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Abstract

MicroRNAs (miRNAs) are short RNAs that, in complex with Argonaute (AGO) proteins, guide
repression of mRNA targets. miRNAs negatively regulate most mammalian mRNAs, and
disruption of this regulation often results in severe defects at the cellular and organismal level.
miRNA repression occurs primarily through base-pairing between the miRNA seed region
(nucleotides 2—8) and mRNA 3'-UTR sites, leading to transient recruitment of mRNA-
destabilizing factors. However, only a small fraction of the gene-expression changes caused by a
miRNA can currently be predicted, which precludes a deeper understanding of how miRNA
regulation impacts the animal transcriptome.

miRNA targeting efficacy should in principle be a function of the affinity between AGO—
miRNA complexes and their targets. However, only a few such measurements had been reported,
with measured values differing from those predicted for RNA—RNA pairing in solution. We
therefore adapted a high-throughput biochemical platform utilizing random-sequence RNA
libraries to obtain the vast quantity of affinity values required to predict miRNA targeting
efficacy. Through a novel analytical approach, we assigned relative dissociation (Kp) constants
to all binding sites <12 nt in length, for six miRNAs. These analyses revealed unanticipated
miRNA-specific differences in the affinity of similar sites, unique sites for different miRNAs,
and a 100-fold influence of flanking dinucleotide context surrounding a site. These
measurements informed a biochemical model of miRNA targeting that outperformed all existing
models of miRNA targeting, which was extended to all miRNAs using a convolutional neural
network (CNN) trained on both affinity and repression data.

We also applied this high-throughput biochemical approach to understand the role of the miRNA
3’ region using partially random RNA libraries. We found unique 3'-pairing preferences for each
miRNA, and evidence for two distinct binding modes. The miRNA-specific differences and two

binding modes depended on G nucleotides in the miRNA 3’ region, thus providing a heuristic by
which to extend these findings to target prediction in vivo.

This work establishes high-throughput biochemistry combined with mathematical modeling and
deep learning as a powerful paradigm for building quantitative models of gene regulation, which
might aid in eventually building a complete model of the cell.

Thesis Supervisor: David P. Bartel
Title: Professor
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Chapter 1. Introduction

The regulation of gene expression

The essential organizing principle of biological science is the pursuit of increased understanding
of the organisms that populate the planet. This field of study is currently dominated by research
at the molecular scale, owing in large part to foundational experiments performed during the
middle of the 20™ century elucidating the material basis of heredity (Hershey and Chase, 1952;
Watson and Crick, 1974; Zamenhof et al., 1952). Indeed, the contemporary model for how cells
participate in the diverse processes collectively referred to as “life” is nearly identical to that
which emerged more than 50 years ago (Crick, 1970), whereby 1) genes correspond to
contiguous informational segments within chromosomal DNA, 2) these segments can be used to
generate RNA (and protein) molecules with defined biochemical functions, and 3) the co-
occurring functions of each of the expressed gene products necessarily mediates cellular
physiology. The unifying aim of molecular biology is therefore to understand the nature of each
gene, which includes both identifying the role of each gene in the context of cellular-to-
organismal physiology and developing a descriptive understanding of the molecular mechanisms
by which each gene operates.

The importance of which genes are expressed in determining the functional state of a cell
or tissue is borne out by countless studies reporting variation in the abundance of individual
messenger RNAs (mRNAs) and/or proteins between different biological systems, including but
not limited to reports comparing different mouse neuronal cell types (Lein et al., 2007), different
mouse and human tissues (Huttlin et al., 2010; Kim et al., 2014), and different stages within the
yeast cell cycle (Spellman et al., 1998). Furthermore, large-scale analysis of genetic variation

among individuals has implicated >3000 genes as being haploinsufficient, due to the near-



complete depletion of loss-of-function alleles for these genes among the >60,000 individuals
comprising the study (Lek et al., 2016). The prevalence of haploinsufficiency, and as well the
pleiotropic, deleterious fitness consequences of whole-chromosome aneuploidy for most
organisms (Siegel and Amon, 2012), together underscore the importance of maintaining the
cellular abundance of many expressed genes within a particular range, rather than merely turning
some genes “on,” and others “off.”

Consistent with this picture, upwards of 1/3™ of the human genome exhibits functional
potential, as determined by variation in accessibility across 125 distinct cell types measured
through DNase I hypersensitivity assays (Thurman et al., 2012). By comparison, no more than
3% of the human genome likely encodes a functional polypeptide, suggesting that the vast
majority of the genomic sequence contained within these variably accessible regions functions to
establish and maintain gene-regulatory mechanisms (Thurman et al., 2012). Indeed, the
regulation of RNA transcription, necessarily the first step in functional gene expression, is well-
established: hundreds of distinct transcription factors bind throughout the genome to noncoding
“promoter” elements directly 5’ of the transcriptional start sites of individual genes, and as well
as to “enhancer” elements which can lead to larger regulatory changes for genes positioned
arbitrarily large distances away within the genome (Gasperini et al., 2020). Regulation of animal
transcription rates by these and other mechanisms including chemical modification of histone
proteins, chemical modification of the DNA itself, and formation of sub-nuclear environments
called topologically associated domains (Pombo and Dillon, 2015) has been reported as
contributing as much as 73% of the variation in overall protein levels, as calculated from the re-
analysis of studies performing paired proteomics and time-resolved RNA-seq measurements in

mouse NIH3T3 cells (Li et al., 2014; Schwanhiusser et al., 2011). These studies both
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corroborate the importance of transcriptional control and also indicate that at least one quarter of
gene expression control occurs post-transcriptionally!, through the regulation of mRNA
degradation, mRNA translation, and protein degradation.

Evidence of regulated mRNA stability can be found in studies of the so-called
“immediate early” genes?® such as c-fos and c-jun (Sheng and Greenberg, 1990), whose mRNAs
exhibit pulsatile induction kinetics contributed to by both rapid transcription (Bartel et al., 1989),
and rapid turnover characterized by a half-life of 10—15 minutes (min) (Sheng and Greenberg,
1990), in comparison to reported median half-lives of 2—9 hours (h) drawn from global metabolic
labeling studies in NIH3T3 cells (Eisen et al., 2020a; Schwanhéusser et al., 2011). The increased
instability of the mRNAs of these genes in comparison to that of others was linked to A/U-rich
elements within the translated open reading frame (ORF) and 3’ untranslated region (UTR)
within the RNA molecule (Hentze, 1991). Around this time, a sequence was also identified
within the 5" UTR of the ferretin mRNA that formed a stem loop and conferred iron-dependent
translational regulation of the mRNA (Hentze et al., 1987). By analogy to the noncoding-but-
functional DNA sequence elements within the genome, a picture was beginning to emerge that
the noncoding sequences up- and down-stream of the genic coding sequence of an mRNA served
to modulate both the rate of its translation and the time until its eventual degradation, through

specific sequences that associate with known and yet-unknown trans-acting protein factors.

'Here “post-transcriptionally” is defined to mean occurring after the completion of transcription and any processing
of the RNA into its final form. This is because the time-resolved RNA sequencing measurements from which the
reported percentages were derived came from reads mapped to the spliced, fully processed sequence. Indeed, the
complex mechanisms by which the splicing of Pol II transcription products is regulated are not addressed in this
work, nor are the biogenesis and function of rRNA, snRNA, and tRNA molecules.

2The naming of these genes comes from the observation that those genes that responded to trans-synaptic
stimulation and/or membrane electrical activity in neurons fell into two broad categories. Those whose transcription
began rapidly and transiently upon stimulation were called immediate early genes, and those whose response was
slower and more persistent were named late response genes.
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Discovery of small RNAs

The very first evidence of what would eventually be called RNA interference (RNA1) came from
experiments initially intending to increase the purple coloration of petunias (Napoli et al., 1990):
transformation of these flowers with a transgene encoding the pigment-producing enzyme
chalcone synthase caused the unanticipated whitening of the petals, rather than darkening their
hue. The molecular nature underpinning this phenomenon?, termed “co-suppression,” was
mysterious, as there was no precedent for increased genomic copy number of a gene leading to
loss of its expression. Around the same time, efforts to silence expression of unc-22 and unc-45
by injection of antisense RNA into the roundworm Caenorhabditis elegans (C. elegans) were
proving successful (Fire et al., 1991). This was thought to be caused by the antisense RNA
hybridizing with unc mRNA, thereby preventing its translation. In a later study, germline-
injection of antisense RNA derived from cDNA was used to confirm that the identity of the
cDNA was, in fact, the embryonic polarity-promoting gene par-1 (Guo and Kemphues, 1995).
However, the authors found that injection of either the sense or the antisense RNA caused a
similar percentage of developmental arrest upon germ-line injection, complicating the
interpretation that the antisense RNA was suppressing gene function by hybridizing directly with
the mRNA.

These mysteries were eventually clarified, with the first advance coming from further
experiments in C. elegans, whereby it was determined that long (i.e., several-hundred-nt) double-
stranded RNA (dsRNA) was the relevant trigger for RNA1, and further that the low amount of
dsRNA required for RNAi rendered a direct-hybridization model yet more implausible (Fire et

al., 1998). The requirement for dSRNA over sense or antisense RNA for RNA1 was also observed

3The authors posit in the discussion that “the erratic and reversible nature of the CHS transgene effect suggests the
involvement of methylation.”
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using cell-free systems developed from syncytial blastoderm Drosophila embryos, which both
confirmed the requirements for activation of this regulatory mechanism, and as well provided a
powerful system with which to further its study (Tuschl et al., 1999). Indeed, this in vitro system
enabled the discovery that RNA1 occurred through the dSRNA being processed to staggered 21—
23 nt fragments that in turn served to guide ATP-dependent endonucleolytic cleavage, or
“slicing,” of the targeted mRNA (Zamore et al., 2000). Shortly thereafter, efficient RNAi was
demonstrated directly using 21- or 22-nt RNA duplexes with 5" hydroxyls?, 3’ hydroxyls, and 2-
nt 3’ overhangs (Elbashir et al., 2001a), which occurred without the production of the staggered
21-23 nt RNA fragments observed when introducing long dsRNA, and enabled productive
RNAI1 in mammalian cell culture (Elbashir et al., 2001b). A further advantage of these duplex
was that the slicing was positionally defined, occurring at the phosphodiester bond linking the
target nucleotides pairing to nucleotides 10 and 11 of the complementary RNA within the
duplex. Since these ~21-nt RNAs were almost certainly the direct effector molecules of RNA,
they were named short interfering RNAs, or siRNAs (Elbashir et al., 2001a).

Contemporaneous with the studies determining the molecular nature of RNA1i, unbiased
screens conducted in Caenorhabditis elegans for heterochronic (i.e., important at distinct stages
in development) genes identified two loci bearing unprecedented molecular characteristics: lin-4
(Ambros, 1989; Lee et al., 1993; Wightman et al., 1993) and /et-7 (Reinhart et al., 2000). These
two negative-regulatory genes were surprising in that each of their ultimate functional products
was not a protein, but rather a 21- or 22-nt RNA. Additionally, these two RNAs exhibited

imperfect complementarity to sites within the 3" UTRs of their downstream regulatory target

4A guide RNA requires a 5’ phosphate in order to be loaded into an Argonaute protein. However, the synthetic
duplexes did not require this modification because of the presence of an endogenous 5'-kinase activity in the lysates
(Elbashir et al., 2001a) and cell culture models (Elbashir et al., 2001b) used in both studies.
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A lin-14 mRNA B lin-28 MRNA
- = Tir _’ﬂ?

12 3 45 6 7 Site UUGCACU CUCAGGGA

AP lin-4 miRNA AGUGU UCCUGAGUCCCUU-5'
AU 18- 1 87654321
Site 1 CUCAUGCU CUCAG-GAAC
Site 2 UUCA——AAA CUCAG-GAAU c lin-41 mRNA
ucUCuy
c U
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UA Site 1 UUAUACAACC  CUGCCUC
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Site 7 CUCA- CAACCAA—CUCAGGG—AC Site 2 vuauacaac Yuadtuca
lin-4 miRNA AGUGU UCCUGAGUCCCUUG-5" let-7 miRNA UGAUA GOAUGAUGGAGU-5"
18- 11 87654321 A V65453

Figure 1. First identified miRNAs and their targets.
(A—C) Schematics depicting the mRNA, the 3’-UTR site sequences, and miRNA sequence for
lin-14 repression by lin-4 (A), lin-28 repression by lin-4 (C), and lin-41 repression by let-7, as
reported in Lee et al. (1993) and Wightman et al. (1993) (A), Moss et al. (1997) (B), and
Reinhart et al. (2000) (C), respectively. For each target site, the proposed site architecture is
displayed showing both seed pairing (blue) and 3’ pairing (green), with wobble pairs indicated
(purple). The gray nucleotides on either side of the /in-4 sequence in (A) and (B) reflect the
uncertainty of the end definition of the mature miRNA sequence at the time of publication.
genes, lin-14 and lin-28, in the case of lin-4, and lin-41, in the case of let-7 (Lee et al., 1993;
Moss et al., 1997; Reinhart et al., 2000; Wightman et al., 1993). RNase-protection assays
performed with /in-14 indicated that the protein, and not the mRNA levels, were downregulated
by the lin-4 gene, suggesting that these heterochronic small RNAs functioned by binding to the
3'-UTR sites and promoting translational repression of their target genes.

let-7 differed from /in-4 in that its full (i.e., 21-nt) sequence was found to be conserved
across a diversity of metazoan species inclusive of flies, molluscs, and vertebrates (Pasquinelli et
al., 2000). The appreciation that these short RNA species were not merely an idiosyncrasy of
early C. elegans development, as well as the finding that synthetic siRNAs could function in

human cells (Elbashir et al., 2001b), motivated the design of small RNA cloning and sequencing

approaches, in order to profile the diversity of SRNAs in animal cells (Elbashir et al., 2001a;
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Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001). The studies in total
reported 16 Drosophila, 55 C. elegans, and 21 human examples of these 21-23-nt sSRNAs,
naming them microRNAs (or miRNAs) due to both their short size, and their as-yet unclear role

in animal cells.

Molecular modes of miRNA-mediated repression

The contemporary understanding of miRNA-mediated repression, and indeed its distinction from
RNAL, is extensive (Bartel, 2018). miRNAs constitute a class of 21-23-nt small RNAs that are
processed from hairpin precursors and loaded into Argonaute (Ago) proteins (Liu et al., 2004).
miRNAs are a feature of both plant and animal genomes, although the two pathways have
completely different miRNA sequences, and distinct mechanisms of biogenesis and repression,
suggesting the pathway either evolved separately, or that the plant, animal, or both pathways
diverged considerably from that which was present in last common ancestor of plants and
animals (Moran et al., 2017). The widespread biological importance of animal miRNAs is
evident from mouse knock-out studies—removal of some or all members of at least 20 miRNA
families (i.e., all miRNAs with an identical sequence at positions 2—8) conserved throughout
bilateria results in significantly deleterious phenotypes® (Bartel, 2018), with nine causing
lethality (Dooley et al., 2015; Han et al., 2015; Heidersbach et al., 2013; Liu et al., 2008;

Penzkofer et al., 2014; Sanuki et al., 2011; Shibata et al., 2011; Song et al., 2014; Wang et al.,

3In contrast to results from mice, knockout or disruption of individual miRNA genes in C. elegans predominantly
resulted in no phenotype (Miska et al., 2007). This in principle could be due to functional redundancy, owing to the
>60% of C. elegans miRNAs sharing a seed sequence with at least one other miRNA. A later study generating
worms knocked out for all paralogs of individual seed families found strong defects for only three of the 15 families
tested, ruling out seed redundancy as the primary explanation for the lack of phenotypes (Alvarez-Saavedra and
Horvitz, 2010). It has since been argued that the difference in phenotypic consequence upon miRNA loss between
worms and mice is due to the increased tolerance of worms to abnormalities in their differentiated cells in
comparison to mammals, since many of the mouse lethality phenotypes in mice occur very late in or after
development of the body plan (Dexheimer et al., 2020).
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2017; Wei et al., 2014) and the remainder exhibiting effects as diverse as infertility (Ahmed et
al., 2017; Hasuwa et al., 2013; Shibata et al., 2011), intestinal hypertrophy (Madison et al.,
2013), altered liver regeneration (Wu et al., 2015), reduced lifespan (Smith et al., 2012),
resilience to stress (Andolina et al., 2016), sensory hair-cell degeneration (Kuhn et al., 2011;
Lewis et al., 2009; Mencia et al., 2009), and myelination defects (Wang et al., 2017). There are
~500 stringently annotated human miRNA genes, which amounts to 1-3% of human genes®
(Bartel, 2018; Kozomara et al., 2019; Pertea et al., 2018), and there is evidence that >60% of
human mRNAs harbor a miRNA site with signal for conservation greater than that of its
surrounding sequence context (Friedman et al., 2009). These findings together underscore the
centrality of the role miRNAs play in cellular gene-regulatory control.

Because the association between Ago and a miRNA is a stable interaction that typically
persists for many hours to days (Guo et al., 2015; Kingston and Bartel, 2019; Rooij et al., 2007),
these complexes are, in effect, modular RNA binding proteins (RBPs), with binding specificity
conferred by the loaded miRNA, rather than by a constitutive domain of the protein itself. Ago-
miRNA complexes elicit repression by associating with binding sites located primarily in mRNA
3" UTRs that minimally contain perfect complementarity to miRNA nucleotides 2—7, known as
the miRNA seed (Bartel, 2009; Lai, 2002; Lewis et al., 2003, 2005). Many sites additionally
have pairing to miRNA nucleotide 8, a target A nucleotide across from miRNA nucleotide 1, or
both, with either feature further increasing the efficacy of repression (Bartel, 2009; Grimson et
al., 2007; Lewis et al., 2005). The consistency of these four possibilities has led to the

classification of “canonical” miRNA sites, with the 8-nt site known as the 8mer, the two 7-nt

This number is 2.5% if using the rule-of-thumb of 20,000 human genes, and 1.25% if including newer estimates of
~20,000 coding transcripts and ~22,000 noncoding transcripts assembled from RNA-seq collected in the Genotype-
Tissue Expression (GTEx) project (Pertea et al., 2018).
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Figure 2. Molecular mechanisms of small RNA-based repression.

(A) Endonucleolytic cleavage of target mRNAs directed by siRNAs and miRNAs. The target
mRNA is cleaved at sites of perfect or near-perfect complementarity to the small RNA guide
sequence, across from positions 10 (pink) and 11 (cyan) of the small RNA. This allows both
fragments to be rapidly degraded by cytoplasmic endonucleases. While all targeting by siRNAs
definitionally occurs through direct cleavage, only a handful of endogenous miRNA targets are
repressed by this mechanism. (B) Repression by most miRNAs, which occurs with shorter
regions of complementarity to the miRNA seed (red). The four founding canonical sites are
represented, which all contain full complementarity to the seed and possibly a match to miRNA
position 8, an A across from miRNA position 1, or both. Pairing at such a site causes more rapid
deadenylation of the mRNA, which eventually leads to translational repression or mRNA
destabilization, depending on the cellular context.

sites known as the 7mer-m8 and 7mer-Al, and the site pairing only to nucleotides 2—7 known as
the 6mer (Bartel, 2009; Lewis et al., 2005).

miRNAs decrease the amount of protein produced by their mRNA targets through a
combination of mRNA destabilization and translational repression (Bazzini et al., 2012;
Eichhorn et al., 2014; Eisen et al., 2020b; Guo et al., 2010; Jonas and Izaurralde, 2015; Subtelny
et al., 2014). The extent to which each of these modes occurs is a function of the cellular context:
in early development prior to zygotic genome activation in zebrafish (and presumably most
miRNA-containing animals), translational repression is the predominant mode of repression

(Bazzini et al., 2012; Subtelny et al., 2014), whereas in adult tissues and most cell culture models

observed at steady state, mRNA destabilization predominates (Baek et al., 2008; Eichhorn et al.,
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2014; Guo et al., 2010). Indeed, determining the amount of each of these two modes of
repression has been a major subject of inquiry over the past decade, and has been greatly aided
by the ability to perform global measurements of mRNA expression levels, through RNA-seq,
and global measurements of ribosome engagement, through ribosome footprint profiling
(Bazzini et al., 2012; Guo et al., 2010; Ingolia et al., 2009).

A description of the molecular nature of miRNA-mediated mRNA destabilization (and of
translational repression within early embryonic contexts) is found in the next section, followed
by a shorter section describing RNA1, and the rare circumstances in which Ago—miRNA
complexes participate in RNAi-like silencing rather than the more common form of miRNA-

mediated repression’.

The role of the mRNA poly(A) tail in miRNA-mediated repression

miRNAs predominantly exert their destabilizing effect on mRNAs by accelerating the rate at
which mRNAs proceed through their normal life cycle (Eisen et al., 2020b). Eukaryotic mRNAs
harbor a 7-methylguanosine cap connected by a 55’ phosphate linkage at their 5’ ends
(Sonenberg et al., 1978) and an untemplated poly(A) tail at their 3’ ends (Rosenthal et al., 1983),
which both can serve to promote mRNA stability and translation (Goldstrohm and Wickens,
2008; Weill et al., 2012). The poly(A) tail is added during the process of transcriptional
termination; almost every animal mRNA contains a cleavage-and-polyadenylation signal
sequence within its 3" UTR that, upon nascent transcription of this sequence element by still-

processing Pol I, signals for endonucleolytic cleavage at that site, followed by enzymatic

"No attempt is made to suggest target slicing by a miRNA does not constitute miRNA-mediated repression, since the
miRNA is still repressing protein output. However, the near-ubiquity with which non—-RNA biologists conflate
RNAIi and miRNA-mediated repression has motivated some attempt within this thesis to emphasize that slicing-
based targeting is relevant to only an extreme minority of animal miRNA sites.
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addition of ~200 nt of untemplated adenosines (Proudfoot et al., 2002). The cleavage-and-
polyadenylation reaction also seems to be the mechanism by which the pre-mRNA is liberated
from the still-transcribing locus, which serves as an incipient cue to terminate transcription that
is eventually transduced to Pol II (Connelly and Manley, 1988; Logan et al., 1987; Proudfoot,
1989).

The poly(A) tail and 5’ cap together imbue the mRNA with the property of non-
exponential decay. Exponential decay is characterized by all members of a population (in this
case, of molecules) experiencing decay as a unitary, absolute process, with a probability of
occurrence that is constant over time. Exponential decay is therefore “memoryless,” in which
neither the state of the molecule, nor its having persisted for more or less time, has any impact on
the likelihood of the molecule’s immediate, complete degradation. mRNAs are not well
described by this regime because the poly(A) tail serves as a molecular timer, whereby
cytoplasmic deadenylases PAN2—PAN3 and CCR4-NOT cause the gradual shortening of the
poly(A) tail of individual molecules over time (Chen and Shyu, 2011; Meyer et al., 2010). Once
the tail length has been shortened to ~20 nt on average, this molecular information is transduced
to the 5’ end, leading to the decapping of the mRNA by the decapping complex DCP1-DCP2
(Chowdhury et al., 2007). Upon decapping, the mRNA is rapidly degraded, primarily by the
cytoplasmic exonuclease XRN1 (Chen and Shyu, 2011).

miRNAs influence this degradation pathway by stimulating increased deadenylation of
the poly(A) tail (Braun et al., 2012; Eisen et al., 2020b; Giraldez, 2006; Subtelny et al., 2014), by
association of the AGO-miRNA complex with mostly unstructured proteins of the GW182
family (Braun et al., 2011, 2013; Eulalio et al., 2008). Because GW 182 proteins interact with

both the PAN2-PAN3 and CCR4-NOT complexes (Behm-Ansmant et al., 2006), miRNAs are
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able to promote the more efficient shortening of poly(A) tails while bound to their targets. This
causes, over the course of one, two, or perhaps many binding and dissociation events, an mRNA
target to have a shorter poly(A) tail than it would in the absence of miRNA binding, such that it
more quickly reaches the 20-nt tail-length threshold associated with rapid decapping and
degradation (Cao and Parker, 2001; Eisen et al., 2020b, 2020a).

There is evidence that some amount of translational repression can occur due to the
recruitment of the RNA helicase DDX6 by CCR4-NOT (Chen et al., 2014). DDX6 is known to
promote decapping, which may lead to translational repression in the time between the initiation
of decapping and the full degradation of the mRNA. However, in the only biological context
with transcriptome-wide measurements demonstrating that miRNAs predominantly act through
translational repression, this influence on translation comes from the same deadenylation-
promoting activity of miRNA binding as described above (Subtelny et al., 2014). This difference
in the ultimate effect of miRNA targeting is due to short-tailed mRNAs being translationally
repressed, rather than degraded, in the early embryo. These insights also likely apply to the early
frog and fly embryo, as both contexts establish a similar coupling between poly(A) tail-length
and translational efficiency (Eichhorn et al., 2016; Subtelny et al., 2014); however, no direct
measurements of mode of miRNA-mediated repression have been made in either system. Indeed,
the early embryonic samples in which poly(A) tail-length and translation are coupled are
developmental stages in which zygotic genome activation has either not yet or just occurred.
Translational repression in this context is probably more desirable than mRNA destabilization, as
it enables regulation of overall protein output without partial destruction of the transcriptome
before it can be replaced by transcription of the zygotic genome (Eichhorn et al., 2014, 2016;

Subtelny et al., 2014).
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Rare RNAi-like repression of some animal miRNA targets

In some cases, miRNA complexes perform an alternative type of mRNA destabilization,
whereby the Ago—miRNA complex catalyzes the endonucleolytic cleavage of its target RNA
(Davis et al., 2005; Shin et al., 2010; Yekta et al., 2004), in a reaction that is chemically identical
to that of RNAi. That a miRNA could perform RNAi was first shown with the demonstration
that let-7 could direct efficient, multiple-turnover slicing of synthetic target RNAs in human cell
extracts (Hutvagner and Zamore, 2002). This type repression requires both the extensive
complementarity of the guide- and target-RNA (Becker et al., 2019; Elbashir et al., 2001a; Haley
and Zamore, 2004; Wee et al., 2012), and an Ago protein capable of directing cleavage. Indeed,
cleavage-competent Ago proteins are found in all domains of life, and maximum-likelihood
phylogenetic trees constructed for both prokaryotic and eukaryotic Argonautes suggest nucleic
acid—directed slicing was the ancestral role of this protein family (Swarts et al., 2014). However,
only human Ago2 (AGO2) is strongly cleavage-competent among the four human paralogs (Liu
et al., 2004; Meister et al., 2004; Rivas et al., 2005). This activity is presumably selectively
maintained in part by the handful of highly-complementary miRNA targets, such as the highly
complementary miR-196 site in the Hoxb8 mRNA, which is active during limb development
(Yekta et al., 2004). However, there is also evidence that the most consequential slicing activity
of AGO?2 occurs during the atypical biogenesis of two miRNAs important for normal erythroid
development, miR-451 and miR-486 (Cheloufi et al., 2010; Chen et al., 2017; Cifuentes et al.,
2010; Jee et al., 2018; Kretov et al., 2020). In any case, the remainder of this introduction will
concern itself with those animal miRNA target sites whose repression proceeds through

deadenylation, rather than direct slicing by the Ago—-miRNA complex, as these are the sites
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through which animal miRNAs predominantly exert their biological functions (Friedman et al.,

2009).

Quantitative prediction of cellular miRNA targeting

The molecular mechanisms by which miRNAs repress their cellular targets appear to be well-
established—that is, the list of proteins demonstrated to be important within the pathway®, and
the apparent modes by which they interact with the targeted mRNA and each other, has not
undergone any substantive revision in recent years (Bartel, 2018; Jonas and Izaurralde, 2015).
One notable exception to this is the discovery of a phosphorylation cycle acting directly on
target-bound Ago—miRNA complex, mediated in humans by the kinase CSNK1AT1 and the
ANKRDS52-PPP6C phosphatase complex (Golden et al., 2017), wherein disruption of the cycle
impedes the efficacy of targeting (Golden et al., 2017; Huberdeau et al., 2017).

Even absent a complete understanding of their mechanism of action, the question remains
as to how miRNAs exert their biological functions at the cell, tissue, and organismal scale. Since
miRNAs function at the molecular level by directing mRNA repression throughout the
transcriptome, this question is tantamount to understanding, upon expression of a particular
miRNA, which mRNAs will be targeted by that miRNA, and the magnitude of the effect for
each. Indeed, while the identification of the miRNA seed (Lewis et al., 2003), and the further
establishment of canonical site types (Bartel, 2009; Brennecke et al., 2005; Lewis et al., 2005)
constituted major advances in identifying which sites might be effective, they are not sufficient

to quantitatively explain the effects of miRNAs: there many instances of seed site—harboring

8This statement refers specifically to the mRNA destabilization and translational repression mechanisms discussed
in the prior sections. It does not refer to the miRNA biogenesis pathway, nor to any miRNA degradation pathways,
including of target RNA—directed miRNA degradation (TDMD).
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mRNAs that are not miRNA-responsive, and many instances of mRNAs without a site that are
responsive (Grimson et al., 2007). This is consistent with results from analysis of 3'-UTR
sequence evolution: highly-expressed, cell type—specific mRNAs have tended to avoid sites to
co-expressed miRNAs, possessing on average 50% fewer 7mer sites to these miRNAs in
comparison to control mRNAs (Farh et al., 2005; Stark et al., 2005). This is consistent with the
notion that approximately 50% of such sites are mediating effective repression, as a function of
variation in contextual features extrinsic to each site.

Indeed, a number of features have been identified that modulate the efficacy of a miRNA
site. These include the total abundance of target sites to the given miRNA (where increased
abundance leads to dilution of the miRNA among all of those sites, thereby weakening
repression) (Garcia et al., 2011), the predicted stability with which the miRNA seed region will
pair with its Watson—Crick complementary sequence (Garcia et al., 2011; Ui-Tei et al., 2008),
the predicted stability with which the 3'-UTR sequence will form secondary structure occluding
the linear target site (thereby decreasing the efficacy of the site) (Tafer et al., 2008; Wan et al.,
2014), the local AU content near the site (Grimson et al., 2007; Nielsen et al., 2007), additional
pairing to the miRNA 3’ end (Brennecke et al., 2005; Grimson et al., 2007), the preferential
conservation of a site (Brennecke et al., 2005; Friedman et al., 2009; Krek et al., 2005), the
distance of a site from either end of the 3’ UTR (Gaidatzis et al., 2007; Grimson et al., 2007;
Majoros and Ohler, 2007), and the lengths of both the mRNA ORF and 3' UTR (Agarwal et al.,
2015; Hausser et al., 2009). These and a few other features have been integrated into a model
predicting miRNA target gene expression, providing unambiguous improvement over when
considering site type alone (Agarwal et al., 2015), and also outperforming myriad alternative

computational approaches, with some informed by the predicted stability (i.e., the AG) of pairing

23



mRNA features ORF length (-) 3'-UTR length (-)

b ORF \
_-7 Te— ‘\\
Presence of ORF =" " Distance between site . Presence of 3'-UTR
8mer sites (+) Pt - and either end of 3’ UTR () ', offset 6mer sites (+)
Target-site features 7 Cooperative distance (8-40nt)
=" with another 3’-UTR miRNA site (+)
- =

- — ' e—
“" Local AU content (+)

Predicted site accessibility (+)
Site conservation over background (+)

3’-supplementary Nucleotide identity of
pairing (+) site position 8 (+ or -)

—_— —
NNNNNNN NNNNNNNA

URORLRURRLR URURURURURUN
i NN N NNNNNNN
miRNA features A 8765432
e
Nucleotide identity of Predicted seed Nucleotide identity of miRNA
miRNA position 8 (+ or -) pairing-stability (+) position 1 (+; A/C/U > G)

Target site abundance in
expressed transcriptome (-)

Figure 3. Features leading to quantitative differences in miRNA target site efficacy.
Depicted are the 14 features utilized in Agarwal et al. (2015), as well as one more feature related
to the cooperative spacing of miRNA sites (Grimson et al., 2007). “+” indicates that the feature
leads to increased repression, “— leads to decreased repression, and “+ or —” indicates that the
effect of the feature depends on the site type.
between the full miRNA and target sequence (Anders et al., 2012; Gumienny and Zavolan, 2015;
Krek et al., 2005) or from crosslinking and immunoprecipitation of Ago—miRNA complexes
followed by high-throughput sequencing (CLIP-seq) (Khorshid et al., 2013). However, even in
this context, only 16% of the transcriptome-wide effects of a miRNA could be explained
(Agarwal et al., 2015), indicating either a significant gap in our understanding of the features
relevant to miRNA targeting efficacy, or alternatively that the true signal from miRNA-mediated
repression is small in comparison to both experimental noise and the secondary effects caused by
repression of primary targets.

In addition to incomplete understanding of the effects of sequence context on site
efficacy, another explanation for why quantitative modeling of miRNA-mediated repression has

not achieved greater overall success is that target sequences other than the four canonical 6mer,

7mer-Al, 7mer-m8, and 8mer sites mediate functional repression (Hausser and Zavolan, 2014),
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and that the omission of these noncanonical-yet-functional sites causes an under-estimation of
predicted repression of some or many miRNAs, potentially missing some target mRNAs bearing
only noncanonical sites. Indeed, the definition of a canonical site has itself expanded over time:
the two 6-nt sites that are offset from the canonical 6mer by one nucleotide in either the 5’
(known as the 6mer-A1) (Jan et al., 2011; Kim et al., 2016) or 3’ direction (known as the offset
6mer or 6mer-m8) (Friedman et al., 2009) have more recently been considered canonical sites
due to their frequent, if not ubiquitous, signal for repression in vertebrates. In addition, it has
been appreciated since the identification of the let-7 sites in the 3’ UTR of the C. elegans lin-41
mRNA that in some cases mismatched or bulged target nucleotides are tolerated within the seed,
if sufficiently compensated for by extended pairing to the miRNA 3’ end, referred to as a 3'-
compensatory site’ (Brennecke et al., 2005; Reinhart et al., 2000). Also later identified were 11—
12-nt sites with pairing beginning at miRNA position 4 or 5, referred to as centered sites (Shin et
al., 2010). While both of these noncanonical site types have been detected with multiple
miRNAs, thereby validating their function, they are rare within animal transcriptomes,
comprising ~1% of preferentially conserved sites in human transcriptomes (Friedman et al.,
2009), suggesting that the omission of these or of any yet-unknown, equally-rare noncanonical
sites is not the predominant cause for the low performance of target prediction efforts.

The identification of both the canonical and noncanonical sites thus described comes

from evidence of their function for multiple different miRNAs. If each miRNA did bind to a

°0f interest are the apparent evolutionary pressures acting on the two let-7a sites in the /in-41 3' UTR that led to
their 3’-compensatory site architecture—namely, the dual pressure to enable efficient targeting and repression by let-
7a (Pasquinelli et al., 2000; Reinhart et al., 2000) while also not acquiring a seed-complementary site that would
cause repression by other seed-family members earlier in larval development (Brancati and Grof3hans, 2018).
Indeed, the much greater information content required to achieve repression using 3'-compensatory pairing
compared to that of a canonical site indicates that 3’-compensatory sites, when found, might lead to especially strong
organismal phenotypes when disrupted, even if the average change in target expression caused by the two site types
were of similar magnitude.
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distinct set of functional noncanonical sites, then elucidating these sets of sites on a per-miRNA
basis would constitute an important advance in the understanding of miRNA targeting, as
quantitative models of predicted targeting efficacy could be updated to include these distinct site
profiles. While one could in principle look for miRNA-specific noncanonical sites directly
within data generated from in vivo experiments such as miRNA transfection followed by RNA-
seq, it would be challenging to disentangle which of the miRNA-specific k-mers that correlate
with repression were due to direct association with the Ago—miRNA complex, and which were
false-positives with the particular set of mRNAs for which repression was observed.

To this end, a variety of studies have generated compelling evidence of miRNA-specific
noncanonical sites through the use of CLIP-seq (Chi et al., 2009, 2012; Grosswendt et al., 2014;
Hafner et al., 2010; Hausser et al., 2009; Lipchina et al., 2011; Loeb et al., 2012). An extension
of this protocol was later developed, enabling the crosslinking, ligation, and sequencing of
hybrids (CLASH) (Helwak et al., 2013; Kudla et al., 2011), which generates chimeric reads with
sequence information on both the miRNA and target RNA sequence (Helwak et al., 2013). While
these studies typically provided partial validation of the noncanonical sites identified within, the
majority of these sites did not exhibit a functional signature upon re-analysis or extension to
other data sets (Agarwal et al., 2015). These discrepancies could be caused by noncanonical sites
being erroneously identified due either to systematic crosslinking biases (in which U and G
nucleotides are preferentially crosslinked), or in the case of the CLASH protocols, to artificial
enrichment for 3’-paired sites due to the ligation of the miRNA 3’ end to the 5’ target fragment.
Another possibility is that these noncanonical sites are indeed bound with appreciable occupancy
by expressed miRNAs, but for unknown reasons do not mediate repression. In any case, the

results from crosslinking-based approaches, while expanding our perspective on the binding
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promiscuity of some miRNAs, have not yielded a better quantitative model of miRNA-mediated

repression more generally.

Understanding miRNA targeting through biochemical principles

The challenges and limitations thus far described for using in vivo data (either functional data
such as RNA-seq, or in vivo binding data such as CLIP or CLASH) to understand miRNA
highlight two missing pieces of information: 1) the true binding profile of any particular miRNA,
and 2) the quantitative relationship between miRNA—target RNA binding and the efficacy of
repression and downstream repression. Indeed, while a number of studies have implemented
formal biochemical models relating target repression to miRNA concentrations, target
concentrations, miRNA—target dissociation constant (Kp) values, and degradation rates (Bosson
et al., 2014; Denzler et al., 2016; Jens and Rajewsky, 2014; Mukherji et al., 2011; Schmiedel et
al., 2015; Wee et al., 2012), the models utilized by each make distinct sets of assumptions and
estimate their parameters differently, underscoring the lack of a consistent framework for
understanding miRNA targeting from a biochemical perspective. Indeed, several proposed
aspects of miRNA biology have prompted controversy and debate, these being the idea that
miRNAs create gene expression thresholds for their targets (Ebert and Sharp, 2012; Mukherji et
al., 2011), that miRNA repression reduces the intrinsic noise of target mRNA expression
(Hausser and Zavolan, 2014; Schmiedel et al., 2015), and that individual mRNA targets sites can
act as competing endogenous RNAs (ceRNAs) that bind miRNAs and sequester their repression
(Ala et al., 2013; Salmena et al., 2011; Tay et al., 2014). For each of these ideas, there are
numerous published studies providing biochemical theory in their support (Jens and Rajewsky,

2014; Jost et al., 2013; Mukherji et al., 2011; Yuan et al., 2015). This underscores a secondary
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benefit to developing an accurate framework for modeling miRNA-mediated repression beyond
that of being able to accurately predict repression, as this framework itself could be tested for
whether such behaviors occur.

