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Abstract

In metazoans, microRNAs (miRNAs) act to repress mRNAs through a combination of
translational repression and target degradation. miRNAs predominantly pair within the
3" untranslated region (3’ UTR) of the mRNA. In cells, closely spaced miRNA target
sites within an mRNA can act cooperatively, leading to more repression of the target
MRNA than expected by independent action at each site.

This dissertation details the use of purified mMiIRNA-AGO2 complexes, synthetic target
RNAs, and a purified domain of TNRC6B that is able to simultaneously bind multiple
AGO proteins. We examined the target site occupancy and affinities for miRNA-AGO2
binding in the absence and presence of TNRC6B, for target RNAs with a single miRNA
site as well as multiple miRNA sites spaced at varying distances. As miRNA-AGO-
binding to target correlates with target repression, our study assayed target binding.

Absent TNRC6B, miRNA-AGO2 complexes showed little if any cooperative binding. In
the presence of the AGO-binding domain of TNRC6B, we observed strong cooperative
binding to dual-site target RNAs. We went on to explore the miRNA site parameters
suitable for cooperativity, investigating the spacing between sites as well as different
miRNAs working alone or in combination with one another. To interrogate the
mechanism by which TNRC6B increases cooperativity, competitive slicing experiments
were performed; results indicated that association rates between miRNA-AGO2
complexes and targets were not affected by TNRC6B, which implied that the improved
affinities were due to reduced dissociation. Thus, the multivalent binding of TNRC6
enables cooperative binding of mMiRNA-AGO complexes to target RNAs, thereby
explaining the basis of cooperative action.

Thesis advisor: David P. Bartel
Title: Professor
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Chapter 1. Introduction
miRNA biogenesis

MicroRNAs (miRNAs) are short, non-coding RNAs approximately 22 nucleotides
(nt) long that complex with Argonaute (AGO) proteins to posttranscriptionally regulate
target gene expression through a combination of translational repression and mRNA
destabilization. miRNAs target mMRNAs through Watson—Crick pairing between the
miRNA and mRNA target at sites typically within the 3’ untranslated region (3’ UTR) of
the mRNA. AGO proteins mediate mRNA degradation through three distinct
mechanisms. One mechanism, unique to AGO2, one of four AGO paralogues in
mammals, is using its catalytically active RNase H-like domain that, upon extensive
complementarity between the miRNA guide and target mRNA, is used to cleave, or
slice, the target, leading to the target’s degradation (Elbashir et al., 2001; Schirle and
MacRae, 2012; Song et al., 2004). The other human AGO paralogues, AGO1, 3, and 4,
are loaded with miRNAs but do not cleave their targets (Liu et al., 2004; Meister et al.,
2004). In addition, the vast majority of miRNAs do not pair extensively enough with their
target as required to induce cleavage but rather bind with complementarity to the
miRNA seed region (miRNA nucleotides 2-7) (Bartel, 2009). These non-cleavage
competent interactions repress mRNA through other modes: translational repression
and mRNA destabilization.

Early characterization of miRNAs was done in C. elegans where the lin-4 gene
was found to regulate lin-14 activity, which plays a role in C. elegans development (Lee

et al., 1993; Wightman et al., 1993). The product of /in-4 is not a protein but rather a 21



nt RNA with complementarity to multiple sites in the 3’ UTR of /in-14. Since this early
work, miRNAs have been found throughout eukaryotes, including plants and animals
(Bartel, 2004; Lagos-Quintana et al., 2001).

In metazoans, canonical miRNAs are transcribed by RNA polymerase |l as part
of a primary transcript that is capped and polyadenylated (Fig. 1) (Cai et al., 2004; Lee
et al., 2004). miRNAs may be found in the transcribed sequence of protein-coding
genes, typically in introns, or have their own promoters (Ha and Kim, 2014). The
primary miRNA transcript (pri-miRNA) has regions of sequence with reverse
complementarity such that the RNA folds back on itself and makes a stem-loop. This
stem-loop is then processed by a heterotrimeric complex called microprocessor,
consisting of two DiGeorge syndrome critical region 8 (DGCRB8) proteins and one
Drosha. DGCRS8 acts as a cofactor for Drosha, which has two RNase |l domains, each
of which interacts with one DGCR8 (Kwon et al., 2016). One RNase Il domain cleaves
the 5’ strand of the stem-loop; the other RNase Iil domain cleaves the 3’ strand of the
stem-loop (Han et al., 2004). Features that improve processing of pri-miRNAs include
both structural and primary sequence elements (Fang and Bartel, 2015). Structurally,
pri-miRNA processing is favored by a 35 base pair (bp) stem length with an apical loop
of 210 nt and basal single stranded RNA (Fang and Bartel, 2015). Drosha functions as
a ruler to measure 11 bp from the basal junction for one cut site; cutting both strands of
RNA duplex produces a hairpin with a 5’ phosphate and 2 nt 3’ hydroxy overhang; this

species is known as the pre-miRNA (Kwon et al., 2016). The pre-miRNA is then
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exported from the nucleus by exportin 5 in complex with RAN-GTP (Lund et al., 2004;
Yi et al., 2003).

Once in the cytoplasm, the pre-miRNA is processed by Dicer. Dicer recognizes
the 5’ and 3’ ends of the pre-miRNA and cleaves the pre-miRNA at two places to
generate an RNA duplex typified by two ~22 nt RNA molecules, each with 5’ phosphate
and 3’ hydroxy termini and a 2 nt 3’ overhang on each end (Bernstein et al., 2001,
Hutvagner et al., 2001; Park et al., 2011; Tian et al., 2014; Zhang et al., 2002). Finally,
one of the two strands of RNA is loaded into AGO. The more unstable 5’ end of the
duplex is favored for AGO loading (Khvorova et al., 2003; Schwarz et al., 2003).
Additionally, AGO favors loading strands with 5’ adenosine or 5’ uridine (Suzuki et al.,
2015). However, some duplexes exhibit essentially equal loading between the originally
5’ and 3’ strands, which become the 5p and 3p strands, respectively. The strand that is
loaded into AGO is termed the guide strand, while the strand that is not loaded is
termed the passenger, or star, strand. The unloaded strand is degraded by endogenous

RNases.
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Figure 1. miRNA biogenesis

miRNAs are transcribed by RNA polymerase I, resulting in a capped and
polyadenylated transcript. Drosha (salmon) works in combination with two DGCR8
(green) to cleave the pri-miRNA at indicated sites (salmon arrows) to generate the pre-
miRNA. Exportin5—RAN-GTP exports the pre-miRNA from the nucleus to the cytoplasm
where Dicer (purple) further cleaves (purple arrows) to generate the mature miRNA.
Finally, the guide miRNA strand (red) is loaded into AGO protein (brown) to target an
mRNA (black). The passenger strand (blue) is degraded.

Some miRNAs are processed in a Dicer-independent way, such as miR-451.
miR-451 is transcribed as a relatively short hairpin such that it is too short for proper

Dicer processing (Siolas et al., 2005). Thus, the hairpin is loaded directly into an AGO,
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although AGO2 is uniquely capable of processing the miR-451 due to the catalytic
domain of AGO2. The hairpin is cleaved by AGO2, the short 3’ cleavage fragment is
ejected, and the 3’ end of the loaded miRNA is trimmed back by endogenous nucleases
(Cheloufi et al., 2010; Cifuentes et al., 2010; Yoda et al., 2013). Similarly, miR-486,
although Dicer dependent, requires AGO?2 catalytic activity to slice and eject the guide
strand to generate mature miR-486-AGO2 (Jee et al., 2018).

Argonaute proteins are divided into four globular domains, termed N, MID, PIWI,
and PAZ, and two linker domains, L1 and L2 (Song et al., 2004; Swarts et al., 2014b).
The 5’ terminus of the miRNA is tethered to the MID domain of AGO (Elkayam et al.,
2012; Ma et al., 2005; Parker et al., 2005; Schirle and MacRae, 2012). The 5’
nucleotide inserts into a binding pocket on AGO such that it is not available for target
pairing (Elkayam et al., 2012; Ma et al., 2005; Schirle et al., 2015; Wang et al., 2009).
Target mRNAs often have an adenosine at their first position, and this base specifically
goes into a pocket between the MID and L2 domains (Lewis et al., 2005; Schirle et al.,
2015; Schirle et al., 2014). Nucleotides 2—6 of the guide RNA are prearranged in A-form
helix and exposed to the solvent, which helps speed miRNA target searching (Bartel,
2018; Chandradoss et al., 2015; Elkayam et al., 2012; Salomon et al., 2015; Schirle and
MacRae, 2012). Not only does AGO confer shape to and nuclease protection upon the
loaded miRNA, but the loaded miRNA also confers stability upon AGO, increasing AGO
resistance to protease (Elkayam et al., 2012). Only limited interactions are observed

between AGO and the Watson—Crick face of nucleotides, but interactions are observed
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with the backbone of the miRNA, including Van der Waals interactions with the 2’
hydroxy of the ribose (Schirle and MacRae, 2012).

The PIWI domain of AGO contains the active site DEDH tetrad reminiscent of
RNase H enzymes, which uses Mg?+ as a cofactor (Liu et al., 2004; Nakanishi et al.,
2012). Although AGO2 is considered the only biological catalytically active of the four
human paralogues, AGO3 has the same four amino acid residues in its catalytic tetrad
as AGO2 and, under the right guide—target sequence conditions, AGO3 can catalyze
cleavage of target RNA, albeit less effectively than AGO2 (Park et al., 2017). The
greatly reduced cleavage activity of AGO3 is due to an immature, or less rigidly
structured, nucleic acid binding channel between the N and PIWI domains (Hauptmann
et al., 2013; Park et al., 2017). AGO1 does not conserve the catalytic tetrad of AGO2
(inactive DEDR in AGO1 rather than the active DEDH of AGO2) and therefore cannot
slice target (Faehnle et al., 2013; Nakanishi et al., 2013). AGO4 is also incapable of
slicing target, having a catalytically inactive DEGR at the would-be active site (Park et
al., 2019).

The central region of miRNAs can be largely unpaired from target, even given
complementarity to target (Sheu-Gruttadauria et al., 2019). Indeed, AGO can
accommodate a bridge of up to 15 upaired target nucleotides across from the central
region of a miRNA while still effectively repressing target (Sheu-Gruttadauria et al.,
2019). The 3’ half of the miRNA interacts with the PAZ domain of AGO. Guide
nucleotides 14—18 are fed through a channel between the PAZ and N domains.

miRNA-AGO interactions perturb base stacking; the Watson-Crick edges of guide
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nucleotides 15, 17, and 18 face toward AGO, away from the solvent, and are therefore
unavailable for target pairing in the solved structure (Schirle et al., 2014). Supplemental
pairing, pairing of miRNA nucleotides 13—16 to target mRNA, requires a conformational
change in AGO whereby guide nucleotides 13—16 are exposed for pairing and a
supplementary chamber of AGO is opened to accommodate base pairing to target

(Sheu-Gruttadauria et al., 2019).

miRNA-mediated target repression mechanism

The mammalian miRNA-AGO complex targets mRNAs, typically in the 3’ UTR,

through complementary base pairing. Compared to naked RNA, AGO increases the

association rate, kon, of miRNA pairing with target (Salomon et al., 2015). This increase
in kon is executed by AGO structurally prearranging seed of the loaded miRNA into an
A-form helix (Bartel, 2018; Elkayam et al., 2012; Schirle and MacRae, 2012). Although
AGO increases kon, of MiRNA to target, it also increases dissociation rate, kot of fully
paired target, relative to naked RNA pairing (Wee et al., 2012). Overall, miRNA-AGO
has lower affinity for target RNA in comparison to the pairing of two naked RNA
molecules (Salomon et al., 2015; Wee et al., 2012).

