knockout cells. This study found that
most of the repression (or derepression for the knockout) at the protein level could be explained
by changes at the mRNA level (Baek et al., 2008). A pair of subsequent studies looked at
translation directly using global polysome profiling or ribosome profiling and put a number on
the contributions, with translation repression accounting for ~20% of the signal and mRNA

degradation the rest (Guo et al., 2010; Hendrickson et al., 2009). It’s important to note that these
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studies have mostly looked at late time points after introduction/deletion of a miRNA, and closer
examination of the kinetics of repression will be necessary to get a complete view of the
mechanisms of repression. Future studies will hopefully also determine whether the exact mode
and magnitude of repression depends on the nature of the miRNA—target interaction, or the
cellular context.

Relatively little is known about where in the cell repression occurs exactly. Ago and
GW182/TNRC6 proteins and repressed mRNAs have been observed in P bodies and stress
granules, sometimes in a miRNA-dependant way (Leung et al., 2006; Liu et al., 2005; Pillai et
al., 2005; Sen and Blau, 2005). Since these two cellular foci are known to contain mRNA
degradation machinery and translationally repressed mRNAs, respectively, they are good
candidates for sites of repression, but it is not yet clear all the locations in the cell where

miRNAs are active.

miRNAs—target relationships and biological function
While miRNA annotation and our understanding of targeting mechanisms has grown quickly in
the last decade, efforts to assign specific regulatory roles to each miRNA has developed at a
slower pace. Unbiased genetic screens in model organisms like worms paved the way toward
understanding roles for the first characterized animal miRNAs, and these continued efforts, along
with several miRNAs knockouts in mammals, and other pathway studies, have deciphered more.
lin-4 and let-7, the first two miRNAs to be characterized in detail, both emerged from
screens for genes involved in developmental timing in C. elegans larva (Ambros, 2004). Loss of

these miRNAs results in ectopic expression of their target mRNAs, which leads to omission, or
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reiteration of cell fate decision events during development (Lee et al., 1993; Reinhart et al.,
2000). The roles of these miRNAs in these developmental events can also be connected to single
targets. For example, animals with a gain of function mutation in /in-14, the target of /in-4,
phenocopy a /in-4 null (Lee et al., 1993; Wightman et al., 1993). Since /in-14 contains three sites
for /in-4, this targeting interaction is strong enough to be classified as a developmental switch.

More than two-dozen miRNAs have been knocked out in mice, some with broad
expression, and others with more tissue specific expression in hematopoietic cells or heart and
skeletal muscle tissue (Park et al., 2010). Some knockouts produce no obvious phenotype, while
others produce phenotypes in the tissues where the miRNA is specifically expressed. The task of
assigning specific targets of the miRNA to a specific phenotype is inherently difficult, because
the only sure way to know is to mutate the predicted target sites for the miRNA in individual
candidate target genes and compare the phenotype to the miRNA knockout. Nearly all of the
known C. elegans miRNAs have been knocked out, and only a few had obvious phenotypes
(Miska et al., 2007). This implies that many could be functionally redundant, which is supported
by the observation that while knocking out an entire miRNA family was sometimes sufficient to
produce a phenotype, knocking out individual miRNA family members was not. Another option
is that some of the miRNAs are not essential for the worm’s fitness under laboratory conditions.
A mutant phenotype therefore may only result when testing a specific behavior or subjecting the
animal to a specific stress not normally present in the lab.

When trying to predict targets strongly repressed by a miRNA, UTRs with multiple sites
to the seed are often the best starting candidates. For example, Hmga? is one of the top predicted

targets of the /et-7 family in mammals because it has seven sites for /ez-7, and this UTR is
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strongly repressed by the miRNA in cell culture (Mayr et al., 2007). A large portion of this UTR
is lost in a type of chromosomal rearrangement that results in overexpression of HMGA?2
protein, and this event is correlated with cell transformation and cancer. Therefore in this
relationship, let-7 has a tumor suppressor role. As one of the most broadly and highly expressed
miRNAs in animals, it surely has numerous other roles as well.

Most miRNA—target interactions do not fall into the category of switches. Instead they
are more likely to be “fine tuners,” either actively dampening target gene expression in a modest
but still physiologically important way, or simply dampening expression of targets with neutrally
evolving sites with no immediate consequence for the cell (including if the interactions are
lost)(Bartel and Chen, 2004). Individual miRNAs may act as switches on some targets, fine
tuners of others, and have neutral interactions with others, roles that could change between cell
types and developmental states. Like switch interactions, fine tuning interactions are under
selective pressure to be maintained over evolution by conserving the site, to be contrasted with
neutral interactions where the sites are not conserved above neutrally evolving background
sequence. The ability of fine tuning interactions to dampen protein output appears to benefit cells
by optimizing target protein levels or dampening noise in gene expression, otherwise they would
not be conserved above background levels. Neutral interactions, on the other hand, appear to
confer repression that is tolerated or offset in the cell, but is not relevant enough to have been
maintained over evolution (Bartel, 2009). Among the conserved targeting interactions, our
understanding of which are switches and which are fine tuners remains limited by the pace at

which they are characterized individually in model systems.
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One of the better studied miRNA—target relationships is that between the C. elegans Isy-6
miRNA and its target cog-1. Based on promoter tagging experiments, Isy-6 is expressed in no
greater than ten cells in an entire worm (~1000 somatic cells total). The miRNA was discovered
in a forward genetic screen for genes involved in neuronal patterning (Johnston and Hobert,
2003). Using the model of two morphologically bilateral taste receptor neurons, called ASE left
(ASEL) and ASE right (ASER), a mutagenesis screen was performed in search of animals in
which expression of GFP driven by the promoters of terminal cell fate markers distinct in ASER
and ASEL cells was aberrant. Wild-type ASER and ASEL cells differ in their ability to
discriminate different ions by expressing distinct sets of chemoreceptor genes, which is
important for worms’ perception of bacterial food sources. A gene that was important for
establishing the fate of one of the ASE neurons, when mutated, would often result in symmetric
GFP expression (representing the terminal cell fate markers), and these mutants were assigned to
the class “laterally symmetric,” or Isy. The screen produced dozens of known or predicted
protein-coding genes, but there was one, Isy-6, which was found to encode a miRNA that is
normally only expressed in the ASEL cell and not in the ASER cell. /sy-6 mutants display a
phenotype in which both ASE cells adopt an ASER fate. Isy-6 loss-of-function animals do not
exhibit an obvious phenotype morphologically or behaviorally, but do show impaired chemotaxis
when assayed specifically for this trait. The miRNA emerged in this assay designed to find genes
involved in a neuronal patterning years before it was cloned by deep sequencing methods, given
its low abundance in the animal. The miRNA acts like a switch because ectopic expression of

Isy-6 in the neuron destined for an ASER fate causes it to adopt an ASEL cell fate instead.
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Isy-6 was found to target two closely spaced sites in the 3’ UTR of the cog-1 mRNA that
encodes a transcription factor with another essential role in ASE cell fate specification (Figure
4). cog-1 loss-of-function mutants display the opposite phenotype of sy-6 loss of function
mutants—they adopt a dual ASEL cell fate. Promoter tagging experiments suggest that /sy-6 and
cog-1 are only co-expressed in one cell in the entire worm, the ASEL cell (Hobert, 2006).
Transient Isy-6 expression before the embryonic comma stage alone is also sufficient to direct
the ASEL fate that is established at a later point in development (Zheng et al., 2011). Thus Isy-6
can act as a switch on cog-1, possibly its only target in the entire animal since 13 other candidate
targets were not repressed by /sy-6, as previously mentioned (Didiano and Hobert, 2006). A later
study noted that regions outside of the Isy-6 sites in the cog-1 3’ UTR are also required for
repression (Didiano and Hobert, 2008). The layers of specificity in the /sy-6.cog-1 interaction
that continue to emerge with further study highlight that not all miRNA—target interactions will

be as simple as just seed pairing.
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RNA POL I Figure 1 Biogenesis and targeting of canonical metazoan microRNAs. MicroRNA genes

are transcribed by RNA Polymerase Il into transcripts that fold into imperfect hairpin structures

—
| miRNA gene

with loose ends, known as pri-miRNAs. From this point on, one can follow the fate of what will

|

l Transcription become the mature miRNA species in red. The nuclear RNase Il enzyme Drosha, together
with its partner, the RNA-binding protein Dgcr8, recognize the hairpin, and Drosha cleaves
both flanking strands ~11 bp from the base of the stem. The resulting pre-miRNA is then
exported to the cytoplasm via Exportin-5, where it is engaged by a second RNase Ill enzyme,
called Dicer. Dicer cleaves off the loop to generate the mature microRNA-miRNA* duplex,

DROSHA containing the two complementary strands from each arm of the original hairpin. This duplex

pri-miRNA Poly(A) is then loaded into Argonaute (Ago), where the miRNA strand becomes stably incorporated,

DGCRS while the opposing miRNA* strand is dissociated from the complex. The resulting miRISC

complex can then target messages for repression by finding complementary sites usually
l Cropping located in 3’ UTRs. The repression results from a combination of mRNA degradation and

translational repression, mediated through Ago and the GW182 protein.
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Figure 3 Types of miRNA target sites. Different degrees of pairing with the seed region yield different average levels of
repression. Pairing with positions 2—7 (or positions 3-8) of the miRNA alone imparts only marginal repression (6mer, offset 6mer
sites). Seed pairing plus an adenosine across from nucleotide 1 of the miRNA increases site efficacy (7mer-A1 site). Seed pairing
plus an additional base pair with miRNA nucleotide 8 yields still greater repression (7mer-m8 site). Combining the features of the

two 7mer site types confers the most repression (8mer site).
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Figure 4 Down-regulation of the cog-1 3’ UTR by Isy-6 as monitored using a GFP sensor strategy (Johnston and Hobert,
2004; Didiano and Hobert, 2006). Expressing a GFP sensor containing the 3’ UTR of cog-1 in the ASE neurons of C. elegans
demonstrates regulation by Isy-6 specifically in the ASEL cell where the miRNA is expressed. Expressing a sensor containing the
cog-13’ UTR in which the Isy-6 sites are mutated abolishes regulation, as does expressing a control UTR (unc-54). Down-regulation

of the cog-1 3’ UTR is dependent on Isy-6 expression, as regulation is lost in a Isy-6 null animal. Figure from (Hobert, 2006).
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Abstract

Most metazoan microRNAs (miRNAs) target many genes for repression, but the nematode /sy-6
miRNA is much less proficient. Here we show that the low proficiency of sy-6 can be
recapitulated in HeLa cells and that miR-23, a mammalian miRNA, also has low proficiency in
these cells. Reporter results and array data indicate two properties of these miRNAs that impart
low proficiency: their weak predicted seed-pairing stability (SPS) and their high target-site
abundance (TA). These two properties also explain differential propensities of small interfering
RNAs (siRNAs) to repress unintended targets. Using these insights, we expand the TargetScan
tool for quantitatively predicting miRNA regulation (and siRNA off-targeting) to model
differential miRNA (and siRNA) proficiencies, thereby improving prediction performance. We
propose that siRNAs designed to have both weaker SPS and higher TA will have fewer off-

targets without compromised on-target activity.

Introduction

MicroRNAs are ~22-nucleotide (nt) RNAs that pair with the messages of protein-coding genes
to direct post-transcriptional repression of these target mRNAs'. In animals, many studies using
a wide range of methods, including comparative sequence analysis, site-directed mutagenesis,
genetics, mRNA profiling, coimmunoprecipitation and proteomics, have shown that perfect
pairing with miRNA nucleotides 2—7, known as the miRNA seed, is important for the
recognition of many miRNA targets’. To impart more than marginal repression of mammalian
targets, this seed pairing is usually augmented by either a match with miRNA nucleotide 8 (7-

mer-m8 site)* ', an A across from nucleotide 1 (7-mer-A1 site)*’ or both (8-mer site)*’. In rare
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438 and centered sites9, for which

instances, targeting also occurs through 3’-compensatory sites
substantial pairing outside the seed region compensates for imperfect seed pairing.

A single miRNA can target hundreds of distinct mRNAs through seed-matched sites'’.
Indeed, most human mRNAs are conserved regulatory targets®, and many additional regulatory
interactions occur through nonconserved sites' '>. However, not every site is effective; 8-nt sites
are effective more often than 7-nt sites, which are effective more often than 6-nt sites”!.
Another factor is site context. For example, sites in the 3’ untranslated regions (3’ UTRs) are
effective more often than those in the path of the ribosome’. Among 3’ UTR sites, those away
from the centers of long UTRs and those within high local A-U sequence context are effective
more often’, consistent with reports that sites predicted to be within more accessible secondary
structure tend to be more effective'>'°. Site efficacy is also influenced by proximity to other
miRNA-binding sites”?’, to protein-binding sites”' and to sequences that can pair with the 3’
region of the miRNA, particularly nucleotides 13—17 (ref. 7).

Studies of site efficacy have focused primarily on different sites for the same miRNA,
without systematic investigation of whether some miRNA sequences are more proficient at
targeting than others. Broadly conserved miRNAs typically have many more conserved targeting
interactions than do other miRNAs™®, and highly or broadly expressed miRNAs seem to target
more mRNAs than do others®, but these phenomena reflect evolutionary happenstance more
than intrinsic targeting proficiency.

Our interest in targeting proficiency was spurred by results regarding the /sy-6 miRNA.

When tested in Caenorhabditis elegans, only 1 of 14 predicted targets with 7- to 8-nt seed

matched sites responds to Isy-6, which was interpreted to show that perfect seed pairing is not a
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reliable predictor for miRNA-target interactions™. Alternatively, and in keeping with findings
for many other miRNAs3, the results for /sy-6 might not apply to other miRNAs because Isy-6
could have unusually high targeting specificity owing to unusually low targeting proficiency. A
similar rationale might explain results for mammalian miR-23, another miRNA that confers
unusually weak responses from most reporters designed to test predicted targets.

When considering properties that might confer a low targeting proficiency, we noted that
both Isy-6 and miR-23 have unusually (A+U)-rich seed regions, which could lower the stability
of seed-pairing interactions. Perhaps a threshold of SPS is required for the miRNA to remain
associated with targets long enough to achieve widespread seed-based targeting. Indeed,
predicted SPS is correlated with the propensity of siRNAs to repress unintended targets™, a
process called “off-targeting,” which occurs through the same seed-based recognition as that for
endogenous miRNA targeting'’. Potentially confounding this interpretation, however, miRNAs
with (A+U)-rich seed regions have more 3’ UTR-binding sites, a consequence of the (A+U)-rich
nucleotide composition of 3’ UTRs, which could dilute the effect on each target message. Indeed,

2326 and natural TA

TA can be manipulated to titrate miRNAs away from their normal targets
has been proposed to influence miRNA targeting and siRNA off-targeting®’*, although these
reported TA effects have not been fully disentangled from potential SPS effects. Here, we find
that both SPS and TA have a substantial impact on targeting proficiency, and apply these insights

to improve miRNA target predictions.
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Results

Isy-6 targeting specificity is recapitulated in HeLa cells

Isy-6 targeting was originally examined in a C. elegans neuron™, whereas more proficient
targeting by other miRNAs has been experimentally demonstrated in other systems, sometimes
in vertebrate tissues or primary cells'""***** but more often in cell lines’. To test whether
differences in targeting proficiency could be attributed to the different biological contexts in
which the miRNAs had been examined, we ported the 14 3’ UTRs tested in C. elegans into a
luciferase reporter system typically used in mammalian cell lines and introduced the /sy-6
miRNA by co-transfecting an imperfect RNA duplex representing the miRNA (Fig. 1a) and the
short RNA from the other arm of the hairpin, known as the miRNA* (Supplementary Fig. 1a).
As has been observed in worms®, only the cog-/ 3’ UTR responded in HeLa cells (Fig. 1b).
Repression was lost when a control miRNA (miR-1) replaced Isy-6 or when the two cog-1 sites
were mutated, introducing either mismatches (Fig. 1b) or GeU wobbles (Supplementary Fig.
1b,c).