As suggested above, construction of an informative biochemical model of miRNA-
mediated repression requires measurement of binding affinities between Ago—miRNA
complexes, and their target RNAs. There are numerous methods by which to measure the affinity
between a protein and a nucleic acid (Jarmoskaite et al., 2020), with some of the earliest
examples being nitrocellulose filter-binding (Riggs et al., 1970) and electrophoretic mobility
shift assay (EMSA) (Fried and Crothers, 1981; Garner and Revzin, 1981), which were both first
applied to studying the binding of the E. coli lac repressor to operator DNA. Two features readily
distinguish the ease of applying such quantitative biochemical approaches to understanding the
biology of miRNAs in comparison to the lac operon. The first is the nature of how these two
regulatory modes diffe—miRNA targeting necessarily involves understanding how one miRNA
sequence interacts with a large diversity of RNA sequences embedded within expressed
transcripts, rather than a single stretch of DNA within a small bacterial genome, which means
that the number of required binding affinity measurements might be much greater. The second
distinguishing feature is the added experimental difficulty of purifying a defined Ago—miRNA
complex, in comparison to purifying either a transcription factor or an RBP. Indeed, when the
crystal structures of yeast Ago (Nakanishi et al., 2012) and human Ago2 (Elkayam et al., 2012;
Schirle and Macrae, 2012) were solved, each of the protein preparations contained a large
fraction of contaminating SRNAs, coming either anomalously from the bacterial expression
system (Nakanishi et al., 2012) or from the endogenous small RNA pathways from which the

protein was purified (Elkayam et al., 2012; Schirle and Macrae, 2012). One group addressed this
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issue by separation of the unloaded and loaded human Ago by size exclusion chromatography
and incubating the unloaded population with excess single-stranded miR-20a, enabling
crystallography with a biologically relevant miRNA (Elkayam et al., 2012). A clear drawback of
this approach, however, was the uncertainty of whether the product of loading a single-stranded
RNA into a purified Argonaute protein, absent any accessory factors used for loading in vivo,
was representative of the functional, biological complex.

A clear methodological solution to the challenge of Ago-miRNA complex purification
came shortly thereafter, whereby an in-lysate loading reaction was incubated with a “capture”
oligo immobilized to beads, such that the Ago—-miRNA complexes with a particular guide
sequence could be selectively retained on the beads while other Ago—miRNA complexes (as well
as the remaining constituency of the lysate) could be removed (Flores-Jasso et al., 2013). Further
incubation of the beads with a “competitor” oligo with perfect complementarity to the capture
oligo enabled selective elution of the Ago—miRNA complex. Subsequent removal of the
competitor oligo using size-exclusion chromatography yielded a purified Ago—miRNA complex
with a defined sequence, suitable for quantitative study through the application of binding,
kinetic, or enzymatic assays. Indeed, the development of this technique enabled a biochemical
study of both fly and mouse Ago2, each loaded with let-7a, that provided unprecedented insight
into the contribution of each miRNA position to both the binding and catalysis of target slicing,
and enabled a quantitative comparison of the biochemistry of the two Ago—miRNA complexes
(Wee et al., 2012). In particular, the finding that the catalytic rate constant (kcat) of cleavage was
extremely similar to dissociation rate constant (kofr) for mouse Ago2—let-7a with a perfectly

complementary target, but was almost 700-fold greater than ko for the siRNA-loading fly Ago2
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provided quantitative evidence for how these two superficially similar enzymes have been
evolutionarily tuned for their respective biological pathways (Wee et al., 2012).

The capture—competitor method enabled numerous subsequent biochemical and
crystallographic studies, which have together provided a more refined picture of this protein—
RNA complex. In particular, studies employing single-molecule biochemistry with fluorescently
tagged Ago—miRNA complexes and target RNAs have shown that miRNAs can mediate
transient association through pairing only to miRNA nucleotides 2—4 (Chandradoss et al., 2015),
and additionally that nucleotides 2—5 constitute a “sub-seed” that enables target binding at rates
within 1-2 orders of magnitude of molecular diffusion (Jo et al., 2015; Salomon et al., 2015).
These findings are consistent with published crystal structures showing, in the absence of target
binding, that miRNA nucleotides 2—5 are pre-organized into a near-helical conformation (Schirle
et al., 2014), and as well that nucleotides 6 and 7 exhibit significant de-stacking compared to
their proceeding nucleotides (Elkayam et al., 2012).

Structural studies have also shown that the deformation of the 3’ portion of the miRNA
seed prior to target pairing is caused by helix-7 of the protein (Klum et al., 2018; Schirle et al.,
2014), and that its movement enables pairing to propagate through the rest of the seed region
(i.e., through to nucleotide 8), thereby extending the dwell time of the target from ~0.1-1
seconds (s) to ~5-250 s (Chandradoss et al., 2015; Salomon et al., 2015). They have additionally
shed light on the nature of the preference for an A nucleotide across from position 1 of the
miRNA irrespective of its nucleotide identify, identifying a binding pocket formed through the
interface of the MID and PIWI domains within which an ordered array of water molecules
specifically recognize the adenosine N6 amine (Schirle et al., 2015). Finally, crystallography

studies comparing the structures of Ago-miRNA complexes bound to targets with iteratively
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more complementarity beyond nucleotide 8 have provided a physical basis for understanding
why pairing to the central region of the miRNA contributes so little to miRNA targeting:
nucleotides 9—11 are conformationally excluded by a central gate, with solvent exposure
returning at nucleotides 13—16 upon seed binding (Schirle et al., 2014; Sheu-Gruttadauria et al.,
2019a). In addition, these structural data have partially informed a proposal that target cleavage
might progress through initial seed pairing followed by a secondary nucleation of pairing within
the 3’ end, with back-propagation of the secondary helix causing opening of the central gate and
allowing access to the phosphodiester linkage bridging nucleotides 10 and 11 (Bartel, 2018).
The studies thus described serve to illustrate the myriad ways in which the
conformational and binding properties of a miRNA are fundamentally changed upon loading into
an Argonaute protein. Indeed, this remodeling by Ago provides a clear rationale for why models
of miRNA effects based on predicted pairing stability (Khorshid et al., 2013; Rajewsky and
Socci, 2004) have not been as successful as those that evaluate pairing to particular positions of
the miRNA (Agarwal et al., 2015; Lewis et al., 2003). However, those biochemical studies which
performed biochemical assays with more than one miRNA sequence demonstrated clear
differences in the kon and kofr for seed pairing between let-7a and miR-21 (Salomon et al., 2015),
in the kofr for seed pairing between miR-27 and both let-7a and miR-122 (Sheu-Gruttadauria et
al., 2019b), in the propensity for cleavage (given by the ratio kca/kotr) between let-7a and let-7b
(Jo et al., 2015), and in the propensity for differential 3’ pairing between different sequence
variants of miR-122 (Sheu-Gruttadauria et al., 2019a). These results, when considered together
with the finding that predicted seed-pairing stability (SPS) is a useful-but-imperfect correlate of
in vivo miRNA repression between different miRNAs (Garcia et al., 2011), support a model in

which the primary reason why miRNA target prediction remains poor is a lack of understanding
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of how the predicted energetics of a guide sequence are transformed once in complex with Ago,
the extent to which this transformation differs between miRNAs, and which miRNA sequence
features are responsible for any such differences.

Building such an understanding would require many more measurements than those
present in the studies thus discussed. To this end, a more recent study performing high-
throughput biochemistry using a modified Illumina sequencing platform measured ~20,000 Kp,
kon, and slicing kcat values for let-7a and miR-21, with ~2,000 and ~5,000 target sites,
respectively, drawn from the top-predicted targets with several miRNA target prediction
algorithms (Becker et al., 2019). While these data provide richer quantitative insights into the
differences in binding between let-7a and miR-21, and would therefore be expected to improve
prediction of the efficacy of both miRNA-mediated repression and target slicing for both these
miRNAs, the predetermined nature of the pool of target RNAs queried for both miRNAs means
that some functional site types or relevant sequence features might be missed in these
experiments, simply due to their lack of representation within the target pool. To this end, an
experimental technique enabling assessment of a vast number of putative target sites might

provide a means to improve miRNA target prediction.

Random sequence-based, high-throughput biochemistry

The variety of contemporary methods for sequence-motif discovery find their conceptual origin
in a technique developed 30 years ago called selective evolution of ligands by exponential
enrichment (SELEX). The method utilizes a population of partially or fully randomized RNA
molecules that are iteratively subjected to rounds of binding-based selection, reverse

transcription, amplification, and in vitro transcription, thereby enriching for those few RNA
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molecules in the initial pool with the greatest binding affinity for the desired binding partner
(Ellington and Szostak, 1990; Tuerk and Gold, 1990). In its early form, the results of the
experiment could only be queried by Sanger sequencing of either the final pool (Blackwell and
Weintraub, 1990) or a handful of molecules cloned from the final pool (Fields et al., 1997; Jin et
al., 2003), such that only qualitative information could be derived regarding the preferred
binding sequence of a given protein.

With the advent of high-throughput sequencing, a variety of related methods were
developed such as high-throughput SELEX (HT-SELEX) (Zhao et al., 2009), Bind-n-Seq
(Zykovich et al., 2009), and SELEX-seq (Slattery et al., 2011), in which a dSDNA pool is
sequenced in its initial state and after each round of selection for transcription factor (TF)
binding. These approaches enabled a richer and more quantitative approach for learning TF-
binding specificity, albeit with some drawbacks: because the early-round pools tended to contain
a large fraction of non-specific binding, and because the later rounds were mostly dominated by
the highest-affinity sequences, the medium-to-low-affinity sequences would either be missed or
inaccurately quantified. Indeed, a recent computational analysis pipeline employed for analyzing
single-round HT-SELEX data has been able to quantify relative Kp values for individual
transcription factors within a 160-fold range, indicating that with sophisticated biophysical
modeling and statistical treatment, apparent limitations of the assay can be overcome (Rastogi et
al., 2018).

The high-throughput, single-round SELEX approach was subsequently applied for the
purposes of studying RBPs using a pool of RNA molecules with 20 or 40 random nucleotide
positions (Dominguez et al., 2018; Lambert et al., 2014). The technique was named RNA Bind-

n-Seq (RBNS), because, like Bind-n-Seq, the protocol included multiple binding reactions per
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RBP studied, over which the RBP concentration was varied to obtain quantitative enrichments of
motifs at different levels of saturation of the library (Lambert et al., 2014). In addition to
describing the sequence preferences of RBFOX2, CELF1, and MBNLI1, and showing the
superiority of the RBNS-generated profiles in comparison to CLIP for predicting alternative
splicing in vivo, the pioneering RBNS study identified that the k-mer enrichment values
generated within an RBNS reaction exhibit unimodal enrichment values at intermediate RBP
concentrations, owing to nonspecific binding at low RBP concentrations and to RNA library
saturation at higher RBP concentrations. Indeed, the waning enrichments were shown to be
qualitatively consistent with a biochemical model of the experiment (Lambert et al., 2014),
suggesting that, if applied to Ago—miRNA complexes, RBNS might enable novel site discovery
as well as the construction of site-type affinity profiles with accurate relative Kp values spanning
the full dynamic range of binding, thereby enabling an unprecedented view into the targeting

preferences of individual miRNAs.

Organization of thesis

The remaining chapters of this thesis will describe my experimental and computational work to
adapt RBNS for use with human AGO-miRNA complexes, and the improvements made to our
quantitative understanding of miRNA targeting as a result of these measurements. Chapter 2
describes the development of AGO-RBNS and, through collaboration with Kathy S. Lin, the
generation of a biochemically informed model of miRNA targeting that outperforms all other
current target prediction algorithms, as well as the construction of a convolutional neural
network (CNN) that predicts relative Kp values for a miRNA of any sequence. Chapter 3

describes work performed in collaboration with Namita Bisaria to perform AGO-RBNS
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experiments reporting on the contribution of the miRNA 3’ end to binding affinity, analysis of
which demonstrated the existence of two distinct binding modes enabling productive 3’ pairing,
and that miRNA G nucleotides shape the 3'-pairing preferences of individual miRNAs. Chapter 4
synthesizes the results spanning these chapters, and attempts to provide perspective on how
further advances in understanding miRNA targeting might be achieved. The appendices serve to
collect the research papers to which I have contributed in supportive roles, being A) in vitro
biochemistry to confirm insights related to the specificity of miRNA biogenesis, B) modeling in
service of verifying the unimodal enrichment patterns generated by RBNS experiments, C)
modeling to confirm the relative dynamics of translational repression and mRNA destabilization
during miRNA-mediated repression, D) modeling to demonstrate the non-physiological
conditions in which ceRNAs could plausibly titrate the function of a miRNA, and E) assistance
in formulating a mathematical framework describing the dynamics of poly(A) tail-length

changes during the life of a eukaryotic mRNA.
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Abstract

MicroRNAs (miRNAs) act within Argonaute proteins to guide repression of messenger RNA
targets. Although various approaches have provided insight into target recognition, the sparsity
of miRNA—target affinity measurements has limited understanding and prediction of targeting
efficacy. Here, we adapted RNA bind-n-seq to enable measurement of relative binding affinities
between Argonaute—miRNA complexes and all sequences <12 nucleotides in length. This
approach revealed noncanonical target sites specific to each miRNA, miRNA-specific
differences in canonical target-site affinities, and a 100-fold impact of dinucleotides flanking
each site. These data enabled construction of a biochemical model of miRNA-mediated
repression, which was extended to all miRNA sequences using a convolutional neural network.
This model substantially improved prediction of cellular repression, thereby providing a

biochemical basis for quantitatively integrating miRNAs into gene-regulatory networks.

Introduction

MicroRNAs (miRNAs) are ~22-nucleotide (nt) regulatory RNAs that derive from hairpin regions
of precursor transcripts (Bartel, 2018). Each miRNA associates with an Argonaute (AGO)
protein to form a silencing complex, in which the miRNA pairs to sites within target transcripts
and the AGO protein promotes destabilization and/or translational repression of bound
transcripts (Jonas and Izaurralde, 2015). miRNAs are grouped into families on the basis of the
sequence of their extended seed (nucleotides 2—8 of the miRNA), which is the region of the
miRNA most important for target recognition (Bartel, 2009). The 90 most broadly conserved
miRNA families of mammals each have an average of >400 preferentially conserved targets,

such that mRNAs from most human genes are conserved targets of at least one miRNA
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(Friedman et al., 2009). Most of these 90 broadly conserved families are required for normal
development or physiology, as shown by knockout studies in mice (Bartel, 2018).

Deeper understanding of these numerous biological functions would be facilitated by a
better understanding of miRNA targeting efficacy, with the ultimate goal of correctly predicting
the effects of each miRNA on the output of each expressed gene. In principle, targeting efficacy
should be a function of the affinity between AGO-miRNA complexes and their target sites, in
that greater affinity to a target site would cause increased occupancy at that site and thus
increased repression of the target mRNA. Until very recently, binding affinities have been
known for only a few target sequences of only three miRNAs (Chandradoss et al., 2015; Jo et al.,
2015; Klum et al., 2018; Salomon et al., 2015; Schirle et al., 2014, 2015; Wee et al., 2012). In a
recent study, high-throughput imaging and cleavage analyses provide extensive binding and
slicing data for two of these three miRNAs, let-7a and miR-21 (Becker et al., 2019). Although
these measurements provide insight and enable a quantitative model that predicts the efficiency
of miR-21—directed slicing in cells (Becker et al., 2019), the sparsity of binding-affinity data still
limits insight into how targeting might differ between different miRNAs and prevents
construction of an informative biochemical model of targeting efficacy relevant to the vastly
more prevalent, non-slicing mode of miRNA-mediated repression.

With insufficient affinity measurements, the most informative models of targeting
efficacy rely instead on indirect, correlative approaches. These models focus on mRNAs with
canonical 6-8-nt sites matching the miRNA seed region (Figure 1A) and train on features known
to correlate with targeting efficacy (including the type of site as well as various features of site
context, mRNAs, and miRNAs), by using datasets that monitor mRNA changes that occur after
introducing a miRNA (Agarwal et al., 2015; Grimson et al., 2007; Gumienny and Zavolan, 2015;

Paraskevopoulou et al., 2013). Although the correlative model implemented in TargetScan7
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performs as well as the best in vivo cross-linking approaches at predicting mRNAs most
responsive to miRNA perturbation, it nonetheless explains only a small fraction of the mRNA
changes observed upon introducing a miRNA [coefficient of determination (+?) = 0.14] (Agarwal
et al., 2015). This low value indicates that prediction of targeting efficacy has room for
improvement, even when accounting for the fact that experimental noise and secondary effects of
inhibiting direct targets place a ceiling on the variability attributable to direct targeting.
Therefore, we adapted RNA bind-n-seq (RBNS) (Lambert et al., 2014) and a convolutional
neural network (CNN) to the study of miRNA—target interactions, with the goal of obtaining the
quantity and diversity of affinity measurements needed to better understand and predict miRNA

targeting efficacy.

The site-affinity profile of miR-1

As previously implemented, RBNS provides qualitative relative binding measurements for an
RNA-binding protein to a virtually exhaustive list of binding sites (Dominguez et al., 2018;
Lambert et al., 2014). A purified RNA-binding protein is incubated with a large library of RNA
molecules that each contain a central random-sequence region flanked by constant primer-
binding regions. After reaching binding equilibrium, the protein is pulled down and any co-
purifying RNA molecules are reverse transcribed, amplified, and sequenced. To extend RBNS to
AGO-miRNA complexes (Figure 1B), we purified human AGO2 loaded with miR-1 (Flores-
Jasso et al., 2013) (Figure S1A) and set up five binding reactions, each with a different
concentration of AGO2-miR-1 (range, 7.3—730 pM, logarithmically spaced) and a constant
concentration of an RNA library with a 37-nt random-sequence region (100 nM). We also

modified the protein-isolation step of the RBNS protocol, replacing protein pull down with
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Figure 1. AGO-RBNS reveals binding affinities of canonical and previously
uncharacterized miR-1 target sites.
(A) Canonical sites of miR-1. These sites have contiguous pairing (blue) to the miRNA seed
(red), and some include an additional match to miRNA nucleotide 8 or an A opposite miRNA
nucleotide 1 (B represents C, G, or U; D represents A, G, or U). (B) AGO-RBNS. Purified

AGO2-miR-1 is incubated with excess RNA library molecules that each have a central block of
37 random-sequence positions (N37). After reaching binding equilibrium, the reaction is applied
to a nitrocellulose membrane and washed under vacuum to separate library molecules bound to
AGO2-miR-1 from those that are unbound. Molecules retained on the filter are purified, reverse
transcribed, amplified, and sequenced. These sequences are compared with those generated
directly from the input RNA library. (C) Enrichment of reads containing canonical miR-1 sites in
the 7.3 pM AGO2-miR-1 library. Shown is the abundance of reads containing the indicated site
(key) in the bound library plotted as a function of the respective abundance in the input library.
Dashed vertical lines depict the enrichment in the bound library; dashed diagonal line shows y =
x. Reads containing multiple sites were assigned to the site with greatest enrichment. (D) AGO-
RBNS profile of the canonical miR-1 sites. Plotted is the enrichment of reads with the indicated
canonical site (key) observed at each of the five AGO2-miR-1 concentrations of the AGO-
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RBNS experiment, determined as in (C). Points show the observed values, and lines show the
enrichment predicted from the mathematical model fit simultaneously to all of the data. Also
shown for each site are Kp values obtained from fitting the model, listing the geometric mean +
the 95% confidence interval determined by resampling the read data, removing data for one
AGO-miR-1 concentration and fitting the model to the remaining data, and repeating this
procedure 200 times (40 times for each concentration omitted). (E) AGO-RBNS profile of the
canonical and the newly identified noncanonical miR-1 sites (key). Sites are listed in the order of
their Kp values and named and colored based on the most similar canonical site, indicating
differences from this site with b (bulge), w (G-U wobble), or x (mismatch) followed by the
nucleotide and its position. For example, the 8mer-bU(4.6) resembles a canonical 8mer site but
has a bulged U at positions that would normally pair to miRNA nucleotides 4, 5, or 6. Everything
else is the same as in (D). (F) Relative Kp values for the canonical and the newly identified
noncanonical miR-1 sites determined in (E). Sites are classified as either 7-8-nt canonical sites
(purple), 6-nt canonical sites (cyan), noncanonical sites (pink), or a sequence motif with no clear
complementarity to miR-1 (gray). The solid vertical line marks the reference Kp value of 1.0
assigned to reads lacking an annotated site. Error bars indicate 95% confidence interval on the
geometric mean, as in (D). (G) The proportion of AGO2-miR-1 bound to each site type. Shown
are proportions inferred by the mathematical model over a range of AGO2-miR-1 concentrations
spanning the five experimental samples, plotted in the order of site affinity (top to bottom), using
the same colors as in (E). On the right is the pairing of each noncanonical site, diagrammed as in
(A), indicating Watson—Crick pairing (blue), wobble pairing (cyan), mismatched pairing (red),
bulged nucleotides (compressed rendering), and terminal noncomplementarity (gray; B
represents C, G, or U; D represents A, G, or U; H represents A, C, or U; V represents A, C, or
G). The GCUUCCGC motif is omitted because it did not match miR-1 and did not mediate
repression by miR-1 (Figure S5B).

nitrocellulose filter binding, reasoning that the rapid wash step of filter binding would improve
retention of low-affinity molecules that would otherwise be lost during the wash steps of a pull-
down. This modified method was highly reproducible, with high correspondence observed
between the 9-nt k-mer enrichments of two independent experiments using different preparations
of both AGO2-miR-1 and the RNA library (Figure S1B; = 0.86).

When analyzing our AGO-RBNS results, we first examined enrichment of the canonical
miR-1 sites, comparing the frequency of these sites in RNA bound in the 7.3 pM AGO2-miR-1
sample with that of the input library. As expected from the site hierarchy observed in meta-
analyses of site conservation and endogenous site efficacy (Bartel, 2009), the 8mer site (perfect

match to miR-1 nucleotides 2—-8 followed by an A) was most enriched (38-fold), followed by the
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7mer-m$ site, then the 7mer-Al site, and the 6mer site (Figures 1A and 1C). Little if any
enrichment was observed for either the 6mer-A1 site or the 6mer-mS8 site at this lowest
concentration of 7.3 pM AGO2-miR-1 (Figures 1A and 1C), consistent with their weak signal in
previous analyses of conservation and efficacy (Agarwal et al., 2015; Friedman et al., 2009; Kim
et al., 2016). Enrichment of sites was quite uniform across the random-sequence region, which
indicated minimal influence from either the primer-binding sequences or supplementary pairing
to the 3’ region of the miRNA (Figure S1D). Although sites with supplementary pairing can have
enhanced efficacy and affinity (Bartel, 2009; Brennecke et al., 2005; Wee et al., 2012), the
minimal influence of supplementary pairing reflected the rarity of such sites in our library.
Analysis of enrichment of the six canonical sites across all five AGO2—miR-1
concentrations illustrated two hallmarks of this experimental platform (Lambert et al., 2014).
First, as the concentration increased from 7.3—73 pM, enrichment for each of the six site types
increased (Figure 1D), which was attributable to an increase in signal over a constant low
background of library molecules isolated even in the absence of AGO2-miR-1. Second, as the
AGO2-miR-1 concentration increased beyond 73 pM, 8mer enrichment decreased, and at the
highest AGO2-miR-1 concentration, enrichment of the 7mer-m8 and 7mer-A1 site decreased
(Figure 1D). These waning enrichments indicated the onset of saturation for these high-affinity
sites (Lambert et al., 2014). These two features, driven by AGO-miRNA-independent
background and partial saturation of the higher-affinity sites, respectively, caused differences in
enrichment values for different site types to be highly dependent on the AGO2-miR-1
concentration; the lower AGO2—miR-1 concentrations provided greater discrimination between
the higher-affinity site types, the higher AGO2-miR-1 concentrations provided greater
discrimination between the lower-affinity site types, and no single concentration provided results

that quantitatively reflected differences in relative binding affinities.
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To account for background binding and ligand saturation, we developed a computational
strategy that simultaneously incorporated information from all concentrations of an RBNS
experiment to calculate relative Kp values. Underlying this strategy was an equilibrium-binding
model that predicts the observed enrichment of each site type across the concentration series as a
function of the Kp values for each miRNA site type (including the “no-site” type), as well as the
stock concentration of purified AGO2-miR-1 and a constant amount of library recovered as
background in all samples. Using this model, we performed maximum likelihood estimation
(MLE) to fit the relative Kp values, which explained the observed data well (Figure 1D).
Moreover, these relative Kp values were robustly estimated, as indicated by comparing values
obtained using results from only four of the five AGO2-miR-1 concentrations (72 > 0.994 for
each of the ten pairwise comparisons; Figures S1F and S1G). These quantitative binding
affinities followed the same hierarchy as observed for site enrichment, but the differences in
affinities were of greater magnitude (Figures 1D and S1C).

Up to this point, our analysis was informed by the wealth of previous computational and
experimental data showing the importance of a perfect 6—8-nt match to the seed region (Bartel,
2009). However, the ability to calculate the relative Kp of any k-mer of length <12 nt (the 12-nt
limit imposed by the sparsity of reads with longer k-mers) provided the opportunity for a de novo
search for sites, without bias from any previous knowledge. In this search, we 1) calculated the
enrichment of all 10-nt k~-mers in the bound RNA in the 730 pM AGO2-miR-1 sample, which
was the sample with the most sensitivity for detecting low-affinity sites, 2) determined the extent
of complementarity between the ten most enriched k-mers and the miR-1 sequence, 3) assigned a
site most consistent with the observed A-mers, and 4) removed all reads containing this newly
identified site from both the bound and input libraries. These four steps were iterated until no 10-

nt k-mer remained that was enriched >10-fold, thereby generating 14 sites for AGO2-miR-1. We
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then applied our MLE procedure to calculate relative Kp values for this expanded list of sites
(Figures 1E and IF).

This unbiased approach demonstrated that the 8mer, 7mer-m8, 7mer-A1l, and 6mer sites
to miR-1 were the highest-affinity site types of lengths <10 nt. It also identified eight novel sites
with binding affinities resembling those of the 6mer-m8 and the 6mer-A1l (Figure 1F).
Comparison of these sites to the sequence of miR-1 revealed that miR-1 can tolerate either a
wobble G at position 6 or a bulged U somewhere between positions 4 and 6 and achieve affinity
at least 7—11-fold above that of the remaining no-site reads, and that it can tolerate either a
mismatched C at position 5 or a mismatched U at position 6 and achieve affinity 4-5-fold above
that of the no-site reads. The GCUUCCGC motif also passed our cutoffs, which was more
difficult to explain, because it had contiguous complementarity to positions 2—5 of miR-1
flanked by noncomplementary GC dinucleotides on both sides. Nonetheless, among the
1,398,100 possible motifs <10 nt, this was the only one that satisfied our criteria yet was difficult
to attribute to miRNA pairing.

Our analytical approach and its underlying biochemical model also allowed us to infer
the proportion of AGO2-miR-1 bound to each site (Figure 1G). The 8mer site occupied 3.8-17%
of the silencing complex over the concentration course, whereas the 7mer-m8, by virtue of its
greater abundance, occupied a somewhat greater fraction of the complex. In aggregate, the
marginal sites—including the 6mer-A1l, 6mer-m8§, and seven noncanonical sites—occupied 6.1—
9.8% of the AGO2—miR-1 complex. Moreover, because of their very high abundance, library
molecules with no identified site occupied 32—53% of the complex (Figure 1G). These results
support the inference that the summed contributions of background binding and low-affinity sites
to intracellular AGO occupancy is of the same order of magnitude as that of canonical sites,

suggesting that an individual AGO-miRNA complex spends about half its time associated with a
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vast repertoire of background and low-affinity sites (Denzler et al., 2014, 2016). This
phenomenon would help explain why sequences without recognizable sites often crosslink to
AGO in cells.

Our results confirmed that AGO2-miR-1 binds the 8mer, 7mer-m8, 7mer-A1l, and 6mer
sites most effectively and revealed the relative binding affinities and occupancies of these sites.
In addition, our results uncovered weak yet specific affinity to the 6mer-A1 and 6mer-mS$ sites
plus seven noncanonical sites, all with affinities outside the dynamic range of recent high-
throughput imaging experiments (Becker et al., 2019). Although alternative binding sites for
miRNAs have been proposed based on high-throughput in vivo crosslinking studies (Chi et al.,
2012; Grosswendt et al., 2014; Helwak et al., 2013; Khorshid et al., 2013; Loeb et al., 2012), our
approach provided quantification of the relative strength of these sites without the confounding
effects of differential crosslinking efficiencies, potentially enabling their incorporation into a

quantitative framework of miRNA targeting.

Distinct canonical and noncanonical binding of different miRNAs

We extended our analysis to five additional miRNAs, including let-7a, miR-7, miR-124, and
miR-155 of mammals, chosen for their sequence conservation as well as the availability of data
examining their regulatory activities, intracellular binding sites, or in vitro binding affinities
(Bartel, 2018; Chi et al., 2012; Loeb et al., 2012; Salomon et al., 2015; Wee et al., 2012), and
Isy-6 of nematodes, which is thought to bind unusually weakly to its canonical sites (Garcia et
al., 2011) (Figures 2, S2B, and S2C). In the case of let-7a, previous biochemical analyses have
determined the Kp values of some canonical sites (Becker et al., 2019; Salomon et al., 2015; Wee
et al., 2012), and our values agreed well, which further validated our high-throughput approach

(Figure S1H).
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The site-affinity profile of let-7a resembled that of miR-1, except the 6mer-m8 and 6mer-
Al sites for let-7a had greater binding affinity than essentially all of the noncanonical sites
(Figure 2A). As with miR-1, the noncanonical sites each paired to the seed region but did so
imperfectly, typically with a single wobble, single mismatch, or single-nucleotide bulge, but
these imperfections differed from those observed for miR-1 (Figures 1F and 2A).

The site-affinity profiles of miR-124, miR-155, Isy-6, and miR-7 resembled those of
miR-1 and let-7a. All but one included the six canonical sites (with miR-7 missing the 6mer-m§8
site), and all contained noncanonical sites with extensive yet imperfect pairing to the miRNA
seeds, the imperfections tending to occur at different positions and with different mismatched- or
bulged-nucleotide identities for different miRNAs, (Figures 2B, 2C, S2B, and S2C). In contrast
to the noncanonical sites of miR-1 and let-7a, more of the noncanonical sites of the other four
miRNAs had affinities interspersed with those of the top four canonical sites. Moreover, the
profiles for miR-155, miR-124, and Isy-6 also included sites with extended (9—11-nt)
complementarity to the miRNA 3’ region. These sites had estimated Kp values that were derived
from reads with little more than chance complementarity to the miRNA seed, and they had
uniform enrichment across the length of the random-sequence region (Figure S1E), which
indicated that these sites represented an alternative binding mode dominated by extensive pairing
to the 3’ region without involvement of the seed region (Figures 2B, 2C, and S2B). We named
them “3'-only sites.”

In some respects, the 3'-only sites resembled noncanonical sites known as centered sites,
which are reported to function in mammalian cells (Shin et al., 2010). Like 3’-only sites, centered
sites have extensive perfect pairing to the miRNA, but for centered sites, this pairing begins at
miRNA positions 3 or 4 and extends 11-12 nt through the center of the miRNA (Shin et al.,

2010). Our unbiased search for sites did not identify centered sites for any of the six miRNAs.
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We therefore directly queried the region of each miRNA to which extensive noncanonical
pairing was favored, determining the affinity of sequences with 11-nt segments of perfect
complementarity to the miRNA sequence, scanning from miRNA position 3 to the 3’ end of the
miRNA (Figure 3A). For miR-155, miR-124, and Isy-6, sequences with 11-nt sites that paired to
the miRNA 3’ region bound with greater affinity than did those with a canonical 6mer site,
whereas for let-7a and miR-1, and miR-7, none of the 11-nt sites conferred stronger binding than
did the 6mer. Moreover, for all six miRNAs, the 11-nt sites that satisfied the criteria for
annotation as centered sites conferred binding <2-fold stronger than that of the 6mer-m8 site,
which also starts at position 3 but extends only 6 nt. These results called into question the
function of centered sites, although we cannot rule out the possibility that centered sites are
recognized by some miRNAs and not others. Indeed, the newly identified 3'-only sites
functioned for only miR-155, miR-124, and Isy-6, and even among these, the optimal region of
pairing differed, occurring at positions 13-23, 9—19, and 8—18, respectively (Figure 3A).

When evaluating other types of noncanonical sites proposed to confer widespread
repression in mammalian cells (Chi et al., 2012; Kim et al., 2016), we found that all but two
bound with affinities difficult to distinguish from background. One of these two was the 5-nt site
matching miRNA positions 2—6 (Smer-m2.6) (Kim et al., 2016), which was bound by miR-1, let-
7a, and miR-7 but not by the other three miRNAs (Figure S3). The other was the pivot site (Chi
et al., 2012), which was bound by miR-124 [e.g., 8mer-bG(6.7); Figure 2C] and Isy-6 [e.g.,
8mer-bA(6.7); Figure S2B] but not by the other four miRNAs (Figure S4). The absence of a
pivot site for let-7a in our data contrasted with the prior results, in which the pivot site was
reported for both miR-124, let-7a, and miR-708 (Chi et al., 2012). However, our results are
consistent with those of another high-throughput study, which reports weak affinity for this site

when measured within 32 different target sequence contexts (Becker et al., 2019). More
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Figure 2. Distinct canonical and noncanonical binding of different miRNAs.

(A—C) Relative Kp values and proportional occupancy of established and newly identified sites
of let-7a (A), miR-155 (B), and miR-124 (C). The two miR-124 sites that were present as a 5'-
AA—extended form in addition to an unextended form are shown on the same line (C). Relative
Kp values are plotted as in Figure 1F but in some cases with additional categories, either for 3'-
only sites (green) (B and C) or for 6-nt canonical sites enhanced by either additional wobble-
pairing or additional Watson—Crick complementarity separated by a bulged nucleotide (blue) (B
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and C). The proportion of AGO2-miRNA bound to each site type is estimated and shown as in
Figure 1G. These analyses also detected a GCACUUUA motif for let-7a and AACGAGGA
motif for miR-155, which were assigned relative Kp values of 7.1 £0.8 x 102and 6 £ 1 x 1072,
respectively. These motifs are excluded because each did not match its respective miRNA and
did not mediate repression by its respective miRNA (Figure S5B).

generally, these two previously identified noncanonical site types resembled the newly identified
noncanonical sites with extensive yet imperfect pairing to the seed region, in that they function
for only a limited number of miRNAs.

In addition to the differences in noncanonical site types observed for each miRNA, we
also observed pronounced miRNA-specific differences in the relative affinities of the canonical
site types. For example, for miR-155, the affinity of the 7mer-A1 nearly matched that of the
7mer-m§, whereas for miR-124, the affinity of the 7mer-A1 was >9-fold lower than that of the
7mer-m8. These results implied that the relative contributions of the A at target position 1 and
the match at target position 8 can substantially differ for different miRNAs. Prior studies show
that AGO proteins remodel the thermodynamic properties of their loaded RNA guides (Salomon
et al., 2015; Wee et al., 2012), and our results show that the sequence of the guide strongly
influences the nature of this remodeling, leading to differences in relative affinities across

canonical site types and a distinct repertoire of noncanonical site types for each miRNA.

The energetics of canonical binding

With the relative Kp values for the canonical binding sites of six miRNAs in hand, we examined
the energetic relationship between the A at target position 1 (A1) and the match at miRNA
position 8 (m8), within the framework analogous to a double-mutant cycle (Figure 3B, left). The
apparent binding-energy contributions of the m8 and Al (AAGms and AAGa1, respectively) were

largely independent, as inferred from the relative Kp values of the four site types. That is, for
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Figure 3. Additional analyses of binding affinities and the correspondence between binding
affinity and repression efficacy.
(A) Diverse functionality and position dependence of 11-nt 3’-only sites. Relative Kp values for
each potential 11-nt 3'-only site are plotted for the indicated miRNAs (key). For reference,
values for the 8mer, 6mer, and 6mer-mS sites are also plotted. The solid vertical line marks the
reference Kp value of 1.0, as in Figure 1F. The solid and dashed lines indicate geometric mean
and 95% confidence interval, respectively, determined as in Figure 1D. (B) The independent
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contributions of the A1 and m8 features. On the left, a double-mutant cycle depicts the affinity
differences observed among the four top canonical sites for miR-1, as imparted by the
independent contributions of the A1 and m8 features and their potential interaction. On the right,
the apparent binding contributions of the A1 (AAGa1, blue and cyan) or m8 (AAGms, red and
pink) features are plotted, determined from the ratio of relative Kp values of either the 7mer-Al
and the 6mer (blue), the 8mer and the 7mer-m8 (cyan), the 7mer-m8 and the 6mer (red), or the
8mer and the 7mer-A1 (pink) for the indicated AGO2-miRNA complexes. The 72 reports on the
degree of AAG similarity for both the m8 and A1 features using either of the relevant site-type
pairs across all six complexes. (C) The relationship between the observed relative Kp values and
predicted pairing stability of the 6mer (filled circles) and 7mer-m8 (open circles) sites of the
indicated AGO-miRNA complex (key), under the assumption that the Kp value for library
molecules without a site was 10 nM for all AGO-miRNA complexes. The two black lines are the
best fit of the relationship observed for each of the site types (gray regions, 95% confidence
interval). The gray line shows the expected relationship with the predicted stabilities given by Kp
= ¢ AGRT (D-I) The relationship between repression efficacy and relative Kp values for the
indicated sites of miR-1 (D), let-7a (E), miR-155 (F), miR-124 (G), Isy-6 (H), and miR-7 (I). The
number of sites of each type in the 3’ UTRs is indicated (parentheses). To include information
from mRNAs with multiple sites, multiple linear regression was applied to determine the log
fold-change attributable to each site type (error bars, 95% confidence interval). The relative Kp
values are those of Figures 1, 2, and S2 (error bars, 95% confidence interval). Lines show the
best fit to the data, determined by least-squares regression, weighting residuals using the 95%
confidence intervals of the log fold-change estimates. The 7 values were calculated using
similarly weighted Pearson correlations.

each miRNA, the AAGngs inferred in presence of the Al (using the ratio of the 8mer and 7mer-Al
Kp values) resembled that inferred in the absence of the A1 (using the ratio of the 7mer-m8 and
6mer Kp values), and vice versa (Figure 3B).

The relative Kp values for canonical sites of six miRNAs provided the opportunity to
examine the relationship between the predicted free energy of site pairing and measured site
affinities. We focused on the 6mer and 7mer-mS$ sites, because they lack the A1, which does not
pair to the miRNA (Figure 1A) (Lewis et al., 2005; Schirle et al., 2015). Consistent with the
importance of base pairing for site recognition and the known relationship between predicted
seed-pairing stability and repression efficacy (Garcia et al., 2011), affinity increased with
increased predicted pairing stability, although this increase was statistically significant for only

the 7mer-m8 site type (Figure 3C; p = 0.09 and 0.005 for the 6mer and 7mer-m8 sites,
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respectively). However, for both site types, the slope of the relationship was significantly less

“AGIRT where AG is the change in free energy, R is the universal gas

than expected from Kp = e
constant, and 7 is temperature (p = 0.008 and 8 x 107>, respectively). When considered together
with previous analysis of a miRNA with enhanced seed pairing stability, these results indicated
that in remodeling the thermodynamic properties of the loaded miRNAs, AGO not only enhances
the affinity of seed-matched interactions but also dampens the intrinsic differences in seed-
pairing stabilities that would otherwise impose much greater inequities between the targeting
efficacies of different miRNAs (Salomon et al., 2015). Thus, although Isy-6, which has unusually
poor predicted seed-pairing stability (Garcia et al., 2011), did indeed have the weakest site-

binding affinity of the six miRNAs, the difference between its binding affinity and that of the

other miRNAs was less than might have been expected.