More than 60% of human mRNAs have conserved target sites of miRNAs
(Friedman et al., 2009). Like many genes, miRNA expression is temporally and spatially
regulated (Landgraf et al., 2007). The more productive canonical mammalian miRNA
target sites have 6—7 nt of contiguous base pairing, including nucleotides 2—7 or 2-8 of

the miRNA (termed 6mer and 7mer-m8 sites, respectively) (Fig. 2) (Bartel, 2009, 2018).
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If the target mMRNA has an adenosine residue across from position 1 of the miRNA and
nucleotides 2—7 or 2—-8 are paired, the sites, respectively, are called a 7mer-A1 or 8mer.
Other miRNA—target pairing regimes include supplementary pairing, which often
includes pairing across from nucleotides 13—16 of the miRNA, and compensatory
pairing, in which imperfect pairing to the miRNA seed can be somewhat compensated
for by additional pairing to the 3’ region of the miRNA often including nucleotides 13—-16
(Brennecke et al., 2005; Doench and Sharp, 2004; Grimson et al., 2007).

Seed
87654321
3'-NNNNNNNNNNNNquqwﬁﬁvN-S' miRNA

8mer 57 ... NNNNNNNNNNNNNNNNNNNNNNNANN. . .3 '|/mRNA
7mer-m8 57 .. . NNNNNNNNNNNNNNNNNNNNNNNBNN...3’
7mer-A1 57 .. . NNNNNNNNNNNNNNNNNNNNNNNANN...3"'

6mer 5’ ... NNNNNNNNNNNNNNNNNNNNNNNBNN. ..3'’

Seed
87654321
3'—NNmuqﬁquNNNN§§§§¥§§N-5' miRNA
3’ Supplementary 5’ . . . NNNNNNNNNNNNNNNNNNNNNNNNNN. . . 3" mRNA

Seed
87654321
3'-NNNN§§§qNNNNN§§Nq§§§N-5' miBNA
3’ Compensatory 5 .. . NNNNNNNNNNNNNNNNNNNNNNNNNN. . . 3’ mRNA

Figure 2. miRNA-mRNA target site types

The miRNA (top) is shown with its seed (red) base paired to target mRNA. In cells, the
miRNA is loaded into an Argonaute protein (not shown). For various mRNA pairing
sites, the nucleotides involved in base pairing are diagramed in blue. 8mer, 7mer-m8,
7mer-A1, and 6mer sites are canonical site types diagramed in descending order of
pairing stability. 3’ supplementary and compensatory sites are atypical and are
diagramed in descending order of pairing stability.

In rare instances in mammals, mMiRNA-AGO2 cleaves target mRNA, creating
unprotected 5’ and 3’ termini that are subject to endogenous RNase decay, thereby
degrading the RNA (Shin et al., 2010; Yekta et al., 2004). More typically, miRNA-AGO

does not function alone but rather recruits additional protein factors. After miRNA-AGO
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binds to target RNA, TNRC6 binds to AGO (Fig. 3). TNRC6, GW182 in flies, is a ~182
kDa protein rich in glycine (G) and tryptophan (W); there are three TNRC6 paralogues
in humans, TNRC6A—-C. The mammalian gene name TNRC6 stands for trinucleotide-
repeat containing protein 6. TNRC6 was show to interact with AGO through reciprocal
co-IP experiments (Landthaler et al., 2008; Meister et al., 2005). The N-terminal half of
TNRCS6 is the AGO-binding domain (ABD). It has three annotated AGO-binding
hotspots, is largely unstructured, and is rich in tryptophan residues (Pfaff et al., 2013).
Furthermore, TNRC6 has been shown to simultaneously interact with up to three AGO
proteins (Elkayam et al., 2017; Takimoto et al., 2009). AGO-TNRCS interactions are
mediated via three W-binding pockets on the surface of AGO (Sheu-Gruttadauria and
MacRae, 2018).

The C-terminal half of TNRC6, termed the silencing domain, has motifs that
recruit factors responsible for the repression of mRNA targets (Braun et al., 2011;
Chekulaeva et al., 2011; Chen et al., 2014; Jonas and lzaurralde, 2015; Lazzaretti et al.,
2009). Through other tryptophan-mediated interactions, the silencing domain directly
interacts with PAN2/PANS, which are non-processive deadenylases that shorten the
poly(A) tail of an mRNA (Christie et al., 2013). Via tryptophan-mediated binding
interactions in the silencing domain of TNRC6, NOT proteins are recruited to the
targeted mRNA. The CCR4/NOT complex has two deadenylases that shorten the
poly(A) tail (Basquin et al., 2012; Jonas and Izaurralde, 2015). NOT proteins also bind
DDX6, which represses translation (Chen et al., 2014; Kuzuoglu-Ozturk et al., 2016;

Mathys et al., 2014). Further protein-protein interactions recruit decapping enzymes,
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including DCP2, which removes the 5 m’G cap from the mRNA, leaving the mRNA for
XRN1-mediated 5’-to-3’ degradation (Jonas and |zaurralde, 2015). Thus, miRNA-AGO
works to degrade an mRNA from both ends, first through deadenylation and then

through decapping (Chen et al., 2009).

Figure 3. miRNA-mediated target repression

miRNA-AGO (red and brown, respectively) bind mRNA (blue). TNRC6 (black) binds
miRNA-AGO through tryptophan-binding pockets on AGO and tryptophan residues (W)
on TNRC6. TNRCS6 also binds PABPC (yellow) which is presumably already bound to
the mRNA poly(A) tail. TNRCS6 recruits PAN2/PAN3 deadenylases (green) and CCR4~-
NOT deadenylation complex (pink) which both deadenylate the mRNA. DDX6 (orange)
binds CCR4—NOT and translationally represses the mRNA. DCP (salmon) also interacts
with repressive machinery and decaps the mRNA. Decapped mRNA is subject to
XRN1-mediated 5’-to-3’ decay.

Inasmuch as miRNA-AGO-TNRCS recruits factors for both translational
repression as well as deadenylation and decapping, studies have been carried out to
tease apart the contributions of each on posttranscriptional gene regulation. Ribosome
footprint profiling has been performed in combination with mRNA sequencing to assess
concomitant changes in transcript levels and translation. Initial studies in human and
mouse showed that miRNAs predominately downregulated gene expression via

degradation; translational repression accounted for ~11-16% of repression while mRNA
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decay accounted for at least 84% of repression (Guo et al., 2010). In certain contexts,
such as early zebrafish development 4 h post-fertilization (hpf), translational repression
was found to be the dominant effect of miRNAs (Bazzini et al., 2012). Further
investigation into early developmental stages of zebrafish and frog revealed that
translational efficiency is coupled to poly(A)-tail length, but only for zebrafish up to 4 hpf,
and only for Xenopus laevis embryos up to stage 9 (Subtelny et al., 2014). The yeast,
mouse, and human samples examined failed to reveal any correlation between poly(A)-
tail length and translational efficiency (Subtelny et al., 2014). This correlation between
poly(A)-tail length and translational efficiency can be attributed to miRNAs shortening
poly(A)-tails and some feedback between tail length and translation. In zebrafish, after
the window of coupling between poly(A)-tail length and translational efficiency, i.e. at 6
hpf, mMiRNAs again predominantly act to decrease mRNA levels (Subtelny et al., 2014).
Examination of additional mammalian cell types and contexts found that miRNA-
mediated target degradation explained most of miRNA-mediated repression, and that if
translational repression occurs, by the time target is substantively repressed,

degradation is the main cause of repression (Eichhorn et al., 2014).

TNRC6

As discussed above, TNRC6 is a scaffold that recruits translational repression
and degradation machinery to target mRNAs. The C-terminal half of TNRC6 has
additional domains that do not interact with deadenylases, including an RNA-recognition

motif (RRM), poly(A)-binding protein (PABP)-interacting motif (PAM2 domain on
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TNRCB), a glutamine (Q)-rich region, and a ubiquitin-associated (UBA) domain (Jonas
and lzaurralde, 2015). Mutating the PAM2 domain of TNRC6 impedes the ability of
miRNA-AGO-TNRCS6 to repress targets (Huntzinger et al., 2013). The functions of the
UBA and RRM have yet to be elucidated; mutating either domain has not been shown
to alter target repression (Jonas and Izaurralde, 2015).

Both the N- and C-terminal halves of TNRC6 are necessary to elicit proper
miRNA-mediated target silencing. The N-terminus binds AGO but the C-terminal
silencing domain of TNRC6 cannot. However, if recombinant AN-fusion TNRC6 protein
is tethered to the 3’ UTR of a reporter mRNA with BoxB sites, that mRNA will be
repressed, as observed as a decrease in fluorescence reporter activity (Lazzaretti et al.,
2009). Residues 599-683 of TNRC6B (AGO-APP) have been shown to strongly bind to
human AGO2 (Hauptmann et al., 2015; Pfaff et al., 2013). If that peptide is expressed at
high levels from a plasmid in HelLa cells, a global de-repression of target mRNAs is
observed (Hauptmann et al., 2015). This de-repression occurs when AGO-APP
outcompetes endogenous TNRC6. As AGO-APP does not have the silencing domain
necessary for recruitment of repressive machinery, target mMRNAs are no longer subject
to miRNA-mediated repression.

TNRCB6A has a nuclear export signal (NES) and a nuclear localization signal
(NLS); TNRC6B and TNRC6C do not have an NLS (Nishi et al., 2013). Thus, while in
mammals the action of miRNAs is largely in the cytoplasm, TNRC6A can be shuttled
between the nucleus and cytoplasm. TNRC6 and AGO colocalize to cytoplasmic

processing (P)-bodies. The Q-rich domain on TNRC6 has been shown to be necessary
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for P-body localization in TNRC6B, but not TNRC6A (Lazzaretti et al., 2009). Deleting
the Q-rich domain from TNRC6C has an intermediate effect, impairing by ~50% the
localization of TNRC6C to P-bodies.

The interaction between TNRC6-ABD and AGO has been explored and found to
be more nuanced than tryptophan-tryptophan-binding pocket. Binding of TNRC6 to
AGO causes a structural change in AGO to close a gate around the tryptophan of
TNRCS to help secure the AGO-TNRCS interaction (Elkayam et al., 2017). Although
glycine residues often flank tryptophan residues in the ABD, neither the glycine nor
other non-tryptophan residues on TNRC6 have been found to interact with AGO
(Elkayam et al., 2017). Rather, in order to avoid steric clashes, the absence of bulky or
aromatic side chains around the tryptophan enhances AGO-TNRCS6 interactions (Pfaff
et al., 2013). Each of the three tryptophan-binding pockets on the surface of AGO is ~25
A from its two neighboring tryptophan-binding pockets (Sheu-Gruttadauria and MacRae,
2018). This three-dimensional distance corresponds to a flexible amino acid linker
distance of 10-15 amino acid residues; indeed, tryptophan residues within the ABD of
TNRC6 are spaced at a mean distance of 11.7 amino acids apart (Sheu-Gruttadauria
and MacRae, 2018).

Further dissecting the interaction between individual binding pockets and TNRC6
proteins reveals a complex relationship. A 2016 study from the lzaurralde group, when
only two tryptophan-binding pockets on AGO had been described, showed mutating one
pocket on AGO had either very little effect (i.e. AGO2, pocket 1 mutant binds TNRC6B

at almost native levels) or a very strong effect (i.e. AGO2, pocket 2 mutant has
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extremely weak interaction with TNRC6C), depending on what pocket was mutated and
which TNRC6 paralogue was binding (Kuzuoglu-Ozturk et al., 2016).