Each of the 14 3’ UTRs had at least one canonical 7- to 8-nt Isy-6 site, and 11 UTRs had a
site conserved in three sequenced nematodes (Supplementary Table 1). When evaluated using
the context-score model, some sites had scores comparable to those of sites that mediate
repression in this assay’ (Supplementary Table 1). Moreover, the C27H6.9 3’ UTR had two 8-
mer sites with scores matching those of the two cog-1 sites. The close match between the results
in our heterologous reporter assay and previous results in C. elegans neurons indicated that the
specificity for targeting the cog-1 3’ UTR did not require the endogenous cellular context of /sy-6

repression; it was operable in HeLa cell culture and thereby attributable to the intrinsic properties
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of Isy-6 and its targets. This result also indicated that these properties could be investigated in

mammalian cell culture, which is easier than using stable reporter lines in wormes.

Modifying both SPS and TA elevates targeting proficiency

As expected for a miRNA with sequence UUUGUAU at nucleotides 2—8, the calculated free
energy (AG®) of the predicted SPS for the Isy-6 8-mer or 7-mer-mS8 sites (both 7 base pairs, bp)
was weak (—3.65 kcal mol '), which was weaker than that of all but one conserved nematode
miRNA (Fig. I¢). The SPS predicted for Isy-6 was also weaker than that of the weakest of 87
broadly conserved vertebrate miRNAs (Fig. 1d). The predicted AG®° of an 8-mer or 7-mer-m8
seed match for miR-23 was —5.85 kcal mol ', in the bottom quintile for broadly conserved
vertebrate miRNAs (Fig. 1d). We observed similar results for 7-mer-A1 or 6-mer sites (both 6
bp) for both miRNAs (Supplementary Fig. 1d,e).

Isy-6 is also at the extreme end of the distribution of TA for miRNAs in nematodes and
human (Fig. le,f). To predict the TA in a genome, we counted the number of sites in a curated
set of distinct 3’ UTRs. When considering a particular cell type, we converted the genome TA to
a transcriptome TA by considering the relative levels of each mRNA bearing a site, although in
practice the genome and transcriptome TA levels were highly correlated. For example, the tran-
scriptome TA for HeLa cells (TAgeL,) was correlated nearly exactly with the genome TA (R* =
0.98, P < 107", Spearman’s correlation test, Supplementary Fig. 1f). For 8-mer and 7-mer-m8
sites (which both pair with nucleotides 2—8), Isy-6 had a genome TA that ranked second among
60 C. elegans miRNA families and a TApeL, near that of miR-23, which ranks fifth among the 87

vertebrate families (Fig. le and Supplementary Fig. 1g).
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To test the hypothesis that either the weak SPS or high TA of /sy-6 influences its
targeting proficiency, we made three substitutions in the Isy-6 seed that changed both properties.
The three substitutions converted the Isy-6 seed to that of miR-142-3p (Fig. 1a and
Supplementary Fig. 1a), which changed the predicted SPS to —7.70 kcal mol ', which was 4.05
kcal mol™' stronger than that of Isy-6 and near the median values for conserved nematode and
vertebrate miRNAs (Fig. 1c,d). The substitutions also changed the predicted TA to 10*%* sites in

0°2% sites in human, values below the median of conserved miRNAs in both

C. elegans and 1
genomes (Fig. le,f). We co-transfected this miR-142/sy-6 chimeric miRNA and assayed it using
reporters with compensatory substitutions in their seed matches, and found it repressed 9 of 14
reporters, a fraction within the range expected in this system using reporters with the site types
and contexts assayed (Fig. 1g). We repeated the experiment using the full-length miR-142-3p
sequence (Fig. 1a and Supplementary Fig. 1a) and found similar results, indicating that miRNA
sequence outside the seed region was irrelevant for repression of both the cog-7 3' UTR and the
other C. elegans 3' UTRs (Fig. 1h).

Like Isy-6, miR-23 also had low targeting proficiency in our system. We surveyed 17
human 3" UTR fragments, randomly chosen from a set with two 7- to 8-nt miR-23 sites
(conserved or nonconserved) spaced within 700 nt of each other, and found that only one
fragment was repressed by miR-23 endogenous to either HeLa or HepG2 cells (data not shown).
In subsequent experiments focusing on the six UTRs with the most favorable context scores

(Supplementary Table 1), we found that co-transfecting additional miR-23a imparted marginal or

no repression (Fig. 11).
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To test whether strengthening SPS while decreasing TA could increase the targeting
proficiency of miR-23a, we converted two A:U seed pairs into two G:C pairs (Fig. 1a and
Supplementary Fig. 1a); this strengthened the predicted SPS from —5.85 kcal mol ™" to —8.67 kcal
mol ' while reducing the TA from the fifth highest of the 87 vertebrate families to below the
lowest. We assayed this miRNA, called miR-CGCG, using reporters with compensatory
substitutions in their seed matches, and found that the sporadic and marginal repression observed
with the wild-type UTRs became much more robust (Fig. 1j). These results indicate that miR-23a
had low targeting proficiency because of its weak SPS, its high TA, or both, thereby extending

our findings to a mammalian miRNA and mammalian 3" UTRs.

Separating the effects of SPS and TA on miRNA targeting
To differentiate the potential effects of SPS from those of TA, we considered the relationship
between these two properties for all 16,384 possible heptamers. In the C. elegans 3' UTRs, these
properties were highly anticorrelated (Fig. 2a, R*=0.680,P <10, Spearman’s correlation
test). In mammalian 3’ UTRs the relationship was still highly significant, but the substantial
depletion of CG dinucleotides in the vertebrate transcriptome’' created more spread in TA,
which led to lower correlation coefficients for both human (Fig. 2b, R* =0.121, P < 10'*°) and
mouse (Supplementary Fig. 2a, R* = 0.081, P < 10~'""). In general, each additional CG
dinucleotide imparted an additional log;o reduction in TA.

To test the influence of TA on Isy-6 targeting proficiency, we designed the low-TA
(LTA) version of Isy-6, which had two point substitutions in the /sy-6 seed (Fig. 2¢ and

Supplementary Fig. 1a). Substituting U4 with a C (substitution U4C) introduced a CG dinucle-
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otide, whereas the other substitution, U2A, facilitated later investigation of SPS. Because of the
CG dinucleotide, LTA-/sy-6 had a predicted TApyera 95% lower than that of /sy-6, a value that
would be third lowest among the conserved vertebrate miRNA families. Although the substi-
tutions also led to stronger SPS, the predicted SPS of —5.49 kcal mol ' was still slightly weaker
than that of miR-23 and well below the median for both nematode and vertebrate conserved
miRNAs (Fig. 1¢,d). When assayed using reporters with compensatory substitutions in their seed
matches, LTA-Isy-6 repressed the cog-1 reporters and only three others (Fig. 2d). Two reporters
(F55G1.12 and C27H6.9) were repressed only marginally (<1.3 fold), reminiscent of the
marginal repression imparted by miR-23 when using its cognate sites. For the third reporter,
T20G5.9, we attributed much of the apparent repression to normalization to the miR-1 results,
which in the case of this UTR were unusual (Supplementary Fig. 2d). Taken together, the LTA-
Isy-6 results indicate that lowering TA was not sufficient alone to confer robust targeting
proficiency.

To strengthen SPS without changing TA, we replaced each of the two seed adenines of
LTA-Isy-6 with 2,6-di-aminopurine (DAP or D). DAP is an adenine analog with an exocyclic
amino group at position 2, enabling it to pair with uracil with geometry and thermodynamic
stability resembling that of a G:C pair (Fig. 2¢). Because nearest-neighbor parameters had not
been determined for model duplexes containing D:U pairs, we estimated SPS by using the values
for A:U pairs and adding —0.9 kcal mol™" for each D:U pair, as this is the value of an additional
hydrogen bond in model duplexes®>. With this approximation, the D-LTA-/sy-6 miRNA had a
predicted SPS of —7.29 kcal mol ™', which approached —7.87 kcal mol ', the median predicted

SPS of the conserved vertebrate miRNAs. When assayed using the same reporters as used for

63



LTA-Isy-6, D-LTA-Isy-6 repressed 7 of 14 reporters (Fig. 2f). Although this repression was
weaker than that observed with the miR-142 seed (Fig. 1g,h), it was greater than that observed
for LTA-Isy-6 and on par with that expected for mammalian miRNAs in this system using
reporters with the site types and site contexts assayed.

We next tested D-miR-23, which also had two seed adenines replaced by DAP, thereby
strengthening the predicted SPS from —5.85 kcal mol™ to —7.65 kcal mol . Five of the six
reporters with miR-23 sites showed significantly greater repression by D-miR-23a than by wild-
type miR-23a (Fig. 2g), demonstrating a favorable effect for increasing SPS in the context of
very high TA (93rd percentile). However, repression was still considerably lower than that
conferred by miR-CGCG, presumably because miR-CGCG had lower TA and somewhat
stronger SPS (—8.67 kcal mol ™), although we cannot exclude the possibility that the non-natural
DAP in the miRNA compromised activity.

The results for DAP-substituted miRNAs show that for miRNAs with weak SPS,
strengthening SPS can enhance targeting proficiency, regardless of whether these miRNAs have
high or low TA. Because DAP substitution changed the predicted SPS without changing the sites
in the UTRs, these results indicate that the low proficiency was due to weak SPS rather than
occlusion of the sites by RNA-binding proteins that recognized the miRNA seed matches. Taken
together, our reporter results also suggest that lowering TA can further enhance targeting

proficiency, particularly for miRNAs with moderate to strong SPS.

Global impact of TA and SPS on targeting proficiency

To examine the global impact of TA and SPS on targeting, we collected 175 published
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microarray data sets that monitored the response of transfecting miRNAs or siRNAs (together
referred to as SRNAs) into HeLa cells (Supplementary Data 1). Data sets reporting the effects of
sRNAs with the same seed region were combined, yielding results for 102 distinct seeds that
covered a broad spectrum of TA and predicted SPS (Fig. 3a). For each of these 102 data sets, we
determined the mean repression of mRNAs with a single 3’ UTR 8-mer site and no other sites in
the message, and plotted these values with respect to both the TAyer, and predicted SPS of the
transfected sSRNA (Fig. 3b, top). SRNAs with lower TAyeL, were more effective than those with
higher TApera, and those with stronger predicted SPS were more effective than those with
weaker predicted SPS (P = 0.0006 and 0.0054 for TAp.L, and SPS, respectively, Pearson’s
correlation test; Table 1). We used multiple linear regression to account for the cross-correlation
between TAper, and SPS and found that correlations were at least marginally significant for the
individual features (P = 0.005 and 0.05, ¢-test; Table 1), indicating that both properties were
independently associated with the proficiency of targeting 3" UTR sites. We observed similar
results for targeting 7-mer-m8, 7-mer-Al and 6-mer sites (Fig. 3b and Table 1).

Although both TA and SPS each significantly influenced targeting proficiency, together they
explained only a minority of the variability (Table 1). Most of the variability could be from
factors unrelated to targeting, such as array noise, differential transfection efficiencies or
differential SRNA loading or stability. To reduce variability from these sources, we focused on
74 data sets for which responsive messages were significantly enriched in 3" UTR sites to the
transfected sSRNA (Fig. 3a, red squares; Supplementary Data 1). In these filtered data sets,
correlations between proficiency and both TAper, and SPS were stronger and observed with

similar significance, even though the filtering reduced the quantity of data analyzed and might
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have preferentially discarded data sets for which high TA or weak SPS prevented detectable
repression (Supplementary Fig. 3a,b and Supplementary Table 2).

Studies monitoring global effects of miRNAs on target repression have concluded that
sites in open reading frames (ORFs) can mediate repression but that the efficacy of these sites is
generally less than that of sites in 3’ UTRs’******. To examine the impact of TA and SPS on
targeting in ORFs, we considered expressed messages that had a single ORF site but no
additional sites in the rest of the message. For 7-mer-m8 and 6-mer sites, mean repression was
significantly correlated with both TAp.r, and predicted SPS, and for the other two sites in ORFs,
mean repression was significantly correlated with TApera (Fig. 3c and Table 1). The response of
sites in 5" UTRs was not significantly correlated with either TA or predicted SPS (Table 1),
consistent with the idea that 5" UTRs harbor few effective sites’.

We next examined the quantitative impact of TA and SPS on targeting proficiency. We
considered the same sets of mMRNAs with single sites to the cognate SRNAs, and for each site
type and each mRNA region, we binned mRNAs into quartiles ranked by either low TA or
strong predicted SPS. For each site type, messages in the top quartile responded more strongly
than those in the bottom (Fig. 3d). The differences usually were substantial. For example,
repression of the top quartile of mRNAs with 7-mer-A1l sites matched the mean repression of
mRNAs with 7-mer-m8 sites, whereas repression of the bottom quartile resembled the mean

repression of mRNAs with 6-mer sites.

Improved miRNA target prediction

An effective tool for mammalian miRNA target prediction is the context score®”. Context scores
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are used to rank mammalian miRNA target predictions by modeling the relative contributions of
previously identified targeting features, including site type, site number, site location, local A+U
content and 3'-supplementary pairing, to predict the relative repression of mRNAs with 3’ UTR
sites”. However, the context-score model was not designed to consider differences between
sRNAs, such as TA or SPS, which can cause sites of one miRNA to be more robustly targeted
than those of another (assuming equal expression of the two miRNAs).

To build a model appropriate for predicting the relative response of targets of different
miRNAs, we considered TA and SPS as two independent variables when carrying out multiple
linear regression on the 11 microarray data sets used previously for the initial development and
training of the context-score model’. The other parameters were local A+U content, the location
of the site within the 3’ UTR, and 3’-supplementary pairing’. For each site type, TA and/or SPS
robustly contributed (Supplementary Table 3). The scores generated by these models were called
context+ scores, because they consider site type and context plus SRNA proficiency. We then
generated the total context+ score for each mRNA with 3" UTR sites, relying on the observation
that multiple sites typically act independently with respect to each other’.