Correspondence with repression observed in the cell

To evaluate the relevance of our in vitro binding results to intracellular miRNA-mediated
repression, we examined the relationship between the relative Kp measurements and the
repression of endogenous mRNAs after miRNA transfection into HeLa cells. When examining
intracellular repression attributable to 3-UTR (3’ untranslated region) sites of the transfected
miRNA, we observed a pronounced relationship between AGO-RBNS—determined Kp values
and mRNA fold changes (Figures 3D-3I; > = 0.80-0.97). For instance, the different relative
affinities of the 7mer-A1 and 7mer-m8 sites, most extremely observed for sites of miR-155 and
miR-124, was nearly perfectly mirrored by the relative efficacy of these sites in mediating
repression in the cell (Figures 3F and 3G). A similar correspondence between relative Kp values
and repression was observed for the noncanonical sites that had both sufficient affinity and

sufficient representation in the HeLa transcriptome to be evaluated using this analysis (Figures
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3D-3I). These included the pivot sites for miR-124 and Isy-6 and the bulge-G7—containing sites
for miR-7 (Figures 3G and 3I).

Analysis of mRNA changes following miRNA transfection was not suitable for
measuring efficacy of the highest-affinity noncanonical sites because these sites lacked sufficient
representation in endogenous 3’ UTRs. Therefore, we implemented a massively parallel reporter
assay designed to examine the efficacy of every site type identified by AGO-RBNS, each in 184
different 3' UTR sequence contexts (Figure S5A). This assay showed that 3'-only sites and other
high-affinity-but-rare noncanonical site types do mediate repression in cells and that their
efficacies tend to track with their affinities (Figure S5B). In sum, we found a strong
correspondence between intracellular repression and in vitro binding affinity, regardless of
miRNA identity and regardless of whether the target site is canonical or noncanonical or within
an endogenous or a reporter mRNA. This result supported a model in which repression is a
function of miRNA occupancy, as dictated by site affinity, and thus miRNA- and site-specific

differences in binding affinities explain substantial differences in repression.

The strong influence of flanking dinucleotide sequences

AU-rich nucleotide composition immediately flanking miRNA sites has long been associated
with increased site conservation and efficacy in cells (Grimson et al., 2007; Lewis et al., 2005;
Nielsen et al., 2007), but the mechanistic basis of this phenomenon had not been investigated,
presumably because of the sparsity of affinity measurements. The AGO-RBNS data provided the
means to overcome this limitation. We first separated the miR-1 8mer site into 256 different 12-
nt sites, on the basis of the dinucleotide sequences immediately flanking each side of the 8mer,
and determined relative Kp values for each (Figure 4A). This analysis revealed a ~100-fold range

in values, depending on the identities of the flanking dinucleotides, with binding affinity strongly
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Figure 4. The influence of flanking dinucleotide sequence context.

(A) AGO-RBNS profile of miR-1 sites, showing results for the 8mer separated into 256 different
12-nt sites on the basis of the identities of the two dinucleotides immediately flanking the 8mer.
For each 12-nt site, the points and line are colored on the basis of the AU content of the flanking
dinucleotides (key). For context, results of Figure 1E are replotted in gray. Everything else is the
same as in Figure 1E. (B) Relative Kp values for each miR-1 site identified in Figure 1F
separated into 144 to 256 sites as in (A) on the basis of the identities of the flanking
dinucleotides. The points are colored as in (A). Error bars indicate median 95% confidence
interval across all Kp values. Everything else is the same as in Figure 1F. (C) Consistency of
flanking-dinucleotide effect across miRNA and site type. At the left is a comparison of observed
relative Kp values and results of a mathematical model that used multiple linear regression to
predict the influence of flanking dinucleotides. Plotted are results for all flanking dinucleotide
contexts of all six canonical site types, for all six miRNAs, normalized to the average affinity of
each canonical site. Predictions of the model are those observed in a sixfold cross-validation,
training on the results for five miRNAs and reporting the predictions for the held-out miRNA.
The points for five outliers are not shown. The * quantifies the agreement between the predicted
and actual values, considering all points. On the right, the model coefficients (multiplied by —RT,
where 7'=310.15 K) corresponding to each of the four nucleotides of the 5’ (5p) and 3" (3p)
dinucleotides in the 5'-to-3' direction are plotted (error bars, 95% confidence interval). (D)
Relationship between the mean structural-accessibility score and the relative Kp for the 256 12-nt
sites containing the miR-1 8mer flanked by each of the dinucleotide combinations. Points are
colored as in (A). Linear regression (dashed line) and calculation of 7> were performed using log-
transformed values. For an analysis of the relationship between 8mer flanking-dinucleotide Kp
and structural accessibility over a range of window lengths and positions relative to the 8mer
site, see Figure S6G.
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tracking the AU content of the flanking dinucleotides. Extending this analysis across all miR-1
site types (Figure 4B), as well as to sites to the other five miRNAs (Figures SOA—S6E), yielded
similar results. The effect of flanking-dinucleotide context was of such magnitude that it often
exceeded the affinity differences observed between miRNA-site types. Indeed, for each miRNA,
at least one 6-nt canonical site in its most favorable context had greater affinity than that of the
8mer site in its least favorable context (Figures 4B, and S6A—S6E).

To identify general features of the flanking-dinucleotide effect across miRNA sequences
and site types, we trained a multiple linear-regression model on the complete set of flanking-
dinucleotide Kp values corresponding to all six canonical site types of each miRNA, fitting the
effects at each of the four positions within the two flanking dinucleotides. The output of the
model agreed well with the observed Kp values (Figure 4C, left; 72 = 0.63), which indicated that
the effects of the flanking dinucleotides were largely consistent between miRNAs and between
site types of each miRNA. The output of the model also corresponded with the efficacy of
intracellular repression, which indicated that these effects on Kp values were consequential in
cells (Figure S6F). A and U nucleotides each enhanced affinity, whereas G nucleotides reduced
affinity, and C nucleotides were intermediate or neutral (Figure 4C, right). Moreover, the identity
of the 5’ flanking dinucleotide, which must come into close proximity with the central RNA-
binding channel of AGO (Schirle et al., 2014), contributed more to binding affinity than did the
3’ flanking sequence (Figure 4C, right).

One explanation for this hierarchy of flanking nucleotide contributions, with A= U > C >
G, is that it inversely reflected the propensity of these nucleotides to stabilize RNA secondary
structure that could occlude binding of the silencing complex (Ameres et al., 2007; Brown et al.,
2005; Chen et al., 2009; Kedde et al., 2007, 2010; Kertesz et al., 2007; Obernosterer, 2006;

Rudnick et al., 2008; Tafer et al., 2008). To investigate this potential role for structural
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accessibility in influencing binding, we compared the predicted structural accessibility of 8mer
sites in the input and bound libraries of the AGO2—miR-1 experiment, using a score for predicted
structural accessibility previously optimized on data examining miRNA-mediated repression
(Agarwal et al., 2015; Tafer et al., 2008). This score is based on the predicted probability that the
14-nt segment at target positions 1—14 is unpaired. We found that predicted accessibilities of
sites in the bound libraries were substantially greater than those for sites in the input library and
that the difference was greatest for the samples with the lower AGO2-miR-1 concentrations
(Figure S6G), as expected if the accessibility score was predictive of site accessibility and if the
most accessible sites were the most preferentially bound.

To build on these results, we examined the relationship between predicted structural
accessibility and binding affinity for each of the 256 flanking dinucleotide possibilities. For each
input read with a miR-1 8mer site, the accessibility score of that site was calculated. The sites
were then differentiated on the basis of their flanking dinucleotides into 256 12-nt sites, and the
geometric mean of the structural-accessibility scores of each of these extended sites was
compared with the AGO-RBNS—derived relative Kp value (Figures 4D and S6H). A notable
correlation was observed (72 = 0.82, p < 1071%), with all 16 sites containing a 5'-flanking GG
dinucleotide having both unusually poor affinities and unusually low accessibility scores.
Moreover, sampling reads from the input library to match the predicted accessibility of sites in
the bound library recapitulated the flanking dinucleotide preferences observed in the bound
library (Figure S6I; 72 = 0.79). Taken together, our results demonstrate that local sequence
context has a large influence on miRNA—target binding affinity and indicate that this influence
results predominantly from the differential propensities of flanking sequences to favor structures

that occlude site accessibility.
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A biochemical model predictive of miRNA-mediated repression

Inspired by the finding that measured affinities strongly corresponded to the repression observed
in cells (Figures 3D-3I), we set out to build a biochemical framework that predicts the degree to
which a miRNA represses each mRNA. Biochemical principles have been used to model miR-
21—directed mRNA slicing (Becker et al., 2019). However, previous efforts that used
biochemical principles to model aspects of the predominant mode of miRNA-mediated
repression, including competition between endogenous target sites (Bosson et al., 2014; Denzler
et al., 2016; Jens and Rajewsky, 2014) and the influence of miRNAs on reporter gene—
expression noise (Schmiedel et al., 2015), were severely limited by the sparsity of the data. Our
ability to measure the relative binding affinity of a miRNA to any 12-nt sequence enabled
modeling of the quantitative effects of the six miRNAs on each cellular mRNA.

We first re-analyzed all six AGO-RBNS experiments to calculate, for each miRNA, the
relative Kp values for all 262,144 12-nt k-mers that contained at least four contiguous nucleotides
of the canonical 8mer site (Figure 5A). These potential binding sites included the canonical sites
and most of the noncanonical sites that we had identified, each within a diversity of flanking
sequence contexts (Figures 1F and 2). For each mRNA m and transfected miRNA g, the steady-
state occupancy N, ¢ (i.e., the average number of AGO-miRNA complexes loaded with miRNA
g bound to mRNA m) was predicted as a function of the Kp values of the potential binding sites
contained within the mRNA open reading frame (ORF) and 3' UTR, as well as the concentration
of the unbound AGO-miRNA, complex ag, which was fit as a single value for each transfected
miRNA (Figure 5B, equation 1). This occupancy value enabled prediction of a biochemically
informed expectation of repression, assuming that the added effect of the miRNA on the basal
decay rate scaled with the basal rate and N, (Figure 5B, equation 2). To isolate the effects of a

transfected miRNA over background, we further offset our prediction of repression by a
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Figure 5. AGO-RBNS Kp values enable a predictive model of miRNA-mediated repression
in cells.

(A) The 262,144 12-nt k-mers with at least four contiguous matches to the extended seed region
of miR-1, for which relative Kp values were determined. Relative Kp values were similarly
determined for the analogous k-mers of the other five miRNAs. (B) Biochemical model for
estimating miRNA-mediated repression of an mRNA using the relative Kp values of the 12-nt .-
mers in the mRNA. (C) Performance of the biochemical model as evaluated using the combined
results of five miRNAs. Plotted is the relationship between mRNA changes observed after
transfecting a miRNA and those predicted by the model. Each point represents the mRNA from
one gene after transfection of a miRNA and is colored according to the number of canonical sites
in the mRNA 3" UTR (key). For easier visual comparison between mRNAs, y-axis points for the
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same mRNA are adjusted by the extrapolated expression level of the mRNA with no transfected
miRNA. The Pearson’s 7> between measured and predicted values is for unadjusted values and is
reported in the upper right. (D). Performance of the retrained TargetScan7 model. Everything
else is the same as in (C). (E) Performance of the biochemical+ model. Everything else is the
same as in (C). (F) Model performances and the contribution of cognate noncanonical sites to
performance of the biochemical+ model. Results for each model (key) are plotted for individual
miRNAs and for all five miRNAs combined (error bars, standard deviation). (G) Performances
of models tested on mRNA changes observed after transfecting let-7c into HCT116 cells
engineered to have reduced endogenous miRNA expression (Linsley et al., 2007). This analysis
used the average a, fit for the five miRNAs in (F). Everything else is the same as in (F).

background-binding term (Figure 5B, Nu.gbackground). The calculation of predicted repression
required an estimate of how much a single bound RISC complex affected the mRNA decay rate
(Figure 5B, b), which was fit as a global value. Additionally, to account for the observation that
sites in ORFs are less effective than those in 3’ UTRs (Bartel, 2009), our model included a
penalty term for sites in ORFs, which was also fit as a global value (Figure 5B). Because no
appreciable repression was observed from sites in 5" UTRs, our model did not consider these
sites.

Our biochemical model was fit against repression observed in HeLa cells transfected with
one of five miRNAs with RBNS-derived measurements (let-7a was excluded because of its high
endogenous expression in HeLa cells). A strong correspondence was observed when comparing
mRNA changes measured upon miRNA transfection with those predicted by the model (Figure
S7A; r==0.30-0.37).

The overall performance of our biochemical model (Figure 5C; 7> = 0.34) exceeded those
of the 30 target-prediction algorithms (#* < 0.14) that were also tested on changes in mRNA
levels observed in response to miRNA transfection (Agarwal et al., 2015). We reasoned that in
addition to our biochemical framework and the use of experimentally measured affinity values,

other aspects of our analysis might have contributed to this improvement. For example, the
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miRNAs chosen for RBNS have high efficacy in transfection experiments, and our RNA-
sequencing (RNA-seq) datasets generally had stronger signal over background compared to
microarray datasets used to train and test previous target-prediction algorithms. Indeed, when
evaluated on the same five datasets, the performance of the latest TargetScan model
(TargetScan7) improved from an »? of 0.14 to an »? of 0.25 (Figure S7B). To explore the
possibility that TargetScan7 might also benefit from training on this type of improved data, we
generated transfection datasets for 11 additional miRNAs and retrained TargetScan7 on the
collection of 16 miRNA-transfection datasets (again omitting the let-7a dataset), putting aside
one dataset each time in a 16-fold cross-validation. Training and testing TargetScan on improved
datasets further increased the 7 to 0.28 for the five miRNAs with AGO-RBNS data (Figure 5D).
Nonetheless, the biochemical model still outperformed the retrained TargetScan by >20%, which
showed that the use of measured affinity values in a biochemical framework substantially
increased prediction performance.

Many features known to correlate with targeting efficacy were captured by our
biochemical model. Indeed, the contribution of certain features, such as site type (Bartel, 2009),
predicted seed-pairing stability (Garcia et al., 2011), and nucleotide identities at specific miRNA
or site positions (Agarwal et al., 2015), are expected to be represented more accurately in the
miRNA-specific Kp values of the 12-nt A-mers than when generalized across miRNAs. However,
these Kp values did not fully capture other factors that that influence the affinity between
miRNAs and their target sites in cells, including the structural accessibility of sites within their
larger mRNA contexts and the contribution of supplementary pairing to the miRNA 3’ region,
which influences approximately 5% of sites (Bartel, 2009). Without sufficient biochemical data
quantifying these effects, we approximated their influence using scoring metrics known to

correlate with miRNA targeting efficacy (Agarwal et al., 2015; Grimson et al., 2007) and
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allowed them to modify the Kp values additively in log space (i.e., linearly in free-energy space).
Incorporating each of these metrics slightly improved the performance of the biochemical model,
as did incorporating a score for the evolutionary conservation of the site (Friedman et al., 2009),
which helped account for additional unknown or imperfectly captured factors that influence
targeting efficacy (Figure S7C). Simultaneously incorporating all three metrics to generate what
we call the “biochemical+ model” improved the 72 by 9% to 0.37 (Figure 5E).

To examine how well our models generalized to another cell type and to a miRNA family
not used for fitting (let-7), we evaluated them on repression data collected after transfecting let-
7c¢ into HCT116 cells that had been engineered to not express endogenous miRNAs (Linsley et
al., 2007). Although these data had a considerably lower signal-to-noise ratio, which lowered all
r? values, our biochemical models substantially outperformed TargetScan7 (Figure 5G). This
improvement extended to predicting repression after transfecting miR-124 and miR-7 into
human embryonic kidney (HEK) 293 cells (Hausser et al., 2009) (Figure S8A). Additional
analyses showed that the biochemical+ model performed at least as well as in vivo crosslinking
(CLIP-seq) approaches in identifying the mRNAs most repressed upon miRNA transfection or
most derepressed upon miRNA knockout (Hafner et al., 2010; Hausser et al., 2009; Loeb et al.,
2012) (Figures S8B—S8D). Furthermore, for individual CLIP clusters enriched in wild type
relative to miR-155 knockout, we observed a correlation between the occupancy predicted by our
Kp values and the observed enrichment of the cluster [Spearman’s rank-order correlation (rs) =
0.46, p < 1077; Figure S8E], supporting the conclusion that Kp values measured in vitro reflect
intracellular AGO binding.

When provided with Kp values for only the 12-nt k-mers that contained one of the six
canonical sites, the biochemical+ model captured somewhat less variance (Figure 5F, green bars;

r*=0.35), and conversely when provided with Kp values for only the 12-nt k-mers lacking a
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canonical site, the model still retained some predictive power (Figure 5F, purple bars; > = 0.06,
p < 10715, likelihood-ratio test). As a control, we repeated the analysis after replacing the
noncanonical sites (and their Kp values) of each miRNA with those of another miRNA,
performing this shuffling and reanalysis for all 309 possible shuffle permutations. When using
each of these shuffled controls, performance decreased, both when considering all sites (Figure
SF, light blue bars) and when considering only the noncanonical sites (Figure S5F, pink bars), as
expected if the modest improvement conferred by including noncanonical sites were due, at least
in part, to miRNA pairing to those sites. This advantage of cognate over shuffled noncanonical
sites was largely maintained when evaluating the results for individual miRNAs (Figure 5F).
Together, our results showed that noncanonical sites can mediate intracellular repression but that
their impact is dwarfed by that of canonical sites because high-affinity noncanonical sites are not
highly abundant within transcript sequences. Thus, the improved performance over TargetScan
achieved by the biochemical model was primarily from more accurate modeling of the effects of

canonical sites.

CNN for predicting site Kp values from sequence

Our findings that binding preferences differ substantially between miRNAs and that these
differences are not well predicted by existing models of RNA duplex stability in solution posed a
major challenge for applying our biochemical framework to other miRNAs. Because performing
AGO-RBNS for each of the known miRNAs would be impractical, we attempted to predict
miRNA—target affinity from sequence using the six sets of relative Kp values and 16 miRNA-
transfection datasets already in hand. Bolstered by recent successful applications of deep

learning to predict complex aspects of nucleic acid biology from sequence (Alipanahi et al.,
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2015; Cuperus et al., 2017; Jaganathan et al., 2019; Tunney et al., 2018), we chose a CNN for
this task.

The overall model had two components. The first was a CNN that predicted relative Kp
values for the binding of miRNAs to 12-nt k-mers (Figure S9A), and the second was the
previously described biochemical model that links intracellular repression with relative Kp
values (Figure 6A). The training process simultaneously tuned both the neural network weights
and the parameters of the biochemical model to fit both the relative Kp values and the mRNA
repression data, with the goal of building a CNN that accurately predicts the relative Kp values
for all 12-nt k-mers of a miRNA of any sequence.

For the CNN, we chose to include only the first 10 nucleotides of the miRNA sequence,
which includes the position 1 nucleotide, the seed region, and the two downstream nucleotides
that could pair to a 12-nt k-mer. Because the k-mers were not long enough to include sites with
3’-supplementary pairing, we excluded the 3’ region of the miRNA. Pairs of 10-nt truncated
miRNA sequences and 12-nt k-mers were each parameterized as a 10-by-12-by-16 matrix, with
the third dimension representing the 16 possible pairs of nucleotides that could be present at each
pair of positions in the miRNA and target. The first layer of the CNN was designed to learn
important single-nucleotide interactions, the second layer was designed to learn dinucleotide
interactions, and the third layer was designed to learn position-specific information.

The training data for the CNN consisted of over 1.5 million relative Kp values from six
AGO-RBNS experiments and 68,112 mRNA expression estimates derived from 4,257 transcripts
in 16 miRNA transfection experiments. Five miRNAs had data in both sets. Because some
repression was attributable to the passenger strands of the transfected duplexes (Figure S9B), the
model considered both strands of each transfected duplex, which allowed the neural network to

learn from another 16 AGO-loaded guide sequences.
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Figure 6. A CNN for predicting binding affinity from sequence.

(A) Schematic of overall model architecture for training on RBNS data and transfection data
simultaneously. “Loss” refers to squared loss. (B) The relationship between repression efficacy
and CNN-predicted relative Kp values for the canonical sites for the 12 test miRNAs. Everything
else is the same as in Figures 3D-31. (C) The relationship between repression efficacy and
RNAduplex-predicted free-energy values (Lorenz et al., 2011) (top) or MIRZA scores (Khorshid
et al., 2013) (bottom) for the canonical sites of the 12 test miRNAs. Everything else is the same
as in (B). (D) Performance of the biochemical and biochemical+ models when provided the
CNN-predicted relative Kp values and tested on the 12 datasets examining the effects of
transfecting miRNAs into HEK293FT cells. On the left are results obtained when considering all
mRNAs, and on the right are results obtained when considering mRNAs expressed in

HEK293FT cells but not in HeLa cells. Everything else is the same as in Figure 5F, except
shuffling results were for 250 random permutations rather than all possible permutations. (E)
Performance of the biochemical+ model on the HEK293FT test set while allowing the a, values
to deviate from the optimal fitted values. (F) Relationship between fitted a, and estimated target-
site abundance (Garcia et al., 2011) for the guide strands of the 12 duplexes transfected into
HEK293FT cells. Points are colored by the average relative Kp value of the 8mer site to each
miRNA. The Spearman 7 and p value for the relationship are shown.

79



To test how well the CNN-predicted relative Kp values enabled our approach to be
generalized to other miRNAs and another cell type, we generated 12 miRNA-transfection
datasets in HEK293FT cells, choosing miRNAs that were not appreciably expressed in HEK293
cells (Landgraf et al., 2007) and that had not been used in any training (Figure S10). For each
miRNA duplex in the test set, the CNN was used to predict relative Kp values for 12-nt k~-mers to
both the miRNA and passenger strands. As observed with the experimentally derived relative Kp
values (Figures 3D-3I), substantial correspondence was observed between CNN-predicted
relative Kp values for the six canonical site types of the transfected miRNAs and mean
repression that these site types conferred in cells (Figures 6B and S11). This correspondence (72
= (.76) substantially exceeded that observed for predictions of RNA-duplex stability in solution
(Lorenz et al., 2011) and predictions derived from cross-linking results (Khorshid et al., 2013)
(Figure 6C; = 0.21 and 0.56, respectively). Aside from accurately predicting the relative
efficacy of sites to the same miRNA, the CNN was better able to stratify sites of the same type to
different miRNAs (e.g., Figure 6B, purple dots; 7> = 0.52, p = 0.02). Analysis of other site types
suggested that the CNN had some ability to identify effective noncanonical sites for new
miRNAs (Figure S11).

When the CNN-predicted Kp values and HeLa-derived global parameters were used as
input for the biochemical and biochemical+ models to predict repression of individual mRNAs in
HEK293FT cells, the results mirrored those observed when using relative Kp values derived
from AGO-RBNS. Median (72 = 0.21) and overall performance (#*> = 0.18) for the test set both
exceeded those of TargetScan (7 = 0.12 and 0.13, respectively); overall performance improved
(r* = 0.20) when using the biochemical+ model, implying a 50% improvement over TargetScan,
and performance dropped slightly when either shuffling or omitting noncanonical sites (Figures

6D and S12A; the main exception being the results for miR-190a, for which the performance of
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the biochemical+ model resembled that of TargetScan when only considering the canonical sites
but substantially dropped when also considering noncanonical sites). The overall improvement
over TargetScan was maintained when focusing on mRNAs that were expressed in HEK293FT
cells but not HeLa cells (Figure 6D). The CNN-predicted relative Kp values also enabled the
biochemical+ model to outperform TargetScan and cross-linking approaches in predicting the
effects of deleting or adding a miRNA in other cellular contexts (Eichhorn et al., 2014; Lipchina
et al., 2011; Zhang et al., 2018) (Figures S12B-S12D).

Although our models were improved over previous models, the highest 72 value achieved
by our models for any of our datasets was 0.37 (Figures S5F and S12A), implying that they
explained only a minority of the variability in mRNA fold changes occurring upon introducing a
miRNA. However, even perfect prediction of the direct effects of miRNAs was not expected to
explain all of the variability; some variability was due to the secondary effects of repressing the
primary targets, and some was due to experimental noise. To estimate the maximal »? that could
be achieved by predicting the primary effects of miRNA targeting, we attempted to quantify and
subtract the fraction of the fold-change variability attributable to the other two causes. For each
dataset, the fraction attributable to experimental noise was estimated by examining the
reproducibility between replicates in our transfection experiments, and the fraction attributable to
secondary effects was inferred by assuming that primary miRNA effects only repress mRNAs,
whereas secondary effects affect mRNAs in either direction (with effects distributed log
normally). After accounting for these other sources of variability, the biochemical+ model
provided with experimentally determined affinity values explained ~60% of the variability
attributable to direct targeting (Figure S12E, median of five datasets), and when provided with
CNN-predicted values it explained ~50% of the variability attributable to direct targeting (Figure

S12F, median of twelve datasets).
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Insights into miRNA targeting

The observation that canonical sites are not necessarily those with the highest affinity raises the
question of how canonical sites are distinguished from noncanonical ones and whether making
such a distinction is useful. Our results show that two criteria readily distinguished canonical
sites from noncanonical ones. First, with only one exception, all six canonical site types were
identified for each of the six miRNAs (the exception being the 6mer-m8 site for miR-7), whereas
the noncanonical site types were typically identified for only one miRNA, and never for more
than three. Second, the four highest-affinity canonical sites occupied most of the specifically
bound AGO2, even for miR-124, which had the largest and highest-affinity repertoire of
noncanonical sites (Figures 1F, 2, S2B, and S2C). This greater role for canonical sites was
presumably because perfect pairing to the seed region is the most efficient way to bind the
silencing complex; to achieve equivalent affinity, the noncanonical sites must be longer and are
therefore less abundant. The ubiquitous function and more efficient binding of canonical sites
explains why these site types have the greatest signal in meta-analyses of site conservation,
thereby explaining why they were the first site types to be identified (Lewis et al., 2005) and
justifying the continued distinction between canonical and noncanonical site types.

The potential role of pairing to miRNA nucleotides 9 and 10 has been controversial.
Although some target-prediction algorithms (such as TargetScan) do not reward pairing to these
nucleotides, most algorithms assume that such pairing enhances site affinity. Likewise, although
one biochemical study reports that pairing to position 9 reduces site affinity (Salomon et al.,
2015), another reports that it increases affinity (Becker et al., 2019). We found that extending
pairing to nucleotides 9 and 10 neither enhanced nor diminished affinity in the context of seed
matched sites (Figure 4), whereas extending pairing to nucleotides 9 and 10 enhanced affinity in

the context of 3'-only sites (Figures 2C and 2D). These results support the idea that extensive
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pairing to the miRNA 3’ region unlocks productive pairing to nucleotides 9—12, which is
otherwise inaccessible (Bartel, 2018).

The biochemical parameters fit by our model provided additional insights into miRNA
targeting. In the framework of our model, the fitted value of 1.8 observed for the parameter b
suggested that a typical mRNA bound to an average of one silencing complex will experience a
near tripling of its decay rate, which would lead to a ~60% reduction in its abundance. In the
concentration regimes of our transfection experiments, this occupancy can be achieved with two
to three median 7mer-mS$ sites. In addition, our fitted value for the ORF-site penalty suggested
that the translation machinery reduces site affinity by 5.5-fold.

Another parameter was ag, that is, the intracellular concentration of AGO2 loaded with
the transfected miRNA and not bound to a target site. Whereas values of the other parameters
could be fit globally in HeLa cells and then used for testing, a, was fit separately for each
miRNA and passenger strand of each transfection experiment. Nonetheless, when a, values were
allowed to deviate from the fitted values, the biochemical+ model still outperformed TargetScan
in predicting test-set repression over a 100-fold range of values (Figure 6E), which indicated that
even with rough estimates of miRNA abundances, our modeling framework had an advantage
over other predictive methods in new contexts. Information that might be used to more
accurately estimate a, values should come with the determination of these values for more
miRNAs in more cellular contexts, together with the observation that, as expected (Arvey et al.,
2010; Garcia et al., 2011), fitted a, values are higher for miRNAs with lower predicted target
abundance and lower general affinity for their targets (Figure 6F).

Our work replaced the correlative models of targeting efficacy with a first-principles
biochemical model that explains and predicts about half of the variability attributable to the

direct effects of miRNAs on their targets, raising the question of how the understanding and
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prediction of miRNA-mediated repression might be further improved. Acquiring site-affinity
profiles for additional miRNAs with diverse sequences will improve the CNN-predicted
miRNA-mRNA affinity landscape and further flesh out the two major sources of targeting
variability revealed by our study, that is, the widespread differences in site preferences observed
for different miRNAs and the substantial influence of local (12-nt) site context. We suspect
additional improvement will come with increased ability to predict the other major cause of
targeting variability, which is the variability imparted by mRNA features more distant from the
site. This variability is captured only partially by the three features added to the biochemical
model to generate the biochemical+ model. Perhaps the most promising strategy for accounting
for these more distal features will be an unbiased machine-learning approach that uses entire
mRNA sequences to predict repression, leveraging substantially expanded repression datasets as
well as site-affinity values. In this way, the complete regulatory landscape, as specified by AGO

within this essential biological pathway, might ultimately be computationally reconstructed.

Methods summary

AGO2-miRNA complexes were generated by adding synthetic miRNA duplexes to lysate from
cells that overexpressed recombinant AGO2, and then these complexes were purified based on
affinity to the miRNA seed. RNA libraries were generated by in vitro transcription of synthetic
DNA templates. For AGO-RBNS, purified AGO2-miRNA complex was incubated with a large
excess of library molecules, and after reaching binding equilibrium, library molecules bound to
AGO2-miRNA complex were isolated and prepared for high-throughput sequencing.
Examination of k-mers enriched within the bound library sequences identified miRNA target

sites, and relative Kp values for each of these sites were simultaneously determined by maximum
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likelihood estimation, fitting to AGO-RBNS results obtained over a 100-fold range in AGO2—
miRNA concentration.

Intracellular miRNA-mediated repression was measured by performing RNA-seq on
HelLa cells that had been transfected with a synthetic miRNA duplex. For sites that were
sufficiently abundant in endogenous 3’ UTRs, efficacy was measured on the basis of their
influence on levels of endogenous mRNAs of HeLa cells. Site efficacy was also evaluated using
massively parallel reporter assays, which provided information for the rare sites as well as the
more abundant ones. The biochemical and biochemical+ models of miRNA-mediated repression
were constructed and fit using the measured Kp values, and the repression of endogenous
mRNAs was observed after transfecting miRNAs into HeLa cells. The CNN was built using
TensorFlow, trained using the measured Kp values and the repression observed in the HeLa
transfection experiments, and tested on the repression of endogenous mRNAs observed after
transfecting miRNAs into HEK293T cells. Results were also tested on external datasets
examining either intracellular binding of miRNAs by CLIP-seq or repression of endogenous
mRNAs after miRNAs had been transfected, knocked down, or knocked out. The details of each

of these methods are described in the section “Materials and methods.”
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Materials and methods

Purification of AGO2-miRNA complexes

5'-phosphorylated RNAs of each miRNA duplex (Data S1) were synthesized (IDT), purified on a
15% polyacrylamide urea gel, and resuspended in water. A 5’-OH version of the guide strand
was also synthesized (IDT) and gel purified, and 5 pmol of this RNA was 5’ radiolabeled by
incubation with T4 Polynucleotide Kinase (New England Biolabs, M0201S), 2.5 uM [y-3?P]-
ATP (PerkinElmer, NEG035C001MC), and 1 U/uL. SUPERase*In (Thermo Fisher, AM2696) at
37°C for 1 h, then passed through a P30 column (Bio-Rad, 7326250), precipitated, gel purified,
and resuspended in 10 pL of annealing buffer (30 mM Tris, pH 7.5, 100 mM NaCl, | mM
EDTA). Non-radiolabeled miRNA duplexes were generated by mixing 500 pmol of each strand,
EtOH-precipitating the mixture, resuspending in 15 pL of annealing buffer, heating to near
100°C and then slow-cooling to 37°C by removing the heat block from its base. The duplex was
then purified on a nondenaturing 15% polyacrylamide gel run at 8 W and 4°C for 2 h. Purified
duplex was resuspended at 1 uM in annealing buffer. Radiolabeled miRNA duplexes were
generated in the same way, but starting with 4 pL of radiolabeled guide strand and 20 pmol of
non-radiolabeled passenger strand, heating in a 10 pL annealing reaction, and final resuspension
of the sample in 10 pL of annealing buffer. The labeled duplex was treated as 50 nM, assuming a
50% loss with each gel purification.

Specific AGO-miRNA complexes were prepared using a protocol inspired by that of the
Zamore lab (Flores-Jasso et al., 2013). Human embryonic kidney 293T (HEK-293T) cells were
transfected with an AGO2-overexpression plasmid containing the pcDNA3.3 (Invitrogen,
K8300-01) backbone driving expression from the human 4GO2 coding sequence appended with
an N-terminal 3X FLAG sequence separated with a glycine-glycine-serine spacer (pcDNA3.3-

3XFLAG-AGO2, Addgene plasmid #136687). Transfection was performed with Lipofectamine
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2000 (Thermo Fisher, 11668019) in Opti-MEM (Thermo Fisher, 31985062), as per manufacturer
instructions. After 48 h, cytoplasmic S100 extract was prepared as described (Dignam et al.,
1983), except cells were lysed by passing the hypotonic suspension through a 23G needle ~10
times. The S100 extract was flash frozen in 0.5—1 mL aliquots and stored in liquid nitrogen.
Stock solutions of non-radiolabeled and radiolabeled miRNA duplexes were mixed at a 10:1
ratio, and added at a 1:9 ratio to an aliquot of S100 extract to achieve final duplex concentrations
of 90 and 0.45 nM, respectively. After incubation at 20°C for 2 h, 200 pL of a slurry of magnetic
beads pre-bound to 500 pmol of capture oligonucleotide was added to the reaction. The
magnetic-bead suspension was prepared using Dynabeads MyOne Streptavidin C1 (Invitrogen,
65002) and a biotinylated capture oligonucleotide with an 8mer site to the miRNA (Data S1) as
per the manufacturer protocol, except that the beads were resuspended in equilibration buffer [18
mM HEPES, pH 7.4, 100 mM potassium acetate, | mM magnesium acetate, 0.01% IGEPAL®
CA-630 (Sigma-Aldrich, 13021), 0.01 mg/mL yeast tRNA (Life Technologies, 15401011), and
0.1 mg/mL BSA (New England Biolabs, B9000S)]. After incubation at 20°C for 30 min, the
beads were washed five times with 200 pL of equilibration buffer, and then five times with 200
uL of equilibration buffer supplemented with 2 M potassium acetate. The sample was eluted by
incubating for 2 h with 10 uM competitor oligonucleotide (Data S1), which was complementary
to the capture oligo, in 100 pL of equilibration buffer supplemented with 1 M potassium acetate.
Tagged AGO2 was then further purified using 20 uL of Anti-FLAG M2 magnetic beads (Sigma-
Aldrich, M8823), as per the manufacturer protocol but using equilibration buffer rather than the
buffer suggested by the manufacturer. The AGO2-miRNA complex was eluted from the Anti-
FLAG beads by incubating with 60 pL of equilibration buffer containing 146 ng/uL 3X FLAG
peptide (Sigma-Aldrich, F4799) at 22°C and shaking at 1300 rpm for 1 h. DTT and glycerol

were each added to the eluate to reach the final concentration of the protein storage buffer [13
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mM HEPES, pH 7.4, 72 mM potassium acetate, 0.72 mM magnesium acetate, 2.2 mM Tris-HCI,
pH 7.4, 4.3 mM NacCl, 0.0072% (v./v.) IGEPAL CA-630, 0.0072 mg/mL yeast tRNA, 0.072
mg/mL BSA, 5 mM DTT, and 20% (v./v.) glycerol]. The stock concentration of each purified
AGO2-miRNA complex ranged from 0.42-1.1 nM, as estimated by autoradiography of 1 uL of
the sample spotted onto a Hybond nylon (Thermo Fisher, 45001147) filter membrane alongside 1
uL of the initial S100 extract loaded with ~90 nM miRNA duplex.

Three independent preparations of AGO2-miR-1 were made. The first and second were
used to determine the consistency of AGO-RBNS results (Figure S1B); the second was used for
de novo site identification and all other analyses performed, and the third was used as a replicate
for de novo site identification (see “De novo site identification”). Two independent preparations
of AGO2-miR-124 and AGO2-miR-7 were also made, with the first prepared as described
above and the second prepared with the following changes: 1) S100 extracts were prepared from
HEK293FT cells rather than HEK293T cells, 2) cells were harvested 24 h after transfection, 3)
miRNA duplexes were not gel purified prior to transfection, 4) AGO2-miR-124 was eluted from
the capture oligo—bead slurry with 7.5 uM competitor oligo in 100 pL of equilibration buffer,
and 5) AGO2-miR-7 was incubated with a slurry of magnetic beads pre-bound to 50 pmol of
capture oligonucleotide and subsequently eluted from the capture oligo—bead slurry with 0.75
UM competitor oligonucleotide in 100 pL of equilibration buffer. These second preparations
each had substantially reduced residual competitor oligo and were used as replicates for de novo
site identification, which helped prevent sites from being identified by virtue of complementarity

to the competitor oligo (see “De novo site identification”).
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Small-RNA sequencing of AGO-miRNA preparations

Purified AGO2-miR-1 and purified AGO2-miR-155 were each extracted with TRI Reagent
(Sigma-Aldrich, T9424), and before separating aqueous and organic phases, two non-human
miRNAs (dme-miR-14-5p and xtr-miR-427, Data S1) were added for inter-library comparison,
and radiolabeled 18- and 30-nt standards (Data S1) were added for size selection. After gel
purification on a 15% polyacrylamide urea gel, RNA was ligated to a pre-adenylated 3" adapter
(Data S1) using T4 RNA Ligase 2, truncated KQ (New England Biolabs, M0373S) in a reaction
supplemented with 10% (v./v.) PEG 8000 (Sigma-Aldrich, 25322-68-3). After gel purification
on a 10% polyacrylamide urea gel, RNA was ligated to a 5’ adapter (Data S1) using T4 RNA
Ligase I (New England Biolabs, M0204) in a reaction supplemented with 10% (v./v.) PEG 8000.
To reduce ligation biases, this adapter had 14 random-sequence nucleotides at its 3’ end. After
gel purification on an 8% polyacrylamide urea gel, RNA was reverse transcribed with
SuperScript II (Thermo Fisher, 18064014), and the cDNA was amplified for 8—12 cycles with
Phusion (New England Biolabs, M0530) DNA polymerase. Amplified DNA was purified on an
8% polyacrylamide, 90% formamide gel and submitted for sequencing. A step-by-step protocol
for constructing libraries for small-RNA sequencing is available at

http://bartellab.wi.mit.edu/protocols.html. Libraries were sequenced on an Illumina HiSeq 2500

with 40-nt single-end reads. To count the miRNAs in each library, reads were first subjected to
quality-control filtering (see “RBNS read quality control,” steps 1-5), and then the 14 nt of
random adaptor sequence at the 5’ end and the constant adaptor sequence at the 3" end were
removed. Reads greater than 18 nt in length after adaptor trimming were mapped by querying the
first 18 nt of each against a list of the first 18 nt of human miRNAs annotated in miRbase v22.1,
supplemented with the 5" and 3’ adapter sequences, the 18- and 30-nt marker sequences, and the

dme-miR-14-5p and xtr-miR-427 sequences. Counts were normalized to the total number of
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counts corresponding to human miRNAs to obtain the counts-per-million (cpm) values reported

in Figure S1A.