A 2018 study from the MacRae group, describing the three tryptophan-binding
pockets on AGO2, investigated AGO-TNRC6B from both a TNRC6-centric and AGO2-
centric approach. Different mutations in tryptophan residues of TNRC6B-ABD have a
similarly complex relationship with AGO2 binding. Purified TNRC6B-ABD association
with AGO2 was assessed with WT TNRC6B-ABD, and TNRC6B-ABD in which every
tryptophan was mutated to an alanine (A). In the W to A mutant, no AGO2-TNRC6B-
ABD interaction was observed (Sheu-Gruttadauria and MacRae, 2018). Restoring two
W residues was sufficient to restore AGO-TNRC6B-ABD interaction. This restored
interaction could again be ablated by mutating either of two tryptophan-binding pockets
on the surface of AGO; mutating the third tryptophan-binding pocket does not impede
AGO-TNRC6B-ABD (Sheu-Gruttadauria and MacRae, 2018). Alternatively, restoring
three different W residues from A in a different stretch of TRNC6B-ABD was able to
restore AGO-TRNC6B-ABD interactions with wild type AGO2. This TNRC6B-ABD
peptide with three restored W residues was then tested for binding to each of the three
AGO2 W pocket mutants; two pockets were found to be essential for binding and one
pocket was found to be dispensable, but the dispensable pocket for these three W
residues was different than the dispensable pocket for two different W residues (Sheu-
Gruttadauria and MacRae, 2018). Thus, each tryptophan pocket on AGO2 has different

binding preferences for different regions of TNRC6B-ABD. The root of these
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preferences has not been explained by neighboring side chains or alternate AGO2—
TNRCE6 interactions.

Further nuances factor in to the affinities between AGO and TNRC6. The affinity
of one AGO-binding hotspot, the “AGO hook” of TNRCBA (residues 821-841 of
TNRCG6A) was measured for binding AGO1 and for AGO2, each AGO either loaded or
unloaded. Loaded AGO bound TNRC6 with ~5—8 times higher affinity than did unloaded
AGO (Elkayam et al., 2017). A cellular benefit of a higher affinity for loaded AGO is that
a loaded AGO engaged with target would better interact with TNRC6 and associated
repressive machinery, leading to productive targeted degradation of an mRNA. An
unloaded AGO-binding TNRC6 would not be able to direct repressive machinery to any
specific target.

Additionally, although the N-terminal ABD of TNRCS6 is thought of as largely
unstructured, regulation of this region is possible. The affinity of any of the three AGO-
binding hotspots alone at its tightest is 47 nM to AGO2 (Elkayam et al., 2017). However,
the entire TNRCBA-ABD has an affinity of 7.7 nM for its first instance of binding to
AGO2. The second AGO2 to bind the same molecule of TNRC6A-ABD does so at an
affinity of 1 uM, despite the next tightest of the AGO hotspots having, in isolation, an
affinity of 120 nM to AGO2 (Elkayam et al., 2017). Thus, binding of one AGO decreases
the affinity of TNRC6 for subsequent AGO-binding. If an mRNA has two miRNA target
sites spaced closely enough to bind the same TNRCB6, binding the second AGO with
decreased affinity may be biologically advantageous. If the first and second AGO-

binding events had equal affinity, the cell may need to preload TNRC6 with the specific
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miRNA-AGO complexes loaded with the specific miRNAs targeting the neighboring
miRNA sites on a single target mMRNA. Given the many different miRNA species
expressed in one cell type at any given time, such prearrangement on TNRC6 would be
statistically unlikely. Allowing miRNA—AGO to bind to target with pM affinity, and then
recruit TNRCB6, however, eliminates the need to preassemble specific miRNA-AGO on
one TNRCS6.

Although the above describes the mechanism of action of mMiRNA—-AGO in the
context of mammals, Argonaute was first described in plants as important for general
plant architecture and leaf shape (Bohmert et al., 1998). In plants and yeast, AGO can
work not only posttranscriptionally, but also on the chromatin level (Baulcombe, 2004;
Verdel et al., 2004; Volpe et al., 2002). Argonaute proteins have been found across
domains of life, from bacteria to mammals (Swarts et al., 2014b). The evolutionary
origin of AGO is thought to be a defense mechanism against invading nucleic acid.
Prokaryotic AGO can target mobile genetic elements as well as foreign DNA (Makarova
et al., 2009; Olovnikov et al., 2013; Sheng et al., 2014; Swarts et al., 2014a). While
eukaryotic AGOs use RNA guides to target RNA, prokaryotic AGOs can be loaded with
DNA and/or RNA and can target DNA and/or RNA (Hegge et al., 2019; Swarts et al.,
2015; Wang et al., 2008; Wang et al., 2009). Thermus thermophilus AGO decreases
intracellular plasmid levels and plasmid transfection efficiency (Swarts et al., 2014a).
The C. elegans genome encodes 27 Argonaute genes. C. elegans have a
commensurate diversity of small RNAs with diverse targets and functions including

gene regulation similar to that in mammals—worms produce miRNAs that act through
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AIN-1 and AIN-2, which are TNRCB6 orthologues—as well as small interfering RNAs
(siRNAs) and secondary siRNAs generated via RNA-dependent RNA polymerases,
which are found in plants and fungi but not mammals (Kuzuoglu-Ozturk et al., 2012;
Yigit et al., 2006; Youngman and Claycomb, 2014). Overall, while AGO proteins are
found throughout evolution, they have adapted varying means of regulating gene

expression.

P-bodies and phase separation

Eukaryotic P-bodies are cytoplasmic foci enriched for mMRNA decay factors
(Decker and Parker, 2012). These foci are biomolecular condensates, or liquid-liquid
phase-separated entities (Banani et al., 2017). Phase-separated liquid droplets are
prone to occur through multivalent interactions between RNA and protein; intrinsically
disordered regions (IRDs) also help promote phase separation (Banani et al., 2017; Lin
et al., 2015). Phase separation occurs as a function of the solubility of macromolecules.
If interactions between macromolecules and water are stronger than between
macromolecules, molecules stay dissolved in water. However, if macromolecule—
macromolecule interactions are stronger than those of macromolecule—water, phase
separation will occur (Banani et al., 2017). Thus, many weak macromolecule—
macromolecule interactions that may be mediated through the aforementioned
multivalent interactions can contribute to phase separation.

Liquid-liquid phase-separated bodies have liquid like properties, including the

ability to form droplets that can fuse with one another or bud off (Banani et al., 2017).
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Phase-separated bodies are able, to varying extents, to exchange materials with their
surroundings (Lin et al., 2015). Exchange with surroundings can be measured by
fluorescence recovery after photobleaching (FRAP). A fluorescently labeled protein or
RNA is mixed under the proper conditions to cause phase separation. Then, a laser is
applied to photobleach the droplet and recovery of signal over time is measured.
Exchange with surroundings may depend on the age of a droplet, as some droplets
glassify over time and lose ability to exchange with surroundings (Lin et al., 2015).

Indeed, TNRCB6 has properties typical of proteins that are prone to phase
separation, including an IDR (the N-terminal ABD), RNA-binding (an RRM as well as
AGO-mediated RNA binding), and multivalent interactions (binding multiple AGO
proteins simultaneously). The properties of TNRC6B phase separation has been
studied in vitro and in vivo (Sheu-Gruttadauria and MacRae, 2018). /n vitro, purified
human AGO2 was titrated into purified human TNRC6B-ABD and was shown to induce
phase-separated bodies that included both TNRC6B-ABD and AGO2; these bodies
were able to merge with one another over time. FRAP showed that these bodies
exchanged both TNRC6B-ABD and AGO2 with surroundings, aithough AGO2
recovered more quickly and to a greater extent than TNRC6B-ABD (Sheu-Gruttadauria
and MacRae, 2018).

Functional experiments by the MacRae group attempted to explore the idea that
target MRNA deadenylation is enhanced in GW bodies. GW bodies were formed in vitro
with 0.5 yM miRNA-AGO2, 1 uM TNRC6B, and soluble cellular lysate from HEK293

cells. Target RNA specifically bearing target sites to the miRNA with which AGO2 was
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loaded was also sequestered by these droplets (Sheu-Gruttadauria and MacRae,
2018). AGO2 was active in these phase-separated bodies, as measured by its ability to
cleave synthetic target RNA bearing a target site. Furthermore, components of the
CCR4-NOT deadenylation complex, including CNOT7 and CNOT9, were present in
these droplets whereas proteins present in cellular lysate but not part of miRNA-
mediated target repression, such as Actin, were not in droplets (Sheu-Gruttadauria and
MacRae, 2018).

To test if phase separation affects target deadenylation rates, miRNA-AGO?2,
TNRCB6B, and cellular lysate were mixed at 200 nM miRNA-AGO2, 20 nM TNRC6B.
However, at those relatively lower protein concentrations, droplets do not form. Thus,
PEG8000 was added at 5% w/v to induce liquid-liquid phase separation (Sheu-
Gruttadauria and MacRae, 2018). While synthetic target deadenylation was enhanced
in these phase-separated droplets, PEG is a molecular crowding reagent which
enhances reaction rates. Thus, under these conditions, it cannot be known whether or
not increased target deadenylation was due to the generic crowding effects of PEG
increasing reaction rate or to the enrichment of deadenylation machinery and activity in
the phase-separated droplets.

TNRC6-phase-separation was also studied in vivo. GFP-tagged TNRC6B has
been shown to form foci in human cells (Baillat and Shiekhattar, 2009; Sheu-
Gruttadauria and MacRae, 2018). While these droplets can fuse with one another, they
do not always merge after coming in contact, potentially indicating glassification (Sheu-

Gruttadauria and MacRae, 2018). FRAP experiments of these bodies do show,
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however, that these GW bodies are able to exchange contents with their surroundings
(Sheu-Gruttadauria and MacRae, 2018). This study did not further examine the in vivo
properties of miRNA-mediated target deadenylation in the context of TNRC6-mediated
phase separation.

Although P-bodies were hypothesized to be sites of mMRNA decay, knocking out
various components required to microscopically visualize P-bodies does not necessarily
impede mMRNA decay (Luo et al., 2018). In an effort to use high-throughput techniques
to characterize P-bodies, the Weil group developed a method called fluorescence-
activated particle sorting (FAPS) to enrich P-bodies and subject them to mass
spectroscopy and RNA-seq (Hubstenberger et al., 2017). A canonical P-body marker,
LSM14A, was made as a transgene fused with GFP, and expressed in HEK293 cells.
Cells were lysed, depleted of nuclei, and P-bodies were enriched by adapting a cell
sorter to select GFP-positive particles on the size scale of P-bodies; a GFP-LSM14A
mutant that does not localize to P-bodies was used as a negative control. Mass spec
revealed an enrichment of proteins in P-bodies that are annotated to play a role in
mMRNA repression and decay, including DDX6, elF4E-T, and AGO1, AGO2, and various
DCP decapping enzymes. P-bodies were found to be translationally repressed and are
depleted for ribosomes (Hubstenberger et al., 2017).

To investigate the decay status of mMRNAs enriched in P-bodies, RNA-seq was
performed on FAPS enriched particles and total mRNA. mRNAs depleted from P-bodies
showed modestly decreased read density toward the 5’ end of the mRNA, relative to P-

body enriched mRNAs. mRNAs enriched in P-bodies showed modestly decreased read
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density toward the 3’ end. The authors suggest that the weakness of the signal
indicates 3’ decay or 5’ protection are not enriched in P-bodies, but rather those
characteristics might help induce a transcript to be shuttled to a P-body (Hubstenberger
et al., 2017). However, during the P-body purification protocol, nucleases may remain
active and degrade mRNAs with 5-to-3’ decay pathways and that the degraded mRNA
will then not appear in sequencing libraries.