We tested the predictive value of the new model using data from array data sets not used
to train the model, and comparing the performance of the predicted targets ranked using the total
context+ scores to those ranked using scores of the original model. To examine whether any
improvement over the original model was due to training the model with multiple linear
regression rather than simple linear regression, we also used multiple linear regression to build a
model that considered only the three parameters used to build the original model (context-only

scores, Supplementary Table 4). For each model, we ranked predicted targets with 7- to 8-nt sites
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by score and assigned them to ten bins. The context+ scores performed better than the old
context scores at predicting the response to the SRNAs (Fig. 4a), yielding significantly stronger
mean repression for the top two bins (P =5 x 10° and 3 x 10°® for bins 1 and 2, respectively)
and significantly weaker repression in the bottom four bins (P=6x 107'°, 1.5x 107, 1x 10~
and 3 x 10" for bins 7-10, respectively, Wilcoxon’s rank sum test). Improved specificity was
also demonstrated in receiver operating characteristic (ROC) curves (Supplementary Fig. 4a).
Because most 6-mer sites and ORF sites are either nonresponsive or only marginally
responsive to the miRNA, algorithms that achieve useful prediction specificity do so at the
expense of ignoring these sites’. As low TA and strong SPS were correlated with substantially
greater efficacy of these marginal sites (Fig. 3¢,d), we extended the context+ scores to 6-mer
sites. For the context+ model, the top bin of mRNAs with 6-mer 3’ UTR sites but no larger sites
(Fig. 4b) had average repression resembling that of the third bin of mRNAs with 7- to 8-nt 3’
UTR sites (Fig. 4a; ROC curves, Supplementary Fig. 4b). We also generated context-only and
context+ scores for ORF sites by changing only the parameter of site location; this was not
applicable for ORF sites because it accounts for the lower efficacy of sites near the middle of
long 3' UTRs’. In ORFs, we found that sites farther from the stop codon tended to be less
effective, and thus we included the distance from the stop codon (linearly scaled distance of 0 to
>1,500 nt) as a parameter. Although this context+ model was not substantially more predictive
than the context-only model for ORF sites (perhaps because data from only 11 miRNAs were
used in the regression), both models had predictive value. We compared mRNAs with at least
one 8-mer OREF site (Fig. 4c) and found that those ranked in the top bin had average repression

resembling that of the second or third bins of mRNAs with 7- to 8-nt 3' UTR sites (Fig. 4a).
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Overall, our findings show that taking TA and SPS into account can significantly
improve miRNA target prediction when pooling results from multiple SRNAs. Training on the 11
miRNA transfection data sets used for the original context scores was appropriate for
demonstrating the improvement that could be achieved by taking TA and SPS into account. We
reasoned, however, that training on the 74 filtered data sets could generate a more precise
context+ model to be used to quantitatively predict repression. As we expected, correlations for
all four parameters had even greater significance when we trained the model on more data
(Supplementary Table 5). Although a support vector machine (SVM) approach should in
principle yield even greater specificity by capturing effects lost in multiple linear regression due
to multicollinearity, we did not observe enhanced performance with SVM (Supplementary Fig.
4c—e). Therefore, we used multiple linear regression because it enabled more convenient
calculation of context+ scores (Supplementary Fig. 5a). We will use these new scores in version

6.0 of TargetScan (http://www.targetscan.org/).

Additional considerations

A caveat of the reporter experiments was that miRNA sequence changes designed to alter TA or
SPS could have influenced other factors, such as miRNA stability or its loading into the silencing
complex. However, our computational analyses of 102 array data sets also showed that TA and
SPS each independently influence targeting efficacy. Therefore, if differences in SRNA stability
or loading confounded interpretation of our results, these differences would be correlated with
either predicted SPS or TA. Analysis of published miRNA overexpression data countered this

possibility, showing no correlation between miRNA accumulation and predicted SPS or TA
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(Supplementary Fig. 3¢,d). Furthermore, experiments examining the RNAs co-purifying with
AGO?2 indicated that the difference in proficiency between Isy-6 and miR-142/sy-6 was not
merely attributable to less accumulation of Isy-6 in the silencing complex (Supplementary Fig.

Im-s).

Discussion
The correlation between strong SPS and low TA has confounded earlier efforts to examine the
influence of these parameters on targeting efficacy, with one study implicating SPS and not TA**
and others implicating TA and not SPS*"*. Our results indicate that both parameters influence
efficacy and solve one of the mysteries in miRNA targeting, the failure of Isy-6 to repress all but
one of the 14 examined seed-matched mRNAs. Previous studies have hypothesized that the seed-
based targeting model is unreliable® or that sites of the 13 nonresponsive mRNAs fall in
inaccessible UTR structure'®. Our work shows that the solution is the unusually weak SPS and
high TA of the /sy-6 miRNA. Changing these parameters to resemble those of more typical
miRNAs imparted typical seed-based targeting proficiency, even though the sites were in their
original UTR contexts, thereby demonstrating that neither the reliability of seed-based targeting
nor the accessibility of the sites were at issue.

MicroRNAs with unusually weak predicted SPS and unusually high TA, such as miR-23
and /sy-6, seem to have few targets. Indeed, /sy-6 might have only a single biological target, the
cog-1 mRNA—an extreme exception to the finding that metazoan miRNAs generally have

4,8,35,36

dozens if not hundreds of preferentially conserved targets . Determining why so few

mRNAs respond to Isy-6 brings to the fore a second mystery, still unsolved: how is the cog-1 3’
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UTR so efficiently recognized and repressed by a miRNA with such weak targeting proficiency?
This UTR has two 8-mer sites, which by virtue of their conservation make cog-1 the top
predicted target of /sy-6 (ref. 3), but this is only part of the answer’’. Improving the context-score
model to take into account the differential SPS and TA of different miRNAs may help focus
attention on the predicted targets of miRNAs with more typical proficiencies, but leaves
unsolved the problem of how to predict the few biological sites of the less proficient miRNAs
without considering site conservation.

MicroRNAs with very high TA, such as Isy-6 or miR-23, and those with very low TA,
such as miR-100 or miR-126, two broadly conserved vertebrate miRNAs containing CG
dinucleotides in their seeds (Supplementary Data 2), seem to represent two strategies for target-
ing very few genes, accomplished at opposite ends of the TA spectrum. For miRNAs with very
high TA, other UTR features flanking the seed sites are required for regulation, as has been
shown for Isy-6 regulation of cog-1 (ref. 37), whereas miRNAs with very low TA have far fewer
potential target sites to begin with.

Our results also have implications for how siRNA could be designed to reduce oft-
targets. Earlier studies have proposed that off-targets could be reduced by designing siRNAs
with low TA?" or weak SPS*, and our results suggest that off-targets could be largely eliminated
by designing siRNAs with both high TA and weak SPS. However, such siRNAs might also be
ineffective at recognizing the desired mRNA target because pairing with this target would
nucleate on a match with weak SPS and might be titrated by the many other mRNAs with seed
matches. To investigate this concern, we examined a published data set of high-throughput

luciferase assays reporting the response to 2,431 different siRNAs>®. siRNAs with weak
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predicted SPS knocked down the desired target more effectively than did those with strong
predicted SPS (Fig. 4d; P < 10'%, t-test), presumably because of preferential loading into the
silencing complex®”*’. Moreover, high TA did not compromise the desired targeting efficacy,
even after we corrected for the cross-correlation between TA and SPS (P = 0.16, ¢-test).
Therefore, designing siRNAs with high TA and weak SPS should minimize off-target effects
without compromising knockdown of the desired target.

Highly expressed mRNAs tend to be evolutionarily depleted in sites for coexpressed
miRNAs, a phenomenon partly attributed to the possibility that these mRNAs might otherwise
titrate the miRNAs from their intended targets'>*'**. Titration can also provide a useful
mechanism for cells to regulate miRNA activity, as has been shown by /PS/ titration of miR-399
in Arabidopsis thaliana®™ . Beneficial titration has even been proposed to explain why so many
miRNA sites are conserved®. However, because most preferentially conserved sites are in lowly
to moderately expressed mRNAs, and because these sites each comprise only a tiny fraction of
the TA, each could impart at most a correspondingly tiny effect on the effective miRNA
concentration—much less than that required to selectively retain the site. Although titration
functions cannot explain most site conservation, TA could be dynamic during development, with
notable consequences. For example, the increase of a miRNA during development is often
accompanied by a decrease in its transcriptome TA, a consequence of the evolutionary depletion
of sites in mMRNAs coexpressed at high levels with the miRNA'**. This accompanying TA
decrease would sharpen the transition between the nonrepressed and repressed states of targets.

When predicting SPS, we used parameters derived from model RNA duplexes, which

presumably underestimated the affinity of RNA segments pairing with Argonaute-bound seed
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regions™***. The extent to which Argonaute enhances affinity might vary for different seed
sequences. These potential differences, however, did not obscure our detection of an influence of
SPS on targeting proficiency. Thus, our study provides a lower bound on the influence of SPS,
and an approach for determining its full magnitude once accurate SPSs of Argonaute-bound

complexes are known.

Methods

Reporter assays

For Isy-6 reporter assays, HeLa cells were plated in 24-well plates at 5 x 10 cells per well. After
24 h, each well was transfected with 20 ng TK-Renilla-luciferase reporter (pIS1)*, 20 ng firefly-
luciferase control reporter (pIS0)* and 25 nM miRNA duplex (Dharmacon; Supplementary Fig.
l1a), using Lipofectamine 2000 (Invitrogen). For miR-23 reporter assays, conditions were the
same except for transfected DNA: 10 ng SV40-Renilla-luciferase reporter (pIS2)*, 25 ng firefly-
luciferase control reporter (pIS0) and 1.25 pg pUC19 carrier DNA. Luciferase activities were
measured 24 h after transfection with the Dual-Luciferase Assay (Promega) and a Veritas
microplate luminometer (Turner BioSystems). For every construct assayed, four independent
experiments, each with three biological replicates, were done. To control for transfection
efficiency, firefly activity was divided by Renilla activity. Values for constructs with sites
matching the cognate miRNA were then normalized to the geometric mean of values for
otherwise identical constructs in which the sites were mutated. To control for differences not

attributable to the cognate miRNA, the ratios were further normalized to ratios for the same
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constructs tested with a noncognate miRNA, miR-1. These double-normalized results are in

figures; singly normalized results are in Supplementary Figures 1h—I and 2d—f.
Constructs

3" UTRs of Isy-6 predicted targets23 were subcloned into Xbal and Eagl sites in pIS1, and 3’
UTRs of miR-23 predicated targets were cloned into Sacl and Spel sites in pIS2 after
amplification (UTR sequences, Supplementary Table 1). Mutations were introduced using

Quikchange (Stratagene) and confirmed by sequencing.
Predicted SPS

SPS was predicted using nearest-neighbor thermodynamic parameters, including the penalty for
terminal A:U pairs®®. The contribution of the A at position 1 of 8-mer and 7-mer-A1 sites was
not included because this A does not pair with the miRNA* and thus its contribution is not
expected to differ predictably for different miRNAs. For linear regression analyses, the predicted
SPS of positions 2—8 was used for 8-mer and 7-mer-m8 sites, and the predicted SPS of positions
2-7 was used for 7-mer-A1l and 6-mer sites. To assign a single value for 7- to 8-nt sites (7-mer-
Al, 7-mer-m8 and 8-mer), we used a mean weighted value of the three site types. This mean SPS
was calculated as [(6-mer SPS)(7-mer-Al TA) + (7-mer-m8 SPS)(7-mer-m8 TA + 8-mer TA)] /

(7-mer-A1 TA + 7-mer-m8 TA + 8-mer TA).
Reference mRNAs

To generate a list of unique mRNAs, human full-length mRNAs obtained from RefSeq’’ and H-

Invitational* databases were aligned to the human genome® (hg18) using BLAT50 software and
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processed as described to represent each gene by the mRNA isoform with the longest UTR?".
These unique full-length mRNAs, which were each represented by the genomic sequence of their
exons (as the genomic sequence was of higher quality than the mRNA sequence), were the
reference mRNAs (Supplementary Data 3). Mouse full-length mRNAs were obtained from
RefSeq*” and FANTOM DB’' databases, aligned against the mouse genome™ (mm9) and
processed similarly. For C. elegans and Drosophila melanogaster, we obtained 3" UTR
sequences from TargetScan (targetscan.org)*>~°. Mature miRNA sequences were downloaded
from the miRBase web site™*.

Microarray processing and mapping to reference mRNAs

We collected published data sets reporting the response of HeLa mRNAs 24 h after 100 nM
sRNA transfection using Agilent arrays (two-color platform), excluding data sets for which
either multiple SRNAs were simultaneously transfected or the transfected RNAs contained
chemically modified nucleotides (Supplementary Data 1). If probe sequences for an array
platform were available, they were mapped to genomic locations in the human genome using
BLAT software. For some arrays (for example, GSE8501), probe sequences were unavailable,
but associated cDNA or EST sequence IDs were available. In such cases, genomic coordinates of
cDNAs and ESTs obtained from the UCSC Genome Browser™> were used as if they were
coordinates of array probes. Each probe and its associated mRNA fold-change value were
mapped to the reference mRNA sharing the greatest overlap with the probe’s genomic
coordinates, >15 bases. When multiple probes were mapped to a single reference mRNA, the
median fold change was used. To avoid analysis of mRNAs not expressed in HeLa cells, only

mRNAs with signal greater than the median in the mock-transfection samples were considered.
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For each array, the median fold change of reference mRNAs without any 6- to 8-nt site was used
to normalize the fold changes of all reference mRNAs. To correct for the global association
between mRNA fold change and A+U content of the mRNA transcript, the LOWESS filtering
was applied by using the malowess function within MATLAB (Mathworks) (Supplementary
Data 4). For some arrays, the transfected SRNA was designed to target nearly perfectly matching

(>18 nt) mRNAs, in which case these intended targets were excluded from analysis.

Motif-enrichment analysis for array filtering

To evaluate array data sets, we carried out motif-enrichment analysis using the Fisher’s exact test
for a 2 x 2 contingency table, populated based on whether the reference mRNA had a 7-mer
motif for the cognate SRNA in its 3" UTR and whether it was among the top 5% most
downregulated mRNAs. If multiple arrays examined the effects of transfecting SRNAs with
identical seed regions (positions 2—8), the P value of the Fisher’s exact test for site enrichment
(considering either of the two 7-mer sites and picking the one with the lower P value) was
assessed for each array, and the array with the median P value was chosen to represent that seed
region, yielding 102 representative arrays (Supplementary Data 1). To obtain a filtered data set,
this test was repeated for the 16,384 heptamers, and arrays were retained if the motif most
significantly associated with downregulation was the 7-mer-m8 or 7-mer-Al site of the
transfected SRNA; 74 arrays passed this filter (Supplementary Data 1). Results of multiple linear
regression and other analyses were robust to cutoff choice (other cutoffs tested were 10, 15 and

20%; data not shown).
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Target site abundance

TA in the human transcriptome was calculated as the number of nonoverlapping 3' UTR 8-mer,
7-mer-m8 and 7-mer-Al sites in the reference mRNAs. An analogous process was used to

calculate TA in mouse, C. elegans and D. melanogaster. To calculate TA ,, each site was

weighted based on mRNA-Seq data™. Predicted SPS and TA values for all heptamers in C.
elegans, human and HeLa, mouse and D. melanogaster are in Supplementary Data 5.

miRNA target prediction and analysis of siRNA efficacy

Context scores were calculated for the cognate sites of the reference mRNAs using the simple
linear regression parameters reported earlier’. Before fitting, scores for each parameter were
scaled from 0 to 1 (Supplementary Fig. 5b). To account for site type without the complication of
multiple sites, we developed models for each type individually, using mRNAs with only a single
site to the cognate miRNA (Supplementary Fig. 5c¢). The multiple linear regression models for
context-only and context+ were computed by using the Im function in the R package version

2.11.1.
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Figure Legends

Figure 1 Strengthening SPS while decreasing TA imparted typical targeting proficiency to Isy-6
and miR-23 miRNAs. (a) Sequences of miRNAs and target sites tested in reporter assays. Each
miRNA was co-transfected with reporter plasmids as a duplex designed to represent the miRNA
paired with its miRNA* strand (Supplementary Fig. 1a). (b) Response of reporters with 3’ UTRs
of predicted Isy-6 targets after co-transfection with Isy-6. As a specificity control, the experiment
was also done using a noncognate miRNA, miR-1 (gray bars). Geometric means are plotted
relative to those of reporters in which the predicted target sites were mutated after also
normalizing for the repression observed for miR-1 (gray bars). Mutant sites of this experiment
were the cognate sites of Figure 2d. Error bars, third largest and third smallest values among 12
replicates from 4 independent experiments. Significant differences in repression by cognate
miRNA compared to that by noncognate miRNA are indicated. (¢) Distribution of predicted
SPSs for 7-mer-ma8 sites of 60 conserved nematode miRNA families*® (Supplementary Data 2).
Values were rounded down to the next half-integer unit. (d) SPS distribution for 7-mer-m8 sites
of 87 conserved vertebrate miRNA families® (Supplementary Data 2). () Distributions of
predicted genome TA for 7-mer-m8 3’ UTR sites of 60 conserved nematode miRNA families
(Supplementary Data 2). Values were rounded up to the next tenth of a unit. (f) Distributions of
predicted genome TA for 7-mer-m8 3’ UTR sites of 87 conserved vertebrate miRNA families
(Supplementary Data 2). (g) Response of reporters mutated such that their sites matched the
miR-142 seed. The cognate miRNA was the miR-142/sy-6 chimera; noncognate sites were [sy-6
sites. Otherwise, as in b. (h) As in g, except showing the response to miR-142 transfection. (i)

Response of reporters with 3 UTRs of predicted miR-23 targets after co-transfection with miR-
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23a. Noncognate sites were for miR-CGCG. Otherwise, as in b. (j) Response of reporters
mutated such that their sites matched the seed of miR-CGCG, which was co-transfected as the
cognate miRNA. Noncognate sites were for miR-23. Otherwise, as ini. *P <0.01, **P < 0.001,

Wilcoxon rank-sum test.