Preparation of RNA libraries for AGO-RBNS

Four libraries of DNA oligonucleotides, each containing a central region of 37 random-sequence
positions (Data S1), were synthesized (IDT) and purified on 6% polyacrylamide urea gels. Each
RNA library was then generated from a 500 pL in vitro transcription reaction using T7 RNA
polymerase (Rio, 2013), 1 uM gel-purified template DNA, 1 uM T7 forward primer (Data S1), 8
mM GTP, 5 mM CTP, 5 mM ATP, 2 mM UTP, 5 mM DTT, 40 mM Tris-HCI, pH 7.9, 2.5 mM
Spermidine, 26 mM MgCly, and 0.01% (v./v.) Triton X-100, at 37°C for 2.5 h. The reaction was
then incubated with 10 uLL of TURBO DNase (Thermo Fisher, AM2238) at 37°C for 10 min, and
then the RNA purified on a 6% polyacrylamide urea gel. 200 pmol of library was then 5'-cap
labeled with Vaccinia Capping System (New England Biolabs, M2080S) in a reaction containing
0.1 mM GTP and 3.33 uM [a-32P]-GTP (PerkinElmer, BLUO0O6H250UC), according to the
manufacturer’s protocol. The sample was then extracted with phenol-chloroform, precipitated,
resuspended in 5 puL of H>O, dephosphorylated using Calf Intestinal Phosphatase (CIP, New
England Biolabs, M0290S) at 37°C for 45 min according to the manufacturer’s protocol, and

then gel purified.

Preparation of AGO-RBNS quantification standards

Defined RNAs were added to each AGO-RBNS sequencing library at the step of the Proteinase
K incubation (see “AGO-RBNS”) to enable quantitative comparison of the RNA recovered in
each binding sample. These quantification standards (Data S1) were generated by in vitro

transcription of the corresponding PCR templates (Data S1), followed by TURBO DNase
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treatment, gel purification, CIP treatment, and gel purification, as described for the RNA

libraries (see “Preparation of RNA libraries for RBNS”).

AGO-RBNS

Each AGO-RBNS experiment included five binding reactions that spanned a 100-fold
concentration range of AGO—miRNA complex. For each experiment, the greatest concentration
was that in which the stock solution of the complex comprised 40% (v./v.) of the binding
reaction, and for each of the four additional reactions in each series, this stock was serially
diluted 3.16-fold into protein storage buffer, resulting in the 100-fold range of the complex over
five reactions. Each experiment also included a mock binding reaction using protein storage
buffer without AGO—-miRNA complex. Each binding reaction was performed in 10 pL, and in
addition to the AGO—miRNA complex, each reaction contained 100 nM RNA library (see
“Preparation of RNA libraries for RBNS”), 16 mM HEPES, pH 7.4, 89 mM potassium acetate,
0.89 mM magnesium acetate, 0.043 ng/uL 3X FLAG peptide, 0.87 mM Tris-HCI, pH 7.5, 1.7
mM NaCl, 0.0029% IGEPAL CA-630, 0.0089 mg/mL yeast tRNA, 0.029 mg/mL BSA, 7 mM
DTT, 1 U/uL SUPERase°In, and 8% (v./v.) glycerol. Reactions were incubated for 2 h at 37°C
and then filtered through stacked Protran nitrocellulose (Sigma-Aldrich, Z670898) and Hybond
nylon filter membranes. To ensure constant temperature throughout the procedure, incubations
and filtering were performed in a 37°C constant-temperature room, using supplies that had been
pre-equilibrated to 37°C. Filtering was through circular membranes (0.5-inch diameter) that had
been punched from stock, pre-equilibrated with filter-binding buffer (18 mM HEPES, pH 7.4,
100 mM potassium acetate, and 1 mM magnesium acetate), stacked with the nitrocellulose
membrane atop the nylon membrane onto the internal pedestal of a Whatman filter holder

(Sigma-Aldrich, WHA420100) that was inserted into a closed valve of a Visiprep vacuum
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manifold (Sigma-Aldrich, 57250-U). For filter binding, 100 pL of filter-binding buffer was
applied to the top filter, the valve was opened, the binding reaction was applied, and the
membrane stack was immediately washed with 100 pL of ice-cold wash buffer (filter-binding
buffer supplemented with 5 mM DTT). The two membranes were then separated and allowed to
air-dry. After phosphorimaging to monitor binding, the nitrocellulose membranes were each
incubated with 1 pg/uL Proteinase K (Life Technologies, 25530049) in 400 uL of Proteinase K
buffer (50 mM Tris-HCIL, pH 7.4, 50 mM NaCl, and 10 mM EDTA). A Proteinase K reaction
was also prepared with 1.5 pmol of the 5’ cap-labeled input library. Quantification standards
(Data S1) were added to each reaction at an expected ratio of 1:1000, allowing for quantitation of
RNA recovery. After 10 min at 37°C, SDS was added at 0.5% (w./v.) final concentration, and
reactions were incubated at 65°C for 45 min with shaking on a thermomixer. Samples were then
phenol—chloroform extracted, EtOH-precipitated, resuspended in 5 pL of water, and reverse
transcribed in a 30 pL reaction using SuperScript II (removing 3 pL prior to addition of enzyme
as an “RT-minus” control). RNA was degraded by adding 5 and 0.5 pL of 1 M NaOH to the RT-
plus and RT-minus reactions, respectively, and incubating at 90°C for 10 min. The reactions
were then neutralized by adding 25 and 2.5 pL of 1 M HEPES, pH 7.0, to the RT-plus and RT-
minus reactions, respectively. Each reaction was then brought to 60 pL with water and passed
through a P30 column, and then 4 puL of each reaction was amplified in a 50 pL reaction with
Phusion. Both the RT-plus and RT-minus—derived reactions were run on an 8% polyacrylamide,
90% formamide gel, and the RT-plus—derived amplicons were purified and then sequenced on an

[lumina HiSeq 2500 with 40-nt single-end reads.
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miRNA transfections and mRNA-seq library preparation

RNAs of each miRNA duplex (Data S1) were synthesized (IDT), resuspended at 200 uM in IDT
Duplex Buffer (30 mM HEPES, pH 7.5, and 100 mM potassium acetate), annealed as described
above, and transfected without gel purification. For each transfection of HeLa and HEK293FT
cells, 2.5 and 2.1 million cells, respectively, were plated in a 10 cm dish supplied with 10 mL of
media (DMEM + 10% FBS). After 24 h of culture, the cells were supplied with fresh media and
transfected with 1 nmol of RNA duplex using Lipofectamine RNAIMAX (Thermo Fisher,
13778150) and Opti-MEM (Thermo Fisher, 31985062) as per the manufacturer’s protocol
modified to achieve a final duplex concentration of 100 nM. After 24 h, cells were harvested,
and total RNA was extracted using TRI Reagent (Sigma-Aldrich, T9424) according to the
manufacturer’s protocol. RNA-seq libraries were prepared from 10 pg of total RNA per sample
using the Bioo Nextflex Directional Rapid RNA-seq kit with poly(A)-selection beads
(PerkinElmer, #NOVA-5138-07). Transfection and library preparation were performed in
replicates, with the two replicates of each miRNA duplex performed in different batches,
performing a total of five batches for the HeLa transfections and three batches for the
HEK293FT transfections. Sequencing was on an Illumina HiSeq 2500 with 40-nt single-end

reads for the HeLa transfections, and 50-nt single-end reads for the HEK293FT transfections.

Massively parallel reporter library

A reporter-plasmid library was designed to assay the efficacy of all 163 miRNA sites originally
identified in the initial AGO-RBNS replicates of this study (McGeary et al., 2018), each within
many different sequence contexts. Each library member was designed to express (from the
pEF1a promoter) a GFP mRNA with a 146-nt variable-sequence region spanning positions 34—

179 of its 306-nt 3' UTR. Each variable-sequence region harbored a single miRNA site centered
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either at position 106 or between positions 106 and 107, depending on whether the site was of
odd or even length. The remaining positions of each variable-sequence region were chosen by
weighted sampling of dinucleotides according to the average frequency of each over all human 3’
UTR sequences, while excluding any additional site to any of the six miRNAs. Each of the 163
sites was designed to be presented in 184 contexts, yielding 29,993 UTR possibilities (data S3).
The parental plasmid was based on pPCMV-GFP (Addgene, plasmid #11153), but with positions
4405-4479 and 1-580 (a 655-bp contiguous segment spanning the ends of the deposited plasmid
map) replaced with positions 2632-3792 of pJA291 (Addgene, plasmid #74487) and positions

1335-1339 replaced with a 16-nt sequence containing a BstXI site (ATAACCACGCTGATGG),

with positions 1669-2842 of eSpCas9(1.1) (Addgene, plasmid #71814) immediately
downstream. The first modification conferred the eGFP pre-mRNA with an intron so as to better
resemble endogenous genes, and also replaced the CMV promoter with an EF1-alpha promoter.
The second modification removed the 5’ splice site consensus sequence overlapping the STOP
codon, and introduced two BstXI sites separated by 1229 nucleotides into the 3’ UTR. The DNA
library of variable-region sequences (Twist Biosciences, Oligo Pools order, Data S3) was
amplified with primers adding 1) homology to the 5" PCR primer used for small RNA-seq library
preparation, and 2) homology to each of the BstXI sites at the very 5’ and 3’ ends of the amplicon
(Data S1). This amplicon was incubated with the large fragment from a BstXI digest of the
parental plasmid in a Gibson assembly reaction (New England Biolabs, E2611S) to produce the
reporter-plasmid library. The Gibson reaction was electroporated into OneShot Top10
Electrocomp E. coli (Thermo Fisher, C404050), and bacteria from all ten electroporations were
plated onto 66 10 cm LB agar plates. After 16 h of bacterial growth under ampicillin selection,
bacteria were harvested, and the reporter-plasmid library was purified by MAXI-prep (Qiagen,

12362).
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Massively parallel reporter assay

Each massively parallel reporter assay was performed first by plating 0.724 million HeLa cells in
a 10 cm dish supplied with 10 mL media (DMEM + 10% FBS). After 24 h of culture, the cells
were supplied with fresh media and transfected with one of the six miRNA duplexes or a mock
using Lipofectamine RNAIMAX as per the manufacturer’s protocol modified to achieve a final
duplex concentration of 144 nM (or 0 nM in the case of the mock). After 24 h of culture, the
cells were supplied with fresh media and transfected with 5.8 ug of reporter library diluted in
28.9 ng of pUCI9 carrier plasmid using Lipofectamine 2000 (Thermo Fisher, 11668019) as per
the manufacturer’s protocol. After 24 h, cells were harvested by decanting the media, washing
and decanting twice with ice-cold PBS, and then adding 362 puL of lysis buffer [10 mM Tris-
HCI, pH 7.4, 5 mM MgCl, 100 mM KCl, 1% (v./v.) Triton X-100, 2 mM DTT, 0.02 U/uL
SUPERase«In, and 1 tablet per 10 mL cOmplete EDTA-free Protease Inhibitor] evenly over the
surface of the plate. Cells were then scraped off the plate and transferred to a 1.5 mL
microcentrifuge tube, and lysed by gently passing the cell suspension through a 26G needle four
times. The lysed cells were then pelleted at 1300 % g for 10 min, and the supernatants (~450 uL)
each transferred to a new tube. Total RNA was extracted by first splitting each sample into three
separate aliquots (~150 pL each) and adding 1 mL of TRI Reagent to each aliquot and pooling
the extracted RNA. Half of the recovered RNA from each sample was then treated with TURBO
DNase, using 1 pL of enzyme in 50 pL of total reaction volume per 10 pg of total RNA,
incubating at 37°C for 30 min. The samples were then re-extracted with phenol—chloroform,
EtOH-precipitated, and resuspended in water to their original volumes. Reverse transcription,
PCR, and formamide gel purification to generate amplicons for RNA-seq were performed as

described (see “AGO-RBNS”) with the following modifications: 1) the RT primer was designed
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to reverse transcribe the variable 3'-UTR region of the reporter library and add homology to the
3" PCR primer used for small RNA-seq library preparation (Data S1), 2) the volumes of the RT
reactions were scaled up, using 1 pL of SuperScript I in 30 pL of total reaction per 5 pg of total
RNA, 3) after base-hydrolysis of the RT reactions and neutralization with HEPES, each RT
reaction was EtOH-precipitated and resuspended in 60 pL of water before the P30 step, and 4)
after performing a pilot PCR using 4 pL of the cDNA in a 50 pL reaction to determine the
minimal number of cycles to achieve amplification, the remaining 56 pL of cDNA was amplified
in seven 100 pL PCR reactions. These seven reactions were combined, and DNA was
precipitated and resuspended for formamide-gel purification. These modifications, which scaled
up the input and the amplification volume, were designed to increase the number of distinct
library mRNAs contributing to the measured expression of each variant. All seven conditions
(the six miRNA duplex transfections and the mock transfection) were performed in duplicate,
and the fourteen samples were sequenced with multiplexing on two lanes of an Illumina HiSeq
2500 run in rapid mode with 100-nt single-end reads. For analysis, reads were first subjected to
quality-control filtering (see “RBNS read quality control,” steps 1-5). Reads passing these
criteria were then assigned to one of the 29,992 sequences designed for the library, requiring a
perfect match to the sequence. For each sequence, counts were normalized to the total number of

perfectly matching counts to obtain counts per million (cpm).

RBNS read quality control

Each RBNS sequencing read was used if it satisfied the following criteria: 1) it passed the
[llumina chastity filter, as indicated by the presence of the number 1 rather than 0 in the final
position of the fastq header line, 2) it did not contain any “N” base calls, 3) it did not contain any

positions with a Phred quality score (Q) of B or lower, 4) the sequenced 6-nt sample-
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multiplexing barcode associated with the read was identical to one of the barcodes used when
generating the sequencing library, 5) it did not match either strand of the phi-X genome, 6) it did
not nearly match (allowing up to two single-nucleotide-substitutions/insertion/deletions) the
standards added to the samples during library workup, and 7) it contained either a TCG at
positions 38—40 in the library of the first AGO2-miR-1 experiment or a TGT at these positions

for all other experiments.

De novo site identification
To identify sites of an AGO-miRNA complex using RBNS results, we performed an analysis in
which we 1) calculated the enrichment of all 10-nt k-mers in the library from the binding reaction
with the greatest concentration of AGO-miRNA, 2) defined a site by computationally assisted
manual curation of the ten most highly enriched 10-nt k~-mers, as outlined below, and 3) removed
all reads containing the identified site from both the input and the bound libraries corresponding
to that AGO-RBNS experiment. This three-step process was repeated until no 10-nt k&~-mer with
an enrichment >10-fold remained. For miR-1, miR-124, and miR-7, this process was performed
with two separate AGO-RBNS experiments, each of which had used a separately purified AGO—
miRNA complex (see “Purification of AGO2-miRNA complexes”). The AGO-RBNS
experiments performed with second purifications of AGO2-miR124 and AGO2-miR-7 included
technical replicate samples that were sequenced independently, with the reads combined for
these analyses.

To identify a miRNA site at each iteration, we queried each of the ten most highly
enriched k-mers for its extent of complementarity to the miRNA. This was performed by first
testing for perfect complementarity to 10 contiguous positions of the miRNA. In the case of

imperfect complementarity, the k-mer was further tested for any of the following: 1)
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complementarity to nine contiguous miRNA positions, allowing a single internal bulged target
nucleotide, 2) complete complementarity to the miRNA at all ten positions while allowing for
wobble pairing, 3) complementarity to the miRNA at nine positions of the 10-nt k&~-mer with an
internal non-wobble mismatch position, 4) complementarity to the miRNA at nine positions of
the 10-nt k-mer, while allowing wobble pairing and a single bulged target nucleotide, or 5)
complementarity to the miRNA at eight positions within the 10-nt k-mer, allowing both a bulged
nucleotide and an internal mismatch position. k-mers with miRNA complementarity starting
between miRNA positions 1-5 and ending beyond position 8 were defined as ending at position
8, to prevent falsely characterizing flanking nucleotide content at positions 9 and 10 as a
preference for complementarity to miRNAs with an A or a U at these positions. Any identified
pairing configurations without full Watson—Crick complementarity were stored, and then the
process was repeated on the two 9-nt sub-k-mers within the 10-nt k-mer, the three 8-nt sub-4-
mers within the 10-nt k-mer, etc., until a sub-k-mer was identified as having full Watson—Crick
complementarity to a region of the miRNA.

The list of candidate sites identified for a 10-nt k-mer were then ranked using a scoring
system that rewarded 1) each Watson—Crick pair within the site (preferentially to nucleotides 2—
8, 12-16, 17-22 or 23, and 9-11, in that order), 2) each dinucleotide of Watson—Crick pairing
(uniformly across the miRNA sequence), 3) contiguous pairing to miRNA nucleotides 25, and
4) A/U content external to the sub-k-mer classified as participating in the miRNA—target
interaction, and penalized 1) bulged nucleotides, 2) wobble pairs, 3) mismatched pairs, and 4) G
content outside of the internal region of the 10-nt k&~-mer defined as participating in the miRNA—
target interaction. The weights associated with each reward and penalty were tuned such that the
site identified within each 10-nt k&~-mer was consistent with that identified by visual inspection,

with the rationale that correctly identified sites <10 nt in length would be present in more than
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one of the ten most enriched 10-nt ~-mers—each instance in a different flanking context, with a
preference for A and U nucleotides within this flanking sequence. The script (with tuned
weights) used to score candidate sites is available at https://github.com/smcgeary/agorbns. This
inherently ad hoc approach was used to evaluate sites in a consistent manner for all miRNAs,
thereby mitigating two major sources of ambiguity when identifying miRNA sites: 1) the

variable extent of sequence redundancy within miRNAs (e.g., miR-1:

UGGAAUGUAAAGAAGUAUGUAU, let-7a: UGAGGUAGUAGGUUGUAUAGGU), and 2)
the potential for conflating favorable site context with extended pairing when analyzing A/U-rich
miRNAs [e.g., the choice of designating AUAAUUCCA as a miR-1 8mer-w7bA(6.7) site or as
an instance of a 6mer-A1l site (AUUCCA) in a favorable flanking nucleotide context (AUA)].

If the most enriched 10-nt k-mer paired (allowing wobbles) throughout its length to the 3’
end of the miRNA sequence, enrichment of all 11-nt k-mers was also calculated, and if the most
highly enriched 11-nt k-mer containing the 10-nt k-mer also fully paired to the miRNA, the site
was designated as an 11-nt site. Likewise, if the site ascribed to the most enriched 10-nt k-mer
was a 7mer-m8-like site with flanking A/U nucleotides only in the 5’ region of the kA-mer and if
the nucleotide at miRNA position 2 paired to the 10th position of the A-mer (and if the 8mer-like
version of the site hadn’t yet been identified), the enrichment of 11-nt k-mers was calculated, and
the site type was designated as the 8mer-like form if the most highly enriched 11-nt A-mer
containing the 7mer-m8-like site included an A at target position 1.

When identifying sites with no obvious pairing to the miRNA (i.e., <4 nt of pairing,
including wobble pairing, or 5 nt of pairing but with non-A/U-rich sequences flanking the
proposed segment of pairing), the top 9-nt sub-k-mer was preliminarily assigned as the site. In
the case of miR-1, miR-124 and miR-7, for which the de novo site identification was performed

independently for two AGO-RBNS replicates (see “Purification of AGO2-miRNA complexes”),
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a 9-nt k-mer was retained only if a similar k-mer was identified in the other replicate. In the cases
of let-7, miR-155, and Isy-6, for which only one AGO-RBNS experiment was performed, sites
with no obvious pairing to the miRNA were not retained if they had >6 contiguous pairs to the
competitor oligo used for purification of the AGO—miRNA complex. The 9-nt k-mers still under
consideration included the CGCUUCCGC motif for miR-1, the UGCACUUUA,
AGCACUUUA, and CGCACUUUA motifs for let-7a, the AACGAGGAA, UAACGAGGA,
AACGAGGAU, AACGAGGAG, and AUAACGAGG motifs for miR-155, the AACGAGGAA
motif for Isy-6, and the CGCUUCCGC, CUUCCGCUG, and GCUUCCGUU motifs for miR-7.
Owing to the apparent similarity of these 9-nt k-mers for each miRNA, the representative site
was chosen to be the most enriched 8-nt sub-k-mer contained within one of the 9-nt k-mers listed
here, determined at the first iteration of site removal for which one of these 9-nt k-mers was
found within the top 10-nt k-mer. These were the GCUUCCGC motif for miR-1, the
GCACUUUA motif for let-7a, the AACGAGGA motif for miR-155, the AACGAGGA motif for
Isy-6, and the GCUUCCGC motif for miR-7.

We note that our requirement of a >10-fold enrichment of 10-nt k&-mers did not
necessarily yield sites with Kp values >10-fold better than the no-site value. For example, the
miR-1 6mer-m8 site was identified through this procedure, despite its Kp value being only 3.5-
fold better than the no-site value (Figure 1F). This site was identified because some 10-nt k-mers
with the 6mer-m8 site had the site within a favorable sequence context (e.g., with A/U-rich
dinucleotides flanking both sides of the site), and these k-mers that presented the site in a
favorable context were enriched >10-fold. With our protocol, the shorter sites had more
opportunity to benefit from favorable flanking nucleotides than did the longer sites.

The procedure for identifying sites was modified for miR-124, for which various sites

with imperfect pairing to the seed (due to internal bulges, wobble pairing, or mismatched
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nucleotides) had unusually high binding affinity when preceded by an AA 5'-flanking
dinucleotide. Because the effect of this 5’ flanking dinucleotide was substantially greater than the
general flanking-dinucleotide effect (Figures 4 and S6), only for these sites, and only for miR-
124, they are reported as AA-[site type] to distinguish them from the generic benefit of A/U-rich

flanking dinucleotides (Figure 2C).

Determination of Kp values from AGO-RBNS data

Overview of maximum likelihood estimation—based approach

Relative Kp values for a set of sites were simultaneously determined by maximum likelihood
estimation (MLE). In this statistical method, the parameter values € of a mathematical model

are fit to maximize the log-likelihood function

InL(@|y)=1Inp(y|x(9)), 2.1)

where p(y|x(8)) is the probability of observing the sequencing counts y given the model-
simulated abundances x(8) (itself a function of 8). We first describe the derivation of x(8) and

then of [

cost

(x), a cost function scaling monotonically with In p(y | x(8)) and therefore having a
minimum value coincident with the MLE parameter estimates. We then derive the gradient of the

cost function

a0 =V, (x(8)). 2.2)

The optimization routine was performed with the optim function in R (R Core Team, 2014) using
the L-BFGS-B method, supplying both f, (x) and f_ () to the optimizing function as
compiled C scripts through the .C interface. This enabled efficient, simultaneous estimation of a

large set (>50,000) of Kp values per AGO-RBNS experiment.
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Derivation of x(0)

The function x(@) produces an m X n matrix where each element X; specifies a model estimate of
the concentration of library RNA molecules of site type i recovered from binding reaction j for a
particular AGO-RBNS experiment. The dimensions m and » are therefore determined by the
number of distinct types of sites (where library RNA molecules that do not contain a site
constitute the mth site type) and the total number of binding reactions comprising that AGO-
RBNS experiment, respectively. In practice, n = 5 for all experiments other than that with
AGO2-miR-7, for which n = 4 because the 4% dilution sample was discarded for technical
reasons. This calculation requires as input the total concentration of each site type I = ([, ..., [ ),
the total concentration of AGO-miRNA complex (hereafter referred to as “AGO”) in each
binding reactiona = (a, ..., a, ), the Kp value describing the binding between AGO and each site
type K= (K, ..., K ), and the concentration of library RNA recovered due to nonspecific
binding to the nitrocellulose filter b, which is assumed to be constant across all five samples and
therefore given by a single parameter. The vector / is estimated using

l

1=—2—x100 nM, (2.3)

D
i=1

where yl is the vector of read counts corresponding to each site type as measured in the
sequencing of the input library. Each element a, of a is calculated from the experimentally
determined dilution series

a=axs

=ax(0.4%, 1.27%, 4%, 12.7%, 40%), (2.4)
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where a is the stock (pre-dilution) concentration of AGO, and so only the parameter a is included

in 6. The set of parameters to be optimized is therefore

(K, K,, ... K ,a,b). (2.5)

1?

Because these parameters represent either binding affinities or concentrations, for which negative

values are physically meaningless, x(#) performs an exponential transformation on :

K = e’

K =e" (2.6)
a=em
b=e",

such that any negative parameter values queried during the optimization routine will correspond
to a value between 0 and 1 within the biochemical equations of x(8).

The recovered concentration of site type i in sample j is given by
X, =c,+g, 2.7)
where ¢, and g, are the concentration of AGO-bound and nonspecifically recovered forms of the

site type, respectively. The nonspecifically recovered RNA 8; is assumed to only come from the

unbound sites in the binding reaction, such that

- f
g =al, (2.8)

where / Uf represents the concentration of the unbound form of site type i in sample j, and @, isa
sample-specific proportionality constant. Making the assumption that the total concentration of

nonspecifically recovered RNA (summed over all m site types) is equal to b (= eg'"‘z), yields
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o =— (2.9)

Substituting for @ in equation (2.8) using equation (2.9), and further substituting for g in

equation (2.7) yields

b S
xg‘j:Cij-'_m—l'j' (210)

>
=1

By invoking the conservation of mass for each site type (i.e., ¢; + li‘jf = ll. ), equation (2.10) can be

expressed as

[ —c
x =c +b——
i ij m
(lf'_cw)
i'=1
vome|1o— e b @.11)
N ARG b e

where L = ZZI I. represents the total concentration of the RNA library in the reaction
(experimentally set to 100 nM), and C, = zzl c, represents the total concentration of bound
RNA library in sample ;.

Equation (2.11) gives the model-predicted values X; in terms of only known quantities

(I, its sum L, and b), and the concentration of bound form of each site type C; This quantity can
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be expressed as a function of the K. (=e” where i €[l .. m]) parameter values by invoking the

definition of Kp:

K=—11 (2.12)

where ajf represents the concentration of unbound AGO in sample j. As before, / l:jf is substituted

by invoking the conservation of mass, yielding

a’(lL-c.)

K =—t—, (2.13)

c.

y

which is rearranged to give
l’a’f (2.14)
c, =—7<—. .
v ajf +K,

Using equation (2.14) to substitute for ¢, in equation (2.11) yields

;
a’ b b
x =1 —1—|1- + , (2.15)
7 N\a/+K| L-C,) L-C,
J L J J
and since C, = Z: C;s
a’ b b
5= 1| | e | @16
4G TR L_Zi':l a‘,/+jK,.f L_Zi’:l aff+j1<‘,

This is the final form of the function, wherein read abundances are modeled from the fixed
vector / (and its sum L) and the parameter vector @ where K. = ¢’ forie [1..m], a=e”, and

and b= " and whose values are iteratively updated during the optimization routine. Equation
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(2.16) cannot be used directly; it requires a value for the concentration of unbound AGO in

sample j, a‘;‘ . This value is obtained by invoking the conservation of mass for AGO in sample j:
aj:a]f+20ij. (2.17)
i=1

Because each ¢; value is itself a function of /, K, and a according to equation (2.14), equation
(2.17) specifies a single value of a‘; . However, this equation cannot be rearranged to an explicit
expression for ajf . Therefore, each time x is calculated during the optimization routine requires

that a;f first be numerically approximated by finding the root of
f(aj’.{)zasj—ajf—zf'—j' (2.18)

within the interval 0 < a‘; < as . This was performed using compiled C code modified from the

zeroin C/Fortran root-finding subroutine.

Derivation of fcost (x)

The cost function f.

cost

(x) is derived from the product of the negative log multinomial probability

mass function for each column j
f;ost(x) = _lanmult(yj’n'j)
J=

m
! i
n Y/ H 7[!'1'
[ ) S
m
J=1 |
I1»,!
i=1

=—In

: (2.19)

where 7, is the expected frequency of each site type i in sample j according to the model values

X, ,and Y, = 221 ¥, - Each expected frequency vector 7, is trivially given by X, /X ; (where
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X, = Z::xij ), thereby providing the link between the model simulation and subsequent

likelihood estimation. Substituting 7, and distributing the natural log yields

£ (x)= Z{(Yj InX, - Zl y,Inx, +len y,\=InY, !]. (2.20)
Jj= = =

After discarding the third and fourth terms in equation (2.20) because they do not contain any
terms of X, and are therefore not related to the MLE estimation of @, the final cost function is

given by

ﬁost(x):_EILY;lnX/_zliyiilnx?ij' (221)
= i=

Derivation of f,,(6)
The function fgmd(e) returns the derivative of the cost function with respect to each component

of 0:
S (0) =V, (x(8))

— aJ(;osl aféost aﬂost (2 22)
0. 7 00, 7 96 ) '

m+2

Invoking a new subscript k£ €[1 .. m+ 2], we now derive an expression for each component,
d
using the notation of - rather than afT reserving the 2 notation for formalizing the isolated

dependencies of x, ong,, ¢;, and 6., and of ¢, on a, and 6, , while holding all over model

ij’

Yoo
parameters and values constant. We derive —g, using the chain rule:

cost af;:ost l"
a2 e dx, do,

J=1 i=1

(2.23)

—22%[ 3]

j=1 i=1 =1
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a;',{i;“ is obtained by differentiating equation (2.21)

Ve - Vi s

, 2.24
axij X Lox ( )

dx;; ox,.
and both 35 and ?’/ are obtained by differentiation of equation (2.11)

87 I—C 5k(m+2)
J

Z—C,-j
= by (2.25)
J
axij l-c, | b 5
—-——F:F0,, 2.26
T C) L-C | (2-26)
v J

where 5ab (or equivalently 5a( ») 18 the Kronecker delta function, defined as:

1 ifa=5h,
0= (2.27)
0 otherwise.

Substituting for aajT % and —’f into (2.23) using (2.24), (2.25), and (2.26), respectively, and

> 96,

rearranging yields

oo 3 1 ([ 0],
do —~L-C <\ X x.
k J=1 j =l J ij

l —c. dC.
b(ll,—c) k(m+2)+(L C b) 7/ (2.28)

—C a6,

Inspection of equation (2.28) reveals that the derivatives associated with the Kp and AGO
concentrations in the reaction (i.e., k €[l .. m+1]) use only the second and third terms within the

last factor due to the Kronecker delta function, whereas the derivative associated with the
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parameter describing the nonspecifically recovered RNA (i.e., k = m + 2) uses only the first term,

because calculation of ¢, does not depend on b. Using equation (2.28) requires an expression for

dc .
%, and its sum over all site types, @, Apphcatlon of the chain rule yields

dcl.]_ acy_ acl./ da-l.f 526
=ty LI .
de, 90, aa-jf de, ( )

k

and differentiation of equation (2.17) yields

da’ &, dc,
as,b, ..., = dej +§d9’. (2.30)

k

ot
Substituting for ffT; in equation (2.29) with equation (2.30) results in

dcij acij 801.]. 5 i dcij 531
=—2+—"1as -y 1] :
d6, 99, aa’| T g, @31)

k i=1

where Z ~ d9

both sides of equation (2.31) for all site types i €[l .. m] yields

requlres first a solution for —’ Summmg

mode M dc. I dC. dC.
L= L+ “laso, . ——FL
g‘d@k ;‘89,c ;aa-j ( J 7 k(ml) deJ
dC, m Jc. n de. dC.
i iy v__J. 2.32
dek ; ek 2 j k(m+1) p aa]/ d@k ( )

Rearranging equation (2.32) yields

dC aaj +Za faS; k(m+1)
i = (2.33)

© s
=17
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For the purposes of clarity, we define

¢” acij liKz'

i~ aa{ - (af' +K.) ’

such that

dc. —-a'lK

e o,
and we also define
d)j = ,ZZ(DU
Equation (2.33) now reads as
dc, _ ~alg I, (k)+®asd, .

M

do 1+<I>/.

k

where ]I[a”b](x) is the indicator function, defined as:

1 ifxela .. b],
L,,(x)= .
i 0 ifxela .. bl

dcC,
Substituting for 7 into equation (2.31) using equation (2.37) yields

v
—a;¢.L, (k)+® as6
1+®,

k(m+1)

do

k

de, s
==a;0,0,+0, as0, ..~

— —a".l'(b.. S — ¢k/]1[1--m](k) + ¢ijasj5k(m+1) .
STk 1+ 1+®,
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(2.35)

(2.36)

(2.37)

(2.38)

(2.39)



Because of complexity of equations, the full solution of f,, ,(6) is not shown. It is given by
substituting for % and Z—ZZ in equation (2.28) using equations (2.39) and (2.37), respectively.
The mth component of the gradient is set to 0 throughout the optimization routine, which forces

the value of this parameter to stay fixed at its initialized value.

Parameter initialization for relative Kp estimation
Each 9,. where i €[l, .., m] (i.e., 1II(KI.) value) is initialized as the log of the average
enrichment of that site type in each sample associated with a particular experiment:

1y, [y
0,= h{—zy/;], (2.40)
: nm Y [ Y

J=1

where, as before, y, represents the read counts associated with site type i in sample j, yl.l is the
concentration of site type i in the RNA library, and ¥, and ¥ ! are their respective sums.

The initial value of the parameter € is initialized and fixed at 0, which corresponds to a
no-site Kp value of 1 nM. We note that fixing 6, such that the no-site Kp value were 10 nM
rather than 1 nM causes the Kp values of the other sites to also increase by 10-fold. For this
reason, we report the site type Kp values as relative Kp values despite their correspondence to
units of nM within the model. Finally, we initialize the parameter values of 6 and 6 (which
correspond to the stock concentration of the AGO-miRNA complex and the concentration of
nonspecific library RNA recovered in the experiment, respectively), at 2.997532 and —2.302585,
corresponding to values of 20 nM and 0.01 nM, respectively. Prior to proceeding with the
optimization, the values are partially randomized by adding to each parameter 6, a value

drawn from a normal distribution with mean 0 and standard deviation of either 0.1 or 0.01 when
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optimizing Kp values for defined site lists (Figures 1-4 and S1-S6) and 12-nt k-mers (Figures 5,

6, and S7-S12), respectively.

Estimation of 95% confidence intervals for relative Kp values

There is no pre-existing approach for estimating the error associated with relative Kp values
derived from RBNS and biochemical modeling. We devised a strategy using bootstrapping that
took into account 1) error caused by sample-to-sample variation, and 2) error caused by the
inherent multinomial down-sampling of RNA library molecules during sequencing. We
performed the relative Kp optimization 200 times for each experiment, with each iteration i of
the optimization having AGO-binding sample j = ceil(%j withheld from matrix y, and with the
read counts in the input sequencing yl and y resampled using the total and column-wise
multinomial frequencies of each site type, respectively, with the 2.5"- and 197.5"-percentile
values of each parameter used to define the plotted 95% confidence intervals. When textually
reporting relative Kp values, the indicated range is given by the difference between the relative
Kbp value corresponding to the logarithmic mean of all 200 iterations and that of the 2.5%-
percentile relative Kp value.

When calculating relative Kp values from the AGO-RBNS experiment using the first
preparation of AGO2-miR-7, this procedure was modified because the stock AGO-miRNA
complex was not as highly concentrated as the others, which led to decreased saturation in the
higher-concentration AGO samples and therefore greater error attributable to which column j
was withheld during bootstrapping. To overcome this, we first performed the optimization using
all four samples, set the parameters €  and 6 . (corresponding to a and b) to the
corresponding values estimated from this initial optimization, and fixed these values by setting

their respective components of the gradient function to 0.
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Read assignments
Assignment of each read to a site category was performed by searching for all possible sites
within the 47-nt portion of the library molecule encompassing the 37-nt random-sequence region
and 5 nucleotides of constant primer-binding sequence on either side, except in the case of miR-
1. For the AGO-RBNS experiments performed with the first and second preparation of AGO2—
miR-1, the libraries contained a 40-nt random-sequence region while erroneously lacking the
TCG at the 5" end of its 3’ constant sequence required for pairing to the Illumina reverse primer
sequence during bridge-amplification (Data S1, Libraries 1 and 2). This caused a TCG at
positions 38—40 to be near-uniformly observed in the sequencing data. We therefore restricted
site identification for miR-1 to a 41-nt region corresponding to the first 36 nucleotides of the
random-sequence region and the preceding five nucleotides of constant primer-binding sequence.
The procedure for estimating Kp values used only reads containing single sites. Those
reads that had multiple instances of distinct sites (e.g., a read containing an 8mer site starting at
position 2 of the random sequence and a 6mer site starting at position 15), as well as reads that
had partially overlapping sites [e.g., a read in the miR-124 experiment containing
GTGCCTTAAGTGTCCTT, which has an 8mer site (GTGCCTTA) overlapping an AA-7mer-
m8bU6 site (AAGTGTCCTT)] were not included. When analyzing the relative affinity of all
possible 11-nt registers of pairing (Figure 3A), of sites identified in Kim et al. (2016) (Kim et al.,
2016)(Figure S3), or of sites with all possible single-nucleotide bulges and deletions (Figure S4),
we identified reads that contained either an instance of the aforementioned pairing category or
one of the six canonical sites, discarding any reads that contained multiple sites. Because the
multisite reads made up only a small fraction (<3%) of any library, the omission of multi-site

reads did not substantially distort the relative Kp values.
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When calculating relative Kp values for 12-nt k-mers of a particular miRNA (Figures 5,
6, and S7-S12), counts from reads with more than one 12-nt k&-mer were apportioned equally
across those k-mers (i.e., a read containing three 12-nt k&-mers would contribute 1/3™ to the total

count of each).

Input-library sequencing

Because longer sites were rare in the input libraries, accurate quantification of their enrichment
required extensive sequencing of the input libraries. To achieve the required sequencing depth,
we combined sequencing results of input from experiments that used library 3. These input reads
were used to assign all Kp values for let-7a, miR-155, miR-124, and Isy-6. They were also used

to assign the flanking dinucleotide Kp values for miR-1.

Modeling flanking-dinucleotide effects on site Kp values

To test the consistency of the flanking-dinucleotide effect across site types and miRNAs, and to
quantify the contributions of the different flanking positions, we used multiple linear regression
to build a mathematical model that predicted the effect of flanking dinucleotides. The predicted
affinity K for each combination of miRNA i, site-type j, and flanking-dinucleotide context &

was fit as
4 2
K, = exp[sij +Zﬁp(nkp)+2yp(dkp)], (2.41)
p= p=

where s, is the coefficient representing the core binding affinity associated with miRNA i and
site type j; ,Bp (n,,) represents the contribution to binding of nucleotide n (= A, C, G, or U) at

position p across from the four possible positions within flanking dinucleotide context £,
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counting from the 5 end of the target; and ¥, (d, p) represents any further contribution given by
the interaction of the two adjacent nucleotides making up either of the two flanking dinucleotides
d (= AA, AC, ..., or UU), where p = 1 or 2 refers to the 5" and 3’ flanking dinucleotide,
respectively.

Leave-one-out cross validation of this model was performed for each of the six miRNAs,
leaving out the miRNA and fitting the model on the other five to obtain ,Bp and y, coefficients,
using the /m function in R. Because the four possible nucleotide identities at each position
comprised only three degrees of freedom, there was no explicit ﬂp coefficient for the nucleotide
A, resulting in 3 x 4 ﬁp coefficients. For each the 5’ and 3’ flanking dinucleotides, there were
correspondingly 9 ¥, coefficients describing the deviation in effect of the 9 non-A-containing
dinucleotides from a linear combination of the effects of the dinucleotides that contained at least
one A nucleotide, yielding a total of 9 x 2 7, coefficients. The plotted values and 72 in Figure 4C
(left) were calculated from the Pearson correlation coefficient describing the agreement of the
observed log-transformed relative Kp values and the values predicted by the model, after
normalizing all values to the average relative Kp value of the corresponding canonical site. The
AAG coefficients plotted in Figure 3 (right) are given by including a ﬁp of 0 for the nucleotide
identity A, mean-centering the four coefficients corresponding to each position, and multiplying

by RT (1.99 x 1073 kcal K™! mol™! x 310.15 K).