A different investigation by the Chao group used single molecule imaging to
assess mMRNA decay in P-bodies. Using a reporter RNA with a 5’ end and 3’ end each
separately visible in live-cell or fixed-cell imaging, the authors were able to visualize
mMRNA decay in P-bodies and cytoplasm. The 3’ end is protected from 5’-to-3’ decay by
a pseudoknot resistant to Xrn1-mediated decay. They observed that, for this one
reporter mMRNA, mRNAs localized to P-bodies are not degraded, as evidenced by the
fact that the 5’ and 3’ ends of the mRNAs colocalize in P-bodies; if P-bodies were sites

of decay, the 3’ end would be expected to accumulate (Horvathova et al., 2017).

miRNAs targeting, regulation, and dysregulation

Since the initial characterization of a miRNA as a developmental regulator in C.
elegans, the scope of miRNA and AGO biology has greatly expanded. Following the
discovery of lin-4 as a regulator of heterochronic genes, broad developmental roles of
miRNAs have been described. In zebrafish, miR-430 is expressed at the start of zygotic
transcription and functions in the maternal-to-zygotic transition (MZT) by aiding in the

clearance of hundreds of maternally deposited mRNAs (Giraldez et al., 2006). In

29



contrast to the widespread effects of miR-430 in zebrafish MZT, in C. elegans, the
miRNA Isy-6 has been shown to function in the specification of one specific neuron
(Alberti and Cochella, 2017; Cochella and Hobert, 2012).

Hundreds of miRNAs have been identified in humans, flies, worms, and other
species (Bartel, 2018). Integral to understanding miRNA biology is knowing what
miRNAs are expressed, where, and when, and what specific mRNAs are targeted. Early
efforts to identify miRNA targeting showed that evolutionary conservation of miRNA
sites on mRNAs was sufficient to predict miRNA targets above false-positive rates
(Lewis et al., 2003). High-throughput sequencing of miRNAs has helped identify
expression and regulation patterns in time and space (de Rie et al., 2017; Landgraf et
al., 2007; Shenoy and Blelloch, 2014). In addition to identifying when miRNAs are
expressed, knowing which mRNAs miRNAs are actively targeting has been an area of
interest; various methods have been pioneered to attempt to identify specific
endogenous miRNA-AGO-target interactions. Such techniques often pair crosslinking
with high-throughput sequencing. For example, PAR-CLIP takes advantage of the
photoactivatable ribonucleoside 4-thiouridine (4SU), which can be incorporated into
RNAs by cellular polymerases and, upon exposure to 365 nm wavelength UV light,
crosslinks protein to RNA. After pulling down tagged AGO protein and sequencing, the
specific site of crosslinking can be identified (Hafner et al., 2010). Thus, one can pull on
AGO and see where exactly in the transcriptome it has bound. Interestingly, while
miRNAs predominantly act to target the 3’ UTR, 50% of crosslinked reads mapped to

CDS and 46% to 3’ UTR (Bartel, 2009; Hafner et al., 2010). However, those CDS sites
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targeted by miRNAs were found to be only marginally effective. Similar techniques and
analyses have attempted to identify miRNA-AGO—target interactions to assess target
sites and pairing motifs (Broughton et al., 2016; Grosswendt et al., 2014; Helwak et al.,
2013). Other large-scale efforts to predict miRNA targets have used data from a
combination of miRNA transfections and miRNA knockouts to look, respectively, at
downregulated and upregulated mRNAs (Agarwal et al., 2015; Grimson et al., 2007;
Gumienny and Zavolan, 2015).

miRNA target prediction remains an open area of pursuit. The ever-expanding
knowledge base on miRNAs simultaneously increases understanding while adding
complexity. While in humans different miRNAs have not been shown to preferentially
sort into different AGO paralogues, the miRNAs that are in different AGO proteins are of
different lengths, with 3’ end differences likely due to tailing and trimming of the miRNA
(Dueck et al., 2012). Furthermore, work from the Thompson lab showed that miRNA
abundances do not always correlate with repression (La Rocca et al., 2015). In a survey
of healthy adult mouse tissues, miRNA—-Ago has been shown to be found in high
molecular weight (HMW) complexes of >2 MDa, and in low molecular weight (LMW)
complexes of ~100 kDa, as separated by size exclusion chromatography and visualized
by Western blots against Ago2 (La Rocca et al., 2015). Some tissues, such as heart,
skeletal muscle, and erythrocytes, only showed Ago2 in the LMW fraction. Brain,
kidney, lymph nodes, and thymocytes showed Ago2 in both HMW and LMW fractions.
Four of four cell lines showed Ago2 only in HMW fractions. RNase treatment showed

that RNA-mediated interactions were necessary for migration at HWM; adding RNase
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shifted Ago2 to an intermediate fraction size of ~500 kDa. TNRC6A-C also contributed
to migration at HMW as siRNAs against TNRC6A—C shifted some of the HMW fraction
to LMW.

T cell stimulation was then used to interrogate how miRNAs shift between LMW
and HMW populations under different physiological conditions. Indeed, T cell stimulation
caused miRNAs to redistribute between LMW and HMW. For tested miRNAs that
redistributed to the HMW fraction but did not change expression levels, reporter assays
showed that shifting to the HMW population increased ability of that miRNA to repress a
reporter mMRNA (La Rocca et al., 2015). These data point to the idea that some AGO is
associated with TNRC6 and repressive machinery whereas other AGO is not, and that
there may be cellular mechanisms for redistributing which expressed miRNAs are active
under different cellular conditions.

An additional level of targeting regulation is the phosphorylation state of AGO.
AGO has multiple annotated sites of phosphorylation; some sites affect AGO
localization during stress conditions while other sites affect AGO targeting (Golden et
al., 2017; Quevillon Huberdeau et al., 2017; Zeng et al., 2008). Five specific sites of
phosphorylation on AGO were implicated in target binding; these residues are in the
PIWI domain of AGO but are structurally unresolved. Serines and threonines are
phosphorylated by the kinase CSNK1A1 while phosphatases ANKRD52 and PPP6C
dephosphorylate the residues targeted by CSNK1A1. A phosphorylation cycle is
established whereby the binding of miRNA-AGO to target triggers phosphorylation.

Phosphorylation then decreases target binding; the residues that are phosphorylated
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are near the miRNA-target interface (Golden et al., 2017). Furthermore, when AGO is
phosphorylated, it binds to targets more selectively. Per eCLIP experiments,
dephosphorylated AGO binds twice as many target sites as phosphorylated AGO.
Dephosphorylated AGO binds the same repertoire of genes as phosphorylated AGO
while also binding additional target genes. The authors posit that this forms a cycle of
phosphorylation wherein dephosphorylated AGO binds to target. CSNK1A1 then
phosphorylates AGO, which causes it to disengage from target, then ANKRD52/PPP6C
dephosphorylates AGO such that it can reengage another target. Disruption of this cycle
globally impairs miRNA-mediated target repression (Golden et al., 2017).

Given the impact miRNAs can have on normal cellular functions, it is
unsurprising that miRNAs can be dysregulated in disease, in both functional ways and
as biomarkers for disease state (Cullen, 2013; Lai et al., 2015; Max et al., 2018;
Renwick et al., 2013; Wang et al., 2016). For example, the Herpesvirus saimiri (HVS)
transcript HSUR1 has target sites for miR-27 that cause the miRNA to be degraded and
the targets of miR-27 to increase in abundance (Cazalla et al., 2010). The Herpesvirus
saimiri transcript HSUR2 employs a unique mechanism of regulating host mRNA levels.
HSUR2 has a target site for each of miR-16 and miR-142-3p. Also, as identified through
psoralen-mediated crosslinking and sequencing experiments, HSUR2 base-pairs to a
subset of cellular mRNAs (Gorbea et al., 2017). The effect of this base pairing is to
tether the miRNA-AGO to HSUR2-bound mRNA, leading to the downregulation of
HSUR2-bound mRNAs. mRNAs bound by HSUR2 were enriched for genes involved in

p53 signaling. Overall, HSUR2 works to decrease cellular apoptosis of infected cells as
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compared to cells infected with HVS that lacks HSUR2 (Gorbea et al., 2017). Whereas
AGO proteins and RNAI are thought to have evolved as a host defense against invading
nucleic acids, the evolutionary arms race has progressed such that virus is now
hijacking AGO to abet cellular infection.

This thesis focuses on an additional aspect of miRNA targeting and efficacy: the
cooperative action of closely spaced miRNA binding events (Grimson et al., 2007;
Saetrom et al., 2007). When two miRNAs target the same transcript and the binding
sites for those sites are < 40 and > 7 nt apart (counting between the 3’ end of the
upstream site and the 5’ end of the downstream site), those two sites act synergistically
to repress the mRNA more than expected if the two sites were to act independently
(Grimson et al., 2007). Previous studies have phenomenologically investigated
parameters for cooperatively in vivo using mRNA reporter assays (Broderick et al.,
2011; Doench et al., 2003). This dissertation uses purified components and in vitro
assays to biochemically dissect the molecular factors responsible for cooperative

repression of MRNAs with closely spaced miRNA target sites.
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Abstract

In cells, closely spaced miRNA target sites within an mRNA can act cooperatively,
leading to more repression of the target MRNA than expected by independent action at
each site. Using purified miRNA—-AGO2 complexes, synthetic target RNAs, and a
purified domain of TNRC6B (GW182 in flies) that is able to simultaneously bind multiple
AGO proteins, we examined both the occupancies and binding affinities of miRNA-
AGO2 complexes and target RNAs with either one site or two cooperatively spaced
sites. On their own, mMiRNA-AGO2 complexes displayed little if any cooperative binding
to dual sites. In contrast, in the presence of the AGO-binding region of TNRC6B, we
observed strong cooperative binding to dual sites, with almost no singly bound target
RNAs and substantially increased binding affinities and Hill coefficients. Competitive
slicing experiments indicated that association rates between miRNA-AGO2 complexes
and targets were not affected, which implied that the improved affinities were due to
reduced dissociation. Thus, the multivalent binding of TNRC6 enables cooperative
binding of mMiIRNA—AGO complexes to target RNAs, thereby explaining the basis of

cooperative action.
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Introduction

MicroRNAs (miRNAs) are ~22-nt RNAs that associate with an Argonaute (AGO) protein
to form a complex that directs the posttranscriptional down-regulation of mRNAs (Bartel,
2009). Within this complex, the miRNA pairs to a site within an mRNA, typically within
its 3’ untranslated region (UTR), thereby specifying the mRNA to be repressed,
whereas AGO interacts with TNRCB8, a scaffold protein that recruits the PAN2/PAN3

and the CCR4/NOT deadenylation complexes to the targeted mRNA.

The consequence of the ensuing deadenylation can differ, depending on the regulatory
regime operating in the cells (Subtelny et al., 2014). In early embryos, where mRNAs
with shorter tails are stable but translated less efficiently, translational repression is
observed. In either later embryos or postembryonic cells, where mRNAs with shorter
tails are decapped more rapidly but translated no less efficiently, mRNA destabilization
is observed. Some translational repression, attributable to the action of DDX6 and 4E-T,
which can be recruited by the CCR4/NOT complex (Jonas and Izaurralde, 2015), is
sometimes also observed in postembryonic cells, but mRNA destabilization explains
most of the repression observed for endogenous mRNAs of postembryonic cells

(Eichhorn et al., 2014).