Figure 2 Separating the effects of SPS and TA on miRNA targeting proficiency. (a)
Relationship between predicted SPS and genomic TA for Isy-6 and the 59 other conserved
nematode miRNAs (red squares), and all other heptamers (light blue, blue, dark blue or purple
squares indicating 0, 1, 2 or 3 CpG dinucleotides within the heptamer, respectively). TA was
defined as total number of canonical 7- to 8-nt sites (8-mer, 7-mer-m8 and 7-mer-Al) in
annotated 3’ UTRs. SPS values were predicted using the respective 7-mer-m8 sites. (b)
Relationship between predicted SPS and TA in human 3’ UTRs for miR-23 and the 86 other
broadly conserved vertebrate miRNA families (red squares). Otherwise, as in a. (¢) Sequences of
miRNAs and target sites tested in reporter assays of this figure. (d) Response of reporters with 3’
UTRs of predicted Isy-6 targets mutated such that their sites matched the seed of LTA-Isy-6,
which was co-transfected as the cognate miRNA. Noncognate sites were for Isy-6. Otherwise, as
in Figure 1b. (e) 2,6-di-aminopurine (DAP or D)-uracil base pair. (f) Response of reporters used
in d after co-transfecting D-LTA-/Isy-6 as the cognate miRNA. Otherwise, as in d. (g) Response
of reporters used in Figure 1i after co-transfecting D-miR-23a as the cognate miRNA, alongside
results for miR-23a that was repeated in parallel. Otherwise, as in Figure 1i. *P <0.01, **P <

0.001, Wilcoxon rank-sum test.
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Figure 3 Impact of TA and SPS on sRNA targeting proficiency, as determined using array data.
(a) Distribution of TAper. and predicted SPS for the SRNAs from the 102 array data sets
analyzed in this study (orange squares) and sSRNAs from data sets that passed the motif-
enrichment analysis (red squares). Otherwise, plotted as in Figure 2b. (b) Response of expressed
mRNAs with a single 3" UTR site to the cognate SRNA, with respect to TAper, and predicted
SPS. Fold-change values are plotted according the key to the right of each plot, comparing
mRNAs with a single site of the type indicated (and no additional sites to the cognate SRNA
elsewhere in the mRNA) to those with no site to the cognate SRNA; note different scales for
different plots. In areas of overlap, mean values are plotted. Correlation coefficients and P values
are in Table 1. (¢) Response of expressed mRNAs with a single ORF site to the cognate SRNA,
with respect to TApyera and predicted SPS. Otherwise, as in b. (d) Response of mRNAs with
indicated single sites when binning cognate SRNA by TApyer. (top) or predicted SPS (bottom).
The key indicates the data considered, with the first quartiles at top comprising data for SRNAs
with the lowest TAper, and those at bottom comprising data for sSRNAs with the strongest

predicted SPS. Error bars, 95% confidence intervals.

Figure 4 Predictive performance of the context+ model, which considers miRNA or siRNA
proficiency in addition to site context. (a) Improved predictions for mRNAs with canonical 7- to
8-nt 3’ UTR sites. Predicted interactions between mRNAs and cognate SRNA were distributed
into ten equally populated bins based on total context scores generated using the model indicated
(key), with the first bin comprising interactions with most favorable scores. Plotted for each bin

is the mean mRNA change on the arrays (error bars, 95% confidence intervals). (b) Prediction of
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responsive interactions involving mRNAs with only 3’ UTR 6-mer sites. Otherwise, as in a. (¢)
Prediction of responsive interactions involving mRNAs with at least one 8-mer ORF site but no
3" UTR sites. Otherwise, as in a. (d) Impact of TA and SPS on siRNA-directed knockdown of
the desired target. Efficacy in luciferase activity knockdown for 2,431 siRNAs transfected into
H1299 cells®®. Efficacy is linearly scaled (key), with positive and negative controls having values

of 0.900 and 0.354, respectively™.
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Figure 4

Predicted SPS (kcal mol_1)
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Table 1 Relationship between mean mRNA repression and either TA or predicted SPS for the
indicated site types, as determined from microarray data (Fig. 3b,c).

Multiple linear regression Simple linear regression
SI;i(liotc;;eon Multiple P value TAgnera SPS

R TAnea SPS R>  Pvalue R P value
3'UTR 8mer 0.149 0.0049 0.051 0.115 0.0006 0.076 0.0054
3'UTR 7mer-m8 0.190 0.0081 0.0047 0.122 0.0003 0.131 0.0002
3'UTR 7mer-Al 0.335 0.0009 2x107 0.196 3x10° 0.256 6x10°
3'UTR 6mer 0.177 0.039 0.0025 0.097 0.0014 0.141 0.0001
ORF 8mer 0.104 0.018 0.14 0.085 0.0030 0.052 0.021
ORF 7mer-m8 0.171 0.019 0.0054 0.103 0.0010 0.123 0.0003
ORF 7mer-Al 0.135 0.010 0.073 0.106 0.0008 0.076 0.0052
ORF 6mer 0.228 0.010 0.0008 0.133 0.0002 0.174 1x107
5'UTR 8mer 0.004 0.75 0.68 0.002 0.64 0.003 0.59
5'UTR 7mer-m8 0.003 0.63 0.72 0.002 0.70 0.000 0.84
5'UTR 7mer-Al 0.012 0.60 0.49 0.007 0.41 0.009 0.35
5'UTR 6mer 0.011 0.97 0.32 0.001 0.74 0.011 0.29
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5’ ACAUACUUCUUUAUAU CCAUA 3’ miR-1-1*
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3’ UAUGUAUGAAGAAAUGUA GGU 5’ miR-1-1

Supplementary Figure 1. Information and analyses related to Figure 1. (a) Predicted structures for
miRNA duplexes transfected in this study. For miRNA mimics of endogenous sequences (/sy-6, miR-
142-3p, miR-23a, miR-1, miR-1-1), miRNA* nucleotides that differed from their endogenous identities®®%
are highlighted in red. These changes were designed to facilitate loading of the miRNA. Additionally, a
guanine present within endogenous miR-142-5p was deleted (not shown). Non-canonical nucleotides
used to either increase SPS (D = 2,6-di-aminopurine), or facilitate loading (I = Inosine), are highlighted in
cyan.
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Supplementary Figure 1 continued. (b) cog-7 3'UTR wild-type and mutant sites containing
mismatches or G:U wobbles to the indicated nucleotide(s) of Isy-6. lllustrations of mutant sites, with
mutated positions shown in red, are simplified from the wild-type sites at top. (¢) Response of the cog-1
3’UTR reporter to mutations in the Isy-6 sites. Repression of each construct by /sy-6 was normalized to a
construct with two mutated /sy-6 sites, each containing two mismatches (1st, 2nd site mismatch). In
parallel, activity was measured using a non-cognate miRNA, miR-1 (grey bars). Normalization was as
panels h—l of this figure. Error bars and statistical significance is as in Figure 1b.

The original study using in vivo reporter assays in C. elegans concludes that repression of cog-1
by Isy-6 is not strongly diminished by the introduction of G:U wobbles into the seed match?, which
contrasts with conclusions from studies using reporters in mammalian cells®” and D. melanogaster® as
well as many other studies using comparative sequence analysis and large-scale experimental datasets®.
A second study of the Isy-6:cog-1 interaction concludes that some G:U wobble combinations diminish
repression of cog-1 by Isy-6 in the in vivo reporter assay®”. We used luciferase reporter assays in HelLa
cells to examine the same G:U wobble changes as those examined in worms, as well as some additional
changes (Supplementary Table 1). Introducing G:U wobbles into the upstream Isy-6 site in cog-1 was
detrimental in all cases. G:U wobbles in the downstream /sy-6 site also reduced repression, although the
effect was less pronounced than for wobbles in the upstream site. Introducing two wobbles into both sites

abolished repression.
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Supplementary Figure 1 continued. (d) Distribution of predicted SPSs for mer miRNA sites to 60
conserved nematode miRNA families (Supplementary Table 7), as in Figure 1c. (e) Distribution of
predicted SPSs for 6mer miRNA sites to 87 conserved vertebrate miRNA families (Supplementary Table
7), as in Figure 1d. (f) Relationship between human TA and TAy.., for all heptamers. The least-squares
linear fit to the data is shown, with the equation for the line and its Spearman’s R2. (g) Distribution of
TAneLa, CcOunting 7mer-m8 3’UTR sites for 87 conserved vertebrate miRNA families, plotted as in Figure
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1f. TA.L. values for all 16,384 heptamers are provided in Supplementary Table 10.
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Supplementary Figure 1
continued. (h-I)
Reporter results
presented in Figure 1
before normalizing to
ratios obtained for the
non-cognate miRNA,
miR-1. In the main
figures, cognate miRNA
repression values are
normalized to repression
values by miR-1. This
normalization method was
useful because
expression differences
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sometimes observed in
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Supplementary Figure 1 continued. Accumulation of
transfected miRNAs within the AGO2 silencing complex.
(m) Quantitative RNA blot probing for Isy-6 and endog-
enous controls (miR-21 and miR-22), comparing samples
with synthetic RNA standards to samples with material
that co-purified with AGO2 (AGO2 IP) and material that
did not co-purify (unbound) after transfecting the
indicated miRNA duplexes. miR-1-1 samples contained
half of the material present in Isy-6 samples. Because a
large fraction of the transfected miRNA did not co-purify
with AGO2, only one-tenth of unbound material corre-
sponding to bound material was loaded on the gel. (n)
Quantitative RNA blot probing for miR-142/sy-6 chimera
and endogenous controls, otherwise as in m. (o) Control
blot probing for miR-1-1 and miR-1-1*, which demon-
strated the specificity of the co-purification for loaded
miRNA. Otherwise, as in m. (p) Repression of cog-1
reporters containing cognate sites for either Isy-6 or
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Supplementary Figure Tm-s continued.

miR-142/sy-6 chimera measured across a range of transfected miRNA concentrations. Data is plotted as in
Figure 1, except error bars represent the second largest and second smallest values among 9 replicates from
3 independent experiments. For normalization, a non-cognate miRNA (miR-1) was co-transfected in parallel at
the same concentrations as the cognate miRNAs. (q,r) Repeat of the experiment in panels m and n, transfect-
ing less miR-142/sy-6 chimera to account for its more efficient accumulation in the AGO2 silencing complex.
(s) Response of reporters to transfection of miR-142/sy-6 chimera at 0.2 nM, otherwise as in Figure 1g.

Analyses of the co-purfication results in panels m and n (geometric mean of ratios normalized to the
endogenous internal controls, miR-22 and miR-21) indicated that miR-142/sy-6 chimera accumulated in AGO2
at a level 4.4-fold higher than did Isy-6. This difference represented an estimate of relative accumulation in the
silencing complex because levels in AGO1, AGOS, and AGO4 were not determined and because loaded
miRNAs might have different degradation rates over the 24 hours after transfection. Because eight targets in
Figure 1 were not significantly repressed by Isy-6 but were repressed between 1.3- and 3.5-fold by miR-
142/sy-6 chimera, an accumulation difference of less than 5-fold could not explain the difference in proficiency.
Consistent with this interpretation were miRNA titration results (p), which indicated a rather shallow relationship
between miRNA tranfection concentration and fold repression, such that 5-fold differences in miRNA concentra-
tion would not be expected to result in the binary differences observed between Isy-6 and miR-142/sy-6
chimera, particularly near the concentration used (25 nM).

To find transfection concentrations yielding equal the levels of AGO2-bound /Isy-6 and miR-142/sy-6
chimera, AGO2 immunopurification was repeated after transfecting miR-142/sy-6 chimera at concentrations
matching those tested in panel p. Analyses of these results (panels g and r) suggested that transfection of
miR-142/sy-6 chimera at 0.2 nM resulted in accumulation of AGO2-bound miRNA to a level similar to that of
Isy-6 transfected at 25 nM. At even lower transfection concentrations, miR-142/sy-6 chimera levels in AGO2
decreased further, consistent with the reduced repression of cog-1 at these concentrations (panel p). Transfec-
tion of miR-142/sy-6 chimera at 0.2 nM yielded greater reporter repression than that observed in Figure 1b, but
less than that observed in Figure 1g (panel s). These results indicate that the relative level of miRNA in the
silencing complex (presumed functions of miRNA turnover and loading efficiencies) was not the only factor
contributing to proficiency, thereby supporting our conclusion that properties of the seed also played a role.
Additional experiments will be needed to learn whether the less efficient accumulation of AGO2-bound /sy-6 is
attributable to poorer loading or faster turnover. If faster turnover of loaded Isy-6 were a factor, then comparing
the results of panel s with Figure 1b would underestimate the effects of SPS and TA, because the luciferase
reporter assay results represented cumulative effects of the miRNA on targets since transfection, and at earlier
times the levels of loaded /sy-6 in Figure 1b would have been relatively higher than levels of loaded miR-
142/sy-6 in panel s.