Prediction of structural accessibility within the AGO-RBNS RNA libraries
Prediction of structural accessibility was performed by first appending each read with its

appropriate 5" and 3’ constant sequences, and folding the entire RNA library molecule in silico
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using RNAplfold (Lorenz et al., 2011), with the parameters —L and —W both set to the length of
the molecule, and the —u parameter set to the desired window length w. This produced for each
read an output matrix in which the value at row i and column j corresponded to the probability
that positions [j —i + 1..j] are all unpaired. From this matrix the value in row w corresponding to
a window centered on the target nucleotide pairing to miRNA position 8§ or centered between
those of pairing to miRNA nucleotides 7 and 8, depending on whether w was of odd or even
length, was extracted and converted to a per-nucleotide probability by taking its wth root. The
parameter w (and therefore the value after the —u flag) was either set to 15 in previous studies
(Figures 4D and S6G—S6I) (Agarwal et al., 2015) or was allowed to span a range of values from

0 to 30 (Figure S6H).

RNA-seq analysis for HeLa cells

Reads were aligned to the human genome (reference assembly hg19) using STAR v2.2 with
parameters —outFilterMultimapNmax 1 —outFilterMismatchNoverLmax 0.04
—outFilterIntronMotifs RemoveNoncanonicalUnannotated —outSJfilterReads Unique), and those
that mapped uniquely and to ORFs were counted using htseq-count. Downstream analyses
focused on the genes for which a single 3'-UTR isoform accounted for >90% of the transcripts in
HeLa cells (Agarwal et al., 2015) and those with >10 reads in each of the libraries. The
transfections were in five batches, and logTPM values were batch-normalized by fitting a linear
model for each mRNA m to the batch identity b and transfected miRNA identity ¢ where ﬁm , 18
the batch effect and ﬁm’t is the batch-normalized expression value used for downstream

analyses:

log TPMm,t,b = ﬁm,b + ﬁm,t' (242)
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Batches were designed such that replicates for the same miRNA transfection were done

in different batches.

RNA-seq analysis for HEK293FT cells

Reads were aligned as they were for RNA-seq analyses in HeLa cells. Transcript annotations
were made using 3P-Seq data in HEK293 (Nam et al., 2014) to identify the genes for which a
single 3’-UTR isoform accounted for >90% of the transcripts in HEK293 cells. The transfections
spanned three batches, and the logTPM values were calculated and batch-normalized using

equation (2.42) as per those of the HeLa transfection experiments.

Calculation of average site-type efficacy in cells

All site types identified with a relative Kp < 0.1 and represented in at least 20 instances within
the 3' UTRs of HeLa mRNAs were queried for their typical efficacy of repression in the HeLa
transfection experiments (Figures 3D-3I and S6F). This was done by first calculating the

repression of each mRNA m by miRNA ¢ as

T (2.43)

where ﬁm,[ is its batch-normalized expression of in units of logTPM (see “RNA-seq analysis for
HeLa cells”), and E is its averaged expression in all other miRNA transfection experiments in
which the 3 UTR (excluding the first 15 nucleotides) contains neither an 8mer, 7mer-m8, 7mer-
A1, 6mer, 6mer-m8, or 6mer-Al site to the guide strand nor an 8mer, 7mer-m8, 7mer-Al, or
6mer site to the passenger strand of the transfected miRNA duplex. With these 7, we performed

multiple linear regression
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n (2.44)

N
rm St -
j=

i€
=1

where n - is the number of instances of site type j to miRNA 7 (of which there are N total) in

1
the 3" UTR of mRNA m, and ¢, is the coefficient for the average repression conferred by site

type j. Each coefficient ¢; and corresponding 95% confidence interval were calculated using the

Im and confint functions in R.

Calculation of relative Kp values for 12-nt k-mers

Relative Kp values for all 12-nt k-mers harboring at least 4 nt of complementarity to a miRNA
and with the central 8 nt of the k&-mer opposite miRNA positions 1-8 (Figures 5 and 6) were
calculated as described (see “Determination of Kp values from AGO-RBNS data”) over five
separate batches. Each batch contained all possible 12-nt A-mers with a particular 4-nt
complementary sequence (i.e., the first batch for miR-1 calculated the relative Kp of 12-nt k-mers
defined by NNNNNNTCCANN, the second batch calculated that of those defined by
NNNNNTTCCNNN, etc.). To minimize any systematic differences in relative Kp values
calculated across the five batches, the batches were standardized by adding a constant offset (in
log space) to each batch that maximized the agreement of calculated relative Kp values of k-mers

found in more than one batch.

Biochemical model for predicting repression

Modeling AGO occupancy and mRNA repression
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Given the free concentration of AGO2 loaded with miRNA g, ag, the occupancy of the complex
on a target site with a particular Kp value in the 3" UTR of mRNA m is given by
em,g,UTRS = ﬁ' (2.45)
g D

Because OREF sites are less efficacious than sites with the same sequence in 3" UTRs, we fit a

global penalty term ¢ for sites in the mRNA ORFs:

0, o =—"— (2.46)

Under the assumption that the binding sites act independently, an mRNA molecule with p
potential binding sites for a miRNA in its ORF and ¢ potential binding sites for a miRNA in its

3" UTR has a miRNA occupancy of

q

a a
= £ +y —<—. (2.47)
1, T Corr K o a4, t K D

D,i J=

M

The background occupancy of AGO-miRNA complexes on an mRNA is estimated by
substituting in the average affinity of nonspecifically bound sites (i.e., Kp = 1.0) for the affinity
values in (2.47), ensuring that the background term is proportional to the length of the mRNA

ORF and 3' UTR.

;a L0 (2.48)

p
m ,g background 2

i=1

a,+ cORF(l.O)

For a given mRNA m and miRNA g in a transfection experiment, let N . be the occupancy of

the transfected miRNA on the mRNA, & be the mRNA transcription rate, 3 be the portion of
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the mRNA decay rate that is not due to the transfected miRNA, and b represent the amplification
of the decay rate introduced by the binding of one AGO-miRNA complex. We model the
abundance of the mRNA in transfected cells, y,  , according to its transcription rate and
aggregate decay rate:

dym’g

2=, =B, (140N, )y, (2.49)

At steady-state, the abundance of the mRNA in transfected cells is therefore

(04
_ n 2.50
Yne T (14BN, ) (2.:30)

In the absence of the transfected miRNA, the steady-state abundance of the mRNA would be

o

= m 2.51
Pno =B (14BN 1)

m,g ,background )

The fold-change r caused by the transfected miRNA is therefore

— ym,g — 1+ bNm,g,background (2 52)
Voo 1+ bN ' '

m,g

7
m,g

We assumed that TPM values for a given transcript follow a log-normal distribution, so the

fitting was done using log(expression) and log(fold change) values:

logr,  =10g(1+bN, . ooma) ~108(1+DN, ). (2.53)

Fitting the biochemical model to RNA-seq measurements
To measure y, ,, and thus 7, , it is common to measure mRNA abundances after performing a

mock transfection. However, mock transfections often introduce their own systematic gene
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expression changes and fail to capture the derepression signal from endogenous miRNAs that is
observed upon miRNA transfection (Saito and Setrom, 2012). To avoid these complications, we
took advantage of the observation that we do not explicitly need this value to fit the model with
the assumption that y, , does not change between different transfection experiments (i.e., the
basal decay rates of mRNAs not bound by transfected miRNAs are unchanged between
transfection experiments). Under this assumption, we can fit mean-centered expression values
against mean-centered repression values. Consider the repression of mRNA m by miRNA g out

of G miRNA transfection experiments,

1 T
log rm,t - log rm = (log ym,t - log ym,O) - ?z(log ym,i - log ym,O)

i=1

l < l «
= (logym,t - logym,o)_?zlogym,i +?210gym,0

i=1 i=1

1 T
= (log ym,t - log ym,O) - ?zlog ym,i + log ym,O

i=1

1 T
= logym,t _?zlogym,i

i=1

=logy,, —logy,. (2.54)

For M mRNAs and G miRNAs, we minimized the following loss function with respect to
the parameters b, d, and C.,p, Where T are the predicted repression values and y are the

measured expression values:

G 2
> ((ogy, , ~logy,)-(log#, , ~logF, )

g=1

L= (2.55)

M
m=

These values were used to calculate the 7 values. For plotting fold-change values, we

extrapolated the values for y, , by finding the intercept of the linear relationship between the
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predicted repression values and the measured expression values (Figures SC—5E) for each
mRNA. To prevent extreme intercepts in the limit of no variability in the predicted repression, a
weak Bayesian prior of A'(0, 0.01x 06*) was applied to the slope estimate, where ¢ is the
variance of the error of the linear fit. This causes a transcript with very little predicted miRNA
binding to any of the transfected miRNAs to have baseline values that approach the average

expression of the transcript in all the transfection experiments.

Calculating features for the biochemical+ model

For each 12-nt A-mer in an mRNA, its raw structural-accessibility score was calculated using
RNAplfold (Lorenz et al., 2011) with the flags —L. 40 —W 80 —u 15 and taking the logio value of
the unpaired probability for a 14-nt region centered on the match to miRNA nucleotides 7 and 8
(Agarwal et al., 2015). Because the Kp values already reflect the average structural accessibility
of a 12-nt k~-mer in random contexts, the raw RNAplfold output for each site in its endogenous
context was then offset by the average RNAplfold output of the same site in 200 random 40-nt
contexts. Folding 200 random contexts for all 12-nt k-mers was laborious, so this process was
only carried out for the 12-nt k-mers containing one of the six canonical sites. For all other 12-nt
k-mers, the average structural accessibility for canonical sites to the same miRNA was used.

For each 12-nt A-mer in an mRNA containing a canonical site, the 3'-supplementary
pairing score was calculated as previously (Grimson et al., 2007). This score was set to 0.0 for
12-nt k-mers without a canonical site. PCT values were calculated for each 12-nt k-mer in an
mRNA 3’ UTR containing a 7mer-m§, 7mer-A1l, or 8mer site using multiple alignments from 84
species as previously (Agarwal et al., 2015). This score was set to 0.0 for all other sites.

Calculating site occupancy in the biochemical+ model
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All the additional features modified the Kp values linearly in log space (e.g., linear in AG space).
For each 12-nt k-mer with K ., structural-accessibility score SA |, 3" supplementary pairing

score Threep,, and PCT score PCT,,

logK =logK,, +¢,SA, + ¢y, Threep, + ¢, PCT, (2.56)

D,i,biochem+

where ¢, , and c,., were fit alongside the other parameters (ag, b, and corr) fit in the

SA > “Threep °

biochemical model.

Refitting TargetScan7

The original TargetScan7 model (Agarwal et al., 2015) was only trained on miRNA-mRNA
pairs where the miRNA had a single 6mer, 7mer-A1l, 7mer-m8, or 8mer site to the mRNA 3’
UTR. This may have biased the training set towards mRNAs with short 3’ UTRs. When
predicting scores for mRNAs with multiple sites, scores for the individual sites were summed.
To allow TargetScan7 to be trained on all mRNAs, we fit the loss function given in (2.55) using

the 16 transfection experiments of miRNA duplexes into HeLa cells.

Combined CNN and biochemical model

CNN architecture

The CNN architecture was as described in Figure S9A, with two convolutional layers and two
fully connected layers. The first fully connected layer could, in principle, take into account every
register of interaction between the miRNA and target sequences, including large bulges in either
sequence that would significantly offset the register of pairing. However, we did not expect these
types of sites to have higher-than-background binding affinities, so we applied a mask to this

layer such that all interactions that would require more than a 4-nt offset in register were not
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considered. This improved convergence time without affecting predictive performance during

cross-validation.

Input data and training

The training dataset contained RBNS data for six miRNAs, repression data for five of those
miRNAs, and repression data for 11 additional miRNAs. Because the relative Kp values for all
the 12-nt k-mers were heavily skewed towards low-affinity sites, we increased the probability of
sampling a high-affinity site during training. To do this, we assigned the 12-nt k-mers to bins by
rounding their log Kp values to the nearest 0.25. We then assigned a weight to all the 12-nt .-
mers in a bin such that their weighted sum would not exceed 2000 (i.e. 12-nt k-mers in highly
populated bins received lower weights). During training, 12-nt k-mers were sampled according to
their weights. We initially trained the model 11 times, each time leaving out one of the 11
additional transfection datasets, training on the six RBNS datasets and the 15 remaining
transfection datasets, and testing on the held-out datasets. This 11-fold cross-validation allowed
us to pick optimal hyperparameters. The final model was then trained on all six RBNS datasets
and all 16 transfection datasets. Each mini-batch consisted of 1) RBNS measurements for 50
pairs of miRNAs and 12-nt k-mers and 2) repression data for 16 mRNAs for all 16 miRNAs. The
ten RBNS inputs were passed through the CNN to produce predicted logKp values, which were

then compared to the measured logKp values for those RBNS inputs to calculate the RBNS loss:

10
Lrbns = 2 (lOg KD,i - IOg ]<D,i)2 : (257)
i=1

For each of the 32 miRNAs (two miRNA sequences for each of the 16 transfected

duplexes), all 12-nt k-mers with at least four contiguous nucleotides of the 8mer site to the 16
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miRNAs were extracted from their 3'-UTR and ORF sequences. For 12-nt k-mers for the same
miRNA that overlapped, the 12-nt k&-mer with the higher priority match to the 8mer site was
chosen. The priority order for the match was match2—5 > match3—6 > match1-4 > match4—7 >
match5-8. All of the miRNAs and 12-nt k-mers were passed through the same CNN as above to
produce predicted Kp values. These Kp were then combined for all 12-nt matches to guide and
passenger strand sequences of a transfected duplex on the same mRNA according to the
biochemical model to produce predicted log fold-change values. These predictions were used to
calculate the repression loss term, as in equation (2.55). Here, g enumerates the 16 miRNAs in

the training set, m enumerates the 16 mRNAs in the mini-batch, and ngulde ORE - jgPessORF

mg ?

nguide,3’UTR pavc 3’UTR

mg

and n” represents the number of 12-nt matches in the ORF or 3’ UTR of

mRNA m to the guide or passenger strands, respectively, of miRNA g:

gu|d e, ORF gulde

9 gulde ORF
agulde+

g ldc UTR3 gulde

9 gulde UTR3
b agulde

cRFD

npass ,ORF pass npa:s ,UTR3 pass

epass LORF 2 pass UTR3 Z
am“+cORF Di ar’a“+K
1
I"m’g 1+ b(egulde LORF + eliu;de L,UTR3 + epass ,ORF + epass ORF) (258)
L = ii((lo —logy )—(log# —logt ))’ (2.59)
‘repression / gym,g gym g mg g m . .
m=1 g=

The total loss was calculated as a weighted sum of the two loss terms, along with an L,
regularization term on the CNN weights (w1, w2, w3, wa). Because the transfected miRNAs are
expected to have similar a, values, an L, regularization term was also applied to the differences
between guide-strand a, values and the average guide-strand a, value to prevent these values

from drifting too far apart initially.

126



dguide — aguide _ aguide (260)

t

The RBNS loss weight, repression loss weight, CNN weight regularizer, and the a, offset

weightsare 4, A, A ,and A, respectively.

A S SR ([ A R R B

rbns r~repression

). @6

The model was implemented in TensorFlow and trained by minimizing the total loss
using the Adam optimizer with an initial learning rate of 0.003 for 100 epochs and
A,=0.054 =0.95 1 =0.0001, A, =0.001. The CNN weights were initialized randomly using

Xavier initialization.

Evaluation of CNN predictions on the test set of miRNAs transfected into HEK293FT cells

For each miRNA in the test set, we generated the complete list of 262,144 12-nt k-mers with at
least 4 nt of complementarity to the miRNA and predicted their Kp values using the CNN. To
identify high-affinity noncanonical sites, we isolated the 12-nt k~-mers without canonical sites to
the miRNA, grouped them based on the 8-nt sequences centered in each 12-nt sequence, and
sorted each group. Out of 64 possible 12-nt k-mers sharing the same 8-nt center sequence, if the
32 k-mers with the highest predicted affinity values contained the same 9-nt sequence
encompassing the 8-nt centered sequence, the 9-nt sequence was identified as a site and assigned
the average Kp value of 12-nt k-mers with that 9-nt sequence. Otherwise, the 8-nt sequence was
identified as a site and assigned the average Kp value of 12-nt k-mers with that 8-nt sequence. In
either case, the 12-nt k-mers with the new site were removed from the pool, and the processed
repeated. Afterwards, only new sites with an average predicted In(Kp) < —2 (equivalent to

logio(Kp) < —0.87) were kept. These sites were further consolidated into shorter 7-nt sequences if
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several versions of the 7-nt sequence appeared in the new site list with a different flanking
nucleotide. The average site-type efficacy in cells for all the canonical and annotated
noncanonical sites for each miRNA was calculated as in the section “Calculation of average site-

type efficacy in cells.”

Predictions of miRNA—target interaction energy using other methods

To calculate the free-energy of binding for canonical site types to each miRNA (Figure 6C), the
RNAduplex program (Lorenz et al., 2011) was supplied the site sequence and miRNA sequence.
The predicted free-energies were reported in units of kcal/mol. To calculate MIRZA scores, we
downloaded the MIRZA (Khorshid et al., 2013) algorithm from

http://www.clipz.unibas.ch/mirzag/. The algorithm was run with the option to update priors and

was supplied each miRNA sequence and 1000 examples of each canonical site in random 40-nt
contexts (sequences of equal length between 30 and 55 nt were required). The algorithm also
required relative miRNA abundances, but because each miRNA was evaluated separately, this
was set to 1000 arbitrarily and did not affect output. The reported scores were the average score

for the 1000 examples of each site type.

Processing of and model evaluation on external datasets

mRNA fold change data for let-7¢ transfection into HCT116 cells (Linsley et al., 2007), miR-124
and miR-7 transfections into HEK293 cells (Hausser et al., 2009), and miR-302/367 knockdown
in hESC cells (Lipchina et al., 2011) were obtained as described (Agarwal et al., 2015). For
gene-expression changes upon knockout of miR-122 in mouse liver cells (Eichhorn et al., 2014),
raw RNA-Seq reads were downloaded from the GEO (GSE61073), aligned to the mouse genome

mm10, and annotated using the set of representative transcripts curated in TargetScanMouse v7.1
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(Agarwal et al., 2015) (http://www.targetscan.org/mmu_71). We required mRNA expression
levels to exceed 10 TPM in either the wildtype or knockout samples.

Top targets identified by crosslinking experiments upon transfection of miR-124 or miR-
7 into HEK293 cells (Hafner et al., 2010), knockout of miR-155 in mouse T cells (Loeb et al.,
2012), and knockdown of miR-302/367 in hESC cells (Lipchina et al., 2011) were obtained as in
(Agarwal et al., 2015). Gene expression changes and eCLIP-identified targets upon
overexpression of miR-20a in HeLa cells (Zhang et al., 2018) were kindly provided to us by the
authors.

For each dataset, biochemical and biochemical+ model predictions were generated by
using global biochemical parameters fit using the transfection data into HeLa cells. For the let-
7¢, miR-124, miR-7, and miR-155 datasets, experimentally-determined relative Kp values (see
“Calculation of relative Kp values for 12-nt k&-mers”’) were used, whereas CNN-predicted Kp
values were used for the miR-302/367, miR-122, and miR-20a datasets. When predicting mRNA
changes upon miR-155 knockout in mouse T cells, the average a, value of passenger strands fit
for the HeLa transfection datasets was used. For all other datasets, the average a, value of

miRNA strands fit for the HelLa transfection datasets was used.

Estimation of maximal v’ values

For each transfection experiment, we define the following random variables:

X : Direct log fold-change values, must be negative, distribution unknown
E ~N(0, 612 ): Reproducible symmetrical variability (e.g. secondary effects)
E, ~N(0, 03): Technical/experimental noise

Y=X+E +E,: Observed repression values
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The goal is to determine the variance of X compared to the variance of Y. While the distribution
of X is unknown, we can approximate it using a discrete distribution with m discrete bins
spanning the range of realistic log repression values w=[w,, w,, ..., w ] with probabilities
p=Ip,>p,> ---» p,]. Inpractice, we used 50 bins spanning -3 to 0 in log space (—4.33 to 0 in
logz space). To calculate the probability of observing the measured repression values y,,  ~Y
given (0'12 + O'f ), w, and p

log p(y| p.w.,0,,0,)=log[ [ p(»,| p.w.0,.0,) (2.62)

i=1

=> logp(y,| p.w.0,.0,)

i=1

n m
_(y,—W.)Z/Z(ozmz)
=) log| ) p—t—e " L
; Jz::’ J 2r(ct+o?)

We then fit values for (O 12 + 0 ;) and p by maximizing the likelihood of observing the data y
using tensorflow.contrib.opt.ScipyOptimizerInterface(method="“SLSQP”’) under the constraint
that z p;=1. We estimated 0 22 , and thus O 12 , by examining the reproducibility between two

biological replicates

o, =Var(Y, ~Y ,)/2 (2.63)

rep

ol =(0}+0))-0, (2.64)

and estimated the expected value and variance of X given w and p:

1 m
E(X)= ;Z pw, (2.65)
Var(X) = %2 p,(w,—E(X)) (2.66)

J=1

The estimated maximal 7 value is given by dividing Var(X)/Var(Y).
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miRNA AGO2-miR-1 AGO2-miR-155
miR-1 995,485 7,600
miR-155 164 977,308
miR-221 62 5,311
miR-17 736 563
miR-7-1 479 98
miR-320a—d 176 959
let-7a—c 270 189
miR-20a 252 171
miR-222 50 901
miR-18a-b 144 182
miR-155-3p 0 883
miR-93 135 87
Other miRNAs 2,048 5,747
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Figure S1. Reproducibility of AGO-RBNS results. (A) MicroRNAs observed in AGO2-miR-1
and AGO2-miR-155 preparations, as quantified using small-RNA sequencing. Shown are the
counts per million mapped miRNA reads for miR-1, miR-155, and contaminating miRNAs,
listing the ten most abundant contaminants observed when averaging the counts of the two
samples. (B) Correspondence between the results of two independent AGO-RBNS binding
reactions that used different preparations of purified AGO2-miR-1 and different RNA libraries,
with each library generated from a different DNA synthesis. Compared is the enrichment of all
9-nt k-mers that contain either 8mer (purple), 7mer-m8 (red), 7mer-Al (blue), 6mer (cyan),
6mer-m§ (violet), or 6mer-Al (light blue) sites, as well as the enrichment of 10,000 arbitrarily
chosen 9-nt k-mers not containing any of these sites (gray). The *> was calculated using the log-
transformed values. The dashed line shows y = x. (C) Relationship between affinity and AGO-
RBNS enrichment. The enrichments of reads containing each of the six canonical sites in
addition to no-site reads (Figure 1D) are plotted their corresponding relative Kp values, for each
of the five AGO2-miR-1 concentration samples. Grayscale lines denote each sample, with the
7.3 pM and 730 AGO2-miR-1 samples in light gray and black, respectively. Enrichments are
normalized to that of the no-site reads in each sample. (D) Enrichment of canonical sites as at
each position within the library molecules. Random-sequence positions are numbered from the 5’
end with respect to the 30 possible positions of an 8mer site. Points represent enrichment of the
indicated canonical site (key) at each position for the most-concentrated AGO2-miRNA sample
within each AGO-RBNS experiment. The high enrichments persisting in the 5’-most positions of
the random-sequence region, where the miRNA 3’ region is opposite the non-complementary
primer-binding sequence and therefore cannot paired, suggested minimal influence of 3'-
supplementary pairing on the enrichments further 3'. Also, while neighboring primer-binding
sequence sometimes had a modest influence at one end of the random-sequence region, this had
a negligible effect on the overall enrichment observed for each site type (horizontal lines). (E)
Enrichment of 3'-only sites as a function of their position within the library molecules. Random-
sequence positions are numbered with respect to the 27 possible positions of an 11-nt site.
Otherwise, as in (D). When analyzing the uniformity of enrichment of canonical (D) and 3'-only
sites (E), we identified reads that contained only a single instance of a site, considering all the
sites identified by k-mer enrichment analysis (supplemented with the 6mer-m8 site in the case of
miR-7), all single-nucleotide mismatch variants of the 8mer, the 7mer-mS8, the 7mer-Al, and the
6mer, and the four contiguous Smer sites within the seed region (i.e., the Smer-A1l, Smer-m2.6,
Smer-m3.7, and the Smer-m8 sites). This was to ensure that the positional site enrichments
detected were not influenced by the presence of any weaker sites elsewhere within the read. (F
and G) Robust estimation of relative Kp values and other parameters. To estimate the uncertainty
of the fitted model parameters (key), the MLE procedure was repeated five times, each time
excluding data from one of the five AGO2-miR-1 concentrations. The Pearson r? was calculated
between each of the 10 pairwise possibilities as in (F), which shows the comparison of the least
well correlated pair (that when omitting the 23 and 730 pM AGO2-miR-1 samples, respectively)
(dashed line, y = x). All ten pairwise comparisons are reported in (G). (H) The correspondence
between the relative Kp values determined by AGO-RBNS with Kp values reported by two prior
studies (Becker et al., 2019; Salomon et al., 2015). Plotted are values for the indicated sites to
let-7a (key). To account for the potential effects of flanking nucleotides in the target RNAs of
Salomon et al. (Salomon et al., 2015), for each comparison we use the relative Kp value of the
12-nt k-mer that contains the site and flanking sequence context of the corresponding target
RNA. Because each of the four canonical-site Kp values reported in Becker et al. (2019) (Becker
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et al., 2019)represents the median for multiple target RNAs containing that site, for each
comparison we use the relative Kp value of the site determined without consideration of flanking
sequences (Figure 2A).
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AACUCAGCA 9 CCGCCACAG 9
AAAUAAAGA 9 CCUCCGCCA 9
AAUAAAG 7 CACAGAAAU 9
AGACGACAA 9 UCCGCCACA 9
ACUCAGCA 8 Isy-6 GCCACAGAA 9
AAUAAAGA 8 UCCGCCAC 8
GACAAC 6 ucuuccu 7
AAAUAAAG 8 ucuuccu 7
AAUAAAGA 8 cuuccu 6
miR-155 ACUCAGCA 8
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Figure S2. Additional sites identified through AGO-RBNS. (A) Enriched motifs that were
identified for miR-155 and Isy-6 yet lacked complementarity to the respective guide sequence,
aligned to highlight their complementarity to the competitor oligo used to purify the AGO—
miRNA complex. Because these motifs each had >6 nt of complementarity to the competitor
oligo and relatively little complementary to the miRNA, they were excluded as sites to the
miRNA. The red nucleotides indicate the region of the competitor oligo that is identical to
positions 1-8 of the miRNA. (B and C) Relative Kp values and proportional occupancy of
established and newly identified sites of 1sy-6 (B) and miR-7 (C), as in Figure 2. The identified
sites, their relative Kp values with 95% confidence intervals, and the enriched 10-nt k-mers used
for iterative site identification, are reported in Data S2. These analyses also detected an
AACGAGGA motif for Isy-6 and a GCUUCCGC motif for miR-7, which were assigned relative
Kp values of 1.58 £0.07 x 10" and 1.1 + 0.5 x 1072, respectively. These two motifs were not
considered miRNA sites because each did not match its respective miRNA and each did not
mediate repression in our reporter assays (Figure S5B).
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Figure S3. Relative Kp values of site types reported in Kim ez al. (2016). (A-E) Analysis was
as in Figure 1F but performed using the site types of Kim et al., (2016)(Kim et al., 2016), which
include the canonical sites (Figure 1A), an offset 7mer (which pairs to miRNA nucleotides 3-9),
as well as four context-dependent noncanonical site types (CDNST) that are proposed to
substantially extend the scope of miRNA-mRNA regulatory interactions. The offset 7mer site
bound with similar affinity as its nested 6mer-mS$ site, with effects of flanking nucleotide
composition (Figure 4) explaining any minor differences. The context-dependent noncanonical
site type 1 (CDNST 1) pairs to miRNA nucleotides 2—6 and lacks both a match at position 7 and
an A at target position 1 (equivalent to the Smer-m2.6 site); for each miRNA, this site bound
better than no site, and for miR-1, and let-7a its affinity exceeded the thresholds for site
identification in our analyses, conferring 3.6- and 9.5-fold greater affinity over no site—
containing reads, respectively (Figures 1F and 2A). This site was also detected in analysis of our
first miR-7 replicate (Data S2). CDNST 2 is a 7mer-Al site with a mismatch at position 5; this
site includes the 7mer-A1xUS5 site identified for miR-155 (Figure 2B), but otherwise bound with
affinity below the thresholds of our analyses. CDNST 3 and CDNST 4, which each have three
mismatches to the seed, bound with affinity resembling that of no site. For each CDNST with an
internal mismatch, the relative Kp value represents the aggregate value for all mismatched
variants.
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Figure S4. Analysis of the effects of bulged nucleotides. (A) The proposed pathway for paring
between miR-124 and its pivot site (or 8mer-bG(6.7)) (Chi et al., 2012). For pivot sites, the
target nucleotide that pairs to miRNA nucleotide 6 is repeated to create a bulge that ambiguously
maps to positions 6 or 7. (B—G) Relative Kp values examining the effect of a bulged target
nucleotide (left) or a bulged miRNA nucleotide (right) within a site to either miR-1 (B), let-7a
(C), miR-155 (D), miR-124 (E), Isy-6 (F), or miR-7 (G). Analysis was as in Figure 1F but values
are plotted for 8mer sites with a bulged or deleted nucleotide (left and right, respectively), as
indicated in each key. Values for the six canonical sites are also plotted for reference (filled gray
circles). Dashed horizontal lines connect points for different bulged nucleotides at the same
position. Points representing bulged or deleted nucleotides at ambiguous positions are connected
with vertical lines. For example, three green points showing the result for ACAUUUCCA (a
miR-1 site that has a bulged U at either target positions 4, 5, or 6) are connected with a green line
in (A). Some of the sites with ambiguous bulged positions are classified as pivot sites (Chi et al.,
2012), (e.g., the ACAAUUCCA site for miR-1); points representing pivot sites are filled and
connected with a wide vertical lines. Although the pivot sites for miR-124 and Isy-6 bound with
affinities substantially exceeding those of their nested 6mer-Al sites and were thus identified as
unique sites in our analysis [Figure 2, 8mer-bG(6.7) and 8mer-bA(6.7), respectively], pivot sites
for the other miRNAs bound with affinities resembling those of their nested 6mer-Al sites, with
effects of flanking nucleotide composition (Figure 4) explaining any minor differences [e.g., the
let-7a 8mer-bA(6.7) sequence CUAACCUCA also corresponds to a 6mer-Al (underlined) with a
favorable UA dinucleotide context]. Moreover, for miR-1 [8mer-bU(4.6)], miR-155 [8mer-
bU(3.5)] and miR-7 (8mer-bG7), other types of bulged sites bound substantially better than did
the pivot sites.

The pivot site is proposed to mediate widespread targeting (Chi et al., 2012). This
noncanonical site has canonical pairing to the seed region, except that the target residue
matching position 6 of the miRNA is repeated, which forces a single-nucleotide bulge at position
6 or 7 of the target (Chi et al., 2012). Our de novo search for sites supported pivot sites of miR-
124 and Isy-6. For example, the miR-124 8mer-bG(6.7) site (an 8mer site but with an extra G
bulged at either position 6 or 7) is a 9-nt pivot site with affinity exceeding that of the canonical
7mer-Al site, and the Isy-6 8mer-bA(6.7) is a 9-nt pivot site with affinity matching that of the
canonical 7mer-m8 site (Figures 2C and S2B). However, even though these pivot sites for miR-
124 and Isy-6 were among the highest-affinity noncanonical sites identified, we did not identify
pivot sites for any of the other four miRNAs (Figures 1F, 2A, 2B, and S2C), and a systematic
analysis of all possible single-nucleotide bulges at each position confirmed that the pivot sites to
miR-1, let-7a, miR-155, and miR-7 conferred no better binding than the canonical 6mer-Al site
nested within them. Thus, our results supported the pivot sites proposed for two of the six
miRNAs but called into question the generality of this noncanonical site type. Moreover, our
approach detected binding of other types of bulged sites, each with a specific bulged nucleotide
at target nucleotides 5, 6, 7, or 8, depending on the miRNA (Figure S4). Bulged nucleotides
within the miRNA strand abrogated binding, presumably due to steric constraints imposed by
AGO.
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Figure S5. Massively parallel reporter assay to monitor the effects of sites identified by
AGO-RBNS. (A) Schematic of the EGFP pre-mRNA expressed upon transfection of the library
of reporter plasmids. The top, middle, and bottom diagrams respectively depict the pre-mRNA,
the 3" UTR, and a region within the 3’ UTR containing the miR-1 8mer site (red) and its flanking
nucleotides (blue). The 163 sites queried corresponded to an earlier list of sites (McGeary et al.,
2018), which differed slightly from the current list because it was not informed by the additional
AGO-RBNS replicates performed for miR-1, miR-124, and miR-7. (B) The relationship between
reporter repression efficacy and relative Kp values for all of the queried sites. The relative Kp
values are those that were determined when the sites were initially identified (McGeary et al.,
2018). When queried in the context of its cognate miRNA, the fold-change (log>) value of a site
was determined by comparing the sum of the counts of all 184 variants corresponding to that site
to the average summed counts for these variants observed in the other five transfection
experiments (colored points). When queried in the context of each noncognate miRNA, the fold-
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change (log>) value of a site was determined by comparing to the average summed counts from
the four other noncognate miRNA transfection experiments (gray points). Each legend lists the
sites that mediated repression exceeding twice the standard deviation of the fold-change (log>)
values observed for all the sites not targeted by the transfected miRNA (dashed line).

139



A

C

let-7a 3550 GEID Smer — D o G AGERBR Smer H
o e NEE 7mer-m8 [ AN 7mer-m8 H
WP EIA® 7mer-A1 H o0, 6 IBE Bmer-bA(6.7) —
o 6=5aRITNER 6mer H Sopd 3o 11mer-m9.19 [ —
m6mer—A1 H Bess m:; ©-c 9 11mer-m11.21 [ —
¢ 2 6mer-m8 H & eSS Smer-w8 —
msmer w5 — QNP 7mer-A1 H
S SEY 5mer-m2.6 H § eGSR 8mer-bG7 —
p 8mer-wd — mm 7mer-m8bA(6.7) H
8mer-bA5 — o ® 7mer-m8bG7 —
8mer-xG5 — H
7mer-m8wb H 7mer-m8w8 H
% 7mer-m8w4 H H
$ 5mer-A1 H H
10° 10” 10? 10° 10"  10° 10° 107 10 10" 10% _10° 10*  10°  10° 107
Relative Kp Relative Kp
miR-155 +IETIEeD o 8mer — E miR7 + NOBTTEANR Smer —
— o R R0y 7mer-| m8 —
H S EREFSso 8mer-bG —
| > oGNS 8mer-bU(7. 8) —
H Q,M ©8mer-xG7bG7 —
o of o ooip el LRI 7mer-m8bG7 —
O — ° FLaSaBEIFS 8mer-xC7bG7 —
—_— RSB OS 8mer-xA7bG7 —
88 & — TR 7mer-A1 —i
6 &P &Y ©11mer-m12.22w20 | ocoo  GEEEEIT %y © 7mer-m8bU(7.8) —
ceps® @11mer-m12.22w14 e o 0 oo SUIERR® 7mer-m8xC7bG7 —
o »11mer-m12.22w17 B o © +@uEIiL ISP 7Tmer-m8xG7bG7 —
Fo#0 11mer-m13.23w17 e b oo eIERNeRSe 7mer-m8xA7bG7 —
o8€ o0, @ 11mer-m12.22w13 — Wemer —
m‘&mer-mw 21 — o @ERAELBEER Tmer-A1bG7 —
HBIBS® 6 6mer H o@@m 6mer-bG7 —
9 & SOQITERB» 10mer-m14.23 — Bmer-Al —
PHGITETS: 0 10mer-m13.22w13 —
TOIEEEEIY 8mer-xU5 = 10° 10" 102 10® 10* 10° 10° 107
= Relative Kp
—
—
F G
o "] 2=0.29 7 — Input
0 ° - — AGO2-miR-1; 7.3 pM
" 08 — AGO2-miR-1; 73 pM
= c °% — AGO2-miR-1; 730 pM
H o) g
g g
10° 107 102 10° 10t 10°  10° 107 o & 0.64
Relative Kp g 2
miR-124 o CROMBISEBIAI Smor — 8 3 041
o eSRAABRERIONs w0 AA-BMErbAS 1 B 5
o SRR IIRBEREwH AA-8Mer-XA4bA(4 5) ——— =057 O 4o
o|w @ SSNIFITTEEEBs5 s AA-8mer-bA6 —_ ’
7mer-m8 H
o 11mer-m9.19 P . . 0+
L] AA-8mer-bA4 — 10° 10' 10° 107 10°% 10° 10* 102
o afd ARG PN %0 © AA-7Tmer-m8bU6 1 Relative Kp Accessibility score
oo | | -@EIIENEEREeE% AA-8mer-bU5 —
© @6 AEERS AA-Bmer-m8 — H
o [P0 FROTAREEERRNESe + 11mer-m9.19w9 —_— 1
RO ERRgBe 8mer-bG(6.7) —
©AHEE NS 8mer-bU(7.8) — 0.8
° (2 & GRTIRTEOENR9e 4 AA-7mer-m8bAS ’

1 © R EORBRRB Y o
00PN - ¢ AA-7mer-m8bA6
OTHETTESIIRET © © AA-8mer-bG5
AA-8mer-w5bA5
10mer-m9.18
-8 AA-8mer-xC7
o 0 o PRTEPNS + 9mer-m11.19
op GRS 0 AA-7mer-m8bA4
ik 8mer-xA7bG7
& AA-7mer-m8bU5
e mer-xG7bG7
= +11mer-m8.18w9
AA-8mer-w5
AP IR 7mer-Al
oo eI 7mer-m8bG(6.7)

o GEHTHENAY Tmer-mebU(7.8)
©AA-8mer-w4

8o 6 11mer- m919w9w11

6mer-m8
% 9mer-m9.17
# AA-7mer-m8xC7
7mer-m8xA7bG7

107
Relative Kp

[ e—]
oo AA-7mer-m8bC(4.6) ———

e o

1077

Cumulative fraction

Window length (nt)

UAUGUAUGAAC
20 15

_.
)

oy

Q

Input
AGO2-miR-1; 7.3 pM
Input matched for

0.81 flanking dinucleotide 1072
composition
0.64 — Input matched for

accessibility score

°
T

o
N
h
=
o
IS

=
o
&

-5

-
(=]
°©

10° 10" 107
Accessibility score

o
107

Observed flanking dinucleotide frequencies
o
&

140

1 107
Sampled flanking dinucleotide frequencies

N o
IS )

o
o

7 with flanking dinucleotide Kps

0

107

1072

10°

107



Figure S6. The influence of flanking dinucleotide context. (A—E) Relative Kp values for each
flanking dinucleotide combination for each site identified for let-7a (A), miR-155 (B), miR-124
(O), Isy-6 (D), and miR-7 (E). Otherwise, as in Figure 4B. For the larger sites (e.g., the 11-nt 3'-
only sites of miR-155, miR-124, and Isy-6), subdividing the low numbers of reads into 144 to
256 categories based on flanking dinucleotide identity resulted in much wider confidence
intervals for their respective relative Kp values, and for some pairs of flanking dinucleotides, the
number of reads in the input library were too low to estimate a Kp value. (F) The relationship
between repression efficacy and relative Kp for the 256 flanking dinucleotide combinations. The
x-axis values are from the linear model in Figure 4C, and the y-axis values are from the
repression observed in cells, after using a multiple linear regression to distinguish the effect of
flanking dinucleotides from that of site type (focusing on repression mediated by 8mer, 7mer-
m8, and 7mer-Al sites). The line shows the best fit to the data (gray region, 95% confidence
interval of the trend), determined by least-squares regression weighting residuals using the 95%
confidence intervals of the log fold-change estimates. The 72 value was calculated using similarly
weighted Pearson correlation (p = 5.6 x 1072°). The fitted slope of the relationship between fold
change (log>) and relative Kp (logio) for flanking dinucleotide context (0.28 = 0.06) was in strong
agreement with that of the six miRNA site relationships in Figures 3D-3I (mean value of 0.26).
(G) The cumulative distributions of structural accessibility scores for miR-1 8mer sites in the
input (black), the 7.3 pM AGO2-miR-1 (pink), the 73 pM AGO2-miR-1 (purple) and the 730
pM AGO2-miR-1 (blue) libraries. The geometric mean corresponding to each of the four
distributions is 2.3 x 1073, 2.5 x 1072, 2.4 x 1072, and 1.3 x 1072, respectively. (H) The
correspondence between relative Kp values for all 256 miR-1 8mer flanking dinucleotide
combinations and the geometric mean of the predicted structural-accessibility scores observed
for corresponding reads in the input library, as a function of both the length and the position of
the sequence segment used for calculating site accessibility. Previous analysis of miRNA
targeting indicates that a 14-nt window opposite miRNA positions 1-14 is optimal for
calculating the structural-accessibility score, which agrees with an earlier analysis of siRNA
efficacy (Agarwal et al., 2015; Tafer et al., 2008). Our analysis also showed that this 14-nt
window worked well (gray box, * = 0.82), with performance approaching that of the optimum,
which was a 10-nt window opposite miRNA positions 1-10 (black box, 7* = 0.84). (I) The
influence of site accessibility after accounting for nucleotide sequence composition of flanking
dinucleotides. Plotted are cumulative distributions of structural-accessibility scores of the 8mer
sites of the input library (black), 8mer sites of the bound library from the 7.3 nM sample (red),
8mer sites of the input library from reads sampled to match the accessibility scores of 8mers of
the bound library (blue), and 8mer sites of the input library from reads sampled to match the
flanking dinucleotide composition of 8mers of the bound library (purple). The geometric mean of
the distribution when sampling to match the flanking dinucleotide composition of 8mers of the
bound library spanned 21.6% of the difference in geometric means observed between the bound-
library and input-library experimental distributions. At the right are the frequencies of
dinucleotide combinations flanking miR-1 8mer sites observed in the 7.3 pM AGO2-miR-1
library (left, red line) plotted as a function of the frequencies observed among input reads
sampled to match the structural accessibility scores of the reads in the 7.3 pM AGO2-miR-1
library (left, blue line). The 7> was calculated from the Pearson correlation of log-transformed
mean values.