Key to the interaction between AGO and TNRCS6 are three tryptophan-binding pockets

on the surface of AGO (Sheu-Gruttadauria and MacRae, 2018). Indeed, the TNRC6

homolog of flies is named GW182 because of its abundant glycine (G) and tryptophan
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(W) residues. The G and W residues fall primarily in a large, apparently unstructured N-
terminal domain of TNRCB6, which has three AGO-binding “hotspots” (Jonas and
Izaurralde, 2015; Pfaff et al., 2013). Each of these hotspots has multiple W residues that
are flanked by amino acids with small or flexible side chains, which help explain the

affinity to AGO (Elkayam et al., 2017; Pfaff et al., 2013).

More than 60% of human mRNAs are conserved targets of miRNAs, and on average,
each conserved target has 4-5 preferentially conserved miRNA sites (Friedman et al.,
2009). Each of these sites typically has perfect pairing to the miRNA seed (miRNA
positions 2-7), often supplemented by an additional pair to miRNA position 8 or an A

across from miRNA position 1, or both (Bartel, 2009).

Analyses of the global effects of miRNAs on mRNA levels indicate that if an
mMRNA has multiple sites to the same miRNA, the observed repression ordinarily
matches that expected if each site acted independently (Grimson et al., 2007). For
example, if one site one its own reduces an mRNA level by 30% and the second site
reduces it by 20%, the effect of both of them together would be expected to be 44% (1 —
(0.7 X 0.8)). However, when two miRNA sites are close to each other, the observed
repression typically exceeds that expected from the independent action of the two sites
(Grimson et al., 2007; Saetrom et al., 2007). One study reports that the strongest
cooperative action is observed when sites are < 40 nt apart (counting the number of

nucleotides between the 3’ end of the upstream site and the 5’ end of the downstream
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site) but > 7 nt apart, presumably because at very close distances binding of one
complex occludes binding of the second (Grimson et al., 2007). Another study reports
that the strongest cooperative action is observed when sites are between 13-35 nt
apart (Saetrom et al., 2007).

The human transcriptome of 19,473 3’ UTRs has 18,156 instances of transcripts
with sites to any of the broadly conserved miRNA families within the cooperative
distance of 8-39 nt. 1,258,129 pairs of sites exist within this cooperative distance, of
which, 21,375 were examples where both sites are to the same miRNA family. Here, we

set out to explain the molecular basis of this cooperative action.

Results and Discussion

Synergistic action of closely spaced miRNA sites

Transfecting miRNAs into human cell culture results in repression of target mRNAs
containing sites to the miRNAs. When a target has multiple sites closely spaced (within
100 nt as measured from the 3’ end of the first site to the 5’ end of the second site), that
target exhibits greater repression than would be expected if the two miRNA sites acted

independently (Fig. 1A).

In vitro analysis of miRNA site occupancy
Recent experiments have shown that repression efficacy correlates strongly with the
binding affinity between the miRNA-AGO complex and its target sites (McGeary et al.,

2018). With this observation in mind, we reasoned that the cooperative action of closely
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spaced sites might be due to cooperative binding of miRNA—-AGO complexes to two
closely spaced sites. To test this idea, we set out to examine whether the miRNA-AGO

complex binds cooperatively to an RNA target with two closely spaced sites.

Bulk binding affinities between miRNA—-AGO complexes and their targets are typically
measured using filter binding, in which a nitrocellulose membrane retains AGO and any
associated RNA, thereby separating bound from unbound target RNA (Wee et al.,
2012). However, because this method cannot distinguish target RNA bound by one
complex from that bound by two, it cannot provide the occupancy information needed to
measure binding cooperativity. Reasoning that a native electrophoretic mobility-shift
assay (EMSA) would be able to provide the desired occupancy information, we explored
the utility of this assay for examining binding affinity between the miR-1-AGO2 complex

and its targets.
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Target sites > 100 nt apart

Target sites < 100 nt apart
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Figure 1. Measuring affinity between miRNA-AGO2 and target RNA

(A) Cooperative action of closely spaced miRNA target sites. Changes in mRNA levels
after miRNA transfection for messages containing the indicated combinations of miRNA
binding sites. Panel from Fig. 1D and E from (Grimson et al., 2007). (B) Diagram of
synthetic miR-1 targets with either one site or two sites. The 7-nt sites (blue) pair to
miRNA positions 2-8 (red). (C) Binding of miR-1-AGO2 to its one-site target, as
detected by filter binding. The top row shows the amount of labeled target retained with
miR-1-AGO2 on the nitrocellulose filter, with the cartoon on right depicting the miRNA—
AGO-target ternary complex (brown AGO2 bound to blue target). The bottom row
shows the amount of labeled target that passed through the nitrocellulose filter and
bound to the nylon filter, with the cartoon depicting free target (blue line). Shown are
phosphorimager scans of the filters, which were used to calculate, for each
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concentration of miR-1-AGO2, the fraction of target bound (indicated below the scans).
(D) Binding of miR-1-AGO2 to its one-site target, as detected by EMSA. Otherwise, this
panel is as in C. (E) Binding curves fit to the results of C and D (blue and red,
respectively). Shown for each method are inferred Ko values with 95% confidence
intervals in parentheses. (F) Binding of miR-1-AGO2 to its two-site target, as detected
by filter binding. The cartoons on the right depict two AGO2 complexes bound to target
(top left), one AGO2 complex bound to target (top right, shown bound to one site but
also could be bound to the other site), and free target (bottom). Otherwise, this panel is
as in C. (G) Binding of miR-1-AGO2 to its two-site target, as detected by EMSA.
Otherwise, this panel is as in F. (H) Binding curves fit to three replicates of both Fand G
(blue and red, respectively). Otherwise, this panel is as in E. (/) The Hill curve fit to three
replicates of G, showing the Kb and h values, with 95% confidence intervals in
parenthesis.

We first measured the binding affinity between the complex and an RNA with a single
site. Human AGO2 loaded with human miR-1 was purified (Flores-Jasso et al., 2013;
McGeary et al., 2018) and its binding to a 27-nt RNA that had a site matching miR-1
nucleotides 2-8 (Fig. 1B) was examined. A range of miR-1-AGO2 concentrations were
incubated with trace target RNA, which was 5’-radiolabeled, and after reaching binding
equilibrium, the fraction of target bound was measured by both a filter-binding assay
and a native EMSA. The filter-binding assay was performed with stacked nitrocellulose
and nylon membranes, in which nitrocellulose membrane captured AGO and any
associated RNA, whereas the nylon captured unbound RNA (Fig. 1C). At each AGO2
concentration, the fraction of bound target observed by mobility shift resembled that
observed by filter binding (Fig. 1C and D). For both assays, simple binding curves fit
well to the results, and the Kb values inferred from these curves (91 and 110 pM,
respectively) were similar to each other (Fig. 1E) and fell within the range of values

determined for complexes involving other mammalian miRNAs and measured using

either filter-binding or single-molecule methods (Salomon et al., 2015; Wee et al., 2012).
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Having established an EMSA for miR-1—AGO2 binding to target RNA, we used this
assay to examine binding to a target that had two 7-nt sites separated by 21 nt,
choosing an oligo(U) spacer to avoid secondary structure within the target RNA (Fig.
1B). As anticipated, the EMSA distinguished between free RNA, RNA bound by one
miR-1-AGO2 complex, and RNA bound by two miR-1-AGO2 complexes (Fig. 1F).
Moreover, when considering the fraction of target bound to at least one complex, results

of the EMSA agreed well with those of the filter-binding assay (Fig. 1 F—H).

The distinctly identifiable binding states observed with the EMSA allowed fitting of the
Hill equation, producing a Hill coefficient, h, used to describe the cooperativity of binding
in systems with multiple simultaneous binding events. An h of 1.0 indicates no
cooperativity, whereas, an h less than or greater than 1.0 indicates negative or positive
cooperativity, respectively. Because the target had two miRNA target sites, an h of 2
would indicate maximal positive cooperativity. Fitting the Hill equation to the EMSA
results for a 2-site target yielded an h of 1.2, with a 95% confidence interval (Cl) of
0.96—1.5 (Fig. 1/). Thus, although the possibility of some cooperative binding cannot be
excluded, these results did not provide compelling evidence for the cooperative binding

of miR-1-AGO2 to a 2-site target in the absence of additional factors.
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Enhanced cooperativity of AGO2 binding in the presence of TNRC6

TNRC6 has an extended AGO-binding domain with potential to bind more than one
AGO (Takimoto et al., 2009). Indeed, within the AGO-binding domain of TNRC6B, one
of the three TNRC6 paralogues in humans, three non-overlapping AGO-binding
hotspots have been mapped (Pfaff et al., 2013), and one molecule of TNRC6A can
simultaneously bind three AGO proteins (Elkayam et al., 2017). This ability to bind more
than one AGO protein has led to speculation that TNRC6 might link muitiple miRNA—
AGO complexes simultaneously bound to different sites of a target, thereby imparting
cooperative binding to such targets with multiple suitably spaced sites (Elkayam et al.,

2017, Hauptmann et al., 2015; Pfaff et al., 2013; Takimoto et al., 2009).

With an assay for examining the cooperativity of miRNA-AGO-binding to targets, we
were positioned to test the idea that the AGO-binding domain of TNRC6 might impart
cooperative binding. For these studies, we overexpressed and purified the AGO-binding
domain of TNRC6B. The recombinant construct, named 6B-ABD, included a region of
TNRC6B containing residues 162—996, fused at its N terminus with maltose-binding
protein (MBP) and at its C terminus with Hiss, which were appended to enhance protein

solubility and facilitate purification, respectively (Fig. 2A).

To examine how binding of 6B-ABD affected migration of mMiRNA-AGQO2—-target

complexes, we designed a system that enabled control of the number of target sites

bound to mMiRNA-AGO2. This system used a target with both a miR-1 site and a miR-
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124 site (again separated by a 21-nt oligo(U) spacer), and to this 2-site target purified
miR-124-AGO2 or miR-1-AGO2 could be added to generate singly bound target, or
both miRNA-AGO2 complexes could be added to generate doubly bound target (Fig
2B). 6B-ABD was then added to these singly or doubly bound targets, and migration in
the EMSA was assessed (Fig. 2B). Adding 1 nM 6B-ABD to target bound by either miR-
1-AGO2 or miR-124—-AGO2 only slightly reduced mobility of the target complex,
whereas adding 1 nM 6B-ABD to target bound by both miR-1-AGO2 and miR-124—
AGO2 substantially reduced mobility of the target complex, a small portion of which
failed to migrate into the gel. These results demonstrated the ability to detect

association of 6B-ABD to target bound by two miRNA-AGO2 complexes.
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Figure 2. The effects of 6B-ABD on miRNA-AGO2 binding to two-site targets

(A) Domain structure of TNRC6B and its derivatives. At the top is TNRC6B isoform 2,
with its AGO-binding domain colored orange and the mapped high-affinity binding
regions colored red. Below TNRC6B is 6B-ABD, which contained the TNRC6B AGO-
binding domain flanked by the maltose-binding domain (MBP) and a Hiss tag. Below 6B-
ABD are the mini-T6B and mini-T6B_A synthetic peptides. (B) Assessment of target
migration in the EMSA following combinatorial addition of miRNA-AGO and 6B-ABD.
On the right, cartoons depict (top to bottom): target (blue) bound by two miRNA-AGO2
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complexes (brown) that are bound by 6B-ABD (black), target bound by two miRNA—
AGO2 complexes, target bound by one miRNA-AGO2 complex (either miR-1—-AGO2 or
miR-124—-AGO2 but only one of the two possibilities shown for simplicity), and target
bound by one miRNA-AGO2 complex that is bound by 6B-ABD (which essentially co-
migrates with target bound by one miRNA-AGO2 complex that is not bound by 6B-
ABD), and free target. The three-sided box in upper right corner of the gel shows the
location of well. (C) The effect of 6B-ABD on the binding of miR-1-AGO2 to its two-site
target. 1 nM 6B-ABD was included in each binding reaction, except the one run on the
far-right lane. Cartoons on the right are as in B. Otherwise, this panel is as in Fig. 1G.
(D) The effect of 6B-ABD on the binding of miR-1-AGO2 to its two-site target, as
evaluated by the Hill equation. The Hill equation is fit to two replicates of C (red) and to
EMSA results for the analogous binding reactions performed in the absence of 6B-ABD
(blue). Ko and h values are indicated for each fit, with 95% confidence intervals in
parenthesis. (E) Binding of miR-124-AGO2 to its two-site target. Otherwise, this panel
is as in Fig. 1G. (F) The effect of 6B-ABD on the binding of miR-124—AGO2 to its two-
site target. Otherwise, this panel was as in C. (G) Hill equation fit to two replicates of E
and F (blue and red, respectively). Otherwise, this panel is as in D. (H) Binding of miR-
1-AGO2 and miR-124-AGO02 to a target with one site to each miRNA. miR-1-AGO2
was titrated into reactions that contained 30 pM miR-124—AGO2. Otherwise, this panel
is as in E. (/) The effect of 6B-ABD on the binding of miR-1-AGO2 and miR-124-AGO02
to a target with one site to each miRNA. miR-1-AGO2 was titrated into reactions that
contained 30 pM miR-124—-AG02. Otherwise, this panel is as in C.