The methods for the immunopurification experiment were as follows: For each miRNA duplex, four
(m-o) or three (q,r) 24-well plates of HelLa cells were transfected as described for the reporter assays (at 25
nM unless otherwise labeled). Half of the wells were co-transfected with pISO and plIS1 containing wild-type
Isy-6 sites, the other half with pISO and pIS1 containing mutated /sy-6 sites, and cells were mixed during
harvesting. After 24 hours, cells were washed once with 1X PBS and trypsinized, after which all remaining
steps were carried out either at 4° C or on ice. Cells were harvested by resuspension in growth media, pelleted
(200 x g for 5 minutes), washed with 1X PBS and re-pelleted, then lysed with 4.8 mL or 3.6 mL (50 pL per well)
Ago Lysis Buffer (ALB)(25 mM Tris-Cl pH 7.4, 150 mM KCI, 0.5 mM EDTA, 0.5% NP-40, 0.5 mM DTT, one
Roche EDTA-free Protease Inhibitor Cocktail tablet per 10 mL) for 1 hour. Cellular debris was spun out (200 x
g for 5 minutes), and for each sample, supernatant was mixed with 15 pL of Anti-Human AGO2 antibody
(Wako, clone 4G8). After 1 hour, 80 pL EZview Red Protein G Affinity Gel (Sigma) was added, and the mixture
was incubated another 4 hours with rocking. Beads were spun down and supernatant (“Unbound”) was set
aside for later RNA isolation. Beads were washed two times in ALB and then two times in Minimal Cleavage
Buffer (MCB) (400 mM KCI, 1mM MgCl,, 10 mM Tris-Cl pH 7.4, 20% w/v Glycerol, 0.5mM DTT). Yeast total
RNA was added to IP samples to a concentration of 200 ng per pL, and RNA from IP and Unbound samples
was isolated using TRI reagent (Ambion). Small RNA blots were generated and probed as described
(http://web.wi.mit.edu/bartel/pub/protocols.html). To enable quantification of RNA levels in the IP and unbound
samples, dilution series of synthetic standards for the relevant RNAs were also loaded and used to generate a
standard curve~AAGCUGCCAGUUGAAGAACUGU (miR-22); UAGCUUAUCAGACUGAUGUUGA (miR-21);
Isy-6, miR-142/sy-6, miR-1-1, and miR-1-1* sequences are shown in Supplementary Figure 1a. Probe
sequences: TCGAAATGCGTCTCATACAAAA (Isy-6); TCGAAATGCGTCTCACACTACA (miR-142/sy-6);
TACATACTTCTTTACATTCCA (miR-1-1); TATGGGCATATAAAGAAGTATGT (miR-1-1%);
ACAGTTCTTCAACTGGCAGCTT (miR-22); TCAACATCAGTCTGATAAGCTA (miR-21).
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Supplementary Figure 2. Analyses related to Figure
2. (a) The relationship between predicted SPS and TA
in mouse 3’UTRs for miR-23 and the 86 other broadly
conserved vertebrate miRNA families (red squares).
Otherwise, as in Figure 2b. (b) The relationship
between predicted SPS and TA in D. melanogaster
3’'UTRs for 94 conserved fly miRNA families (red
squares). Otherwise, as in Figure 2a. (c) The
relationship between predicted SPS and TAue.. for the
Isy-6 site and its mutant derivatives (yellow squares)
and for the miR-23 site and its mutant derivatives (red
squares). Otherwise, as in Figure 3a. (d—f) Reporter
results presented in Figure 2 before normalizing to
ratios obtained for the non-cognate miRNA, miR-1.
Otherwise, as in Supplementary Figure 1h-I.
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Supplementary Figure 3. Analyses related to Figure 3. Impact of TA and SPS on sRNA targeting
proficiency of single 3'UTR sites (a) and single ORF sites (b) to the cognate sSRNA, as measured using
array data from 74 datasets that passed the motif-enrichment analysis (Figure 3a, red squares). Other-
wise, as in Figure 3b,c.
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Supplementary Figure 3 continued. Plots showing the relationship between predicted SPS or TA and
the accumulation of mature miRNA after over-expressing the miRNAs from DNA vectors in HEK 293
cells®®. (c) Results from analyses of 14 human miRNAs. Overexpression was calculated as the number
of sequencing reads from the most dominant mature miRNA species minus the number of reads found in
the mock-transfection control, after normalizing to the reads of endogenous miRNAs that were not
overexpressed®. For miRNAs marked with asterisks, the most dominant mature miRNA sequence was
offset by 1—2 nucleotides with respect to the miRBase annotations, and therefore the predicted SPS and
TA values shown differed from those found in Supplementary Table 7. These plots show that miRNA
accumulation does not decrease with weaker SPS or higher TA. (d) Results from analysis of 12 mouse
miRNAs. Otherwise, as in c.
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Supplementary Figure 4.
Analyses related to
Figure 4. This page
shows ROC curves
demonstrating improve-
ments in SRNA target
prediction after integrating
TA and predicted SPS as
features in context+
scores. (a) Analyses of
mRNAs with 7-8-
nucleotide sites in
3'UTRs, performed at four
different fold-change
cutoffs. (b) Analyses of
mRNAs with 6mer 3'UTR
sites but no larger sites,
performed at four different
fold-change cutoffs.
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Supplementary Figure 4 continued. Performance of the context+ model and SVM regression models
with either linear or polynomial kernel. (¢) Predictions for mRNAs with canonical 7-8-nucleotide 3’'UTR
sites. Predicted interactions between mRNAs and cognate sRNA were distributed into 10 equally
populated bins based on scores generated using the indicated models (key), with the first bin comprising
interactions with the most favorable scores. Plotted for each bin is the mean mRNA change on the arrays
(error bars, 95% confidence intervals). To perform SVM regression, SVM™" version 6.02 was used with
default parameters®. Performance of other SVM kernels (radial basis function and sigmoid tanh) was
similar or worse (data not shown). (d) Prediction of responsive interactions involving mRNAs with only
3’UTR 6mers sites. Otherwise, as in ¢. (e) Prediction of responsive interactions involving mRNAs with at
least one 8mer ORF site but no 3'UTR sites. Otherwise, as in c.
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Supplementary Table 1. Predicted target genes investigated in this study.

Predicted /sy-6 target genes investigated in this study. Conservation indicates sites present in orthologous UTRs of
C. elegans, C. briggsae, and C. remanei. More negative context scores indicate sites predicted to be in more
favorable contexts for miRNA recognition’. A new tool that precisely maps the 3’ ends of transcripts was applied to
C. elegans™, enabling us to check the 3'UTR annotations of these targets. These data indicated that for some of the
predicted targets the UTRs end before reaching the Isy-6 sites. However, this information did not change our
conclusions regarding the targeting proficiency of the /sy-6 miRNA because many of the predicted sites not retained
in the worm UTRs must have been retained in those UTRs in HeLa cells — otherwise, repression would not have
been observed in Figure 1g,h.

Target gene Site Sequence C elegans Conserved Context
name site type score
cog-1 1 RO3C1.3(A) 8mer Yes -0.43
cog-1 2 RO3C1.3(A) 8mer Yes —0.46
hih-8 C02B8.4 7mer-m8 Yes -0.26
F55G1.12 F55G1.12 8mer As a 7Tmer-Al -0.51
pip-1 1 C48D5.2A Tmer-Al No -0.14
ptp-1 2 C48D5.2A 8mer No -0.52
nsy-1 F59A6.1 Tmer-Al No -0.12
fkh-8 F40H3.4 Tmer-Al Yes -0.21
T05C12.8 T05C12.8 7mer-m8 Yes —-0.30
C27H6.9* 1 C27H6.9 8mer As a Tmer-Al -0.50
C27H6.9* 2 C27H6.9 8mer No —0.43
T23El.1 T23El.1 7mer-m8 No -0.19
aex-4/tag-81 T14G12.2 7mer-m8 Yes —0.27
glb-1 ZK637.13 7mer-Al Yes —0.15
T20G5.9 T20G5.9 Tmer-Al Yes -0.15
acl-5 RO7E3.5 Tmer-Al Yes +0.01
T04C9.2 T04C9.2 7mer-m8 Yes —0.23

*Listed as C27H6.3 in ref 23.

Predicted miR-23 target genes investigated in this study. Conservation status and site context scores (calculated for
miR-23a) from TargetScan 5.17. More negative scores indicate sites predicted to be in more favorable contexts for
miRNA recognition’.

Target gene Site t};;?an site Conserved Context score
LRIG1 1 Tmer-Al Yes -0.19
LRIG1 2 8mer Yes -0.29
WBP4 1 Tmer-Al Yes -0.28
WBP4 2 Tmer-Al Yes -0.26
NEK6 1 8mer Yes -0.36
NEK6 2 8mer Yes -0.43
MAP4K4 1 Tmer-m8 Yes -0.20
MAP4K4 2 8mer Yes —0.44
RAPIA 1 7mer-Al Yes -0.17
RAPIA 2 7mer-Al Yes -0.18
DMN 1 7mer-Al No -0.11
DMN 2 8mer No -0.32
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Supplementary Table 1 continued. Sequences of UTR fragments assayed. Listed are the plasmid name in
brackets, gene name, RefSeq accession number (where applicable, longest isoform is cited), and UTR sequence
tested with miRNA seed sites underlined. For /sy-6 and miR-23 targets, the full-length sequence shown is wild-
type. For mutant constructs, only the miRNA site (underlined, mutations in uppercase) is shown; the remainder of
the UTR sequence was identical to wild-type. For all cog-/ UTRs assayed in Supplementary Figure 1b,c, full-
length sequences are shown.

Isy-6 target UTRs:

[pDMGa] cog-1; NM_001027093
cttttaagcgttctacctctcccecteccttcaaccgagtgtattattcceccaatttgtttgcaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttecgtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcettttctcgtacttttgtataattttttttcttaatttttttgecatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttatacaaaaaccaaactcccttttaccgttaaaccatgecccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattgg
attctaatgacataaatttattagattaa

[PDMG1b] miR-142 sites: aCacTaCa, aCacTaCa; otherwise as for pPDMG1a

[PDMG1c] LTA sites: atacGaTa, atacGaTa; otherwise as for pPpDMG1a

[pDMG2a] hlh-8; NM_076966
tttcgaatatggaaaaaactggcecagctcctaatttatttgataatgtatgcttctcaatcaacatagtcctcatgatatagtgccttattctcatttttgatgtatcaaatctgtctaa
taatatctactcgatttcaattttcgtttgctcaaaacttaaaaatttgcttgagaattttgcaagagactattagtaagcccattgttaaatgaaacaagtttatcccgcaaacaga
aactatgtgtgaatatgatcaaactataatacaaacacgtaaaaaaaaattttgaatcataattatcatttgaccactaagccatgcaatgatgaaccaatttcaacttgacattc
acacccagtagtggtatcaattgactcttttacccagtcatcgccattctgtctcatcacatcgatcgtccteattattggettgeattctccgaatcctaaaaaaagtgtgggte
agcggcegtgatggatgggcegtctatgaaaaaaaacgageccatcggageccaaatg

[pPDMG2b] miR-142 site: aCacTaC; otherwise as for pPDMG2a

[pPDMG2c] LTA site: atacGaT; otherwise as for pPDMG2a

[pPDMG3a] F55G1.12; NM_068805
attgattttatttattttaatttaatgaatctcgecggaatgtctgatttgttgcttggtttggtttgaaaattatatacaaaaatagtggattaaatgat
[pPDMG3b] miR-142 site: aCacTaCa; otherwise as for pPDMG3a

[pPDMG?3c] LTA site: atacGaTa; otherwise as for pPDMG3a

[pPDMG4a] ptp-1; NM_065331.2
gcettttatccaaaaaatacatatatcgtttttgtttcttcaaattcttcttcccatcgaactctcatgaatcacggatccegegaggtgctagetatttttgecttttttetttettctttttt
ttattgcatagttaattagctattgttttcctacacaaaactagtcaatgttttaagtaattaaatatcatcatttaatatttcaacaaaaaatctatctcaatgggtcacccgatgtgat
tttcgtaccaattgttccccatcactacgtcataattgtaccacccccececcatctttcatgtacgaaaaatcgeccaaacttgtatgtaaaaaaaacaaaaaagtectctcaaa
tcatcacaaactttccttctttttcatataaaatgttacagtctgtgttticcattgtacaaaaaaaaagtgtgatcggggaaaaagaaacggggctacatgatcgggaaagtgte
aacagtttgcttgatttcggaaatcaccaggtttcaaaatttctaaataaaattggaagggaagggaagggaagggaaaagagaaatatatataaatatatagaacccaaga
aaaaatggaacaaaaaaaacggagaatgaggtgtttagatgaacgaaaaaatgcaaatttttagagtttngtcgatccagecgaataaaatcgaaacttngaaaaaaaaaa
agagacactgcctattagaaaacaaaaaaaaacatttcacaaaaaaaattagatgggeotgagggacgaagagtagatcagaaaattgtgaaaaagaaaatatttttacat
cggttttccataacaaaacggtacataaaatgatggagagaatcgaggggaatgatcaaggaatgggacatggectgecatgagacaaaagacgnttcncaatacaca
antagagcgggggatagaagantagaagaagcttattccagtgnttatggggctatttatatgatgtagaaaaatacaaaaatgtatttttatacatnttccece
[pPDMG4b] miR-142 sites: CacTaCa, aCacTaCa; otherwise as for pPDMG4a

[pPDMG4c] LTA sites: tacGaTa, atacGaTa; otherwise as for pPDMG4a

[pPDMGS5a] nsy-1; NM_062524.6
ttttctgtagtttctetgttctetctetctetetetetctggteatttttctetctictagtttttctgtetetticteteattttattgtgatatcttttctetctetetetetctetetetetctetaat
cctetgtttcgtgtacaaagttttcagtttcttaatttgttctctgaaaatcatcaaacccctccaaaatttgettgegtgtagaacttttcattacaaacaaaaaccaaattgctagt
gtctttcctatccaactacattatagagatttctaatctcatgtcaattgtttcatgtatcattctacaaaactcacacacatccgaatcatcataactatcataataataagttttatta
accaaaaataaataaatatatatttcatgatcgttattctccgagceacttccgcatcatcttcggcaacccataagtaaatcatttgtectgetgeagtcatgagtegttcttttttc
ggatgagcecgtcagagaatgaatcacttttgaaggatgttcgagtttcgacacgatgtgtgaatcgaggagactgtaatttattctttcttttgaaactaatattgttacctaccta
tacacataaacgaatccgtcttctgagccacttgecacgtgctcgatggattgtaaaactcggeagtctaatttgtattccgtgttttgatgacctttatagetgaaaatttataaa
tttatagctccaattttcatacaatattcaaaaatatgtaccttgctageaattttccactagatttatcaataagccgaacaattccacccattactccagecaacaggcaattact
gtctggggtaaagetgacactgtttactgaatctcccatgtagtcgactgtcatctganaattagaaatttctaataacttgaaaattctttttttttttcaattacatttccatctctaa
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tactatagactctgtaatttccatcagcacttccagcaacaatctcatggecatta
[pPDMG5b] miR-142 site: CacTaCa; otherwise as for pPDMGS5a
[PDMG5c¢] LTA site: tacGaTa; otherwise as for pPDMG5a

[PDMG6a] fkh-8; NM_062834.2
attgttaatctaaaggttcaaaaactcacatatttttcacacagtgtccaaatttcatttgtacaaaaatacattgttagttagttttcattttcatattcatttttcgtaaacattcaa
[pPDMG6b] miR-142 site: CacTaCa; otherwise as for pPDMG6a

[pPDMG6c] LTA site: tacGaTa; otherwise as for pPDMG6a

[pPDMG7a] T0O5C12.8; NM_063322.2
tacaactaaatgtggcaaagcttcttcattgtttgaataatgaaaaacgaatacaaacaactttgaaatcaaaacattaaaacttacaacatttcgttcaataaagtatcatcaaa
agaagaaaacaaaagctgaacatgagaatttgggataaggagcagcagatcggaattatgtgagaagecacgecggaaaacagggatatataaacggggtaaacggga
aaat

[PDMG7b] miR-142 site: aCacTaC; otherwise as for pPDMG7a

[PDMG7c] LTA site: atacGaT; otherwise as for pPDMG7a

[pPDMG8a] C27H6.9; NM_001129395.1
ttggaaaatgtgatgtttttctataaataaatattctcacaactctttttcatgttttatataatacaaaatgcacatcaagcagaaaaatttcaacataaagtttacaccagaagtga
atttagggatgaagaggaaccaaattacgtaaatacaaaagtatcgaaacatgatagat

[pPDMGS8b] miR-142 sites: aCacTaCa, aCacTaCa; otherwise as for pPDMG8a

[pPDMGS8c] LTA sites: atacGaTa, atacGaTa; otherwise as for pPDMG8a

[pDMG9a] T23E1.1; NM_067895.3
aattgagatcaaattgttcttttatatgtatgtactgaaaacaataaagaattttttgaaattaaaaatttaaagtcttcactcacacccgectgggaaccccectettctageectga
aaacgccttaaattgcacacggagcaagtaaggagtggatgecttgtaggcttaggetcggacttaggectaggetcaggattaggtttaggettaggcttagactggge
gggggaagagagcaaaaataagttccagaaaattcaagaattaaaaaaaggaaataagectcctaattaggegaggaggcetggegagaggcgagttttcaatccataat
atccgtgttaagctatttttttttaataaactcttcgaaaatatctactttccctgcaccagtttttctcttccaaaatgticcaaatatgtattgttgagtggcgtaagcaaaacaaag
tcaagtctctagtgaatacaaacacacgctcttcattttttt