Although we cannot rule out the possibility that the flanking dinucleotide preferences
were caused by direct contacts to AGO with sequence preferences that happened to correlate
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strongly with those of predicted structural accessibility, the high correspondence of predicted site
accessibility and relative Kp—one being the averaged result of a computational algorithm
applied to reads from the input library, the other being a biochemical constant derived from
AGO-RBNS analyses—strongly implied that site accessibility was the primary cause of the
different binding affinities associated with flanking-dinucleotide context (Figures 4D and S6H).
Supporting this interpretation, we found that when the 8mer-containing reads of the input library
were sampled to match the flanking dinucleotide distribution of the 8mer-containing reads in the
7.3 pM AGO2-miR-1 library, flanking dinucleotide identities explained only a minor fraction of
the enrichment of structurally accessible reads observed in the bound libraries (Figure S61, left).
Extending the analysis to data from the other four AGO2-miR-1 concentrations yielded
consistent results, with the results from matched sampling of flanking dinucleotides never
explaining >25% of the increased mean accessibility score. By contrast, sampling 8mer-
containing reads from the input to match the accessibility scores of the bound reads yielded
flanking dinucleotide preferences that corresponded to those of the bound library (Figure S6l,
right).
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Figure S7. Additional analyses of the biochemical models. (A) Performance of the
biochemical model as evaluated for each of the five miRNAs individually. Otherwise, as in
Figure 5C. (B) Performance of the published version of the TargetScan7 model as evaluated
using the combined results of five miRNAs. Otherwise as in (A). (C) Performances of the
biochemical model, the biochemical+ model, and three intermediate models as evaluated using
the results of the five miRNAs, both in combination (5 miRNAs) and individually. For each of
the three intermediate models, a single extra feature of the biochemical+ model (either structural
accessibility, 3'-pairing score, or probability of conserved targeting) was incorporated into the

biochemical model.
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Figure S8. Evaluation of the biochemical models using other published datasets. (A)
Performances of the biochemical and biochemical+ models compared to those of both the
published and refit versions of TargetScan7, as evaluated using mRNA fold changes observed
after transfecting either miR-124 or miR-7 into HEK293 cells (Hausser et al., 2009). (B and C)
The ability of the biochemical+ model to identify mRNAs highly responsive to miRNA
transfection, compared to that of high-throughput in vivo crosslinking. Plotted are cumulative
distributions of mRNA fold changes observed after transfection of either miR-124 (B) or miR-7
(C) into HEK293 cells (Hausser et al., 2009), comparing results for the top targets identified by
photoactivatable-ribonucleoside-enhanced CLIP (PAR-CLIP) (Hafner et al., 2010) upon
transfection of the cognate miRNA (green) to the results for same number of top targets
predicted by the biochemical+ model (blue) and those of all mRNAs (black). (D) The ability of
the biochemical+ model to identify mRNAs highly responsive to miRNA knockout, compared to
that of high-throughput in vivo crosslinking. Results for top targets predicted by the
biochemical+ model are compared to those of targets identified by differential CLIP upon
knockout of miR-155 in mouse T cells (Loeb et al., 2012). Otherwise as in (B). (E) Relationship
between enrichment of reads observed at differential CLIP peaks (comparing reads in wild-type
to those in miR-155—knockout T cells) and the occupancy of AGO-miR-155 on these CLIP-
supported sites as predicted by the biochemical+ model. The Spearman correlation coefficient
and p-value for this relationship are reported in the bottom right. Points are colored by the
identity of the best canonical site type in each CLIP-peak sequence. This relationship was
observed for only this CLIP dataset, which was the highest-quality CLIP dataset we evaluated; it
had 12 replicates and was the only one that could match the biochemical+ model in identifying
top targets (D).
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Figure S9. Additional analyses and data related to training the CNN. (A) Schematic of the
CNN architecture. Each miRNA and 12-nt k-mer pair was represented by a 10 x 12 X 16 matrix,
where [7, j, 1 : 16] represented the one-hot encoding of the ith nucleotide of the miRNA and the
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jth nucleotide of the 12-nt k~-mer. This input was passed through a 1 % 1 convolution with 4
neurons, followed by batch normalization and leaky ReL U activation. This fed into a 2 x 2
convolutional layer with 16 neurons, batch normalization, and leaky ReLU. The third layer was a
fully connected layer with 16 neurons, batch normalization, and leaky ReLU. Its weights were
multiplied by a mask that preserved weights along the diagonal of miRNA—target pairing,
allowing up to 4 nt of offset, and set the remaining weights to 0. The output of this third layer fed
into a final fully connected layer to produce the predicted relative Kp value. (B) Response of
mRNAs to transfected miRNAs used for training. Each plot shows the cumulative distributions
of fold-change values in HeLa cells. Results are shown for mRNAs with either a 7—8-nt
canonical 3'-UTR site to the transfected miRNA strand (red), a 78-nt canonical 3’-UTR site to
the transfected passenger strand (blue), or no canonical site (6mer, 7mer-Al, 7mer-m8, or 8mer)
to either strand (black).
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Figure S10. Response of mRNAs to transfected miRNAs used for testing. Each plot shows
cumulative distributions of fold-change values of mRNAs in HEK293FT cells. Otherwise, as in
Figure S9B.
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Figure S11. Relationship between mean fold change conferred by each site type in HEK293FT
cells and CNN-predicted relative Kp values. Results are shown for the six canonical site types
and the predicted noncanonical sites found by examining the 12-nt k-mers that had the highest-
affinity CNN-predicted Kp values but lacked a canonical site. The miRNAs of the final two
panels, miR-375 and miR-451a, contained CpG dinucleotides in their seed regions, which
substantially reduced their site abundances in the transcriptome. As a result, the 8mer and 7mer-
m3 sites for miR-375 and the 8mer and 7mer-Al sites for miR-451a each had <20 instances in
the 3' UTRs under consideration, which fell below our threshold for inclusion in this type of
analysis, despite these sites having high predicted binding affinities. Otherwise, as in Figures
3D-3L
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Figure S12. Additional evaluation of the biochemical models using CNN-predicted Kp
values. (A) Performance of the models and the contribution of cognate noncanonical sites to
performance of the biochemical+ model. Results are shown for each of the 12 miRNAs of the
test set used in Figure 6. Otherwise, as in Figure 6D. (B) Performance of the biochemical+ model
using CNN-predicted Kp values compared to that of differential CLIP (left) and TargetScan
(right), as evaluated using mRNA changes observed upon overexpression of miR-20a in HeLa
cells (Zhang et al., 2018). Otherwise, as in Figures S8A and S8B. (C) Performance of the
biochemical+ model using CNN-predicted Kp values compared to that of differential PAR-CLIP
(left) and TargetScan (right), as evaluated using mRNA changes observed upon knockdown of
miR-302/367 in hESC cells (Lipchina et al., 2011). Otherwise as in (B). (D) Performance of the
biochemical and biochemical+ models using CNN-predicted Kp values compared to that of
TargetScan7, as evaluated using mRNA fold changes observed upon miR-122 knockout in
mouse liver cells (Eichhorn et al., 2014). Otherwise, as in Figure S8A. (E) Performance of the
biochemical+ model (blue) compared with estimated maximal 72 values (grey) for each of the
five miRNAs in Figure 5C. (F) Performance of the biochemical+ model using CNN-predicted
relative Kp values compared with estimated maximal 72 values for each of the 12 test miRNAs in
Figure 6. Otherwise, as in (E).
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Table S1.

Coefficients of linear effects in model of miRNA, site, and flanking-dinucleotide sequence
contribution to site binding affinity; related to Figure 4D. The four flanking dinucleotide
positions are labeled 5p1, 5p2, 3pl, and 3p2, in the 5'-to-3’ direction (e.g.,
5'-Ns5piNsp2ACAUUCCANGp1 N3p2-3' for the flanking dinucleotide context of the miR-1 8mer
site).

Aln(Kp)
Value Lower Cl (2.5%) Upper CI (97.5%)
miRNA coefficients
miR-1 -7.30 -7.39 -7.21
let-7a -8.36 -8.45 -8.27
miR-155 -6.52 -6.61 -6.43
miR-124 -7.22 -7.31 =713
Isy-6 -6.16 -6.25 -6.07
miR-7 -7.99 -8.08 -7.90
Site coefficients (with 8mer = 0)
7mer-m8 0.94 0.85 1.03
7mer-A1 1.55 1.46 1.64
6mer 244 2.34 2.54
6mer-m8 5.37 5.28 5.46
6mer-A1 4.45 4.36 4.54
5p1 coefficients (with A =0)
C 0.57 0.50 0.63
G 0.86 0.80 0.93
U 0.16 0.10 0.23
5p2 coefficients (with A =0)
C 0.62 0.56 0.69
G 1.09 1.03 1.16
U -0.10 -0.16 -0.04
3p1 coefficients (with A =0)
C 0.17 0.10 0.24
G 0.52 0.45 0.59
U -0.17 -0.24 -0.10
3p2 coefficients (with A = 0)
C 0.07 -0.01 0.14
G 0.59 0.52 0.67
U -0.01 -0.09 0.06
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Table S2.
Coefficients of pairwise interaction terms of the model described in Table S1 and Figure 4D.

Aln(Kp)
Value Lower Cl (2.5%) Upper CI (97.5%)
miRNA x site coefficients (with all miRNA x 8mer and all miR-1 x site pairs = 0)

let-7a x Tmer-m8 0.02 -0.10 0.15
miR-155 x 7mer-m8 0.30 0.17 0.42
miR-124 x 7mer-m8 0.04 -0.08 0.17
Isy-6 x 7Tmer-m8 0.64 0.52 0.77
miR-7 x 7mer-m8 -0.13 -0.25 -0.00
let-7a x 7mer-A1 0.61 0.49 0.74
miR-155 x 7mer-A1 -0.18 -0.31 -0.06
miR-124 x 7Tmer-A1 2.04 1.91 2.16
Isy-6 x 7mer-A1 0.73 0.59 0.86
miR-7 x 7mer-A1 1.34 1.21 1.46
let-7a x 6mer 0.63 0.50 0.77
miR-155 x 6mer 0.19 0.06 0.33
miR-124 x 6mer 2.13 1.99 2.27
Isy-6 x 6mer 1.20 1.05 1.35
miR-7 x 6mer 1.23 1.09 1.37
let-7a x 6mer-m8 -0.26 -0.38 -0.13
miR-155 x 6mer-m8 -0.93 -1.06 -0.81
miR-124 x 6mer-m8 -1.68 -1.81 -1.55
Isy-6 x 6mer-m8 -1.14 -1.26 -1.01
miR-7 x 6mer-m8 0.17 0.04 0.29
let-7a x 6mer-A1 -0.39 -0.52 -0.26
miR-155 x 6mer-A1 0.21 0.08 0.33
miR-124 x 6mer-A1 -0.09 -0.22 0.04
Isy-6 x 6mer-A1 -0.80 -0.92 -0.67
miR-7 x 6mer-A1 -1.09 -1.21 -0.96

5p1 x 5p2 coefficients (with all Ax Nandto N x A=0)
CxC -0.09 -0.18 -0.00
GxC -0.10 -0.19 -0.01
UxC 0.06 -0.03 0.14
CxG -0.02 -0.11 0.07
GxG 0.42 0.33 0.52
UxG 0.01 -0.08 0.10
CxU 0.45 0.36 0.54
GxU 0.21 0.11 0.30
Uuxu 0.29 0.20 0.38

3p1 x 3p2 coefficients (with all Ax Nand to N x A =0)
CxC 0.15 0.05 0.24
GxC -0.11 -0.21 -0.02
UxC 0.11 0.01 0.20
CxG -0.11 -0.21 -0.01
GxG -0.13 -0.23 -0.04
UxG 0.01 -0.09 0.10
CxU 0.07 -0.03 0.17
GxU -0.03 -0.13 0.06
Uuxu -0.03 -0.12 0.07
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Abstract

MicroRNAs (miRNAs), in association with Argonuate (AGO) proteins, direct repression by
pairing to sites within mRNAs. Compared to pairing preferences of the miRNA seed region
(nucleotides 2—8), preferences of the miRNA 3’ region are poorly understood, due to sparsity of
measured affinities for the many possibilities. We used RNA bind-n-seq with purified AGO2—-
miRNA complexes to measure relative affinities of >1,000 3'-pairing architectures. Optimal 3’
pairing compensated for a seed mismatch to increase affinity by up to >500-fold. Some miRNAs
had two high-affinity 3'-pairing modes—one of which allowed pairing to miRNA nucleotide 11
but required additional nucleotides to bridge seed and 3’ pairing. Both the affinity of the binding
modes and the position of optimal pairing tracked with the occurrence of G or oligo(QG)
nucleotides within the miRNA. These and other results advance understanding of miRNA

targeting, providing insight into how optimal 3’ pairing is determined for each miRNA.

Highlights

* RNA bind-n-seq reveals relative affinities of >1,000 3'-pairing architectures

* Two distinct 3’-binding modes enhance affinity—by as much as >500-fold for some miRNAs
* G and poly(G) nucleotides help define the miRNA 3’ segment most critical for pairing

* Seed mismatch identity can influence the contribution of compensatory 3’ pairing

Introduction

MicroRNAs (miRNAs) are ~22-nt regulatory RNAs that are processed from hairpin precursors.
Upon processing, miRNAs associate with an Argonaute (AGO) protein and pair to sites within
mRNAs to direct the destabilization and/or translational repression of these mRNA targets

(Bartel, 2018; Jonas and Izaurralde, 2015). For most sites that confer repression in mammalian
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cells, pairing to miRNA nucleotides 2—7, referred to as the miRNA seed, is critical for target
recognition, with an additional pair to miRNA position 8 or an A across from miRNA position 1
often enhancing targeting efficacy (Bartel, 2009; Lewis et al., 2005). Such sites with a perfect 6—
8-nucleotide (nt) match to the miRNA seed region (Figure 1A) are heuristically predictive of
repression, with longer sites being more effective than shorter ones and more sites being more
effective than fewer sites (Agarwal et al., 2015; Grimson et al., 2007). In addition, contextual
features extrinsic to a site itself can also influence targeting efficacy. For example, sites are
typically more effective if they reside in the 3’ untranslated region (UTR) and out of the path of
either the scanning initiation complex or the translating ribosome (Grimson et al., 2007). They
are also more effective if they reside either near to other sites that can act cooperatively or within
a region that is not predicted to form occlusive secondary structure (Agarwal et al., 2015;
Grimson et al., 2007; McGeary et al., 2019; Satrom et al., 2007; Wan et al., 2014).

Pairing to the miRNA 3’ region, particularly pairing that includes miRNA nucleotides
13—-16, can supplement perfect seed pairing to enhance targeting efficacy beyond that of seed
pairing alone, and extensive pairing to the 3’ region can compensate for imperfect seed pairing to
enable consequential repression (Brennecke et al., 2005; Grimson et al., 2007; Lewis et al.,
2005). These two bipartite site types are referred to as 3'-supplementary and 3’-compensatory
sites, respectively (Figure 1A). Although 3’-supplementary sites are less common than sites with
only a seed match, comprising ~5% of all conserved sites observed in mammals, thousands of
sites with preferentially conserved 3'-supplementary pairing are present in human 3" UTRs
(Friedman et al., 2009). Conserved 3'-compensatory sites are even less common, comprising
only ~1.5% of all preferentially conserved sites observed in human 3" UTRs (Friedman et al.,
2009). Nonetheless, two instances of this relatively rare site type within the 3" UTR of lin-41

mediate the extreme morphological and developmental defects by which the /et-7 miRNA was
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discovered in C. elegans (Ecsedi et al., 2015; Reinhart et al., 2000). Moreover, the use of these
3’-compensatory sites rather than canonical sites for /in-41 repression is consequential; site
mutations that create perfect pairing to the let-7 seed cause precocious repression of the mRNA
by other members of the let-7 seed family expressed during earlier larval stages (Brancati and
GroBhans, 2018). These results support the notion that 3’-compensatory sites enable differential
target specificity between miRNAs that share common seed sequences but differ within their 3’
regions (Brennecke et al., 2005; Lewis et al., 2005).

Although the global analyses of site conservation and efficacy provide compelling
evidence that pairing to the miRNA 3’ region is also utilized in mammalian cells, these analyses
leave many questions unanswered. For example, analysis of site conservation can provide an
estimate of the number of sites with 3’-supplementary/compensatory pairing that are under
purifying selection, but among these sites, it cannot cleanly distinguish those under selection
from those conserved by chance (Friedman et al., 2009). Likewise, global analysis of the effects
of perturbing miRNAs on mRNA levels (or on translational efficiency) is most reliable when
averaging the effects over sites from many mRNAs (Grimson et al., 2007), which can obscure
the identification of particularly efficacious sites. Global analyses of site conservation and
efficacy also become less useful when examining rarer site types. For example, obtaining a
reliable signal for preferential conservation of 3’-supplementary/compensatory pairing requires
aggregating data from multiple miRNAs, which obscures differences between miRNAs, and
even when aggregating multiple miRNA-perturbation (e.g., transfection) datasets, which enables
efficacy of 3'-supplementary sites to be detected, a signal for the efficacy of the rarer 3'-
compensatory sites has not been detected.

Understanding the contribution of pairing to the miRNA 3’ region is further complicated

by the vast number of possible variations in 3'-pairing architecture. When describing the pairing
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architecture of a 3’-compensatory site, five characteristics must be specified: 1) the length of
contiguous pairing between the site and the miRNA 3’ region, 2) the position of pairing to the
miRNA 3’ region, as defined by the 5'-most miRNA nucleotide involved in 3’ pairing, 3) the
difference between the number of unpaired target nucleotides and number of unpaired miRNA
nucleotides bridging the seed and 3’ pairing, hereafter referred to as the “3'-pairing offset,” 4) the
nature of the imperfect pairing to the seed, and 5) the nature of any imperfections in the 3’
pairing (Figure 1B). When considering only sites with perfect 3’ pairing with lengths ranging
from 4-11 base pairs (bp), offsets ranging from —4 to +16 nt, and seed pairing interrupted by one
of 18 possible single mismatches (or wobbles) to the 6-nt seed, there are >16,000 possible
variants to the site architecture. For any miRNA under consideration, most of these variants are
not present in the transcriptome, which limits the utility of global analyses of conservation or
efficacy, or any other approach that requires one or more instance of the site in the transcriptome.
The observation that miRNA targeting efficacy observed in the cell is largely a function
of the affinity between the AGO—miRNA complex and the site (McGeary et al., 2019), indicates
that contributions of 3’ pairing to affinities measured in vitro can provide insight into biological
targeting efficacy. Affinities for the sites that have been measured reveal some differences
between miRNAs and a striking effect of longer pairing (Becker et al., 2019; Salomon et al.,
2015; Sheu-Gruttadauria et al., 2019a, 2019b; Wee et al., 2012). For example, pairing to
positions 13—16 imparts only a 2-fold increase in binding affinity for let-7a (Wee et al., 2012)
and miR-122 (Sheu-Gruttadauria et al., 2019b), but an 11-fold increase for miR-21 (Salomon et
al., 2015), raising the question of whether these differences are due to different miRNAs having
different capacities to benefit from 3’ pairing, or distinct optimal positions or offsets of pairing.
Alternatively, these differences might be attributable to the particular non-3'-paired, seed-only

sites used for reference. Another report showed that 10 bp of 3'-supplementary pairing could
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decrease the dissociation rate constant (kofr) of a miR-122 site by 20-fold (with a presumed
corresponding increase in affinity), whereas 9 bp of 3’-supplementary pairing (including a
terminal G:U wobble) could increase the binding affinity of a miR-27a site by >400-fold (Sheu-
Gruttadauria et al., 2019b). In another report, the binding affinity of two synthetic variants of
miR-122 was shown to vary ~10-fold with the extent of 3’-pairing offset (Sheu-Gruttadauria et
al., 2019a), as examined in the context of one seed site-type (7mer-m8), one 3'-pairing length (4
bp involving miRNA nucleotides 13—16), target RNAs that terminated immediately after pairing
to nucleotide 16, and with poly(A) sequence bridging the seed and supplementary pairing. Taken
together, these reports unambiguously demonstrate the potential for miRNA 3’ pairing to enable
high-affinity binding, and also illustrate that the realized benefit of this pairing varies
considerably depending on the miRNA sequence and the particular architecture of the seed and
3’ pairing of the target site. Owing to the large number of such pairing possibilities for even a
single miRNA, a precise description of how these features together modulate the benefit of 3’
pairing will be possible only after acquiring many more measurements.

Imaging-based, high-throughput single-molecule biochemistry has recently been applied
to acquire affinity measurements for ~23,000 sites for each of two miRNAs (let-7a and miR-21),
including many sites with 3’ pairing (Becker et al., 2019). These measurements revealed that
miR-21 relies more on 3’ pairing when binding to a fully complementary target than does let-7a,
that homopolymeric insertions are the least disruptive to binding when inserted between
nucleotides 8 and 11 within the context of fully complementary binding, and that mismatches
near the miRNA 3’ terminus (after position 16) increase target slicing and decrease binding
affinity. However, because the design of target libraries was based primarily on fully
complementary RNA targets to which varying extents of mismatched, bulged, and deleted

nucleotides were introduced, only a small minority of the target RNAs queried possess 3'-
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compensatory sites, which have both a seed mismatch and intermediate complementarity to the
miRNA 3’ end. Furthermore, most of the target RNAs that do possess either a 3’-compensatory
site or a 3'-supplementary site have a site with an offset of 0 nt, leading to the exclusion of most
potential site architectures. A fuller understanding of the contribution to pairing to the miRNA 3’
region requires the acquisition of many more affinity measurements with target RNA sequences
that vary with respect to their seed pairing, and the position, offset, and length of 3’ pairing.
RNA bind-n-seq (RBNS) enables unbiased, high-throughput assessment binding sites
embedded within a larger random-sequence context (Dominguez et al., 2018; Lambert et al.,
2014). We recently adapted RBNS for the study of miRNA targeting, and we built an analysis
pipeline enabling calculation of relative equilibrium dissociation constants (Kp values) for many
thousands of different RNA k-mers <12 nt in length, which allowed for quantitative comparisons
of putative site types and sequence features that would not be possible by analysis of k-mer
enrichment alone (McGeary et al., 2019). Applying this AGO-RBNS platform to AGO-miRNA
complexes with six different miRNAs revealed noncanonical target sites specific for each
miRNA, miRNA-specific differences in canonical target-site affinities, and large effects of
nucleotides flanking each site (McGeary et al., 2019). Here, we further adapted the AGO-RBNS
protocol to enable examination of sites >12 nt in length, thereby enabling the high-throughput
investigation of bipartite sites containing near-perfect seed pairing and 4—11 additional pairs to
the miRNA 3’ region. We applied this modified protocol to the systematic interrogation of the

contribution of 3’ pairing for three natural miRNA sequences and four synthetic derivatives.

RBNS measures affinities for many 3’-compensatory sites of let-7a
As previously implemented, AGO-RBNS utilizes a series of binding reactions, each containing

an RNA library at a concentration of 100 nM and a purified AGO-miRNA complex at one of
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Figure 1. Features of miRNA 3’-compensatory sites characterized using AGO-RBNS.

(A) Pairing of typical canonical sites (left), 3’-supplementary, canonical sites (upper right), and
3’-compensatory, noncanonical sites (lower right). Canonical sites contain contiguous pairing
(blue) to the seed (red). Sites with shifted complementarity (i.e., the 6mer-A1 and 6mer-m8) are
sometimes also classified as canonical sites. 3'-supplementary sites have canonical seed pairing
in addition to pairing to the miRNA 3’ region, typically including pairing (green) to miRNA
nucleotides 13—16 (yellow). 3'-compensatory sites contain fewer than six nucleotides of
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contiguous Watson—Crick pairing to the seed region and additional pairing to the 3’ region, also
typically including pairing to miRNA nucleotides 13—16. N represents A, C, G, or U; B
represents C, G, or U; vertical lines represent Watson—Crick pairing, and M opposite N
represents a non-Watson—Crick match. (B) Four independent features that define architectures of
3’-compensatory sites with single seed mismatches: 1) the length of 3’ pairing (upper left),
measured as the number of contiguous base pairs to the miRNA 3’ region; 2) the position of 3’
pairing (upper right), defined as the 5’-most miRNA nucleotide engaged in 3’ pairing; 3) the
offset between the seed pairing and 3’ pairing (lower left), which specifies the number of
unpaired nucleotides separating the seed- and 3'-paired segments in the target RNA relative to
that in the miRNA; and 4) the position and identity of the mismatch to the seed (lower right). 3'-
compensatory architectures can also differ due to mismatched or bulged nucleotides within the 3’
pairing, which is not shown. (C) A programmed AGO-RBNS RNA library for let-7a. The library
contains an 8-nt region with all 18 possible single-nucleotide mismatches (pink) to the let-7a
seed (red), with 25 nt of random-sequence RNA upstream of this region and 5 nt of random-
sequence RNA downstream. Library positions are numbered with respect to the programmed 8-
nt mismatched site. B represents C, G, or U; D represents A, G, or U; V represents A, C, or G; N
represents A, C, G, or U. The black vertical line depicts perfect pairing to position 8, and gray
vertical lines indicate a non-Watson—Crick match somewhere within the seed pairing. (D) The
top 20 8-nt k-mers identified by AGO-RBNS performed with the highest concentration of
AGO2-let-7a (840 pM) and the programmed library (100 nM). k-mers were ranked by the sum
of their enrichments at the five positions of the library at which they were most enriched. Left,
alignment of k-mers, indicating in pink nucleotides that were not Watson—Crick matches to the
miRNA. Right, heat map showing k-mer enrichment at each position of the library, with pairing
shown for the top 8-nt k-mer at the position of the library at which it was most enriched. Black
vertical lines depict perfect Watson—Crick pairing, and gray vertical lines indicate a non-
Watson—Crick match somewhere within the seed pairing.

several concentrations spanning a 100-fold range. Each molecule of the RNA library has a
central region of 37 random-sequence nucleotides flanked by constant sequences on each side
that enable preparation of sequencing libraries. Upon reaching binding equilibrium, each reaction
is passed through a nitrocellulose membrane, which retains the AGO-miRNA complex and any
library molecules that are bound to the complex. These bound library molecules are isolated and
subjected to high-throughput sequencing, along with the input RNA library. For any k-mers <12
nt, binding can be detected as enrichment in the bound compared to input sequences.

Furthermore, relative Kp values can be estimated simultaneously for hundreds of thousands of
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different k-mers by fitting a biochemical model to k-mer fractional abundances from each of the
bound libraries.

As originally implemented, AGO-RBNS cannot provide reliable information on sites
with more than ~5 supplementary/compensatory pairs because such sites, which involve >12 nt
of total pairing (Figure 1A, right), are too rare in the sequences obtained from input RNA library
to enable accurate calculation of enrichment values. To overcome this constraint for sites to let-
7a, we replaced the random-sequence library with a library that was heavily enriched in 3'-
compensatory sites to let-7a because each molecule of the library was designed to contain a
programmed region of imperfect seed pairing to let-7a embedded within the random-sequence
region, with 25 and 5 nt of random-sequence RNA separating the programmed region from the 5’
and 3’ constant sequences, respectively (Figure 1C). In each library molecule, this programmed
region of imperfect seed pairing matched let-7a at positions 1 and 8, and at all but one position of
its 6-nt seed, such that each library molecule contained one of 18 possible single-nucleotide seed
mismatches (including wobbles) in approximately equal proportion. With this programmed
region of imperfect seed pairing, each library contained 3'-compensatory sites at a ~250-fold
greater frequency than expected for a fully randomized RNA library.

AGO-RBNS was performed using this programmed library and purified AGO2—let-7a.
For our initial analysis, we calculated the enrichment of all 8-nt k-mers at each position between
the two constant regions of the library. To survey preferred 3'-pairing positions and offsets, we
ranked these k-mers on the basis of the enrichment observed at their five most optimal offsets
and examined the top 20 k-mers 8 nt in length (Figure 1D). The most enriched was
AUACAACC—the perfect Watson—Crick match to positions 11-18 of the let-7a miRNA (Figure
1D). This 8-nt 3’ site was most strongly enriched when starting at position 15 of the library,

thereby creating an internal loop with two miRNA nucleotides (9 and 10) and six target-site
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nucleotides (positions 9-14) separating seed pairing and 3’ pairing (Figure 1D, top). Using our
nomenclature (Figure 1B), this 3’ site was classified as a position-11 site with pairing length of 8
bp and offset of +4 nt. This 8-nt position-11 site was also >5-fold enriched at seven other
neighboring offsets, indicating that looping out 3—10 unpaired library nucleotides opposite
miRNA nucleotides 9 and 10 was tolerated, albeit to varying degrees (Figure 1D).

The second-most enriched 8-nt k&~-mer was UACAACCU—the perfect Watson—Crick
match to let-7a positions 10—17 (Figure 1D). This 3’ site had a maximal enrichment with 5, rather
than 6, unpaired library nucleotides spanning the seed and 3’ pairing, with the distribution of
enrichments shifted by 1 nt in comparison to that of the AUACAACC site. This 1-nt shift in the
enrichment distribution corresponded with the 1-nt shift in site position (from 11 to 10 of the
miRNA) to maintain an optimal offset of +4 target nucleotides. Indeed, the next 18 most
enriched 8-nt k-mers represented 3’ sites with the pairing positions ranging from miRNA
nucleotides 9-12 and enrichment distributions that correspondingly shifted to maintain an
optimal offset of +4 target nucleotides (Figure 1D). Each had a contiguous stretch of 6—8 perfect
Watson—Crick pairs to the let-7a 3’ region, usually including the ACAACC 6-nt k-mer, which
suggested that perfect pairing to let-7a positions 11-16, with a +4-nt offset, was particularly

important for enhancing site affinity.

let-7a has two distinct 3’-pairing modes

For more comprehensive examination of 3’ sites of varied lengths, positions, and offsets (Figure
1B), we enumerated 3’ sites of lengths 4—11 nt that perfectly paired to the miRNA starting at any
position downstream of nucleotide 8. For each length and position of 3’ pairing (e.g., for the
4mer-m9-12, the 4mer-m10-13, etc.), we further enumerated all pairing offsets compatible with

the 3’ site residing within the 25-nt random-sequence region upstream of the programmed site,
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which resulted in 1006 distinct 3'-site possibilities. For our initial Kp estimation and analyses, we
did not distinguish between the 18 possible seed-mismatch types, which increased the reads for
each 3'-site possibility, thereby enabling examination of sites as long as 11 nt. We also
enumerated each canonical site (including the 6mer-m8 and 6mer-A1 sites, Figure 1A) residing
with the 25-nt random-sequence region, as well as each of the 18 single-nucleotide seed-
mismatch sites residing within this region.

Simultaneous estimation of the fractional abundance of these sites in each of the AGO2—
let-7a-bound libraries in comparison to that of the input library enabled calculation of their
relative Kp values. The relative Kp values corresponding to 3’ pairing spanned a >500-fold range
(Figure 2A), with strong agreement observed between the results of replicate experiments
performed independently with different preparations of both AGO2—let-7a and the let-7a
programmed library (+* = 0.96, Figure S1A, left). Agreement between the two replicates was
maintained when assigning each site to one of 18 3'-compensatory sites, each with a different
single-nucleotide seed mismatch (> = 0.78, n = 23,912; Figure S1A, right), albeit to a lesser
degree, illustrating the utility of pooling the results for different seed mismatches to obtain
higher sequencing coverage when querying each 3'-pairing possibility. Furthermore, for shorter
3’ sites, which could be analyzed using data from a standard AGO-RBNS experiment that used a
non-programmed random-sequence library (McGeary et al., 2019), the relative Kp values
determined from the programmed library correlated well with those determined from a random-
sequence library (#> = 0.83, Figure S1B). Despite the overall correlation, a minor systematic
difference in the values for the same sites determined from the two types of libraries was
observed. This offset was attributable to a distortion caused by the absence of no-site-containing

RNA molecules in the programmed library and was corrected accordingly (Figure S1B).
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Plotting the cumulative distribution of affinities for the 1006 3'-compensatory sites
stratified according to their length revealed a generic benefit for 3’ pairing of increasing lengths,
with the median fold-change in relative Kp value in comparison to mismatched seed pairing
alone increasing from 1.8- to 3.4- to 36.3-fold as pairing length increased from 4 to 7 to 11 bp,
respectively (Figure 2A). Moreover, as 3'-pairing lengths increased, a larger percentage of the
more effective 3’ sites exhibited more improved binding affinity than might have been expected
based on distributions observed for shorter 3’ sites, indicating preferences for pairing positions
and offsets that became more prominent with greater complementarity to the miRNA 3’ end.

To explore these preferences, we identified the pairing position associated with the
highest-affinity 3’ site at each length and examined the relative affinities for pairing at that
position over a range of pairing offsets (Figure 2B). Nearly all possibilities examined had values
readily distinguished from the log-averaged value for seed-mismatched sites alone, with
compensatory pairing to miRNA nucleotides 11-16 at optimal offsets yielding binding affinities
comparable to that of the canonical 6mer (Figure 2B, left). Further inspection of longer 3’ sites
underscored the conclusion that pairing to the GGUUGUA segment spanning positions 11-17 of
let-7a is the most consequential for 3'-supplementary pairing, as all optimal pairing positions for
3’ sites >7 nt in length paired to this segment. Moreover, inspection of the optimal positions for
shorter sites showed that pairing to the 5’ end of this segment (containing the sequence GGUU)
was more impactful than pairing to its 3’ end (Figure 2B, right). In addition, increasing the length
of pairing from 4 to 11 bp led not only to increased binding affinity at almost all offsets, as might
have been expected, but also led to a shift in the optimal offset, with a preferred offset of +2 nt
when pairing with only 4 bp and an offset centering on +4 nt when pairing to optimal 3’ sites
with 9—11 bp (Figure 2B, left). These length and offset preferences were also observed when

examining results of the let-7a replicate experiment (Figures S2A and S2B). Moreover, similar
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analyses with the canonical sites yielded no strong positional preferences (Figures S2C—S2E),
consistent with the interpretation that the offset preferences observed for the 3’ sites were
informed predominantly by binding events that included seed-pairing to the programmed
mismatch sites.

To investigate the underpinnings of the change in preferred offset, we plotted the relative
affinities of all possible positions, lengths, and offsets for let-7a 3’ pairing (Figure 2C). As
pairing length increased beyond 6 bp, two distinct trends emerged: one with a maximal offset of
+4 nt and higher-affinity relative Kp values, and another with a maximal offset of +1 nt and more
modest relative Kp values. These two offset trends indicated two distinct binding modes.
Moreover, the maximal offset of +4 nt nearly always occurred for configurations that included
pairing to the G at position 11 of let-7a, with an abrupt switch from the preferred offset of +1 nt
to a preferred offset of +4 nt when 3’ pairing began at position 11 rather than 12. These results
suggested that pairing to position 11 in the central region of the miRNA is less accessible than
pairing to position 12, and therefore a longer loop in the target sequence is required to bridge
seed pairing with 3’ pairing that includes position 11. Nonetheless, when pairing to position 11 is
enabled through this second binding mode, substantially greater affinity can be achieved.

Some of the lowest relative affinity values were observed for extended 3'-pairing
possibilities that began at position 9 with an offset of 0 nt (Figure 2B and C, asterisks). These
low values were attributed to AGO2-catalzyed slicing of molecules with extensive contiguous
pairing, which depleted these molecules from our bound library. Supporting this idea, analogous
sites with offsets of either —1 or +1 nt, which were expected to disrupt slicing due to single-nt
bulges in either the miRNA or the site, respectively, did not have aberrantly low relative

affinities. Our observation of some slicing during the course of the binding experiment was
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consistent with reports that AGO2 can slice sites that have a seed mismatch but are otherwise
extensively paired to the guide RNA (Becker et al., 2019; Chen et al., 2017; Wee et al., 2012).

We next used heat maps to visualize the interplay between 3'-site position and pairing
length at different offsets (Figure 2D). At the optimal offset length of +4 nt, pairing to let-7a
positions 10-20 conferred an ~380-fold increase in affinity over the average seed-mismatched
site alone (Figure 2D), leading to an overall binding affinity rivaling that of the canonical 8mer
(Figure 2B). The binding affinity of this site and all other sites decreased in a uniform manner
with increasing offset values beyond +4 nt. With the exception of pairing configurations
beginning at position 12, the binding affinities also uniformly decreased when decreasing the
offset value from +4 nt, which further underscored the dominance of the +4-nt binding mode for
let-7a.