Having established how adding 6B-ABD influences migration of different miRNA—
AGO2-target complexes, we investigated how 6B-ABD influences the binding of miR-1-
AGO2 to its 2-site target RNA. Compared to binding reactions without 6B-ABD (Fig.
1B), adding 1 nM 6B-ABD nearly eliminated the singly bound species (Fig. 2C), with the
doubly bound target dominating over the singly bound target at much lower miR-1—
AGO2 concentrations (as low as 6 pM compared to > 60 pM). This altered behavior
observed upon adding the TNRC6B AGO-binding domain was precisely that expected

when shifting from noncooperative to highly cooperative binding. Indeed, when fitting

the Hill equation, the occupancy observed upon adding 6B-ABD yielded an h of 2.1
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(95% ClI, 1.5—- 3.2) (Fig. 2D). We conclude that TNRC6 substantially increases the

cooperativity of miR-1-AGO2 binding to a 2-site target RNA.

To examine if the observed cooperativity depended on the identity of the miRNA, we
repeated the experiments with miR-124-AGO2 and a cognate target with two sites to
miR-124 separated by a 21-nt oligo(U) spacer. The results resembled those observed
for miR-1; the singly bound species observed without 6B-ABD was nearly undetectable
in the presence of 6B-ABD, and the doubly bound target dominated over the singly
bound target at much lower miR-124-AGO2 concentrations (Fig. 2 E and F). In the
absence of 6B-ABD the Hill coefficient was 1.3 (95% ClI, 1.0-1.7), which increased to

1.8 (95% Cl, 1.5—2.2) with the addition of 6B-ABD (Fig. 2G).

Because most cooperatively spaced sites in endogenous 3’ UTRs correspond to
different miRNAs, we also tested whether the TNRC6B AGO-binding domain could
enhance cooperative binding to a target with sites to two different miRNAs, specifically,
a miR-1 site 21 nt from a miR-124 site. miR-124-AGO2 was set at 30 pM, a
concentration that led to partial occupancy of the miR-124 site, and miR-1-AGO2 was
titrated in, either in the absence or in the presence of 6B-ABD (Fig. 2 H and /). Clear
halimarks of increased cooperativity were observed in the presence of 6B-ABD. For
example, at 30 pM miR-124-AG02, 15 pM miR-1-AGO2 and in the absence of 6B-
ABD, 68% of target RNA was free, 19% was bound by one miRNA-AGO2 complex, and

13% was bound by two complexes, whereas in the presence of 6B-ABD, free target
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decreased to 18%, singly bound target decreased to 17%, and doubly bound target
increased to 65% (Fig. 2 Hand /). Thus, TNRC6 can mediate cooperative binding

involving two AGO proteins, each loaded with a unique miRNA.

Site spacing
Previous studies examining the efficacy of repression in the cell indicate that either 8—
39 or 13-35 nt between the 3’ end of the first site and the 5’ end of the second site
provide optimal spacing for miRNA cooperative action, raising the question of whether
such a range also applies to binding cooperativity in vitro (Grimson et al., 2007;
Saetrom et al., 2007). To test intersite spacing above the previously defined boundaries,
we created a target with a 60-nt oligo(U) spacer. Using this target in the absence of 6B-
ABD, three binding states were observed: free target, target bound by a single miR-1-
AGO2, and target bound by two miR-1-AGO2 complexes (Fig. 3A), whereas in the
presence of 6B-ABD, target bound by a single miR-1-AGO2 was difficult to detect at
any point in the concentration course—a hallmark of cooperative binding (Fig. 3B).
Fitting the binding curves indicated that in the absence of 6B-ABD, miR-1—AGO2 bound
target RNA with Ko = 24 pM and h=1.4 (95% CI, 0.94-2.0), whereas in the presence of
6B-ABD, miR-1-AGO bound target with Ko = 9.1 pM with h= 1.8 (95% ClI, 1.3-2.6) (Fig.
3C), also supporting the conclusion that 6B-ABD increased the affinity and cooperativity
of binding.

These results showed that cooperative binding can be achieved at a linker length

of 60 nt, which exceeded the 56-nt linker length for which cooperativity is not observed
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in cells using a reporter assay (Grimson et al., 2007). Factors that might explain this
difference include the different linker and flanking sequences and the milieu of RNA-
binding proteins present in cells but absent in our purified system, which might
effectively iron out the target mRNA and increase the three-dimensional distance
between sites.

To test an intersite spacing below the previously defined boundaries, we
generated a 2-site target with a miR-1 site placed 4 nt from a miR-124 site. In the
absence of 6B-ABD, binding of only one miRNA-AGO2 complex to the target was
detected, with a Kb of 88 pM, whereas in the presence of 6B-ABD, the same was
observed, with a similar Kb of 140 pM (Fig. 3D-F). The binding of only one miRNA—-
AGO2 complex to this target with closely spaced sites was presumably due to a steric
clash that precluded binding of a second complex. This apparent inability of two AGO
proteins to simultaneously associate with the target explained the lack of cooperative
binding. This mechanism for preventing cooperativity would presumably be difficult to
attenuate with altered sequences or RNA-binding proteins, which explains why our
result in vitro matched that observed for closely spaced sites when using reporter

assays in cells (Grimson et al., 2007; Saetrom et al., 2007).
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Figure 3. Assessing cooperative binding at different site-spacing distances

(A) Binding of miR-1-AGO2 to a target with two sites spaced 60 nt apart, as detected by
EMSA. Otherwise, this panel is as in Fig. 1F. (B) The effect of 6B-ABD on the binding of
miR-1-AGO2 to a target with two sites spaced 60 nt apart. Otherwise, this panel was as
in Fig. 2C. (C) The effect of 6B-ABD on the binding of miR-1-AGO2 to a target with two
sites spaced 60 nt apart, as evaluated by the Hill equation. The Hill equation was fit to
two replicates of A and B (blue and red, respectively). Otherwise, this panel is as in Fig.
2D. (D) Binding of miR-1-AGO2 and miR-124-AGO2 to a target with closely spaced
sites to each miRNA. miR-1-AGO2 was titrated into reactions that contained 30 pM
miR-124—AGO2. Otherwise, this panel is as in Fig. 2H. (E) The effect of 6B-ABD on the
binding of miR-1-AGO2 and miR-124—-AGO2 to a target with closely spaced sites to
each miRNA. Target bound by one miRNA-AGO2 complex (either miR-1-AGO2 or
miR-124-AGO2 but only one of the two possibilities shown for simplicity) migrates
slightly faster than target bound by one miRNA-AGO2-6B-ABD complex. Otherwise,
this panel is as in Fig. 2/. (F) Binding curves fit to two replicates of D and E (blue and
red, respectively). Shown for each curve are inferred Ko values with 95% confidence
intervals in parentheses.
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Disrupting cooperative binding

6B-ABD had the three known AGO-binding hotspots of TNRC6B, consistent with the
hypothesis that the ability of 6B-ABD to bind multiple AGO proteins simultaneously
provided the basis for cooperative binding of AGO to target RNA. To evaluate this
hypothesis that cooperativity depended on multiple and specific AGO-TNRC6
interactions, we generated a synthetic peptide designed to bind only one AGO protein
and examined whether this peptide could disrupt cooperative binding. Our peptide was
a smaller version of the T6B peptide, an 85-aa peptide that corresponds to residues
599-683 of TNRC6B and is known to bind strongly to AGO (Hauptmann et al., 2015;
Pfaff et al., 2013) (Fig. 2A). Our peptide, called “mini-T6B,” included a 41-aa fragment of
T6B that corresponded to residues 618-658 of TNRC6B. Mini-T6B was designed to
included only three tryptophan residues, reasoning that such a peptide could interact
with each of the tryptophan-binding pockets on one AGO molecule but would lack
additional tryptophan residues that might interact with another AGO. As a control, a
second peptide, called “mini-T6B_A" was designed in which the three tryptophan
residues of mini-T6B were changed to alanine (Fig. 2A).

The effect of mini-T6B was tested on miR-1—-AGO2 binding to a target with two
miR-1 sites spaced 21 nt apart (Fig. 1B), setting the concentration of miR-1—-AGO2 to
30 pM, at which free target RNA, target RNA bound by one miR-1-AGO2, and target
RNA bound by two miR-1-AGO2 complexes were clearly observed. When adding a
high concentration of mini-T6B or mini-T6B—A to the reaction, neither peptide affected

the mobility of the complexes (Fig. 4B). However, when repeating the experiment in the
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presence of 1 nM 6B-ABD, which normally imparts cooperative binding of miR-1-AGO2
under these conditions, mini-T6B disrupted the cooperative behavior, as indicated by
the reappearance of singly bound target (Fig. 4 C and D). EMSA lane 1 shows EMSA of
miR-1-AGO2 binding to 2-site target, 21 nt apart, in the absence of 6B-ABD. Lane 2 is
the same as lane 1, but with the addition of 6B-ABD. Target has super-shifted and
singly bound target species is depleted. Lane 3 shows the addition of mini-T6B to the
conditions in lane 2. Note the reappearance of singly bound target, a greater amount of
free target, and a decrease in doubly bound target. Lane 4 shows the addition of mini-
T6B_A to the same conditions as lane 2. Note the similarity between lanes 2 and 4; a
similar amount of mini-T6B_A used in lane 4, as compared to mini-T6B in lane 3, did not
disrupt the cooperative behavior, as expected if the behavior was mediated specifically
through tryptophan residues binding to AGO2. These results supported the conclusion
that simultaneous binding of TNRC6 to multiple miRNA-AGO2 complexes enables
cooperative binding to targets that have suitably spaced miRNA sites. The high
concentration of mini-T6B required to displace 6B-ABD from the two-site target bound
by two miRNA-AGO complexes indicates that the truncated peptide does not perfectly

recapitulate the interactions of the entire ABD.
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Figure 4. Disrupting cooperative binding

(A) The effect of mini-T6B or mini-T6B_A on the binding of miR-1-AGO2 to its two-site
target with 21 nt between sites. In cartoons, the short black line represents mini-T6B1 or
mini-T6B_A. Otherwise this panel in as in Fig. 1G. (B) The effect of mini-T6B or mini-
T6B_A on the binding of miR-1-AGO2 to its two-site target in the presence of 1 nM 6B-
ABD. In cartoons, short black line represents mini-T6B1 or mini-T6B_A. Otherwise as in
Fig. 2C. (C) Quantification of two replicates of B.