[pPDMG9b] miR-142 site: aCacTaC; otherwise as for pPDMG9a

[pPDMG9c] LTA site: atacGaT; otherwise as for pPDMG9a

[pPDMG10a] aex-4/tag-81; NM_076240.5
cttcacaaaaagtgtggtgcgegceatticcacgggctacgaacacatgggtaaactgtacattttcaaatattgttgaaaacttttaatttttcaattttaaattcaaactttatgtttt
aagcaataaaatgatgatttaatccgttatacaaagacatggaaaagttacagttagtttttttttttaagcggtcgttatttataggggttcgtitaatggtgtcacatactgcetttg
cgt

[pPDMG10b] miR-142 site: aCacTaC; otherwise as for pPDMG10a

[PDMG10c] LTA site: atacGaT; otherwise as for pPDMG10a

[PDMG1 la] glb-1; NM_066573.5
ttgagectttatattgtatttgaatgagetttgagtattataatgattatctetettggaaacgtttttgtacaaaataaacaaag
[pPDMG11b] miR-142 site: CacTaCa; otherwise as for pPDMG1 1a

[pPDMGT11c] LTA site: tacGaTa; otherwise as for pPDMG1 1a

[pDMG12a] T20G5.9; NM_066860.2
gcaacgattaaatatagattctacctctctgtttcatttcatgtgcgatagtttcagataattatttattttatattttgtattttatgaacgggttcgatacttgtcttttttcggttggaat
gtacaaaaatacacagaatacacgaattga

[pPDMG12b] miR-142 site: CacTaCa; otherwise as for pPpDMG12a

[pPDMG12c] LTA site: tacGaTa; otherwise as for pPDMG12a

[pPDMG13a] acl-5; NM_001047817.1
agttttttgatgtacaaaactagccaattttttgtatcagatcttttattgattgtttacgtttgaacggttccatttgccaaa
[pPDMG13b] miR-142 site: CacTaCa; otherwise as for pPDMG13a

[pPDMG13c] LTA site: tacGaTa; otherwise as for pPDMG13a
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[pDMG14a] T04C9.2; NM_065904.1
cgcgataactttgtttcggetectatacaaatttggttatttttgttggtcgetccaacatttttttcgtectcatccgagcecatgacttetettetecttttcetctatttcgtctcaaact
tcegttettttttacctaatcatcattattagcceccatecttatcatettctggaacccacatcgteatctteggtttetttetttttgaggcacaagceaacaactacttttctcgeatctt
ctctectecagcttetettetttatgagecgggttaggggcteticgaaaattgtttccacteggetgecttegtgttttcgacgtgeccgaacttgetcaaaaccgaagetcac
gcatcgttaggtaacgaaagaattacacgtaggagggacgcactgecgtttgattcttatctgtcatcgtcaggattgttgcaacctcttcaatcctccggatgtgegttgatt
cccgcacgattagacaatttgttgtg

[pPDMG14b] miR-142 site: aCacTaC; otherwise as for pPDMG14a

[pPDMG14c] LTA site: atacGaT; otherwise as for pPDMG14a

miR-23 target UTRs

[pPAG247] LRIG1; NM_015541.2
gataaaagcaaatgtggecttctcagtatcattcgattgetatttgagacttttaaattaaggtaaaggctgetggtgttggtacctgtggattttictatactgatgttttegttttg
ccaatataatgagtattacattggccttggggeacagaaaggaggaagttctgacttttcagggctaccttatttctactaaggacccagageaggectgtccatgecattee
ttcgcacagatgaaactgagcetgggactggaaaggacageccttgacctgggttctgggtataatttgeacttttgagactggtagetaaccatcttatgagtgccaatgtgt
catttagtaaaacttaaatagaaacaaggtccttcaaatgttcctttggccaaaagetgaagggagttactgagaaaatagttaacaattactgtcaggtgtcatcactgttcaa
aaggtaagcacatttagaattttgttcttgacagttaactgactaatcttacttccacaaaatatgtgaatttgetgettctgagaggcaatgtgaaagagggagtattacttttat
gtacaaagttatttatttatagaaattttggtacagtgtacattgaaaaccatgtaaaatattgaag

[pCS247] miR-CGCQG sites: aCgCgaa, aaCgCgaa; otherwise as for pAG247

[pPAG249] WBP4; NM _007187.3
catgcttttaggacagaatggagacttatacacccaaagtttatctgtgtitgtitgtaagtattatgatgctaaaaatttagatttattctaaatgtatttgatgtgaattaaaataaa
tattttttcatgtgaaatttattttggttcctaaaatggaagcctaccacattgcattgtaatacagtgtattatgttcagtgtctaaaaactgctaattaagtcataatttaagatgeta
tgtatctgttatttaaaacatggagaaacagggcctttattccattcatattcataagagcatatttatcctgeattgaaaatgcattacttttgcacattgatattaactgttgtccaa
caaataagtatcggagtacgtgagaatattcce

[pCS249] miR-CGCQG sites: aCgCgaa, aCgCgaa; otherwise as for pAG249

[PAG250] NEK6; NM_001145001.2
aacagctaagaccacagggttcagcaggttccccaaaaggetgeccagcecttacagcagatgctgaaggeagageagetgagggaggggegctggecacatgtcac
tgatggtcagattccaaagtcctttctttatactgttgtggacaatctcagetgggtcaataagggcaggtggttcagcgagecacggeagecccctgtatctggattgtaat
gtgaatctttagggtaattcctccagtgacctgtcaaggcettatgectaacaggagacttgecaggagaccgtgtgatttgtgtagtgagectttgaaaatggttagtaccgggtt
cagtttagttcttggtatcttttcaatcaagctgtgtecttaatttactctgttgtaaagggataaagtggaaatcatttttttccgtggagtggtgattctgctaacatttttatctacg
ttttataacttggtgagtgacgatgagagecctgeacctggecagagtgtcacaggcaaaaggceatcgggaageaggagceatcttettggecagecaggcetgggecatctt
cteetggacacctgetgtgtaccaggaacttecgtcacctecttgaatgetggeggttcatticatgatcagtgttaageattttcctccatgggaaggaageatgggatataga
aaagcgaagggctgtcctttacaaattetggttetgcaacttcctagegtgactttgggcttgggceaagtttcttagecgttctgagecttcatttcctcatctgtacaatgagatt
aatagtacctatcatctaccttcaggattgctgacagacagaatttgaaataaaatatgcaagttagctaatacaaaaagtagatgatccaaaaatggtagccactcacccttc
acaaactgaagtccatggaccacggaagtcgagaattaatgtacacctgtatcatgtgtaggaaaccagaaatgtgttccttatttcttgttcccaaacaggattaactgtgaa
gactaatttataaatgtgaacctaagaaaactccacctctgaaggaaatcatttgaattttgtttttgtacgtaaagttaaccttccaattgtctgagetgtegtcactgacttcatg
acagtctggccctccagacaagagcagegetggeatcgggeaggtgattcctgacacct

[pCS250] miR-CGCQG sites: aaCgCgaa, aaCgCgaa; otherwise as for pAG250

[pPAG252] MAP4K4; NM 145686.2
tttgggattgagcatcatactggaaagcaaacacctttcctccagcetccagaattecttgtetctgaatgactetgtettgtgggtgtetgacagtggegacgatgaacatgee
gttggttttattggcagtgggeacaaggaggtgagaagtggtggtaaaaggageggagtgctgaagcagagageagatttaatatagtaacattaacagtgtatttaattg
acatttcttttttgtaatgtgacgatatgtggacaaagaagaagatgcaggtttaagaagttaatatttataaaatgtgaaagacacagttactaggataacttttttgtgggteg
ggcttgggagatggootegootagattaaggggteccattttgtitctttggatttggggtegggggtectggccaagaactcagteatttttctgtgtaccaggttgcctaaat
ca

[pCS252] miR-CGCQG sites: aaCgCga, aaCgCgaa; otherwise as for pAG252

[pPAG253] RAP1A; NM_001010935.1
gccagattacaggaatgaagaactgttgectaattggaaagtgccageattccagacttcaaaaataaaaaatctgaagaggcettctectgttttatatattatgtgaagaattt
agatcttatattggtttgcacaagttccctggagaaaaaaattgetetgtgtatatctettggaaaataagacaatagtatttctectttgcaatagecagttataacagatgtgaaa
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atatacttgactctaatatgattatacaaaagagcatggatgcatttcaaatgttagatattgctactataatcaaatgatttcatattgatctttttatcatgatcctccctatcaage
actaaaaagttgaaccattatactttatatctgtaatgatactgattatgaaatgtcccctgaa
[pCS253] miR-CGCQG sites: aCgCgaa, aCgCgaa; otherwise as for pAG253

[pPAG260] SYNM; NM_145728.2
cagacagagatgtgctgattttgttttagctgtaacaggtaatggtttttggatagatgattgactggtgagaatttggtcaaggtgacagcectectgtctgatgacaggacag
actggtggtgaggagtctaagtgggctcagtttgatgtcagtgtctgggctcatgacttgtaaatggaagetgatgtgaacaggtaattaatattatgacccacttctatttactt
tgggaaatatcttggatcttaattatcatctgcaagtttcaagaagtattctgccaaaagtatttacaagtatggactcatgagctattgttggttgctaaatgtgaatcacgegg

gagtgagtgtgeccttcacactgtgacattgtgacattgtgacaagetccatgtectttaaaatcagtcactctgcacacaagagaaatcaacttegtggttggatgggeccg
gaacacaaccagtctttttgtatttattgttactgagacaaaacagtactcactgagtgtttttcagtttcctactggtggttttga

[pCS260] miR-CGCQG sites: aCgCgaa, aaCgCgaa; otherwise as for pAG260

cog-1 UTR sequences assayed in Supplementary Figure 1b,c.

[pPDMG1a] wild-type sites
cttttaagcgttctacctctcceccteccttcaaccgagtgtattattcccccaatttgtttgeaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgcecatgatctctegtcttttctcgtacttttgtataattttttttcttaatttttttgcatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttatacaaaaaccaaactcccttttaccgttaaaccatgeccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattgg
attctaatgacataaatttattagattaa

[pDMG1b] 1*, 2™ site mismatch
cttttaagcgttctacctctceccctecctticaaccgagtgtattattcccccaatttgtttgeaattttttcctgaagecectctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcettttctcgtacttttgtataattttttttcttaatttttttgcatgttttcccatagttatagecattttt
ttttetttttttttccaaatcatcgtcacttaCacTaCaaccaaacteccttttaccgttaaaccatgecccaaaCacTaCaaatttcccatttaattgtacgtttttttctcttcaaat
tggattctaatgacataaatttattagattaa

[pDMG1d] 1* site mismatch
cttttaagcgttctacctctcceccteccttcaaccgagtgtattattcccccaatttgtttgeaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgcecatgatctctegtcttttctcgtacttttgtataattttttttcttaatttttttgcatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttaCacTaCaaccaaactcecttttaccgttaaaccatgecccaaatacaaaaaatttcccatttaattgtacgtttttttetcttcaaattg
gattctaatgacataaatttattagattaa

[pDMG e] 2™ site mismatch
cttttaagcgttctacctctceecctecctticaaccgagtgtattattcccccaatttgtttgeaattttttcctgaagecectctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcettttctcgtacttttgtataattttttttcttaatttttttgeatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgteacttatacaaaaaccaaacteccttttaccgttaaaccatgeccaaaCacTaCaaattteccatttaattgtacgtttttttetcttcaaattg
gattctaatgacataaatttattagattaa

[pPDMG1f] 1% site GU2
cttttaagcgtctacctcteececteecttcaaccgagtgtattattcceccaatttgtttgeaattttttcctgaagecctctaagaaaatccaaaatcatgacctactteegtettt
acacctgattacctgaataccaacaccccacacagatgcecatgatctctegtcttttctcgtacttttgtataatttttttccttaatttttttgcatgttttcccatagttatagecatttt
tttttctttttttttccaaatcatcgtcacttatacaaGaaccaaactcccttttaccgttaaaccatgcccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattg
gattctaatgacataaatttattagattaa

[pDMGl1g] 1* site GU3
cttttaagcgtctacctctcceccteccttcaaccgagtgtattattccecccaatttgtttgeaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttccgtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcttttctcgtacttttgtataattttttttcttaatttttttgcatgtittcccatagttatagecattttt
ttttctttttttttccaaatcatcgteacttatacaGaaaccaaacteccttttaccgttaaaccatgeccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattgg
attctaatgacataaatttattagattaa
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[pPDMG1h] 1* site GU4
cttttaagcgttctacctctceecctecctticaaccgagtgtattattcccccaatttgtttgeaattttttcctgaagecectctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgcecatgatctctegtcttttctcgtacttttgtataattttttttcttaatttttttgeatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgteacttatacGaaaaccaaacteccttttaccgttaaaccatgeccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattgg
attctaatgacataaatttattagattaa

[pPDMGli] 1* site GU6
cttttaagcgttctacctctcceccteccttcaaccgagtgtattattcccccaatttgtttgeaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctetegtettttctegtacttttgtataattttttttcttaatttttttgecatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttatGeaaaaaccaaactcccttttaccgttaaaccatgcccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattgg
attctaatgacataaatttattagattaa

[pDMG1j] 1* site GU8
cttttaagcgttctacctctececcteccettcaaccgagtgtattattcececcaatttgtttgcaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttecgtettt
acacctgattacctgaataccaacaccccacacagatgecatgatctctegtettttctegtacttttgtataattttttttettaatttttttgeatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttGtacaaaaaccaaacteccttttaccgttaaaccatgeccaaatacaaaaaatttcecatttaattgtacgtttttttctettcaaattgg
attctaatgacataaatttattagattaa

[pPDMGI1Kk] 1* site GU2,6
cttttaagcgttctacctctcccecteccttcaaccgagtgtattattcceccaatttgtttgcaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttecgtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcettttctegtacttttgtataattttttttcttaatttttttgecatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttatGecaaGaaccaaactcccttttaccgttaaaccatgecccaaatacaaaaaatttcccatttaattgtacgtttttttctcttcaaattg
gattctaatgacataaatttattagattaa

[pPDMG11] 1* site GU6,8
cttttaagcegttctacctctececcteccettcaaccgagtgtattattcecccaatttgtttgeaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttcegtettt
acacctgattacctgaataccaacaccccacacagatgccatgatetctegtcttttetegtacttttgtataattttttttcttaatttttttgeatgttttcccatagttatagecattttt
ttttcttttttttccaaatcatcgtcacttGtGeaaaaaccaaacteccttttaccgttaaaccatgeccaaatacaaaaaatttcecatttaattgtacgtttttttctettcaaattgg
attctaatgacataaatttattagattaa

[pDMG Im] 2™ site GU2,6
cttttaagcgttctacctetcceecteccttcaaccgagtgtattattcceccaatttgtttgcaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttecgtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcttttctcgtacttttgtataattttttttcttaatttttttgeatgttttcccatagttatagecattttt
ttttetttttttttccaaatcatcgtcacttatacaaaaaccaaactccecttttaccgttaaaccatgeccaaatGeaaGaaattteccatttaattgtacgtttttttctettcaaattg
gattctaatgacataaatttattagattaa

[pDMG1n] 2™ site GU6,8
cttttaagcgttctacctetcccecteccttcaaccgagtgtattattcceccaatttgtttgcaattttttcctgaagecctctaagaaaatccaaaatcatgacctactteegtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctetegtettttctegtacttttgtataattttttttcttaatttttttgcatgttttcccatagttatagecattttt
ttttetttttttttccaaatcatcgtcacttatacaaaaaccaaactcccttttaccgttaaaccatgecccaaGtGeaaaaaatttcccatttaattgtacgtttttttctcttcaaattg
gattctaatgacataaatttattagattaa

[pDMGlo] 1*, 2™ site GU2,6
cttttaagcgttctacctctcceecteccttcaaccgagtgtattattcceccaatttgtttgcaattttttcctgaagecctctaagaaaatccaaaatcatgacctacttecgtettt
acacctgattacctgaataccaacaccccacacagatgccatgatctctegtcettttctegtacttttgtataattttttttcttaatttttttgecatgttttcccatagttatagecattttt
ttttctttttttttccaaatcatcgtcacttatGeaaGaaccaaactccecttttaccgttaaaccatgecccaaatGeaaGaaattteccatttaattgtacgtttttttctettcaaatt
ggattctaatgacataaatttattagattaa

[pDMG1p] 1*, 2™ site GU6,8
cttttaagcgttctacctetcceecteccttcaaccgagnngtattattcccccaatttgtttgeaattttttcctgaagecctectaanaaaatccaaaatcatgacctacttcegte
tttacacctgattacctgaataccaacaccccacacagatgecatgatetctegtettttctcgtacttttgtataattttttttcttaatttttttgeatgttttcccatagttatagecatt
tttttttcttttttttccaaatcatcgtcacttGtGeaaaaaccaaacteccttttaccgttaaaccatgeccaaGtGeaaaaaatttcccatttaattgtacgtttttttctettcaaat
tggattctaatgacataaatttattagattaa
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Supplementary Table 2. Relationship between mean mRNA repression and either TA or predicted SPS for the
indicated site types, from analysis of microarrays chosen after motif-enrichment analysis.