Previous low-throughput measurements of the benefit of 3’ pairing for let-7a examined
the influence of pairing to miRNA positions 13—16 at an offset of 0 nt and found that this pairing
conferred a 1.6-2-fold increase in binding affinity (Salomon et al., 2015; Wee et al., 2012).
Likewise, our measurements for this 4-nt 3’ site indicated that it conferred a 1.5-fold increase in
affinity (Figure 2D). Furthermore, maintaining the offset of 0 nt and the pairing position of 13
and extending pairing to the very 3’ end of let-7a improved the binding affinity to only 3.1-fold
(Figure 2D). These results highlight the importance of both the +4-nt offset and pairing to
position 11 of let-7a—two features that would have been difficult to identify without
comprehensive investigation of the 3'-pairing preferences of this miRNA. Indeed, the importance
of these two features is not revealed in an analysis of a dataset that reports the affinities ~23,000
different sites to let-7a because these ~23,000 sites were not designed to analyze the combined

effects of varying both pairing position and pairing offset (Becker et al., 2019) (Figure S3).
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Figure 2. Pairing to nucleotide 11 and a +4-nt offset promote high-affinity binding to let-7a.

(A) Cumulative distributions of relative Kp values for let-7a 3’-compensatory sites that have 4
(orange) to 11 (dark blue) contiguous base pairs of 3’ pairing. Each relative Kp value corresponds
to a single length, position, and offset of 3’-compensatory pairing, and was calculated after
aggregating the read counts of all 18 possible seed-mismatch types at the programmed region of
the library. For comparison, the distribution for sites with <4 bp of contiguous 3’ pairing is also
shown (black); for this distribution relative Kp values of each of the 18 seed-mismatch types
were calculated separately. (B) Relative Kp values of let-7a 3'-compensatory sites that had
optimally positioned 3’ pairing of lengths 4—11 bp. For each of these 3'-pairing lengths, the
position associated with the greatest affinity is shown (right), and the relative Kp values of the 3'-
compensatory sites at each measured offset are plotted (left). Vertical lines indicate 95%
confidence intervals. The dashed horizontal line indicates the geometric mean of the 18 relative
Kp values of the seed mismatch sites, each calculated from reads with <4 nt of contiguous
complementarity to the miRNA 3’ region. The horizontal blue and purple lines indicate the
relative Kp values of the canonical 6mer and 8mer sites, respectively. The asterisk denotes
anomalously low binding affinity observed for pairing at position 9 with an offset of 0 nt. (C)
The dependency of let-7a 3'-pairing affinity on pairing length, position, and offset. Each panel
shows the relative Kp values for 3’ pairing of a specified length over a range of positions and
offsets. Each trend line is colored according to pairing position, spanning positions 9 (light
violet) to 18 (red) when possible. Otherwise, these panels are as in (B, left). (D) Affinity profile
of the let-7a 3’ region. Each cell indicates the fold-change in relative Kp attributed to a 3’ site
with indicated length, position, and offset of pairing. Each row within a heat map corresponds to
a different miRNA nucleotide at the start of the 3’ pairing, and each column corresponds to a
different miRNA nucleotide at the end of the 3’ pairing. Each heat map shows the results for a
different offset. The three diagrams indicate the fold-change values and architectures for 3’ sites
pairing to miRNA nucleotides 13—16 with an offset of 0 nt (left), pairing to miRNA nucleotides
13-21 with an offset of 0 nt (middle), and pairing to miRNA nucleotides 10-20 with an offset of
+4 nt (right). Gray boxes indicate pairing ranges that were either too short (<4 bp) or too long
(>11 bp) for relative Kp values to be reliably calculated. Black vertical lines depict perfect
Watson—Crick pairing, and gray vertical lines indicate a non-Watson—Crick match somewhere
within the seed pairing.

Different miRNAs have distinct 3’-pairing preferences

The optimal 3'-pairing architecture for let-7a differed from that previously elucidated for
miRNAs more generally (Grimson et al., 2007). When pooling repression and conservation data
for 11 miRNAs, pairing to miRNA nucleotides 13—16, with an offset of 0 nt appears to be most
consequential (Figure 1A) (Grimson et al., 2007). Because the previous analysis represents the
average of trends derived from multiple miRNAs, a diversity of miRNA-specific 3'-pairing

preferences, analogous to the observed diversity of seed-pairing preferences (McGeary et al.,
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2019), might explain this disagreement. We therefore measured the 3'-pairing profiles of two
other miRNAs, miR-1 and miR-155, for comparison to the let-7a profile. As with let-7a, we
synthesized programmed libraries enriched for all possible single-nucleotide seed mismatches at
positions 2—7, performed AGO-RBNS, and calculated relative Kp values for 3’ sites 4-11 nt in
length, at all possible positions and offsets present within the library.

Stabilizing 3’ pairing was observed for both miR-1 (Figures 3A and 3B) and miR-155
(Figures 3C and 3D), with binding affinity increasing with the length of pairing, as observed for
let-7a (Figure 2). However, the magnitude of increased binding affinity differed from that of let-
7a and that of each other: the affinity of 3’ pairing to miR-1 was more modest, with only a
handful of 11-bp pairing possibilities reaching affinity comparable to that of the canonical 6mer
site (Figure 3A), whereas for miR-155, most 8-bp pairing possibilities achieved such affinity
(Figure 3C). The positions of the best sites at each length also differed from let-7a. For miR-1,
optimal 4-bp sites paired to miRNA nucleotides 12—15, and as optimal sites increased in length,
pairing extended continuously, primarily towards the 3’ end of the miRNA and never reaching to
miRNA nucleotide 10 (Figure 3B, right). By contrast, for miR-155, optimal 4-bp sites paired to
miRNA nucleotides 13—16, and as optimal sites increased in length, pairing sometimes shifted
discontinuously and never included miRNA nucleotide 12 (Figure 3D, right).

Analysis of each of the optimal 3’ sites of miR-1 and miR-155 along the length of the
random region indicated that, unlike sites for let-7a, those for neither of these two miRNAs
underwent a significant shift in the preferred offset (Figures 3B and 3D, left). Nevertheless, the
offset preferences of miR-1 did become more tolerant of a wider range of positive values,
consistent with a minor contribution of an alternative binding mode resembling that of let-7a.
The offset preferences of miR-155 substantially diminished with increased pairing. These

reduced offset preferences coincided with pairing to the G19G20G21Ga2 stretch near the 3’ end of
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miR-155 and might relate to the ability of this miRNA to participate in seed-autonomous 3'-
pairing, as detected when performing AGO-RBNS with fully randomized RNA libraries
(McGeary et al., 2019). However, distinguishing between seed-autonomous pairing and seed-
dependent, offset-agnostic 3’-compensatory pairing was not possible using our results, due to the
presence of a seed-mismatched site in each molecule of the programmed library.

In summary, the most optimal 3’ sites each paired to at least two nucleotides of the
miRNA segment spanning positions 13—16, which was previously identified as most
consequential for 3’ pairing, but frequently did not pair to the entire segment. Shorter optimal
sites consistently preferred pairing to G nucleotides adjacent to miRNA nucleotides 13—-16. For
example, shorter optimal sites to let-7a paired to the G11G12 sequence element 5’ of this segment
rather than to positions 15 and 16 (Figure 2B, right), the optimal 4-nt site to miR-1 paired to Gi2
rather than to position 16 (Figure 3B, right), and intermediate-length optimal sites to miR-155
paired to G19G20G21G22 rather than to positions 13 and 14 (Figure 3D, right). These trends were
also observed when comprehensively examining all possible positions, lengths, and offsets for
miR-1 and miR-155 (Figure S4). In aggregate, these results supported the report of an intrinsic
preference for pairing to miRNA nucleotides 13—16 (Grimson et al., 2007) but also indicated that
the miRNA sequence imparts additional preferences, resulting in unanticipated differences
between the optimal sites of individual miRNAs. These sequence-specific preferences tended to
favor pairing to G residues of the miRNA, which was presumably explained by the greater
stability of G:C pairing over A:U pairing, although the presence of only a single C nucleotide
prevented investigation of a primary-sequence preference among the 3’ regions of these three
miRNAs. We also observed differences between miRNAs in the strength of 3' pairing.
Compared to 3'-site affinities observed for let-7a, affinities were substantially lower for miR-1

and substantially greater for miR-155 (median Kp fold-change values with 11 bp of 3’ pairing,
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Figure 3. Relative affinity measurements of 3’-compensatory sites of miR-1 and miR-155.
(A) Cumulative distributions of relative Kp values for miR-1 3’-compensatory sites. Otherwise,
this panel is as in Figure 2A. (B) Relative Kp values of miR-1 3’-compensatory sites that had
optimally positioned 3’ pairing of lengths 4—11 bp. Otherwise, this panel is as in Figure 2B. (C)
Cumulative distributions of relative Kp values for miR-155 3’-compensatory sites. Otherwise,
this panel is as in Figure 2A. (D) Relative Kp values of miR-155 3'-compensatory sites that had
optimally positioned 3’ pairing of lengths 4—11 bp. Otherwise, this panel is as in Figure 2B.

36, 5.8, and 133 for let-7a, miR-1 and miR-155, respectively). Thus, our results indicated that the
loading of the guide RNA into the AGO protein does not fully standardize either the architecture

of optimal 3’ pairing or the magnitude of its benefit.

Pairing and offset coefficients describe unique 3'-pairing profiles for each miRNA
To summarize the results for miR-1 and miR-155, we generated heat maps representing the
binding affinity at all possible pairing positions for all pairing lengths of 4-11 bp, as a function

of pairing offset (Figure S5), as with let-7a (Figure 2C). Within each heat map, adjacent cells
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corresponded to the difference in Kp fold change caused by the addition or removal of a pair at
either the 5" end (adjacent rows) or the 3’ end (adjacent columns) of the 3’ site, while maintaining
the same offset. The similarities observed between heat maps for the same miRNA at different
offsets indicated that each change in offset altered the binding affinity of all 3'-pairing
possibilities in a consistent manner, which in turn indicated that for each of the three miRNAs,
the effect of pairing offset was largely independent of the effect of guide—target complementarity
(Figures 2C and S5).

To test this independence, we examined the extent to which the affinities could be
quantitatively explained as a simple function that considered the contribution of the pairing
range, which was defined by pairing position and length, as modified by the contribution of the
pairing offset. Our model explained the data well (> = 0.92, 0.86, and 0.96 for let-7a, miR-1, and
miR-155, respectively, Figure S6), and yielded a set of pairing and offset coefficients for each
miRNA. Each pairing coefficient represented the AG of the corresponding pairing range at its
optimal offset, and each offset coefficient represented the reduction in AG observed at
suboptimal pairing offsets (Figures 4A—4C). For each miRNA, the pairing coefficients
corresponded well with the affinities observed at the preferred offset (Figures 4A—4C, > = 0.98,
0.97, and 0.96, respectively). Moreover, these coefficients, which reported on the ensemble
behavior observed over all 934, 1061, and 1180 Kp values measured for let-7a, miR-1, and miR-
155, respectively, quantitatively captured the qualitative observations made earlier from analysis
of subsets of the data. For example, they captured the respective importance of pairing to
nucleotides 11, 12, and 20 and the respective preferences for offsets of +4, +1, and +1 nt for let-
7a, miR-1, and miR-155, respectively. They also captured the more narrowed offset preferences
of let-7a in comparison to those of miR-1 and miR-155 (Figures 4A—4C, middle-left) and the

contribution of pairing starting at miRNA position 15 for miR-155 (Figure 4C, left). Moreover,
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the high agreement of the pairing and offset coefficients of let-7a with those determined
independently from the let-7a replicate experiment (7 = 0.994 and 0.988, respectively; data not
shown) indicated that these coefficients were determined with minimal experimental error.

Because the pairing coefficients represented the thermodynamic benefit of each pairing
possibility, we examined how well each set of pairing coefficients was explained by nearest-
neighbor rules that predict the stability of RNA hybridization in solution. To do so, we calculated
the predicted AG value for each 3’ site pairing to the miRNA 3’ region (Figure 4D) and adjusted
each value by subtracting the mean value for that length of pairing, which was done to remove
the trivial effect of increasing pairing length (Figure 4E). When comparing these length-adjusted
values with analogously adjusted pairing coefficients, we observed a strong relationship for both
let-7a and miR-155, which explained most of the variation in the length-adjusted coefficients,
and a much weaker relationship for miR-1. Nevertheless, even when focusing on results for let-
7a and miR-155, the apparent effect size was less than that expected by the relationship AG =
—RT InK (Figure 4E, dashed lines). Thus, as observed with the miRNA seed region (McGeary et
al., 2019; Salomon et al., 2015), compared to RNA free in solution, association with AGO
reduces the differences in binding energy observed when hybridizing to different miRNA 3’-end
sequences.

This reduction in magnitude also applied to the overall contribution of 3’ pairing (Figure
S7A). For instance, although the >200-fold differences in binding affinity imparted by the top
11-nt 3’ sites of let-7a and miR-155 might seem large, the AG predicted for each of these sites
was —14.8 kcal/mol and —20.1 kcal/mol, which corresponded to respective fold differences of 2.7
x 10'%and 1.5 x 10", Presumably the benefit of pairing to 3’ sites was mostly offset by the cost
of disrupting favorable interactions between unpaired 3’ regions and AGO, as has also been

proposed in the context of siRNA-mediated target cleavage (Tomari and Zamore, 2005). The
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Figure 4. Distinct pairing-range, offset, and seed-mismatch preferences of different

miRNAs.

(A—C) Model-based analyses of 3’-pairing preferences of let-7a (A), miR-1 (B), and miR-155

(C). For each miRNA, 3'-pairing affinities are described by a set of pairing coefficients (left) and
offset coefficients (middle, left; dashed lines, 95% confidence interval), which when multiplied
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together (middle, right) recapitulated measured Kp fold-change values (right, let-7a values
replotted from Figure 2C). The parameters were obtained by maximum-likelihood estimation
with a nonlinear energy model. For both miR-1 (B) and miR-155 (C), the two pairing diagrams
indicate the fold-change value and architecture for a 3’ site pairing to miRNA nucleotides 13—-16
(top) in comparison to the fold-change value and architecture of the 3’ site with the greatest
measured affinity (bottom), both at the optimal offset of +1 nt. Pairing coefficients, model
predictions, and Kp fold-change values of miR-1 were not calculated for pairing to miRNA
positions 15—18 and 19-22 because these two segments were identical (gray boxes). (D)
Predicted AG values of the 3’ sites with pairing coefficients in (A—C). (E) The relationship
between the model-derived pairing coefficients (A—C) and the predicted AG values (D). Points
are colored according to pairing length, as in Figure 2A. To control for the trivial effect of
increasing pairing length, pairing-range coefficients were divided by the geometric mean of all
coefficients with the same length, and AG values of each length were normalized to the mean AG
value of pairings with the same length. The gray region represents the 95% confidence interval
of the relationship when fitting a linear model to the data (#2, coefficient of determination), and
the dashed line represents the predicted thermodynamic relationship given by K = e 97, (F)
Distinct effects of seed mismatches on 3’-pairing affinities of let-7a, miR-1, and miR-155. For
each miRNA, seed-mismatch coefficients were derived by maximum-likelihood estimation,
fitting a nonlinear model to the Kp fold-change values observed when examining 3'-site
enrichment separately for each of the 18 seed mismatches. The error bars indicate 95%
confidence intervals. Wobble pairing in which the G was in either the miRNA or the target is
indicated in blue and red, respectively. (G) Relationship between affinity of 3’-compensatory
pairing and that of seed-site binding. For each seed mismatch, the coefficient from (F) is plotted
as a function of the relative Kp value of that mismatch, as measured using results from the
programmed libraries for let-7a (black), miR-1 (blue), and miR-155 (red). The dashed line shows
the linear least-squares fit to the data, with the gray interval indicating the 95% confidence
interval. (H) Relationship between affinity of 3’-supplementary pairing and that of seed-site
binding. For each of the six seed-matched site types (Figure 1A, left) and for each of the six
miRNAs (key), the relative affinity of the top quartile of all 4- and 5-nt 3’ sites with their
preferred offsets is plotted as a function of the relative affinity of the seed-matched site. Relative
affinities were measured from analysis of previous AGO-RBNS that used a random-sequence
library (Figure S13).

magnitude of this inferred cost appeared specific to each miRNA, implying that AGO might
have some sequence preferences when interacting with unpaired miRNA 3’ regions. For
example, pairing to either nucleotides 9—19 of let-7a or nucleotides 11-21 of miR-1 was
predicted to occur with equivalent AG values of —13.5 kcal/mol, yet the model-determined

contributions of these sites were 160- and 14-fold, respectively (Figure S7A, left and middle).
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Separating the comparison between Kp fold-change and AG based on whether the
contiguous range of pairing included nucleotide 11, 12, and 20 for let-7a, miR-1, and miR-155,
respectively, revealed a nonlinear benefit of pairing to these nucleotides (Figures S7B and S7C),
such that their inclusion within the 3’ pairing enabled the other paired nucleotides to contribute
more to the interaction. We also note that using the measured affinities rather than pairing
coefficients did not increase agreement with AG (Figures S7D and S7E), suggesting that the use
of the pairing coefficients did not lead to loss of information contained within the data from
which they were generated.

The success of our analyses of data obtained from programmed libraries prompted
analysis of data obtained previously from fully randomized libraries (McGeary et al., 2019)
(Figures S8A—S8E). For let-7a, miR-1, and miR-155, the pairing and offset coefficients derived
from data from the two types of libraries agreed well with each other, provided that 3'-pairing
lengths did not extend beyond 8 bp (Figures S8G and S8H). However, when pairing lengths
extended beyond 8 bp, affinity values were not reliably determined because the sites were only
sparsely represented in the input libraries. Inspection of pairing preferences of these three
miRNAs, as indicated by their pairing and offset coefficients derived from the random-library
data, revealed their distinguishing features, including: the importance of pairing to position 11 of
let-7 and position 12 of miR-1, the right-shifted preferred offset of let-7, and the relative ordering
of the maximal benefit of 3’ pairing, with that of miR-155 exceeding that of let-7a, which
exceeded that of miR-1 (Figures S8A—S8C).

Having determined the utility and limits of analyses of data from fully randomized
libraries, we turned to the analyses of 3’ pairing to miR-124, Isy-6, and miR-7, for which data
from programmed libraries was not available. These analyses showed that miR-124, like let-7a,

had both preferred pairing to position 11 and a right-shifted preferred offset of pairing (Figure
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S8D). To look for evidence of multiple binding modes within these original AGO-RBNS
datasets, we repeated the analyses of both Figure 2B (for pairing lengths of 4-8 bp) and Figure
2C (for pairing lengths of 4 and 5 bp), using the original AGO-RBNS data for miR-124, Isy-6,
and miR-7 (Figure S9). For comparison, we also repeated these analyses using the original AGO-
RBNS data for let-7a, for which we had evidence of two binding modes from the programmed-
library AGO-RBNS data. For each of the four miRNAs, we found evidence of two binding
modes. Both let-7a and miR-124 had the previously observed pattern, in which the binding mode
with the positive offset and paring to nucleotide 11 had binding affinity greater than that of the
binding mode with an offset of 0 nt and pairing to only nucleotide 12 (Figures SOA—-S9D).
However, Isy-6 and miR-7 had a different pattern, in which the binding mode corresponding to
the positive offset and pairing to nucleotide 11 had binding affinity similar to that of the binding
mode with an offset of 0 nt and pairing to only nucleotide 12 (Figures SOE-S9H).

These examples provided further evidence of a second binding mode, in which
productive 3’ pairing extended to nucleotide 11, provided that additional unpaired target
nucleotides were available to bridge pairing between the seed and this nucleotide. These results
also suggested that pairing to the G11Gi2 dinucleotide found in both the let-7a and miR-124
sequences enabled this second binding mode to dominate over the first, whereas pairing to the
single G11 found in Isy-6 and miR-7 added to site affinity but did not enable the second binding
mode to dominate. Indeed, although miR-7 appeared to have both binding modes, it had the
weakest 3'-compensatory pairing of the six miRNAs profiled, with 8-nt 3’ sites never
contributing more than an 18-fold increase in binding affinity.

The analyses of the miR-124 and lsy-6, which each had multiple C nucleotides in their 3’
region, allowed us to return to the question of whether pairing to miRNA G nucleotides might be

favored over pairing to C nucleotides. Pairing to Cis of Isy-6 substantially added to binding

184



affinity. For example, the 4.2-fold greater affinity of the position-12—15 site over the position-
11-14 site indicated that pairing to Cis was favored over paring to G11, and extending pairing
from positions 11-14 to 11-15 increased affinity 8.2-fold (Figure S8E). Pairing to Ci3 was also
somewhat preferred, as illustrated by the 1.8-fold greater affinity of the position-13—17 site over
the position-14—18 site, and the 3.2-fold benefit of extending pairing from positions 14—18 to 13—
18. However, pairing to C19C20 of miR-124 did not seem to have the same impact as pairing to
G19G20 of miR-155, as illustrated by the negligible (0.9-fold) benefit of extending the miR-124
pairing from positions 13—18 to 13-20, compared to the 14-fold benefit for miR-155. These
results supported the idea that pairing to a G in the miRNA 3’ region is generally favored over

pairing to a C, although pairing to a C centrally located within the 3’ region can be impactful.

The type of seed mismatch affects the affinity of 3’ pairing

To examine the influence of seed-mismatch position and identity, we analyzed the full set of
16,235, 18,076, and 19,666 Kp values of let-7a, miR-1, and miR-155, no longer combining read
counts for the 18 possible seed-mismatch sites in the programmed library prior to Kp estimation.
For each pairing, offset, and seed-mismatch possibility, the relative Kp value of the 3'-
compensatory site was divided by that of its seed-mismatch site to generate a fold-change value
representing the contribution of the 3’ site to affinity. An expanded model was then fit to these
data, in which the log(Kp fold change) was described as the product of its pairing, offset, and
seed-mismatch coefficients. The seed-mismatch coefficients were modeled to influence the
affinity of 3’ pairing as a function of the amount of 3'-pairing affinity that was attainable, which
varied between miRNAs. Thus the range of 0.50, 0.48, and 0.57 observed for seed-mismatch
coefficients for let-7a, miR-1, and miR-155, respectively (Figure 4F), corresponded to 9.2-, 2.6-,

and 11.2-fold predicted variation in binding affinity for each of the respective miRNAs in the
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context of its most favorable pairing and offset, with the lower impact on miR-1 attributed to the
lower amount of affinity attainable by its 3’ pairing. These predicted effects generally agreed
with those observed when examining affinities of the top quartile of 3’ sites in the context of
their optimal offset, which respectively varied by 14.9-, 4.6-, and 6.5-fold depending on seed-
mismatch identity. Furthermore, visual inspection of the trends in observed 3'-site affinities
confirmed the increased effect of seed mismatches for higher-affinity 3’ sites (Figures S10-S12).
For example, only a few of the 4-nt 3’ sites to let-7a were sensitive to the particular seed-
mismatch type (Figure S10A), whereas for 8-nt sites, more positions and offsets exhibited such
variation, and these were positions and offsets with higher average affinities (Figure S10E).

The affinity of seed-mismatch sites lacking 3’ pairing had little relationship with the
influence of the mismatch on 3'-pairing affinity (Figure 4G). Likewise, examination of data from
the six random-library AGO-RBNS experiments found no relationship between the canonical
site affinities of sites lacking 3’ pairing and the influence of the site on the binding contributed by
the top 4- and 5-nt 3’ sites (Figures 4H and S13). Furthermore, the average effect of canonical
site type on 3’ binding affinity was small, with only six out of the 36 miRNA—site combinations
having a >0.1 effect on logio(Kp fold change), corresponding to an ~25% change in binding
affinity. Together, these results indicate that for 3'-supplementary pairing, the benefit of the 3’
pairing is largely the same between sites, but that for 3’-compensatory pairing, the potential
benefit of 3’ pairing is differentially available depending on the identity of the seed mismatch.
This might be due to a differential ability of these mismatches to elicit a conformational change
in AGO allowing pairing to the 3’ end (Schirle et al., 2014; Sheu-Gruttadauria et al., 2019a).
Alternatively, some sites may have dwell times shorter than that required to establish pairing to

the miRNA 3’ region.
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When comparing the effects for guide—target nucleotide possibilities, strong trends did
not emerge within miRNAs (e.g., when comparing the effects of a mismatched A, G, or U to the
G at position 2 with those of the mismatches to the G at position 4 of let-7a), or between
miRNAs (e.g., when comparing of effects of mismatches to the G at position 3 of miR-1 with
those to the G at position 6 of miR-155). However, in cases in which the same nucleotide
occurred at the same position for two different miRNAs, some correspondence was observed
(positions 2 and 6 of let-7a and miR-1, position 3 of let-7a and miR-155, position 4 of miR-1 and
miR-155). Notably, the miRNA—target U:G mismatch at position 6, which was the most favored
mismatch for both let-7 and miR-1, occurs within one of the two compensatory sites within the 3’
UTR of C. elegans lin-41, consistent with the idea that the mismatch effects observed by RBNS

are of consequence for cellular targeting.

The seed-mismatch and 3'-sequence effects act independently

The distinct pairing, offset, and seed-mismatch preferences of the three miRNAs measured using
the programmed libraries raised the question of the extent to which these preferences depended
on the sequence of the seed region, the sequence of the 3’ region (i.e., beginning at miRNA
nucleotide 9), or a combination of the two. To answer this question, we generated two chimeric
miRNAs, one fusing the seed of miR-155 to the 3’ region of let-7a (miR-155-let-7a) and the
other fusing seed of let-7a to the 3’ region of miR-155 (let-7a-miR-155) (Figure 5A), and then
performed AGO-RBNS using their corresponding seed-mismatched programmed libraries. As
done previously with the natural miRNAs, we first determined the pairing and offset preferences
of both chimeric miRNAs by summing over all 18 seed mismatch types, measuring the Kp fold

change for each range of pairing and offsets possible in the libraries, and fitting a multiplicative
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model of pairing and offset-preferences to the resultant 1181 and 934 measured affinity values
for let-7a—miR-155 (Figure 5B) and miR-155-1let-7a (Figure 5C).

Both of the chimeric miRNAs had 3'-pairing and offset preferences that were remarkably
similar to those of the natural miRNAs containing the same 3’ sequences (Figures 4A, 4C, 5B,
and 5C). Indeed, comparison of length-normalized pairing and offset coefficients for each
chimeric miRNA to those of either its 3'-native or seed-native miRNAs revealed a high
correspondence for all four 3'-native comparisons (Figures 5D and 5E) and much lower
correspondence for all four seed-native comparisons (Figures 5F and 5G), Furthermore, the fitted
slopes for four 3'-native comparisons approached unity (range 0.80—1.17), which showed that the
effect sizes of these preferences were similar regardless of whether the coefficients were derived
from chimeric or native miRNA datasets.

When analyzing the effects of the 18 seed mismatches on the affinity of 3’ pairing,
miRNAs with the same seed sequence but different 3’ sequences had largely similar preferences
(Figures 4F, 5H, and 5I), with the most striking differences being the increased affinity in the
context of a mismatched A at position 7 of the let-7-miR-155 chimeric miRNA, and decreased
affinity in the context of a mismatched U at position 6 for of the miR-155—let-7a chimeric
miRNA. Despite these outliers, the influence of the seed mismatch on the magnitude of 3'-
pairing affinity depended primarily on the seed-mismatch type and position, with relatively little

dependence on the sequence of the 3’ region.

Sequence preferences for 3’ sites are maintained at adjacent positions
We next sought to investigate the positional dependence of the preferences for pairing to
particular nucleotides of the 3" end. To do so, we repeated the AGO-RBNS procedure with let-7a

variants that had single-nucleotide insertions and deletions that shifted the let-7a 3’ sequence by a
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Figure 5. Independence of seed-mismatch and 3'-sequence effects.

(A) Sequences of native let-7a, native miR-155, a chimeric miRNA containing the seed region of
let-7a appended to nucleotides 9-23 of miR-155 (let-7a—miR-155), and a chimeric miRNA
containing the seed region of miR-155 appended to nucleotides 9-21 of let-7a (miR-155-let-7a).
(B and C) Pairing and offset coefficients describing the 3'-pairing preferences of let-7a—miR-155
(B) and miR-155-1et-7a (C). Orange cells indicate pairing coefficients or Kp fold-change values
between 700—-1200. Otherwise, this panel is as in Figure 4A. (D) Comparison of the pairing and
offset coefficients determined for let-7a—miR-155 with those of miR-155. Left, each pairing
coefficient was divided by the geometric mean of all pairing coefficients of the same length for
that miRNA. Points are colored according to pairing length, as in Figure 2A; error bars indicate
95% confidence intervals. Right, the offset coefficients are colored from light blue to dark blue,
progressing from offsets of —4 to +16 nt; error bars indicate 95% confidence intervals. For each
graph, the gray region indicates the 95% confidence interval for the linear least-squares fit to the
data (r, Pearson correlation coefficient). (E) Comparison of the pairing and offset coefficients
determined for miR-155-let-7a with those of let-7a. Otherwise, this panel is as in (D). (F)
Comparison of the pairing and offset coefficients determined for let-7a—miR-155 with those of
let-7a. Otherwise, this panel is as in (D). (G) Comparison of the pairing and offset coefficients
determined for miR-155-let-7a with those of miR-155. Otherwise, this panel is as in (D). (H)
Seed-mismatch coefficients of the let-7a—miR 155 (left) and miR-155—let-7a (right) chimeric
miRNAs. Otherwise, this panel is as in Figure 4F. (I) Correspondence between mismatch
coefficients of chimeric miRNAs and those of their seed-native miRNAs. For let-7a—miR-155
(left) and miR-155-let-7a (right), the values from (H) are plotted against those of Figure 4F (2,
coefficient of determination).

single nucleotide in either direction [let-7a(—1) and let-7a(+1)] while maintaining the miRNA
length (Figure 6A). Comparison of the pairing preferences of let-7a(—1) and let-7a(+1) to those
of native let-7a indicated that the characteristic benefit of pairing to the G found at nucleotide 11
of the native miRNA was maintained in both variants. Thus, the most consequential nucleotide
shifted to 10 when this G shifted to position 10 in let-7a(—1), and likewise, it shifted to 12 for let-
7a(+1) (Figures 6B—6D). Pairwise comparison of each of the 36 and 28 pairing possibilities
between 4—11 nt shared between let-7a and let-7a(—1) and let-7a(+1), respectively, revealed
movement of the consequential nucleotide further 5’ within the miRNA sequence partially
reduced the binding affinity, whereas moving it further 3" had no appreciable effect (Figure 6E).

These results suggest that miRNA position 10 might be less accessible than positions 11 or 12.
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Figure 6. Sequence preferences for 3’ sites are maintained at adjacent positions.

(A) Sequences of let-7a(—1), which has a 3’ region permuted one nucleotide toward the 5" end,
native let-7a, and let-7a(+1), which has a 3’ region permuted one nucleotide toward the 3" end.
The 3’ sequence shared between all three miRNAs is shaded in blue, and the A and U nucleotides
that were rearranged to generate the permuted variants are in blue and purple, respectively. (B—
D) Pairing and offset coefficients describing the 3'-compensatory pairing of let-7a(—1) (B), let-7a
(C, redrawn from Figure 4A, for comparison), and let-7a(+1) (D). Otherwise, this panel is as in
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Figure 4A. (E) Comparison of the pairing coefficients determined for either let-7a(—1) (left) or
let-7a(+1) (right) with those of let-7a. Points are colored according to pairing length, as in Figure
2A. For each graph, the gray region indicates the 95% confidence interval of the least-squares fit
to the data (72, coefficient of determination), and the dashed line represents y = x. (F) Cross-
correlations of offset coefficients for either let-7a(—1) (blue) or let-7a(+1) (red) with respect to
those of let-7a (B and C, middle-left), plotted as a function of the difference in offset
coefficients. (G) Effects of seed mismatches on 3'-pairing affinities of let-7a(—1) (left), let-7a
(middle, redrawn from Figure 4F, for comparison), and let-7a(+1) (right). Otherwise, this panel
is as in Figure 4F.

The offset preference of let-7a(+1) shifted between —1 and —2 nt with respect to that of
let-7a (Figure 6F), supporting the idea that fewer nucleotides were actually required to bridge the
seed and 3’ pairing when the 3’ pairing started at position 12 rather than position 11. The shifted
offset preference of let-7a(—1) was between 0 and +1 nt, indicating that a length of 6 nt was
nearly equally preferred when the G was at position 10 or 11. Considered in the context of the
reduced efficacy of 3’ sites for let-7a(—1), this might indicate that additional bridging nucleotides
of the target RNA cannot make up for the reduced benefit of starting pairing at position 10.
Finally, the seed-mismatch preferences of both let-7a derivatives were nearly identical to those
of native let-7a [Figures 6G; 72 = 0.91 and 0.99 for let-7a(—1) and let-7a(+1), respectively].
Considered together, these results provided further evidence of the independent effects of the
seed and 3’ region on 3’ pairing, with the behavior of the 3’ region depending on both sequence
and position, with sequence preferences transferable to nearby positions, especially if

compensating changes optimize the length of the target segment bridging the seed and 3’ site.

Effects of mismatches within 3’ sites are consistent across miRNAs but explained poorly by
the nearest-neighbor model
Having systematically analyzed the contributions of seed-mismatch identity and of the length,

position, and offset of perfect 3’ pairing, we next sought to measure the effects of any
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imperfections—i.e., mismatches, wobbles, or bulged nucleotides—within this 3’ pairing.
Accordingly, we measured the affinities of variants of each site considered thus far, looking at
each possible variant that had one of the eight possible imperfections at one position within the
site. These eight imperfections considered at each position of interest included three possible
mismatched nucleotides (including G:U wobbles), four possible single-nucleotide bulges
(occurring opposite the linkage of two miRNA positions and assigned to the more 3' miRNA
position), and one single-nucleotide deletion (i.e., a bulged nucleotide in the miRNA).
Consideration of these variants together with the original sites with perfect contiguous pairing
resulted in the measurement of Kp values for 38,108, 44,190, and 52,166 sites for let-7a, miR-1,
and miR-155, respectively. Incorporating an imperfection invariably reduced affinity of the 3’
site, which indicated that there were no positions at which the altered helical geometry of a
mismatch could compensate for its lack of Watson—Crick pairing. Inspection of the effect of each
imperfection at each position of the top site of each length revealed that neither bulges nor
deletions were characteristically worse for 3’ pairing than were mismatches, and that bulges were
not on average worse than deletions (Figures 7A—7C and S14A—S14C). When comparing effects
of internal mismatches to those of mismatches occurring at the end of the pairing, no striking
differences were observed. Nonetheless, effects at some internal positions were more striking
than others, with larger effects observed for mismatches at nucleotides 11 or 12 of let-7a (Figure
7A), at nucleotide 14 of miR-1 (Figure 7B), and between nucleotides 14 and 22 of miR-155
(Figure 7C), which concurred with the importance of extending pairing to Gi1, Gi2, and
G19G20G21G22 of the respective miRNAs.

To investigate mismatch tolerance across the range of miRNA 3’-end positions, we
calculated the geometric mean of the Kp fold change for a mismatch at each position for all three

miRNAs, averaging both over the three mismatches at each position and over each of the 10-bp
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sites that contained the position (Figure 7D). As expected, reduced binding affinity tracked with
the importance of the positions for 3’ pairing, with greatest effects observed at Gi1 and G2 of let-
7a (Figure 7D, left-hand bars at each position), the G1>—G15 of miR-1 (Figure 7D, middle bars),
and Gi3 and G15—G21 of miR-155 (Figure 7D, right-hand bars). The greater importance of pairing
to G13 compared to pairing to Ci2 of miR-155 further supported the idea that pairing to G had a
greater impact than pairing to C in the miRNA 3’ region. Nonetheless, extending the analyses of
mismatches, wobbles, and bulges to the random-sequence RBNS datasets previously acquired
for six miRNAs (Figure S15) indicated that disrupting pairing to either Ci3 or Cis of the
C13G14Cis trinucleotide of Isy-6 almost entirely abolished pairing. Thus, in some contexts,
pairing to a miRNA C nucleotide can be as important as pairing to a miRNA G nucleotide, and C
nucleotides as well as G nucleotides can help define the positions of most consequential pairing.
More generally, these results showed that the effect of a mismatch to a particular nucleotide was
informed primarily by the overall importance of that miRNA nucleotide (i.e., its nucleotide
identity and position within the miRNA 3’ end) for pairing, rather than whether the target
nucleotide fell within the middle or terminus of the 3’ site.

To examine a potential benefit of bulges near the 5" and 3’ ends of 3’ sites, we considered
all possible 10-nt sites for all three miRNAs with programmed libraries, and calculated the fold
difference in relative Kp observed when comparing a site with a terminal mismatch to that of the
site with a corresponding terminal bulged nucleotide (i.e., the site variant in which the target
nucleotide following the mismatch can pair to the mismatched miRNA nucleotide). For each
miRNA, a small but significant benefit to terminal bulges was observed (Figure 7E, p = 2.4 x
1075, 1.4 x 107, and 4.5 x 10~* for let-7a, miR-1, and miR-155, respectively; one-tailed
Wilcoxon signed rank test). Thus, an isolated complementary target nucleotide separated from a

longer contiguous stretch of pairing can contribute modestly to site affinity.
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Figure 7. The impact of mismatched, bulged, and deleted target nucleotides on 3'-
compensatory pairing.

(A) The effect of mismatched, bulged, and deleted target nucleotides on 3'-compensatory pairing
to let-7a. At the top is a schematic depicting the highest-affinity 3'-pairing ranges of lengths 8—11
nt, redrawn from Figure 2B. Below, at the left are heat maps corresponding to each of the pairing
ranges shown above, indicating the affinities with each of the four possible nucleotides at each
position along the site. Cells corresponding to the Waston—Crick match are outlined in blue.
Cells for affinities of mismatches that could not be calculated due to sequence similarity to
another site type are in gray (e.g., the mismatched U across from position 14, which was
indistinguishable from a 6mer-m8 seed site) are in gray. To the right are heat maps that
correspond to the same pairing ranges but indicate the effects of an added bulged or a deleted
(del.) 3'-target nucleotide. A bulged nucleotide at position n corresponded to an extra target
nucleotide inserted between the nucleotides pairing to miRNA positions n — 1 and n. (B) The
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effects of mismatched, bulged, and deleted target nucleotides for miR-1. Otherwise, this panel is
as in A. (C) The effects of mismatched, bulged, and deleted target nucleotides for miR-155.
Otherwise, this panel is as in A. (D) Profiles of 3’-pairing mismatch tolerances. Each bar
represents the AAG value when averaging over the three possible mismatches at that position. At
each position, the results for let-7a, miR-1, and miR-155, respectively, are plotted as a triplet.
Each of the mismatch AAG values was itself an average of the values observed in the context of
each 10-nt 3’ site that included the position. The dashed line indicates the average over all three
miRNAs, and the color indicates whether the miRNA nucleotide was an A (blue), U (green), C
(purple), or G (red). (E) The tolerance of bulged nucleotides near the ends of 3’ sites. Plotted are
ratios of Kp fold-changes comparing a site that has a bulged nucleotide between the penultimate
and terminal base pairs with a site that does not have the terminal base pair (in which case, the
bulged nucleotide in the former pairing architecture becomes a terminal mismatch). The box
plots indicate the minimum, lower quartile, median, upper quartile, and maximum values. The
vertical gray line indicates a Kp fold-change ratio of 1.0. (F) Comparison of the measured
mismatch AAG values in 3’ sites with values predicted by nearest-neighbor rules. Left,
comparison of the average measured AAG value with the average predicted value for each of the
12 possible miRNA—target mismatch combinations. Right, comparison of measured and
predicted average fractional reduction in AG attributed to each mismatch. The fractional
reduction was given by (AGwc — AGmm)/AGwc, where AGwc corresponds to the AG of the site
with full Watson—Crick pairing, and AGmm corresponds to the AG of a site containing the
mismatch. These average values were calculated using Kp fold-change values determined for 10-
nt sites, first averaging results for same position over all 10-nt sites that included the position,
then averaging results for that mismatch across all positions of the miRNA that had that
mismatch, and then averaging the results across all three miRNAs. Colors and symbols indicate
miRNA and target nucleotide identities, respectively (key). (G) Comparison of the measured
seed-mismatch AAG values with values predicted by nearest-neighbor rules. For each mismatch
type, both the measured and predicted AAG values were the average over all occurrences within
positions 2—7 for let-7a, miR-1, miR-155, miR-124, Isy-6, and miR-7, using Kp fold changes
from analyses of random-sequence AGO-RBNS results. Otherwise, this panel is as in (F).