TNRC6 slows the dissociation rate of cooperatively bound miRNA-AGO2
complex

TNRC6 might impart cooperative binding by either increasing the association rate
constant (kon) between miRNA-AGO and target, slowing the dissociation rate constant,
(kot() or both. To distinguish between these possibilities, we designed and implemented
a competitive slicing assay that was sensitive to differences in kon but not kot. One of the
two slicing substrates was a 22-nt RNA that was perfectly complementary to miR-1; it
was a substrate for AGO2-catalzyed slicing but could not benefit from cooperative
binding because it had only one site to the miRNA (Fig. 5A). The other slicing substrate
was a 55-nt RNA that had two miR-1 sites separated by a 20-nt oligo(U) linker, one of

which was a slicing-competent 22-nt site perfectly complementary to miR-1 and the

other of which matched miR-1 nucleotides 2-8 (Fig. 5A).
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These substrates were combined and added, each target in 10-fold excess over
miR-1-AGO2, in either the presence or absence of 6B-ABD, and the generation of
slicing products was measured. In this regime, the two substrates were competing for
binding to limiting miR-1-AGO2, and because slicing of the perfectly complementary
site is much more rapid than dissociation of miR-1—AGO2 from this perfectly
complementary site (Chen et al., 2017; Wee et al., 2012), the binding competition was
based primarily on relative association rates. Thus, if 6B-ABD acts to increase kon of
miR-1-AGO2 to the 2-site target, then the presence of 6B-ABD would be expected to
enhance binding to, and slicing of, the 2-site target as compared to the 1-site target
(Fig. 5B). If, however, 6B-ABD does not act to increase kon of miR-1—-AGO2 to the 2-site
target, then the presence of 6B-ABD would not be expected to influence the slicing of
the 2-site target as compared to the 1-site target.

We observed that 6B-ABD did not preferentially enhance slicing of the 2-site
target but rather slightly decreased slicing of both targets. (Fig. 5 C and D). With this
undetectable influence on kon, we conclude that slowed kott between miRNA-AGO and
its suitably spaced sites must be the primary cause of the cooperative binding observed
in the presence of 6B-ABD. Thus, TNRC6 helps maintain the binding of two miRNA-
AGO complexes to a two-site target once they are already associated but does little to
help recruit the second miRNA-AGO to the second site of a target. The notion that
multivalent binding of TNRC6 to miRNA—-AGO is consequential primarily only after the
miRNA-AGO complexes have aiready associated with target would be even more

relevant in the cell, where the high diversity of miRNAs would lower the probability that
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the second miRNA-AGO complex that might interact with TNRC6 prior to interacting

with target would also happen to match the second target site.
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Figure 5. TNRC6 slows the dissociation rate of cooperatively bound miRNA-
AGO2 complex

67



(A) Diagram of slicing targets. The two-site slicing target has two miR-1 sites spaced 20
nt apart. The 5’ site is only competent for binding, whereas the 3’ site competent for
binding and slicing. Slicing of this target generates a 45-nt 5’ product (purple) and a 10-
nt 3’ product (blue). The one-site slicing target has one miR-1 site, which is competent
for slicing. Slicing generates a 12-nt 5’ product (purple) and 10-nt 3’ product. (B)
Schematic of a competitive slicing experiment designed to detect an influence of 6B-
ABD on the association of mMiIRNA-AGO2 and target. Limiting miRNA-AGO is incubated
with excess one-site and two-site targets. In the presence of excess 6B-ABD (top),
miRNA-AGO2 preferentially associates with two-site target. Once associated with
target, slicing occurs much more rapidly than dissociation, and to the extent that 6B-
ABD enhances the association rate constant (kon), this slicing generates more 45-nt
product than 12-nt product. (For simplicity, miRNA-AGO2 and 6B-ABD are not depicted
with the cleaved target and remaining target on the right.) In the absence of 6B-ABD
(bottom), miR-1-AGO2 associates with one- and two-site targets equally, and thus
slicing generates similar amounts of 45-nt and 12-nt products. (C) Results for the
competitive slicing experiment diagramed in B. 5 pM miR-1-AGO2 was incubated with
50 pM 5’-radiolabeled one-site target and 50 pM 5'-radiolabeled two-site target. At the
times indicated, the reaction was stopped, and targets and products were resolved on a
denaturing gel. Shown is a phosphorimager scan of the gel. Left lane, decade RNA
ladder. Cartoons of labeled RNA species to the right of gel are as in B. (D)
Quantification of the results of the competitive slicing experiment, indicating that 6B-
ABD does not detectably increase the kon for the two-site target. Lines show the linear fit
(with slope indicated) to the results in C, with an additional replicate of early time points.
(E) Model for cooperative binding of both a two-site target (vertical axis) and TNRC6
(horizontal axis). Two AGO proteins (brown) loaded with miRNAs (red) associate with
target mMRNA (blue) that has cooperatively spaced target sites. TNRC6 (black)
associates with both AGO proteins via TNRCS6 tryptophan residues (W).

Model for the cooperative binding and cooperative action of miRNAs

Our results point to a model in which TNRC6 confers cooperative binding of miRNA-
AGO to appropriately spaced sites on target mRNAs (Fig. 5E). In this model, individual
miRNA-AGO complexes first bind target RNA, typically without the help of TNRC8, and
then TNRCG6 associates with these target-bound miRNA-AGO proteins. Although
TNRCS6 does not change the microscopic dissociation rate of an individual miRNA-AGO

bound to its site, TNRC6 does help to keep it tethered close to the target, such that if

one of the two miRNA-AGO complexes dissociates from its site, then TNRC6 in
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conjunction with the other miRNA-AGO keeps the dissociated miRNA—-AGO in close
proximity to the site and thereby at a high local concentration, facilitating re-binding (Fig.
SE, vertical axis). Likewise, the multivalent association of TNRC6 with the higher-order
complex presumably helps prevent complete dissociation of TNRC6 (Fig. 5E, horizontal
axis). Thus, the entire TNRC6-2x(miRNA-AGO) complex has a slower dissociation
from target. With this slower dissociation, the repressive machinery associated with
TNRCES is tethered to the target mRNA for more time and thus has more time to
deadenylate and translationally repress the target mRNA.

Although our experiments focused on targets bound to only one or two miRNA-
AGO complexes, the ability of TNRC6 to simultaneously bind three complexes allows
the model to be readily extended to targets with three sites (Elkayam et al., 2017).
Moreover, increased phase separation observed upon adding AGO to a solution
containing the TNRC6B AGO-binding domain suggests that AGO might have the ability
to simultaneously interact with multiple TNRC6 molecules, albeit with presumably lower
affinity to each molecule, which allows the model to extend to much higher-order
complexes (Sheu-Gruttadauria and MacRae, 2018). Nonetheless, our results show that
strong cooperative binding can be achieved without formation of higher-order

assemblies.
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Materials and Methods

miRNA duplexes

RNAs representing the guide and passenger strands of each miRNA duplex (Table S1)
were chemically synthesized (IDT). Passenger strands were synthesized with a 5'-
monophosphate, whereas guide strands were synthesized with a 5’-OH. Guide strands
were 5’-monophosphorylated using T4 Polynucleotide Kinase (NEB, M0201S) and a
small amount of ATP [y-32P] (PerkinElmer, NEG035C001MC). The reaction was
desalted with a P-30 column (BioRad 7326251). Each RNA was then purified on a
denaturing 15% acrylamide gel and resuspended in water. Two strands of a duplex
were mixed with each other (870 pmol of each RNA) in annealing buffer (74 pl reaction
with 30 mM Tris pH 7.5, 100 mM NaCl, and 1 mM EDTA) and heated to 90°C on a heat
block, which was then allowed to cool to 35°C by sitting at room temperature for 90 min.
NaCl was then added to a concentration of 0.39 M, and RNA was EtOH precipitated
and resuspended in 10 yl annealing buffer. Duplex was then purified on a native 15%
acrylamide gel that had been pre-run for 10 min. Purified duplex RNA was EtOH
precipitated and resuspended in 10 uyl annealing buffer.

miRNA-AGO2 preparation

Complexes of a specific mMiRNA-AGO2 were prepared as described, using an approach
based on that of Flores-Jasso et al. (Flores-Jasso et al., 2013; McGeary et al., 2018).
3XFLAG-hAGO?2 in a pcDNA3.3 construct was transfected into ~90% confluent
HEK293T cells using Lipofectamine 2000, per manufacturer instructions. After two days

of growth, S100 cytosolic extract was harvested as described (Wee et al., 2012), except
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that cells were lysed in their hypotonic solution by being passed through a 23 Gauge
needle ~20 times. S100 extract was then brought to 13% glycerol (w/v) and snap frozen
in liquid nitrogen and stored in liquid nitrogen.

Gel-purified miRNA duplex was added to 1200 ul of S100 lysate to a final
concentration of 50 nM. After incubating at 25 °C for 2 h to allow cellular machinery to
load 3xFLAG-AGO?2, the lysate was added to 200 ul of a slurry of magnetic beads
(Dynabeads MyOne Streptavidin C1, Invitrogen 65001) pre-bound to 500 pmol of a 3’
biotinylated capture oligo bearing an 8-nt site to the miRNA (Table S1), per
manufacturer protocol, except the washed oligo-bound beads were resuspended in
equilibration buffer (18 mM HEPES pH 7.4, 100 mM KAc, 3 mM MgAc, 0.01% IGEPAL
CA-630 (Sigma 18896), 0.2 mg/ml BSA (NEB B9000S), and 0.01 mg/ml yeast tRNA
(Life Technologies 15401-011)). After incubating at 22°C for 1 h with agitation, beads
were collected and washed five times in 400 pi equilibration buffer and five times in 200
Hl high-salt equilibration buffer (18 mM HEPES pH 7.4, 2 M KAc, 3 mM MgAc, 0.01%
IGEPAL CA-630, 0.2 mg/ml BSA, and 0.01 mg/m! yeast tRNA). Captured miRNA-
AGO2 complex was eluted by resuspending the beads in 200 yl high-salt equilibration
buffer containing 10 M competitor DNA oligo (Table S1), which was complementary to
the capture oligo. After incubating at 22°C for 2 h with agitation, the eluate was
collected, supplemented with 50 pl of glycerol buffer (18 mM HEPES pH 7.4, 100 mM
KAc, 1 mM MgAc, 0.01% IGEPAL CA-630, 0.2 mg/mi BSA, 0.01 mg/ml yeast tRNA, and

30% glycerol v/iv), snap frozen in liquid nitrogen, and stored at —-80°C.
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Eluate was thawed and added to 20 pl of Anti-FLAG M2 magnetic beads (Sigma
M8823), which had been prepared by washing three times with equilibration buffer.
After incubation at 22°C for 2 h with agitation, beads were washed 3 times with 200 ul
equilibration buffer. Beads were then incubated in 60 ul equilibration buffer
supplemented with 146 pug/ml 3x FLAG peptide (Sigma F4799) at 22°C for 1 h with
agitation. The eluate was collected, supplemented with 0.4 yl 1 M DTT and 20.1 ul 80%
glycerol (v/v), snap frozen in liquid nitrogen, and stored at -80 °C.