Site location

Multiple linear regression

Simple linear regression

and type Multiple P value TAgnera SPS

R’ TAtera SPS R®  Pvalue R P value
3'UTR 8mer 0.189 0.032 0.012 0.113 0.0034 0.134 0.0013
3'UTR 7mer-m8 0320  9.3x10°  0.013 0258 38x10° 0.156  5.0x10*
3'UTR 7mer-Al 0.442  46x10° 22x10° 0280 13x10° 0294 6.0x 107
3'UTR 6mer 0345 23x10*  0.0013 0241  89x10° 0206  4.8x10°
ORF 8mer 0350 2.7x10°  0.087 0323 13x107  0.112 0.0036
ORF 7mer-m8 0306 7.4x10°  0.032 0259  37x10°  0.132 0.0014
ORF 7mer-Al 0298 1.8x107 0.14 0276  15x10°  0.089 0.0099
ORF 6mer 0.287 0.0031 0.0017 0.179  1.7x10*  0.193  9.1x10°
5'UTR 8mer 0.006 0.52 0.81 0.006 0.54 0.000 0.97
S'UTR 7mer-m8  0.000 0.91 0.97 0.000 0.91 0.000 0.99
5'UTR 7mer-Al 0.022 0.42 0.49 0.016 0.29 0.013 0.33
5'UTR 6mer 0.016 0.33 0.47 0.009 0.42 0.003 0.65
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Supplementary Table 3. Multiple linear regression statistics for miRNA target prediction for context+ scores,
using 11 microarray datasets previously used to build the TargetScan context score model.

Site location

Multiple linear regression intercept and coefficients (P value)

and type Tntercept Local AU 3 -Suppile.mentary Sltg TAsers SPS
content pairing location

, ~0.674 0447 0.006 0.312 0.431 0.416
3'UTR 8mer 0.003)  (2x107) (1) (1x107) 0.1) (1x107)

, ~0.309 0443 0.186 0.213 0.300 0.310
3'UTR 7mer-m8 (0.02) 2x102) (0.01) 4x101) (0.06) 2x1012)

, ~0.596 ~0.226 0.111 0.119 0.681 0.163
SUTR Tmer-Al 1. 907)  3x10%) (0.07) Gx10%  (6x107) (0.002)

, ~0.350 ~0.164 0.023 0.084 0.431 0.106
3'UTR 6mer (7x10")  (5x107%) (0.4) 2x10?)  @2x10  (7x10°
ORF Siner 0317 ~0.191 0.048 0.117 0.289 0.134

(0.02) 2x10% (0.5) 2x107) (0.07) (0.007)
~0.110 ~0.139 ~0.042 0.052 0.149 0.019
ORF 7mer-m8 0.2) (1x107) (0.4) ©x 107 0.1 0.5)
~0.077 ~0.077 0.050 0.052 0.089 0.042
ORF 7mer-Al 0.2) 0.01) 0.2) (B x107) (0.3) 0.2)
ORF 6imer ~0.104 ~0.059 ~0.016 0.025 0.144 0.007
(0.01) (0.002) (0.6) 8x107% (.004) 0.7)
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Supplementary Table 4. Multiple linear regression statistics for miRNA target prediction for context-only scores,
using 11 microarrays previously used to build the TargetScan context score.

Multiple linear regression intercept and coefficients (P value)

Site location

and type Intercept 021 AU 3"-Supplementary Site
content pairing location
3'UTR 8mer 7(8:(1)25) (1’ 2'31(7)2) 7(0(;.067)6 (10);219 00*"’)
3'UTR 7mer-m8 (()(590681) (77)?'13 3—51 5 {()002()32()) 3 ())c 11%251 h
3'UTR 7mer-Al (Zooé)g (; gigi) {()9610683) (90);110(?’ %)
3'UTR 6mer 0002 ©x10%) o %10
ORF 8mer 7(00"062)2 @ 2'122*) 7(06.(115)7 (60);11103’7)
ORF 7mer-m8 (26941‘)9 a 2'1(3)?5) 7(0(5.034)3 (80);015 02*5)
ORF 7mer-Al (269(7))9 ;8;3@ 7(0(5,025)4 (30);015 01*5)
ORF mer AR VIS

108



Supplementary Table 5. Context+ parameters to be used for improved target predictions in TargetScan 6.
Analysis is with 74 filtered representative array datasets (Supplementary Data 1).

Site location

Multiple linear regression intercept and coefficients (P value)

and type Tntercept Local AU 3 -Suppile.mentary Sltg TA SPS
content pairing location
, —0.583 -0.356 —0.147 0.378 0.388 0.341
3'UTR 8mer (7x10%)  (1x107) (0.03) 2x10%) (1x10'%) (6x10"7)
, —0.243 —0.366 —0.139 0.212 0.243 0.207
SUTR Tmer-m8 0 102 (1x 107 2x107) @x10%)  @x10%) (3x107%)
, -0.298 —0.187 —0.048 0.164 0.239 0.220
SUTR Tmer-Al 0 102 (1x 107 0.1) 6x10%)  (5x10'%  (2x107%)
3'UTR 6mer —0.114 —0.084 —0.048 0.094 0.106 0.098
1x10")  (7x10") (0.002) B3x10°)  (7x10%)  (1x10%)
ORF Smer —0.260 —0.147 —0.035 0.122 0.203 0.095
1x10"®)  (5x10% (0.3) 1x10* @2x10'y  (1x10%
ORF 7mer-ms8 —0.095 —0.074 —0.033 0.056 0.071 0.043
1x10")  (6x107) (0.1) 6x10")  (2x107) (8x107%
—0.164 —0.014 —0.041 0.063 0.130 0.040
ORF 7mer-Al 2x102)  (04) (0.07) 2x102)  (1x10  (0.007)
ORF 6mer —0.054 0.004 —0.035 0.028 0.037 0.023
(3x1071% (0.7) (0.005) @2x10™  (7x10° (0.004)
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Chapter 3

Discussion

When reports in the literature reach conclusions that contradict widely accepted models, quickly
dismissing them can preclude appropriate follow-up investigation. The paper highlighting the
poor proficiency of Isy-6 could have easily fallen into this category, but in addressing this
discrepancy, the work in this thesis lead to discovering the influence of SPS and TA on miRNA
targeting. From analyses of the 74 array datasets, SPS and TA had correlation coefficients near
or above those of local AU content for three site types in 3' UTRs (Supplementary Table 5,
Chapter 2). Future miRNA target prediction could uncover additional features of similar
importance, though in even the most up-to-date analyses searching for new features, SPS and TA
still rank near the top of features for modeling targeting in human cells (V. Agarwal, personal
communication). Starting with the intriguing worm data on /sy-6 targeting, it was fortunate to
find new features with broader relevance to miRNAs and siRNAs, and hopefully other such
examples will emerge. Even after this study and others on /sy-6, we’re still far from
understanding how cog-1 is so robustly repressed. An explanation could lie in its 3 UTR
structure, or in some unknown trans factor that is conserved between worms and HeLa cells,
since the repression response of cog-1 compared to other predicted targets is so similar in these
two cell types. It might be interesting to test if cog-1 is still repressed by /sy-6 in reporter assays
in Drosophila S2 cells, for further comparison. Bashing the cog-7 3 UTR and testing these
mutants in reporter assays in human cells, together with secondary structure prediction of these

mutant UTRs could reveal structural motifs important for repression.
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Integrating SPS and TA into target prediction
One of the more practical benefits of considering SPS and TA is the improvement in miRNA
target prediction. In applying these features to a target prediction program like TargetScan, the
predicted target rankings—from estimates of their repression levels by a given a miRNA—will
be readjusted. For each predicted target site, TargetScan scores different features like site type,
local AU content, and now, SPS and TA, which are each scaled using different coefficients.
These scores are added to generate a context score that quantitatively predicts how much
repression a site would confer in HeLa cells with transfected miRNA, which are the conditions
under which these features were modeled (see Chapter 2). These rankings are also believed to
predict relative repression for targets under different experimental or biological conditions.
Ranking predicted targets of a single miRNA or miRNA seed family, which has the same
TA and SPS for all its sites, will not change (or change only slightly due to rescaling coefficients
for other features after integrating SPS and TA). There are two practical cases, however, in
which the new rankings will significantly impact target prediction. The first is in predicting
which sites for different miRNAs in a single mRNA of interest are the most likely to be
effective. The sites to miRNAs with more favorable TA and SPS values will tend to impact
target expression to a greater extent. The second case is when considering all the miRNA targets
in a particular cell type, those containing sites for the higher expressed miRNAs with favorable
SPS and TA scores most likely represent the most robust and relevant targeting interactions in

the cell.
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TA and SPS in endogenous targeting
To see if these improvements in target prediction modeled on miRNA overexpression in human
cell lines could apply to datasets monitoring the effects of endogenous targeting, the context+
model was compared to context-only in publically available datasets from mouse embryonic
stem cells (mESCs) and Drosophila S2 cells. For mESCs, when microarray data from wild-type
cells was compared to DGCRS8 knockout cells (which should block expression of miRNAs that
depend on the canonical biogenesis pathway), the context+ model demonstrated improvements
over the context-only model through ROC curve analysis, at three log fold-change cutoff values
(cutoffs of derepression of target mRNAs in knockouts vs. wild-type)(Figure 1a)(J.-W. Nam,
unpublished data). This analysis computes the number of true positive target events vs. false
positive target events at indicated expression fold-change cutoffs, with larger area under curve
(AUC) values indicating better predictions. A similar trend is seen in Drosophila S2 cells in
which endogenous miRNA pools are depleted through Drosha siRNA knock-down (Figure
1b)(J.-W. Nam, unpublished data). In contrast, no improvement is seen in comparing data from a
maternal-zygotic Dicer knockout from zebrafish to wild-type, 24 hours post-fertilization (Figure
1¢)(J-W. Nam, unpublished data). This is due to the fact that targeting in zebrafish embryos is
dominated by miR-430 (Giraldez et al., 2005), so the majority of productive seed matches have
the same SPS and TA and consideration of these features cannot improve the predictions beyond
context-only.

These improvements in target predictions in mouse and Drosophila lend further support
to SPS and TA being important features in targeting by endogenous miRNAs. One reason for the

baseline AUC values being fairly low (a value of 0.5 means an equal chance of predicting a true
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positive target or a false positive target), and the gains from context+ being small include the fact
that these datasets profile effects by endogenous miRNAs expressed at lower levels than in the
transfections, leading to less repression. Another reason is that these datasets profiling cells
where nearly the whole miRNA pathway has been perturbed (by knocking down/out central
processing components) are inherently noisy. A more comprehensive endogenous picture of the
importance of SPS and TA will emerge once more large-scale datasets from individual miRNA
knockouts are available for comparison, especially in cell types in which the miRNA is normally

highly expressed.

RNA pairing stability in miRNA targeting
The concept of RNA pairing stability influencing gene output is an old one in biology. To give
one illustrative example from bacteria, intrinsic (or non-factor mediated) transcription
termination is controlled in part by the production of a GC-rich hairpin toward the end of the
nascent RNA transcript followed by a tract of uracils. The strong hairpin structure causes RNA
polymerase to pause, and then the weak RNA pairing between the U-tract in the transcript and
complementary A’s in the template DNA promotes release. Thus strong RNA-RNA pairing in
one structural motif, and weak DNA:RNA pairing in another control gene expression of these
intrinsic terminators.

What are ways in which SPS could increase miRNA targeting proficiency? It has been
shown that Argonaute can greatly increase the affinity of a guide ~22-nt RNA for target RNA
(compared to the RNA—RNA pairing alone), up to ~300-fold (Parker et al., 2009). This is

believed to result from a reduction in entropy from Ago contacts with the backbone of the guide
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strand, pre-organizing the seed region for binding to an incoming target RNA. In contrast, Ago
makes interactions between the 3’ end of the guide and the target disfavored (Parker et al., 2009),
consistent with this part of the small RNA being disordered in crystal structures (Wang et al.,
2008), and less structurally constrained than the seed region in solution (Lambert et al., 2011).
Therefore, besides providing target specificity, seed pairing is probably accomplishing two major
things: (1) serving as a nucleation site for pairing between the miRNA and a target, and (2)
maintaining favorable pairing long enough to lead to mRNA repression. Since a seed match is
only comprised of 67 base pairs, which would likely melt in isolation under physiological
conditions, Ago’s job to make this interaction stable could presumably be aided by even a few
additional kcals of thermostability. In isolation, RNA duplex formation is a very fast process
after nucleation of just a couple base pairs, with second order rate constants of stable complex
formation on the order of ~10° M sec (Craig et al., 1971). These rate constants do not vary
significantly for the free pairing segments from a host of RNAs in widely different secondary
structure contexts (Zeiler and Simons, 1998). Therefore one might not expect SPS to
significantly affect the association rate constant (k,,) of Ago onto a target. But once on, the
stability of miRISC on a target could be expected to vary depending on the sequence of the
interacting bases, and so SPS could indeed affect the off rate (k,;) of the complex (Figure 2). A
more stable miRISC would promote commitment to mRNA repression, and potentially help
counteract outside forces that lead to displacement of the complex (e.g. impeding secondary
structure, competing RNA binding proteins).

SPS and TA are highly correlated due to their sequence dependencies, and there is at least

one case where SPS could influence the true TA. In the study presented in Chapter 2, TA was
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calculated based on the number of sites counted in mRNAs in a genome or transcriptome. The
effective TA, however, will also depend on which seed matches in mRNAs are accessible. Seed
matches to miRNAs with high SPS will be GC-rich, and therefore more likely to be directly
paired with neighboring UTR sequence, occluding access to Ago. One would predict this to be
more common for non-conserved sites, not under selection pressure to maintain interactions with
the miRNA, than conserved ones that have presumably made the site contexts more accessible
for Ago binding to counteract this effect. This could make the effective TA for these miRNAs
even lower. Since non-conserved sites far outnumber conserved ones (Friedman et al., 2009),

however small, this effect could still be quantifiable.