Next, we calculated the AAG of each mismatch in the context of all 10-nt 3’ sites of the
three miRNAs. We first averaged these values over all the contiguous sites, and then over all
positions with the same miRNA nucleotide, and then over the three miRNAs, resulting in one
global average AAG value for each of the 12 possible miRNA—target mismatch possibilities.
Comparison of these values and those predicted using the nearest-neighbor parameters revealed
that the effects of the mismatches were typically much lower than expected for free RNA in
solution, with no strong relationship between the observed and predicted AAG values (Figure 7F,

left; 72 = 0.02). The outlier in this analysis was the miRNA-target U:G wobble, which was as

196



disruptive as the typical mismatch but predicted to be much less so (Figure 7F, left, green +).
Next, to account directly for the reduced binding energy of the fully complementary sites in
comparison to their predicted AG values, we compared the average observed and predicted
fractional reduction in AG of each site caused by each of the twelve mismatch values (Figure 7F,
right). For eight of 12 mismatches, the fractional reduction in AG was within 10% of its
prediction, but the miRNA—target A:G, G:G, G:U, and U:G mismatches respectively caused
31%, 42%, 21%, and 48% more reduction in binding energy than predicted. These results
indicated that the nearest-neighbor parameters were not suited for predicting the contribution of
miRNA 3’ pairing in three respects: 1) the overall contribution to binding energy was far less
than that predicted, 2) mismatched target G nucleotides were relatively more deleterious than
predicted, and 3) wobble pairing was relatively less favorable than predicted. Indeed, the U:G
possibility, which both contained a target G nucleotide and was a wobble, was the mismatch with
the greatest deviation from expectation.

For comparison, we repeated these analyses for mismatches within pairing to the miRNA
seed (i.e., miRNA positions 2—7), calculating the average AAG and the fractional reduction in AG
for each type of mismatch within pairing to each of the six miRNAs for which there was
random-sequence RBNS data (McGeary et al., 2019) (Figure 7G). These analyses indicated that
the effects of mismatches within seed pairing also did not agree with predicted pairing
energetics, albeit differently than the effects of mismatches within the 3’ pairing. First, a
mismatch within the seed pairing had a much larger influence on AAG than did a mismatch
within the 3’ pairing. Moreover, the reductions in binding affinities for mismatches within the
seed pairing were even more regular than those for mismatches within the 3’ pairing, with a ~3
kcal/mol detriment for each of the 12 mismatch/wobble possibilities (Figure 7G, left). The

fractional reduction in AG had a similarly large and uniform effect size, with no subset of the

197



mismatch possibilities showing a relationship with that predicted (Figure 7G, right). Thus, the
binding preferences at both the seed and 3’ regions of the miRNA were not well characterized by

nearest-neighbor rules, although the nature of the deviations differed in these two regions.

Discussion

An Argonaute-loaded miRNA can be divided into three regions: the seed region (nucleotides 2—
8), the central region (nucleotides 9-10 or 9-11), and the 3’ region (Figure 1) (Bartel, 2018).
Because the most effective 3’ pairing is reported to center on nucleotides 13—16 (Grimson et al.,
2007), some subdivide the 3’ region into the 3'-supplementary region (nucleotides 13—16), and
the tail (nucleotides 17 to the terminus), while expanding the central region to include nucleotide
12 (Salomon et al., 2015; Sheu-Gruttadauria et al., 2019a; Wee et al., 2012). The structure of
AGO2-miR-122 bound to a 3'-supplementary site, which shows that miRNA nucleotides 9-11
are not available for pairing due to both helical distortion and inaccessibility caused by residues
of the PIWI and L2 loop, seems to support the notion of a 3'-supplementary region at nucleotides
13-16 (Sheu-Gruttadauria et al., 2019a). However, greater affinities are observed with more
extended 3’ pairing (Becker et al., 2019; Sheu-Gruttadauria et al., 2019b), and we found that 3'-
site affinities nearly always increased as the potential for pairing expanded to include most of the
3’ region—and in the positive-offset binding mode, some of the central region. Thus, productive
3’ pairing can encompass the entire miRNA 3’ region and should not be thought of as limited to a
short 3'-supplementary region. Indeed, the study reporting that pairing to nucleotides 13—16 is
most effective for supplementing seed pairing uses a model for predicting the efficacy of 3’
pairing that rewards extension of that pairing into the remainder of the 3’ region (Grimson et al.,

2007).

198



Also problematic for the notion of a short 3'-supplementary region common to all
miRNAs was our observation that the positions most important for 3’ pairing differed between
different miRNAs. For example, at their optimal offsets, both let-7a and miR-124 preferred
pairing to nucleotides 11-14 over pairing to nucleotides 13—16 (Figures 2B, 4A, S8A, and S§8D),
and the synthetic let-7a(—1) preferred pairing to nucleotides 10—13 over pairing to nucleotides
13-16 (Figure 6B). Moreover, although miR-155 preferred pairing to nucleotides 13—16 over
other 4-nt possibilities, when examining 7-nt 3’ sites, it preferred pairing to nucleotides 15-21
over sites that included pairing to nucleotides 13—16 (Figures 3D and 4B). These observations
showing that the preferred positions of 3’ pairing can vary so widely between miRNAs, to
include virtually any nucleotide downstream of the seed, argued strongly against assigning the
same short 3'-supplementary region to all miRNAs.

Although our results showed that preferred pairing often did not correspond precisely to
positions 13—16, preferred pairing did always at least partially overlap this segment. Moreover,
as pairing lengths increased from 4 to 6 bp, overlap between preferred pairing and this segment
increased, such that the preferred 6-nt sites for let-7a, miR-1, miR-155, miR-124, miR-7 and Isy-
6 each included pairing to miRNA nucleotides 13—16. The only exception we observed was the
preferred 6-nt site for synthetic let-7a(—1), which paired to nucleotides 10—15. Thus, our results
explain why an overall preference for pairing to nucleotides 13—16 was detected in meta-
analyses of both functional data for 11 miRNAs as well as evolutionary conservation of sites for
73 miRNA families (Grimson et al., 2007). Our key added insight is that sequence identity in the
3’ region—particularly the placement of stretches of G residues—imparts additional preferences
that supplement the positional preferences to specify different optimal regions of 3’ pairing for

different miRNAs.
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Another key insight is evidence of two distinct 3’-binding modes, observed as different
offset preferences of let-7a, miR-124, 1sy-6, and miR-7 with and without pairing to nucleotide 11
(Figures 2B, 2C, and S9). In one binding mode, an offset of 0 nt is optimal for 3’ pairing starting
at position 12, whereas in the other binding mode, additional nucleotides are required to bridge
pairing to positions 10 or 11, resulting in optimal offsets that exceed 0 nt. In a crystal structure of
AGO2-miR-122 bound to a 3'-supplementary target that pairs to nucleotides 13—16 with an
offset of 0 nt, nucleotide 12 is the first nucleotide available for pairing, whereas pairing to
nucleotide 11 is occluded by the central gate (Sheu-Gruttadauria et al., 2019a). We suggest that
this structure reflects the conformation of the zero-offset binding mode, as it provides a physical
model for why extension of potential pairing from nucleotide 12 to 11 results in almost no
increased binding affinity for sites with an offset of 0 nt (Figures S9B, S9D, S9F, and S9G).
However, another structure will be required to visualize the positive-offset binding mode that
enables optimal pairing to let-7a and miR-124, as well as strong pairing to Isy-6 and miR-7.
Genetically identified sites inferred to be utilizing this second binding mode include the two let-
7a sites within the 3’ UTR of C. elegans lin-41, which both include pairing to nucleotide 11 and
an offset of +1 nt, as well as the first Isy-6 site within the 3' UTR of C. elegans cog-1, which
includes pairing to nucleotide 11 and an offset of +2 nt. The discovery of these two binding
modes required knowledge of the interplay between preferred pairing position and preferred
pairing offset, which underscored the utility of obtaining affinity measurements for a large
diversity of 3’ sites.

The length of a miRNA can modulate its 3'-pairing affinity, in that a 23-nt derivative of
miR-122 has a 3-fold longer dwell time than its 22-nt counterpart (Sheu-Gruttadauria et al.,
2019a). Of the miRNAs that we examined, miR-155 and miR-7 were each 23 nt in length,

whereas the others were shorter. These two miRNAs had the strongest and the weakest 3’
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pairing, respectively. The weak 3’ pairing of miR-7 indicated that although increased miRNA
length can sometimes improve 3’ binding affinity, it cannot substitute for other features required
for high affinity to the miRNA 3’ region.

Early attempts to either explain targeting efficacy or predict target sites used scores
incorporating, among other things, the predicted binding energy between the miRNAs and their
proposed targets (Doench and Sharp, 2004; Enright et al., 2003; Krek et al., 2005; Lewis et al.,
2003; Rajewsky and Socci, 2004). That these metrics were less useful in identifying
consequential 3’ pairing than simpler rubrics scoring only the length and position of
complementarity (Grimson et al., 2007) suggests that the parameters derived from interactions of
purified RNAs in solution are not directly relevant to miRNAs associated with AGO. The
breadth of our affinity measurements provided the ability to assess why such parameters are not
as useful. Although high correspondence was observed between the predicted AG and measured
3’ pairing affinities (Figure S7A), for miR-1 this relationship nearly disappeared when
normalizing for pairing length (Figure 4E). For let-7a and miR-155 a relationship was retained
after normalizing for length, but four factors limit the utility of using this relationship for ranking
target predictions. The first is the strong effect of position, with pairing to the seed much more
consequential than pairing to the 3’ region, and pairing at some positions in the 3’ region more
consequential than pairing to others, and much more consequential than pairing to positions 1, 9,
and often, 10. The second is the effect of primary sequence, as illustrated by the outsized benefit
pairing to the Gi1, Gi2, and Gz nucleotides of let-7a, miR-1, and miR-155, respectively (Figures
S7B and S7C). The third is the poor relationship between the predicted and measured effects of
some internal mismatches and wobbles (Figure 7F), and the fourth is a lack of a consistent
relationship between predicted AG and measured binding affinities between miRNAs (Figure

S7A, comparing the slope for miR-1 with that of either let-7a or miR-155).
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Comparison of the 3’ regions of the four miRNAs that were more effective at 3’ pairing
with those of the two that were not suggested a feature that might have conferred higher 3'-
pairing affinity: the presence of two or more adjacent G nucleotides (e.g., the G11G12 of both let-
7a and miR-124, and the G19G20G21G22 of miR-155). Although Isy-6 did not have an oligo(G)
stretch, it did have a well-positioned C13G14Ci15s trinucleotide, which together with G11 was
critical for pairing affinity. When considering all four miRNAs together, as well the lack of any
GG, CG, or GC dinucleotides within the 3’ regions of miR-1 or miR-7, we suggest that miRNAs
with GG, CG, or GC dinucleotides within positions 13—16 are the ones most likely to participate
in productive 3’ pairing, and that pairing that extends to an oligo(G) sequence outside of
positions 13—16 will preferentially enhance affinity.

The importance of pairing to miRNA G nucleotides, not C nucleotides (other than the
C13G14Ci5 of 1sy-6), suggested that a miRNA—target G:C base pair is read out differently than a
C:G base pair. Perhaps G nucleotides participate in base-stacking interactions that position or
pre-organize the guide strand to favor nucleation of 3’ pairing. Alternatively, the explanation
might involve target-site accessibility. Pairing to a C in the miRNA 3’ region would require a G
in the vicinity of the seed match, which compared to a C would cause poorer target-site
accessibility (McGeary et al., 2019), thereby reducing the net contribution to binding.

Our results also revealed a functional difference between 3'-supplementary and 3'-
compensatory pairing. The affinity of a 3’ site was relatively constant when it supplemented
different sites that had seed matches (Figures 4H and S13), whereas it varied in the context of
different 3’-compensatory sites that had different seed mismatches (Figures 4F and S10-S12).
The effects of seed mismatches were miRNA-specific and unrelated to their binding affinities

(Figure 4G). Additionally, our experiments using chimeric miRNAs demonstrated the
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separability of the mismatch effects from the length, position, offset, and nucleotide-identity
preferences of the 3' region (Figure 5).

Pairing to the miRNA 3’ region not only increases site affinity and target repression, but
it can also influence the stability of the miRNA itself, in a process called target-directed miRNA
degradation (TDMD) (Ameres et al., 2010; Bitetti et al., 2018; Cazalla et al., 2010; Kleaveland et
al., 2018; Mata et al., 2015). The handful of target sites known to trigger TDMD have diverse 3'-
pairing architectures. For example, degradation of miR-7 triggered by the cellular Cyrano
transcript occurs through a canonical 8mer site supplemented with a 3’ site with 14 contiguous
pairs to the 3" end of the miRNA (Kleaveland et al., 2018), whereas degradation of miR-27a
triggered by the m169 RNA from murine cytomegalovirus occurs through a canonical 8mer site
supplemented with a 3’ site with only six contiguous pairs to the 3’ end of the miRNA. Our
finding that that miR-7 has the weakest 3’ pairing among the six miRNAs we studied provides a
potential explanation as to why its TDMD trigger Cyrano has such a long 3’ site.

The crystal structures of several known TDMD substrates bound to their corresponding
TDMD-inducing target sites reveal a distinct conformation for these AGO-miRNA—target RNA
ternary complexes in comparison to ternary complexes that have supplementary pairing
involving only nucleotides 13—16 (Sheu-Gruttadauria et al., 2019a, 2019b). During TDMD, this
distinct conformation is thought to be recognized by the ZSWIMS E3 ubiquitin ligase, causing
AGQO proteolysis through the ubiquitin—proteasome system, which exposes the miRNA to
degradation by cellular nucleases (Han et al., 2020; Shi et al., 2020). Our discovery of the two 3’
binding modes raises the question of whether one of them might be more compatible with
TDMD, perhaps due to a preference of the ZSWIMS E3 ligase. Although the TDMD ternary
complexes of the published structures all have 3’ pairing beginning at nucleotide 12 or later and

offsets of 0 or —1 nt (Sheu-Gruttadauria et al., 2019b) and thereby represent the zero-offset
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binding mode, the 3’ pairing between miR-7 and Cyrano begins at Gi1 and has a +2-nt offset,
which represents the positive-offset binding mode. Thus, the two 3’ binding modes both appear
to enable the miRNA 3’ region to participate in either of its two critical gene-regulatory

processes—TDMD and miRNA-mediated repression.

Materials and methods
Human Embryonic Kidney 293T (HEK293T) Cells
HEK293T cells were cultured in DMEM (VWR) with 10% fetal bovine serum (Clonetech) at

37°C with 5% CO., and split every third day at ~90% confluency.

Purification of AGO2-miRNA complexes
AGO2-miRNA complexes were generated and purified as described previously (McGeary et al.,

2019).

Preparation of programmed RNA libraries

For each of let-7a, miR-1 and miR-155, programmed libraries were constructed by performing in
vitro transcription with multiple chemically synthesized DNA libraries, which were then mixed
after gel purification. Each library contained 25 nucleotides of entirely randomized sequence,
followed by an 8-nt programmed site, followed by either 5 nucleotides of random sequence, in
the case of the let-7a and miR-1 programmed libraries, or 4 nucleotides, in the case of the miR-
155 programmed libraries. When mixing the programmed library for every experiment other
than that with native miR-155, the final programmed library was made by mixing six different
libraries, where each of the six libraries contained an 8mer at the programmed site containing a

mismatch at one of the six seed positions. In the case of native miR-155, the programmed library
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was assembled by mixing the six possible 8mer-mismatch libraries as well as a 6mer-containing
library, in which each molecule had all either a C, G, or U at positions 1 and of the programmed
site.

Each in dividual library was commercially synthesized (IDT), transcribed, and purified as
described previously (McGeary et al., 2019), and then mixed according to the specifications
above. The final percentages of the 18 mismatch libraries would be expected to be ~5.6%. The
fraction of reads associated with each of the 18 mismatch sites, as measured by sequencing of the
input library during each experiment, was 3.4-8.0% for let-7a rep. 1, 2.9-8.7% for let-7a rep. 2,
3.3-7.8% for miR-1, 2.2—6.3% for miR-155, 3.4-8.0% for let-7a(+1) and let-7a(—1), 3.3-7.6%

for let-7a-—miR-155, and 2.6-6.1% for miR-155-1et-7a.

AGO-RBNS

AGO-RBNS was performed as described previously (McGeary et al., 2019).

Analysis of k-mer enrichments

Positional enrichments of all 8-nt k&-mers were calculated by comparison of the sequenced
binding sample containing 840 pM AGO2—let-7a complex and 100 nM let-7a—specific
programmed library to that of the directly sequenced input library. For each of the two libraries,
reads that contained one of the 18 possible 8mer mismatch sites in the correct position (such that
the CUACCUCA 8mer-consensus sequence spans positions 2633 of the read), but did not
contain a canonical 8mer, 7mer-m8, 7mer-A 1, 6mer, 6mer-A1l, or 6mer-m8 site, were used to
enumerate all possible 8-nt k-mers at each position within the library. Both count tables were
normalized such that they summed to 1, and the normalized count table corresponding to the

bound sample was divided by that of the input library to arrive at the enrichment of each k-mer at
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each position within the library. These k-mers were ranked according to the sum of the top five
positional enrichments of each, considering positions 9-26 of the library, with positions 9 and 26
referring to the 3'-most (i.e., abutting the programmed site), and 5'-most (i.e., abutting the 5’

constant region) positions, respectively.

Read assignment of miRNA sites with contiguous 3’-pairing for the programmed-libraries
experiments

When counting seed sites and fully complementary 3’ sites within the programmed libraries,
individual reads were first queried for whether they did or did not include a canonical or 8mer-
mismatch site at the programmed region (i.e., at positions 26-33). Reads containing a canonical
site despite their not having been included within the programmed-library design (e.g., an 8mer
or 7mer-mS§ site) were still counted, but their measured relative Kp values would are not
considered in this study, owing to the ambiguity of whether the error took place during chemical
synthesis, in vitro RNA transcription, library preparation, or Illumina sequencing.

Those reads containing a seed site at the programmed region were further assigned to one of four
categories: 1) reads containing neither a seed site (defined as an 8mer, 7mer-m8, 7mer-A1l, 6mer,
6mer-m§, or 6mer-Al site, or one of the 18 possible canonical 8mer sites with a mismatch within
positions 2—7) nor a 3’ site (defined as a site of 4-11 bp of contiguous complementarity to a
region of the miRNA spanning position 9 to the 3'-most nucleotide), 2) reads containing at least
one seed site but no 3’ sites, 3) reads containing at least one 3’ site but no seed sites, and 4) reads
containing at least one seed site and at least one 3’ site. This categorization was chosen in order
to assess the contribution of each subsequence of the 3’ end only using reads with little seed-

binding capacity other than at the programmed region.
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The categorization of each read proceeded through the following steps: 1) any seed sites
in addition to that of the programmed site were identified, looking within the entire random-
programmed-random region with three nucleotides of constant sequence appended to the 5" and
3" ends of the read, 2) the 28-nt segment was queried for the longest contiguous match to the
miRNA 3’ end, retaining multiple putative sites in the case ties. Any putative site or sites 4—11 nt
in length that were not contained within any of the seed sites within the read (if such sites were
present) were counted as 3’ sites, and 3) the read was then assigned one of the four categories
described above. In the case of reads with only seed sites or only 3’ sites, the read count was split
between each of these sites, recording the type of site, the identity of the programmed site, and
the distance between the two. In the case of reads with both seed sites and 3’ sites, the read was
split between all seed-and-3'-site pairs, recording the names of the seed, 3’, and programmed site
for each.

Analysis of the read data in this way yielded tables of counts associated with categories
of reads with 1) only programmed sites, 2) seed-and-programmed site pairs with positional
information, 3) 3’-and-programmed site pairs with positional information, 4) seed-and-3'-and-
programmed site triples with no positional information, and 5) reads without a correct mismatch
site. These count tables were either used directly for relative Kp estimation, or first combined
with respect to the identity of their programmed sites prior to relative Kp estimation. In this case,
all counts corresponding to reads with identical site and positional information were summed
into two categories: those whose programmed site was an 8mer-mismatch site, and those whose

programmed site was one of the canonical sites.

Read assignment of miRNA sites with contiguous 3’-pairing for the random-library

experiments
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When counting seed sites and fully complementary 3’ sites within the random-sequence libraries,
the 37-nt random-sequence region of each read was appended with 3 nt of constant sequence at
either end, except in the case of miR-1, for which the 5’-most 36 nt of the random-sequence
region was appended with 3 nt of only the 5’ constant sequence, due to the sequence bias present
at the very 3’ end of these libraries caused by erroneous lack of a TCG sequence in the 3’
constant region required for pairing to the Illumina reverse-primer sequence during bridge-
amplification (McGeary et al., 2019). The relevant portion of each read was queried for all seed
sites (defined as above) and all 3'-sites between 4—11 nt in length, allowing individual seed sites
to overlap, and individual 3’ sites to overlap. If the read contained only seed sites, or only 3’ sites,
the read counts were split evenly between each site found within. If a read contained at least one
seed site and at least one 3’ site, each 3’ site was checked for any amount of overlap with any
seed sites. If the 3’ site overlapped a seed site with the 3’ site being the 5’-most site, the 3’ site
was trimmed to not include the region overlapping the seed site. If the trimming the 3’ site did
not result in its being <4 nt in length, it was putatively retained. Any 3’ sites that either
overlapped any seed sites from the 3’ end, were entirely contained within a seed site, or were
entirely contained a seed site, were discarded.

If one or more 3’ site persisted for the read after querying for any seed-site overlap, all the
3’ site of length equal to the longest 3’ site were retained. All possible bipartite sites associated
with that read were then enumerated, in which each seed site was considered to form a bipartite
site with all 3’ sites that were 5’ of that seed site. The read was then split among any bipartite
sites identified. In the event that no bipartite sites were identified, the read was split among all
the seed and 3’ sites equally. While this procedure ensures the equal partitioning of read counts

in the case of multiple seed and 3’ sequence elements within a given read, in practice only a
p q g p y
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small fraction of reads contained multiple seed sites and a 3’ site, or a seed site and multiple 3’
sites.

This yielded tables of counts associated with categories of reads with 1) only seed sites,
2) only 3’ sites 3) single seed-and-3' bipartite sites with recorded inter-site spacing, and 4) neither
a seed nor 3’ site (referred to as “no site”). These count tables were either used directly for
relative Kp estimation, or the bipartite sites were combined with respect to the identify of their
seed sites prior to relative Kp estimation. In this case, all counts corresponding to reads with the
same 3’ site and distance from the miRNA position 8 of the seed site were summed into two
categories: those whose seed site was an 8mer mismatch site, and those whose seed site was one

of the canonical sites.

Relative Kp assignment

Relative Kp assignment was performed as described previously (McGeary et al., 2019).

Correction of programmed library experiment—derived relative Kp values using data from
random-library experiments

Due to the deviation from the expected linear relationship between the relative Kp values
calculated for seed sites (defined as the 8mer, 7mer-m8, 7mer-A1, 6mer, 6mer-m8, and 6mer-Al
sites) and 8mer-mismatch sites (Figures SIB—-S1D, left) we applied locally estimated scatterplot
smoothing (LOESS) to generate an empirical correction to apply to this data, as has been used
previously for correction of mRNA abundance in metabolic labeling experiments as a function of
uridine content (Schwanhéusser et al., 2011). We note that the relative Kp values of the seed sites
for the programmed-library experiments used for this correction were derived from geometric

mean of the relative Kp values of each site measured at each position within the library and in the
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context of each of the 18 8mer-mismatch sites, while the relative Kp values of the 8mer-
mismatch sites were derived from the reads associated their occurrence in the programmed sites
in the absence of any seed sites or 3’ sites 4—11 nt in length. The Kp values of these sites for the
random-library experiments were derived from counts corresponding to single instances of these
sites within the reads.

We corrected the programmed-library relative Kp values by calculating R;, defined as:

r,i

R =In—"t 3.1)
1 Kp,l

where K, ; and K, ; refer to the relative Kp values derived from the random-library and
programmed-library experiments, respectively, for each site i. LOESS was used to fit a nonlinear
function describing R; as a function of K, ;:

R(K,)~fropss(x=mK,). (3.2)
This function was then used to correct each programmed library—derived relative Kp value by

multiplying each value by the output of the function with itself as input:

KI

1= K, x eftorss(x=InKy) (3.3)

These transformed K 1;,,. values were used throughout the study other than in the left-hand panels

of Figures SIB-S1D. LOESS was implemented in R using the /oess function as part of the stats

package, with “span” and “surface” parameters set to 10 and “direct”, respectively.

Re-analysis of data from Becker, Ober-Reynolds et al. (2019)
The 22,300 Kp values measured for let-7a were analyzed using the table provided as
supplementary data (Becker et al., 2019). For each of the target sequence—and—Kp value pair, the

target sequence was queried for any of canonical or 8mer-mismatch sites, hierarchically looking
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first for the 8mer, any 8mer-mismatch sites, any 7mer-m8 or 7mer-Al sites, or any 6mer, 6mer-
m8, or 6mer-Al sites. If one or more of these sites were found, the target sequence 5 of each site
was queried for its longest stretch of complementarity to the 3" end of let-7a (i.e., all nucleotides
3’ of position 9), and if it were between 4—11 nt in length, the seed site, the 3’ site, and
intervening nucleotide length would be ascribed to that target sequence. If there were multiple 3’
sites of the same, longest length were present 5’ of the seed site, both 3’ sites were ascribed to the
site. Upon using the sequences to define the bipartite site information for each target RNA, only
those target RNAs with a single bipartite site, or a single seed site and no 3’ pairing between 4—
11 nt in length, were included in the downstream analyses. From these sites, we calculated the
Kp fold change for each available 3’ site, offset, and seed site combination (Figure S3) by
dividing the geometric mean of the Kp values of target RNAs containing that bipartite site by the
geometric mean of that of the target RNAs containing the seed site with no 3’ pairing, except
when calculating the Kp fold change values for bipartite sites with the 8mer-xAS5 seed site
(Figure S3F). Because no target RNAs fit our criteria as containing only the 8mer-xAS site and
no 3’ pairing 411 nt in length, we used 10 nM as the reference Kp, which was the lower limit of
detection measured, and was the measured Kp for 7 of the 16 8mer-mismatch sites present in the

data.

Thermodynamic modeling of miRNA 3’-compensatory pairing binding affinity yielding
pairing and offset coefficients

In order to separate the intrinsic pairing preferences of each miRNA 3’ end from the effects of
varying the offset of pairing, we fit a thermodynamic model of 3’ binding efficacy to the Kp fold-
change values measured when summing the counts from each of the 18 8mer-mismatch sites.

The model was constructed to produce a logio-tranformed Kp fold-change values, denoted here
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using kK, as a function of the 5" terminus of the pairing 7, the 3’ terminus of pairing j, and the
offset between the seed and 3’ pairing k. In order to make no assumptions regarding the
thermodynamic nature of 3’-end binding (e.g., that each nucleotide would contribute
independently to the binding energy), and as well to make no assumptions about the nature of the
offset preferences, the model included two sets of categorical coefficients, one set a; ; describing
the 3’ pairing range as a function of the 5" and 3’ termini of pairing indices 7 and j, and another set
p describing the offset preferences as a function of the offset index 4:

k(i j. k) = «(a; ;. By) - 34
Because the nature of the relationship between the pairing range and the offset preferences could

not be known a priori, we constructed three variants of the model function (i, j, k):

Ka(iaj9 k) = ai’j + ﬂk (351)
Km(ia j9 k) = ai’jﬁk (352)
Kpe(s J k) = a; ;B + v, (3.5.3)

where «,(i, j, k), k,,(i, j, k), and k,,.(i, j, k) describe additive, multiplicative, and multiplicative-
plus-constant models. We note that an additive-plus-constant variant is trivially equivalent to the

additive model, since the constant term can be subsumed by (i.e., added to) either of the a; ; or

coefficients.

All the models described by equations (3.5.1)—(3.5.3) were fit to the data by minimizing a
cost function giving the summed squared-loss between the measured logio-transformed Kp fold-
change values y; ; , and their corresponding model predictions x(i, j, k) for all pairing-range and
offset combinations 7, j, and k with 3'-pairing lengths 4—11 nt and offset between —4 and +16 nt:

Np=3 Ny +16 2
fcosty;((a,ﬂ) = Z Z Z <yi,j’k - K(i’j’ k)) b (36)
i=9 j=i+3 k=—4

where a and B represent the vector of all ; ; and all §; coefficients, respectively, and n,,
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represents the length of the miRNA. This cost function was minimized with the optim function in
R using the L-BFGS-B method, supplying the cost function and its gradient and setting the
“maxit” parameter to 1 x 10”. When optimizing all three models, all a, f, and y parameters were
initialized at 0 and bounded between 0 and 10 during the optimization.

Because the multiplicative model «,,(i, j, k) (#* = 0.92, 0.86, and 0.96 for let-7a, miR-1,
and miR-155, respectively, Figure S6D) performed significantly better than that of the additive
model «,(i, j, k) (** = 0.81, 0.81, and 0.94), and because the multiplicative-plus-constant model
Kme(i» j, k) provided only marginally increased performance (2 = 0.93, 0.87, and 0.96) while
decreasing model interpretability, as the constant term physically corresponded to a benefit to
binding irrespective of the manner of the pairing to the miRNA 3’ end, we selected the
multiplicative model. For the purposes of interpretation of the model coefficients, we re-scaled

the coefficients as follows:

a’ = a X max 8 (3.7.1)
g=—b_ (3.7.2)
max f8

which, because none of the coefficients were negative, caused each offset coefficient ﬂ,i to be

between 0 and 1, thereby corresponding to a different fractional reduction in binding energy for

each offset k. Each re-scaled pairing range coefficient al-', ; therefore also represented the

maximum Kp fold change that could be obtained by contiguous pairing to nucleotides i through ;.
We estimated the model error by calculating the asymptotic covariance matrix V' (8),

where 0 is the vector of all optimal pairing-range and offset coefficients. This is standardly

approximated by

V(0) =

Jeoste(9) “‘:”_Kie) (A0 A(0))". (3.8)

where 7 is the total number of data points, p is the total number of model parameters (i.e., the
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length of vector ), and A(0) represents the matrix of partial derivatives g—g (Alper and Gelb,

1990). From the covariance matrix, the 95% confidence intervals for each model coefficient are

given by

0 + t,0975.y=n_p\/ diag(V (0)) . 3.9)
where 7, 975,,=n—, represents the # statistic for 97.5% confidence with n — p degrees of freedom.
Because the form of the model described allows the cost function to be minimized with an
infinite number of distinct solutions (where, given a particular optimal @ comprised of & and f,
any 0 comprised of c@ and f/c is an equivalent solution), the matrix given by (A(é)TA<é>) is
not linearly independent, and thus cannot be inverted as required in equation (3.8). This issue is
circumvented by arbitrarily fixing one parameter in the course of the optimization. We therefore
optimized the model 21 times, fixing each g, coefficient at 1 during the optimization,
determining the 95% confidence intervals for the all the other coefficients, and then rescaling all
parameters. This led to 21 different estimates of the confidence intervals for each pairing
coefficient, and 20 distinct estimates of the confidence intervals for each offset coefficient,
which were averaged to produce the error estimates reported throughout the study. We note that
because the parameters were re-scaled after both the optimization and confidence interval
calculation, the final, re-scaled parameter values obtained were identical in each of the 21

optimization routines.

Nearest neighbor rules—based prediction of 3'-compensatory pairing AG
For comparison with each pairing-range coefficient beginning at position i and ending at position
J, the predicted AG of duplex formation between sequence of the miRNA beginning at position 9

and the sequence reverse-complementary to miRNA positions i—j, with no non-complementary
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nucleotides appended to either terminus, was calculated via RNAduplex, as part of the

ViennaRNA package, through its Python interface (Lorenz et al., 2011).

Thermodynamic modeling of binding affinity of miRNA 3’ end yielding pairing, offset, and
mismatch coefficients
We extended the thermodynamic model of 3’-end binding efficacy to include seed-mismatch
effects, by using as input data the logio(Kp fold-change) values measured for each of the 18
8mer-mismatch sites separately. This model took the form of:

Ky(i, j, k, 1) = “i,jﬂk‘sl- (3.10)
where a; ; and f represented the pairing-range and offset preferences as before, and 6
represented the additional set of 18 seed-mismatch coefficients. The updated cost function was
therefore

=3 mn 416 18

Feostoy (@5 B 8) = Z >y Z<y,jk, i, J,kl)> (3.11)

i=9 j=i+3 k=—41I=

where J represents the vector of all §; coefficients. The optimization was performed identically
to as before, with the y parameters initialized at 1, and bounded between 0 and +10 during the

optimization. After the optimization, the coefficients were re-scaled as

a’ = a X max X mean & (3.12.1)

B = p (3.12.2)
max f8

5=—9°_| (3.12.3)
mean &

which preserved the same interpretation of each a ;and B,. coefficient as with the prior model,

and further parameterized each &, to represent the multiplicative deviation in binding caused by

each seed-mismatch type /, with average of all 18 effects set to that of being multiplied by 1.
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The 95% confidence intervals of this model also used equations (3.8) and (3.9). However,
because this model was the product of three sets of categorical coefficients, one coefficient from
each of two sets was required to be fixed while performing the error determination. We therefore
optimized the model 21 x 18 times, fixing one f, coefficient at 1 and one 6, at 1 during the
optimization, determining the 95% confidence intervals for the all the other coefficients, and
then rescaling all parameters. This led to 21 x 17 = 357 different estimates of the confidence
intervals for each seed-mismatch coefficient, which were averaged to produce the error estimates

reported throughout the study.

Empirical assessment of contribution of seed-type to 3’-compensatory and 3’-
supplementary pairing using the random-library AGO-RBNS experiments
When analyzing the effects of seed-type on Kp fold change in the random-library experiments,
we first attempted to apply the modeling approach as used when analyzing the data for the
programmed-library experiments. However, we found that the low numbers of read counts led to
significant spareness with respect to all possible pairing range, offset, and seed-mismatch
combinations, such that modeling using these data could not be reliably performed. We therefore
analyzed the differences between benefit of 3'-supplementary pairing between each of the six
canonical sites (8mer, 7mer-m8, 7mer-A 1, 6mer, 6mer-m8, and 6mer-Al), and as well a
representative 3’-compensatory site given by summing the read counts of all 18 8mer-mismatch
sites.

To compare these sites, we first took, for each miRNA, all 3’ pairing-range possibilities
of 4 or 5 nt in length and whose 5’ position of pairing was between nucleotides 9 and 18 of the

miRNA, and determined for each the offset with the optimal average logio(Kp fold change) over
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the aforementioned site categories, thereby constructing a 7 (site types) % 20 (pairing range)
matrix of logio(Kp fold change) values. This matrix was then sorted column-wise by the average
log10(Kp fold change) of each pairing range, and then this value was subtracted from each
column, such that the values within each column reported on the deviation of each site type from
the average, for that pairing-and-offset possibility. These deviations were then averaged for each
of the seven site types over the top five (i.e., the top quartile) of pairing-and-offset possibilities,
to give the empirical contribution of each site type to 3’ binding affinity, in comparison to that of
the average. These values are plotted for all six miRNAs in Figure 4H, and the data tables from
which they were calculated are visualized in Figure S13, with the columns used for the final

averaging indicated.

Read assignment of miRNA sites with 3’-end mismatched, bulged, and deleted nucleotides
for the programmed-library experiments
To calculate the effect of all possible mismatched, bulged, and deleted nucleotide on the binding
affinity of a particular fully paired 3’ site measured in the course of the programmed-library
experiments, the site counting was repeated for each fully paired 3’ site, enumerating these sites
only for that particular site. This was done to reduce the total number of sites being counted and
subsequently used to calculate Kp, and as well to reduce the possibility of assignment problems
owing to any mismatched, bulged, or deleted-nucleotide 3’ sites (hereafter referred to as
“imperfect 3’ sites”) from one region of the miRNA 3’ end being identical to that of any other
region of the miRNA 3’ end.

The site counting was performed similarly to that of the fully paired 3’ sites, with some

differences: those reads containing a seed site at the programmed region were still assigned to
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one of four categories, with the definition of a 3’ site expanded to include any fully paired 3’ site
of length 411 nt in length pairing to the miRNA 3’ end in addition to any imperfect 3’ sites
derived from the particular fully paired 3’ site. The categorization of each read proceeded
through the following steps: 1) Any seed sites in addition to that of the programmed site were
identified, looking within the entire random-programmed-random region with 3 nt of constant
sequence appended to the 5" and 3’ ends of the read. 2) The 28-nt segment comprising 3 nt of the
5'-constant sequence and 25 nt of random sequence was queried for any instances of any
imperfect 3’ sites, with any deleted- or mismatched-nucleotide sites that were contained with
another mismatched-or bulged-nucleotide site not counted (e.g., the let-7a 1 1mer-m11-20 with a
mismatched U at position 20 is inherently contained within the 11-mer-m11-20 with a bulged U
opposite position 20, but only the bulged-nucleotide version of the site would be recorded). Any
imperfect 3’ sites were also queried to make sure that the nucleotide on either side of the site was
not complementary to the next corresponding position of the miRNA guide. We note that if such
an imperfect 3’ were found but failed these criteria, any fully paired 3’ sites were not counted
toward that read. 3) The 28-nt segment comprising 3 nt of the 5'-constant sequence and 25 nt of
random sequence was queried for the longest fully paired 3’ site, retaining multiple putative 3’
sites if multiple were of the longest length. If there were any putative, fully paired 3’ sites >4 nt
in length that were not contained within any of the seed sites within the read (if such sites were
present), and if any imperfect 3’ sites had also been identified, the length of the fully paired 3’
site or sites was compared to that of the imperfect 3’ sites, and only the category of 3’ site that
was longer was retained. If the contiguous 3’ site was longer than the mismatched-, bulged-, or
deleted nucleotide sites, these were no longer considered associated with the read. Lastly, if any

of the contiguous 3’ sites were >11 nt in length, neither the fully paired nor imperfect 3’ sites
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were counted. 4.) The read was then assigned one of the four categories, and the read count split
as described when assigning contiguous 3’ sites.

The relative Kp values used in Figure 7 were derived from that when summing the counts
for all 18 mismatch sites in the programmed region, with the individual values of all of the
imperfect 3’ sites corresponding to a particular fully paired site derived from the geometric mean
of the three contiguous offset values at which the Kp fold-change of the fully paired site was the

greatest.
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