Contrasting TA and endogenous miRNA sponges

While TA can dilute the activity of miRNAs that have many potential targets in a cell, this
phenomenon should be distinguished from the concept of an endogenous “miRNA sponge.”
Exogenous miRNA sponges were originally developed as an experimental tool to study the
effects of depleting miRNAs from cell, and in this capacity they were engineered to be highly
expressed transcripts containing multiple binding sites to sequester a miRNA and cause
derepression of its endogenous targets (Ebert et al., 2007). Reasons for the existence of
endogenous miRNA sponges have been discussed (Ebert and Sharp, 2010), and there is one
striking example from plants (see Chapter 2 Discussion)(Franco-Zorrilla et al., 2007). Several
research groups have recently proposed that many types of endogenous RNAs, including
individual mRNAs, RNAs transcribed from pseudogenes, and lincRNAs, can act as miRNA

sponges in human cells and in turn co-regulate each other by competing for miRNAs (Cesana et
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al., 2011; Karreth et al., 2011; Salmena et al., 2011; Sumazin et al., 2011; Tay et al., 2011). In
these reports, many endogenous RNAs were considered sponge candidates on the basis of them
harboring sites to multiple miRNAs that are shared with other transcripts in the cell, although
their endogenous expression levels were not quantified systematically. The function of a
endogenous sponge, however, should be rather specific to a particular miRNA, be very highly
expressed at a specific point to diminish the activity of a miRNA, and is likely to be conserved if
this function is important, all which were shown for the convincing example in plants (Franco-
Zorrilla et al., 2007). Given that the median TA among conserved vertebrate miRNA families in
HelLa cells is 51,286 sites (Supplementary Figure 1f, Chapter 2), a true endogenous miRNA
sponge would probably need to be in thousands to tens-of-thousands of copies per cell in order
for it to exert a meaningful effect on the repression levels of other targets of the same miRNA.
The prospect of such high expression levels seems even less likely for individual pseudogenes
and lincRNAs, both of which tend to be expressed at much lower levels than protein coding
genes (Cabili et al., 2011; Zou et al., 2009). It remains to be seen whether the RNAs classified as
endogenous sponges in these recent reports are expressed highly enough, and perhaps in a
dynamic way during some cellular process. Such conditions seem necessary to implicate them as
having bona fide regulatory roles, and not just simply being individual RNAs among so many in
the cell that contain miRNA target sites.

TA is not a gene regulatory mechanism in of itself, rather it’s a manifestation of the
genomic environment within which miRNAs emerge and function. TAs should be quite
predictable within a given cell type at specific developmental points. And once established, TAs

should be robust to change even over relatively long evolutionary times because a large shift in
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gene expression would be required to drastically change them for many miRNAs. The
phenomenon known as selective avoidance (introduced in Chapter 1) in which highly expressed
messages lose sites to co-expressed miRNAs, could be considered one exception. For selective
avoidance, the TA for a miRNA would be higher before it emerged than after, but this TA
change would have to do more with messages that don’t want to be repressed losing their target
sites than an active modulation of the miRNA’s activity on its targets. The events that lead to the
underrepresentation of CG dinucleotides in mammalian genomes was another event that could
have redistributed TAs for ancestral miRNAs maintained in mammalian lineages, but again this
would have represented a major change in the genomic environment, not an active regulatory
mechanism for miRNAs. In order for TA to have a major impact on a network of miRNAs, the

expression of all targets or their miRNA binding sites would have to change simultaneously.

Isy-6 targeting
The results presented in Chapter 2 demonstrated that different seed sequences can have different
proficiencies, and this implies that there has been selection for some miRNAs to have weak,
average, or strong seeds. Once a miRNA emerges with a particular seed sequence and establishes
a productive relationship with a particular set of targets, it is unlikely this interaction can be fine
tuned by changing the seed proficiency, because it would necessitate the unlikely double event of
a mutation in the seed and compensatory change in the site (or vice versa). (The miRNA—target
interaction can, however, be tuned by transcriptional regulation of each gene.)

One can hypothesize that in spite of its weak SPS and high TA, Isy-6 has succeeded as a

miRNA because these qualities strongly limit its potential to repress targets other than cog-1.
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Such target interference could come from present-day competitor mRNAs in ASEL cells, or
those arising at any time during evolution. This has effectively made the Isy-6 targeting very
specific for cog-1, contingent of course on cog-1 developing features that allow it to be repressed
by a weak seed. Additional support for this idea comes from experiments that showed that Isy-6
seed matches placed ectopically in other UTRs—including those from /in-14, lin-28, and lin-41
that are subject to regulation by other miRNAs—aren’t usually sufficient to confer repression of
reporters in the ASEL cell (Didiano and Hobert, 2008). That study also began to uncover other
sequence elements in the cog-1 3’ UTR outside of the seed matches that are also essential for
regulation.

If transcriptional control of /sy-6 became aberrant and it was expressed ectopically in
other cells or during other developmental periods, the miRNA would be unlikely to have
negative effects on messages with seed matches due to its low proficiency. Thus, once the
Isy-6.:cog-1 gene switch was established, it could be refractive to perturbation by the emergence
of new sites, and have minimal off-target effects if the miRNA were ectopically expressed. cog-1
and [sy-6 have been shown to have overlapping expression only in the ASEL cell, but they are
each expressed individually in other cell types (/sy-6 in a few head and tail neurons; cog-1/ in
head and tail neurons and the uterus and vulva)(Hobert, 2006). In these other cell types, cog-1 is
known to play a role in reproductive system development, but it remains unclear what other roles
Isy-6 is serving, since no other UTRs with sites have responded to the miRNA in reporter assays.
It’s possible /sy-6 could be acting as a failsafe mechanism in these other cells if ectopic cog-1/

expression had detrimental effects in these cells.

121



Could cog-1 be the only target of Isy-6? The data thus far support this possibility, along
with additional evidence. A new tool that precisely maps the 3’ ends of transcripts was applied to
C. elegans (Jan et al., 2011), enabling us to check the 3’ UTR annotations of the 14 previously
predicted Isy-6 targets. These new data indicated that for half the predicted targets, the UTRs end
before reaching the predicted Isy-6 sites. Because many of the predicted sites must have been
retained in the UTRs expressed in HeLa cells (otherwise repression would not have been
observed in Figure 1g,h in Chapter 2), this information did not change our conclusions regarding
the targeting proficiency of the Isy-6 miRNA. This confirmed that at least half of the predicted
targets are not authentic targets of Isy-6 in vivo. The conserved sites that are expressed in worm
could be conserved by chance or for reasons other than miRNA regulation. Since expression
profiling of these other targets has not been compared to Isy-6 expression, it has yet to be
determined if they are ever co-expressed in vivo.

If weak SPS together with high TA (or strong SPS together with low TA) can limit off-
target effects, why should more miRNAs not take advantage of this? There must be a balance
between a miRNA being able to establish high target-specificity and its availability for broader
targeting, and /sy-6 falls at one extreme end of this spectrum. The nematode clade is richly
diverse, with tens of thousands of described species living in environments as diverse as 3 km
below the surface of the earth (Borgonie et al., 2011) and inside the human body. Isy-6 is found
in most sequenced nematodes, and has even been cloned from Brugia malayi, a filarial nematode
that spends the early part of its larval life cycle (when Isy-6 is presumed to repress cog-1) in a
human host (Larry McReynolds, personal communication). Thus this regulatory circuit seems to

be robust in diverse environments. Hopefully more interesting examples will emerge from
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studies of other miRNAs with uncommon SPS and TA values that are important for their

targeting fidelity.

Isy-6 sites in cog-1 are not cooperative in Hela cells

Despite having two closely spaced Isy-6 sites (separated by 34-nt) that confer strong repression
in reporter assays in worms and in HeLa cells, the cog-1 3' UTR tested negatively for
cooperativity in HeLa cells (Supplementary Figure 1b,c, Chapter 2). The amount of repression
conferred by the two sites together was equal to the product of the repression levels from the two
sites functioning individually. Earlier studies had shown that a pair of sites separated by
~10-40-nt could act cooperatively in reporter assays (Grimson et al., 2007; Saetrom et al., 2007).
It’s possible that some element needed for cooperativity is present in the ASEL cell but missing
in HeLa cells, but since presently cooperativity in miRNA targeting is not well understood, it
would be premature to offer additional conjecture on this case.

Although the Isy-6 sites in cog-1 do not appear to be cooperative, one could imagine
cooperativity between the site for a weak seed and one for a more typical seed, leading to robust
repression only in the presence of both miRNAs. If only the miRNA containing the weak seed
were expressed, one might expect minimal or no repression. If only the miRNA containing the
average seed were expressed, one could expect some repression. With both miRNAs expressed

and acting on cooperative sites, repression could be more substantial.
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Speculation about the independence of seed match identity for cog-1 repression

One interesting result from the reporter data on the cog-1 3" UTR is that it was repressed by
about the same amount (~2.3—3-fold) regardless of seed-match type. In the titration data,
lowering the amount of each transfected miRNA below a certain level would lead to less
repression, and the concentration below which this would happen was different for each miRNA
(Supplementary Figure 1p, Chapter 2). But at transfection levels in which the miRNAs appear to
have reached saturation in the silencing complex, as assayed by small RNA Northerns on Ago
immunoprecipitations, the identity of the seed match did not matter for repression. This is in
contrast to the other targets that responded differentially to seeds based on SPS and TA.

In the model proposed earlier, higher SPS could lower &, of the silencing complex by
increasing binding affinity. In this model cog-/ would have a way, independent of SPS, to
increase its affinity for miRISCs even when it contains the weak seed match of sy-6, and which
doesn’t require cooperativity. If cog-1 did this by making secondary structure maximally free,
one might suspect there wouldn’t be enough pairing energy to keep Ago on, and that all of the
other targets that tested negative for repression by Isy-6 had inhibitory secondary structure. One
solution could be that cog-1 forms restrictive structure around the Agos after they have bound,
enforcing stable complex binding even with a weak seed match.

It also appears that cog-1 has a way to neutralize the effect of stronger SPS on repression,
because the miR-142/sy-6 and D-LTA-/sy-6 seed matches did not repress more than wild-type. If
SPS helped dictate the input strength into this negative regulatory circuit in which the output is

repression, then cog-/ can fix the output regardless of input strength. It remains an intriguing
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mystery as to how cog-1 is able to so precisely tune its repression, but perhaps one somewhat
similar phenomenon in bacterial translation, while not directly comparable, can be illustrative.
In prokaryotes, direct base pairing between a short motif in the 3" end of the 16S rRNA
and the Shine-Dalgarno (SD) sequence (also known as the ribosome binding site, or RBS) in an
mRNA is central to establishing translation initiation at a downstream start codon. In studies of
the control of translational efficiency for the bacteriophage MS2 coat gene, it was observed that
when secondary structure was not inhibitory at the RBS, translational efficiency operated
independently of the binding strength of the SD sequence for the ribosome (de Smit and van
Duin, 1990, 1994). The RBS is normally occluded within the stem of a hairpin, and when the
strength of the hairpin was made stronger, this predictably reduced translation. A
thermodynamically weaker SD sequence (one that is predicted to pair less stably to the 16S
rRNA) was more sensitive to stronger hairpin structure, and expectantly resulted in even less
translation. But when the hairpin was mutated, making it unstable and thus making secondary
structure around the RBS non-inhibitory, a weak SD sequence conferred just as much translation
as a strong SD sequence. Therefore an open RBS is operating at maximal efficiency, regardless
of the binding strength of the SD sequence. This implies the affinity of the 30S subunit for the
SD sequence helps overcome the normally inhibitory effect of secondary structure, probably by
reducing the &, of the 30S before it shifts several codons downstream to the start codon. This is
just meant to show another instance where if local secondary structure is non-inhibitory, gene
expression that is regulated by a frans factor can be at maximal levels independent of the
predicted binding strength of that factor to a cognate cis element. Whether this is relevant to

cog-1 is uncertain, but one could speculate that the sites in cog-1 are initially found in very open
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secondary structure to facilitate binding of Ago with a weak seed match, and then after binding,

local structure becomes more restrictive to retain the silencing complexes, leading to repression.

Further questions arising from this study
After learning the importance of SPS and TA on targeting by Isy-6, miR-23, and other miRNAs,
additional questions arise, listed below:

Do organisms with more or less AU-rich genomes adjust their SPS and TA distributions
correspondingly?

MicroRNA expression levels have a significant influence on their ability to repress
messages; do miRNAs with high TA have to be expressed at even higher levels to function
effectively?

Do the targets of other miRNAs with weak SPS and high TA use mechanisms similar to
cog-1, and if so may these features or variations thereof also be used more generally in targeting,
not just for weak seed matches?

Are there limits to how much repression a stronger SPS can yield? Beyond a required
threshold, does stronger SPS yield stronger repression, and if so why would some miRNAs rely
on this versus having multiple sites in target?

Since a strong 7mer site can repress as well as a weak 8mer site, has SPS and TA at all
influenced site type dynamics during evolution?

What sequence or structural features in the mature duplexes of miRNAs with CG rich
seeds ensure that they get loaded efficiently if the loading rules would predict the passenger

strand to be loaded instead?
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As mentioned in Chapter 2, miRNAs with both weak SPS and high TA and those with
both strong SPS and low TA could be two ways to regulate few targets (contingent on the former
having targets tuned to be repressed by less proficient seeds). Do these types of miRNAs tend to
have more switch-like targeting relationships—are they less likely to follow the fine tuner
paradigm than miRNAs with more targets?

The influence of TA implies that Ago is limiting in small RNA targeting, which has
implications for Ago specialization. For example, in organisms like C. elegans and Drosophila
that have strong RNAI1 activities on exogenous dsSRNA substrates (e.g. dSRNA viral elements), is
one reason to have Argonautes dedicated to these silencing pathways that this avoids inference
with endogenous miRNA targeting?

Why should RISC be limiting for endogenous miRNAs targeting? Does this facilitate
miRNA turnover during developmental transitions, when some miRNAs suddenly elevate their
expression, helping focus the cell’s energy on the targets of the newly expressed miRNAs?

Can Ago expression be dynamic during stress or cell state transitions to magnify TA
effects?

In Supplementary Figure 1m—s in Chapter 2, Isy-6 duplex transfected at 25 nM yielded
miRNA association in AGO2 equal to miR-142/sy-6 transfected at 0.2 nM. This means 125-
times more /sy-6 than miR-142/sy-6 was required in the transfection for them to associate with
AGO?2 at equal levels, despite these miRNAs varying in only a few nucleotides (and a few
compensatory changes in the miRNA*). What sequence or structural determinants in these
duplexes are responsible for such a large differences in loading or stability of the miRNAs in

AGO2?
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Figure 1 (a) ROC curve derived analysis of all messages containing single 7mer-m8 sites to the top 5 highly expressed miRNAs
(representing 3 different seed families) in mouse ESCs. As a group, these 5 miRNAs yielded the largest improvements in
predictions compared to other combinations tested, presumably because those miRNAs expressed below the top five were at levels
too low to generate any impactful targeting. Cutoffs indicate all messages on the array that changed in expression at the indicated
level or above, between WT and DGCR8 knockout cells. (b) Analysis of messages with sites to the top 20 expressed miRNAs
(representing 14 different seed families), comparing expression changes between Drosophila S2 WT and Drosha knockdown cells.
Otherwise as in a. Note that the AUC for context-only is close to 0.5, indicating an equal chance of predicting a non-target or a
target, indicating that the dataset is quite noisy. (c) Analysis of messages with sites to the top 20 expressed miRNAs (representing
12 different seed families), comparing expression changes between WT and maternal-zygotic Dicer knockout cells at 24-hours

post-fertilization in Zebrafish. Otherwise as in a.
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Figure 2 Proposed model for the influence of SPS on miRNA targeting. After binding of silencing complexes to a target and

passage of time (t), miRNAs with strong SPS have reduced off rates of Argonaute (Ago), leading to more silencing (top). In contrast,

for miRNAs with weak SPS, the off rate of Ago is larger, resulting in less silencing. Rates of intial seed pairing are expected to be

similar for both types of seeds. Ago binding or retention could be inhibited by thermal effects, an inclination of the mRNA to form

secondary structure, or other competing RNA binding proteins.
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