Cloning of 6B-ABD

pFRT/TO/FLAG/HA-DEST TNRC6B was a gift from Thomas Tuschl (Addgene plasmid
#19884) (Landthaler et al., 2008). TNRC6B residues 162—-996 were amplified and
appended to a Hiss tag using appropriate primers (Table S1) (Q5 High-Fidelity DNA
Polymerase, NEB E0555S) and then inserted into the pMAL-c5X vector (NEB N8108S)
using Gibson assembly per manufacturer instructions (NEB E5510S). Plasmids were
transformed into NEB 5-alpha Competent E. coli cells (NEB C29871) and screened for
the correct insert by Sanger sequencing. Verified plasmid was transformed into
BL21DES3 E. coli. (Agilent 200131). The next day, a colony was picked and used to
generate a glycerol stock, which was stored at —-80°C.

Expression and purification of 6B-ABD

A small scraping of glycerol stock was used to inoculate 5 ml LB, which was grown
under ampicillin selection at 37°C overnight on a shaker. This 5 ml culture was then
used to inoculate 4 x 500 ml cultures of LB, which were grown under ampicillin selection

at 37°C on a shaker to ODsoo of 0.6. Cultures were transferred to 20°C and induced with
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IPTG (0.4 mM final concentration) and grown at 20°C on a shaker overnight (~16 h).
Cultures were combined into 2 x 1000 ml bottles and centrifuged at 4000g for 15 min at
4°C. Pellets were resuspended in 50 ml water, then centrifuged at 4000g for 5 min at
4°C. Pellets were resuspended in 47.5 ml lysis buffer (20 mM Tris pH 7.5, 150 mM
NaCl, 5% glycerol, 2 mM 2-mercaptoethanol, 0.1% IGEPAL CA-630, cOmplete EDTA-
free Protease Inhibitor Cocktail (1 tablet per 50 ml buffer) (Roche 11873580001), and
the suspension was sonicated six times (Branson Sonifier 250, 6 cycles of 50% output,
1 son, 1 s off, 2 min) in a cold room on ice. Lysed samples were cleared by
centrifugation at 50000g for 30 min at 4 °C, and cleared lysate was added to Ni-NTA
agarose beads (Qiagen 30210), prepared by removing 500 ul of bead slurry, adding 2
ml lysis buffer, centrifuging at 2000g for 1 min, and removing supernatant. After gently
rocking in a cold room at 5.5°C for 105 min, samples were poured into a gravity-flow
poly-prep chromatography column, which was washed with 25 ml wash buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 5% glycerol, 20 mM imidazole pH 7.5, 2 mM 2-
mercaptoethanol, 0.1% IGEPAL CA-630). Protein was was eluted with 5 ml elution
buffer (20 mM Tris pH 7.5, 150 mM NacCl, 5% glycerol, 200 mM imidazole pH 7.5, 2 mM
2-mercaptoethanol, 0.1% IGEPAL CA-630), and 4.7 ml of eluate was recovered and
concentrated in a 100 kDa centrifugal filter unit (Amicon UFC910024) to 340 ul by
centrifuging at 50009 for 21 min at 4°C. 160 pl gel-filtration buffer (18 mM HEPES pH
7.4, 100 mM KAc, 1 mM MgAc, 0.01% IGEPAL CA-630, 19.5% glycerol (v/v), 5 mM
DTT) was added to the concentrated sample for a final volume of 500 ul. The

concentrated sample was cleared by centrifugation at 21,130g for 5 min in a cold room
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at 5.5°C and transferred to a new tube. The cleared sample was loaded onto a
Superose 6 Increase 10/300 GL FPLC column (GE Life Sciences 29091596) pre-
equilibrated with gel-filtration buffer, and the column was run with gel-filtration buffer on
an AKTA pure FPLC, collecting 500 yl fractions. Elution fractions taken at 14-15.5 ml,
which included an A280 peak at 14.53 ml, were pooled. FPLC trace peak integration
was used to estimate the eluate concentration from the extinction coefficient and
molecular weight calculated at http://protcalc.sourceforge.net. Protein was aliquoted,
snap frozen in liquid nitrogen, and stored at —80°C.

Mini-T6B and mini-T6B_A peptides

Peptides synthesized at purity = 95% (GenScript) were resuspended in gel-filtration
buffer, snap frozen in liquid nitrogen, and stored at —80 °C.

Target RNAs

The two-site target RNA used exclusively in Figure 1 was generated by in vitro
transcription. In a 50 pl reaction, 1 uM top-strand DNA oligodeoxyribonucleotide and 1
LM bottom strand template oligodeoxyribonucleotide (Table S1) were incubated with 5
mM DTT, 8 mM GTP, 3.75 mM ATP, 3.75 mM CTP, 6.5 mM UTP, 40 mM Tris, pH 7.9,
2.5 mM spermidine, 26 mM MgClz, 0.01% Triton X-100, and 5 ul T7 polymerase (NEB
M0251L) at 37°C for 2.5 h. Fuli-length RNA was purified on a denaturing gel and
resuspended in water. 1 pmol of RNA was prepared for 5’ radiolabeling by
dephosphorylation in a 20 pi reaction with rSAP (NEB M0371S) per manufacturer
instructions. After incubating at 37°C for 30 min, the enzyme was heat inactivated at 70

°C for 5min, and 1 gl 115 mM DTT, 1 ul ATP [y-32P], and 1 yl T4 PNK were added.
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After incubating at 37°C for'30 min, the reaction was desalted with a P-30 column and
labeled RNA was purified on a denaturing gel, adding 15 pg of GlycoBlue (Invitrogen
AM©9O516) as a coprecipitant during EtOH precipitation.

All other target RNAs were chemically synthesized (Table S1, IDT) and purified
on denaturing gels. For each target, 1 pmol of purified 5’-OH RNA was radiolabeled
with ATP [y-32P] and T4 PNK enzyme. After incubating at 37°C for 1 h, the reaction was
desalted with a P-30 column and labeled RNA was purified on a denaturing gel, adding
20 ug of linear acrylamide (Invitrogen AM9520) as a coprecipitant during EtOH
precipitation.

Binding reactions

Unless specified otherwise, binding reactions were performed with 5 pM target RNA in
18 mM HEPES pH 7.4, 100 mM KAc, 1.6 mM MgAc, 0.01 mg/ml yeast tRNA, 0.0029%
IGEPAL CA-630, 0.058 mg/ml BSA, and 5 mM DTT. Binding reactions of Fig. 2B, C, F,
and |, Fig. 3B and E, and Fig. 4A were performed in 20 mM HEPES pH 7.4, 110 mM
KAc, 1.7 mM MgAc, 0.01 mg/ml yeast tRNA, 0.0039% IGEPAL CA-630, 0.058 mg/ml
BSA, and 5 mM DTT. Binding reactions of Fig. 4B were performed in 22 mM HEPES pH
7.4, 120 mM KAc, 1.8 mM MgAc, 0.01 mg/ml yeast tRNA, 0.0049% IGEPAL CA-630,
0.058 mg/ml BSA, and 5 mM DTT. For reactions including 6B-ABD and/or mini-T6B,
6B-ABD and mini-T6B were the last components added to the reaction mixture, with
mini-T6B added after 6B-ABD in reactions including both. Reactions were incubated at

37°C for 2 h.
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Filter Binding

For each binding reaction, a nitrocellulose (Amersham Protran 10600062) and a nylon
(Amersham Hybond-XL, catalog nhumber RPN 2020 S) filter-paper disc (0.5 inch
diameter) was equilibrated for 1 h in filter-paper equilibration buffer (18 mM HEPES pH
7.4, 100 mM KAc, and 1 mM MgAc). The nitrocellulose disc was then stacked atop the
nylon disc, which was placed atop a similar-sized circular pedestal. After applying 100 ul
filter-paper equilibration buffer to the filter papers, the pedestal, with filter papers, was
placed on a vacuum manifold (Visiprep SPE Vacuum Manifold, Supelco 57250-U) set at
~ =7.5in Hg. After applying 10 ul of filter-paper equilibration buffer as a blank to ensure
proper vacuum suction, 10 ul of the sample was applied to the stacked filter papers.
Filter papers were washed with 100 pl ice-cold filter-binding wash buffer (18 mM
HEPES pH 7.4, 100 mM KAc, 1 mM MgAc, 5 mM DTT), the pedestal with filter papers
was removed from the apparatus, and the filter papers were separated, air dried, and
imaged on a phosphorimager (Typhoon FLA 7000 or Typhoon FLA 9500, GE). Images
were quantified using Multi Gauge software (Fuji Film) to assess the fraction of target
bound by miRNA-AGO2.

To measure the concentration of purified miRNA-AGO2, a titration series of
purified miRNA-AGO2 was added to 600 pM target RNA harboring a singlg 7-nt binding
site and a 5’ monophosphate, some of which was radiolabeled. These data were fit to a
saturation curve, which was used to infer the concentration of mMiRNA-AGO2 complex.
To measure Kb values, 5 pM RNA was combined with miRNA-AGO2 ranging from 0—

600 pM in 10 ul reactions.
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EMSA

When analyzing the same binding reaction with both filter binding and an EMSA, 22 pl
of reaction was prepared. 10 yl were used for filter binding, and the remaining sample
was place on ice for. After filter binding of all samples was finished, the portions of
binding reaction that remained were loaded (without loading dye) on a pre-chilled (2 h in
5.5 °C cold room), pre-run (10 min) native acrylamide gel (6% 29:1 acrylamide:bis-
acrylamide, 7.8% glycerol, 89 mM Tris base, 89 mM boric acid, 2 mM EDTA, 18 mM
HEPES pH 7.4, 3 mM MgClz; running buffer: 89 mM Tris base, 89 mM boric acid, 2 mM
EDTA, 18 mM HEPES pH 7.4, 3 mM MgCl2). When analyzing a binding reaction with
only an EMSA, 11 ul of reaction was prepared, incubated at 37°C for 2 h, placed on ice
for 5 min, and then loaded on the gel. After running at 12 W for 90 min in the cold room,
gels were the disassembled, bottoms of unused flanking wells were marked by adding
radioactive samples, and the gels were exposed on a phosphorimager screen at —20°C
overnight prior to imaging and quantification.

Fitting curves to data

A one-site specific binding curve equation or a specific binding with Hill slope equation
was fit to data using Prism.

Slicing reactions

Reactions included 50 pM 55-nt target, 50 pM 22-nt target, 5 pM miR-1-AGO2, 0 or 1
nM 6B-ABD (which had been preincubated with miR-1-AGO2 at 37°C for 5 min) in 16
mM HEPES pH 7.4, 88 mM KAc, 1.0 mM MgAc, 0.0078 mg/ml! yeast tRNA, 0.0017%

IGEPAL CA-630, 0.073 mg/ml BSA, 5 mM DTT. Reactions were incubated 37°C, and at
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the indicated time points, 10 ul of reaction was removed and added to 10 yl denaturing
loading dye (8 M urea, 25 mM EDTA) and placed on ice. Target and cleaved target
were resolved on 15% denaturing gels and quantified using a phosphorimager. Linear

curves were fit to fraction cleaved using Prism.
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Chapter 3. Future directions

In vitro biochemistry

This dissertation investigated the effect of the TNRC6B AGO-binding domain
(6B-ABD) on the cooperative binding of mMiRNA-AGO2 to target RNA. Adding 6B-ABD
to mMiRNA—-AGO2 robustly increased the Hill coefficient, h, for in vitro binding of miRNA—
AGO2 to synthetic target RNA bearing two miRNA target sites that were spaced
sufficiently apart for two miRNA-AGO2 complexes to simultaneously bind. miRNA-
AGO2 binding to target mRNA correlates with mRNA repression and therefore these
data are interpreted as TNRCB6 playing an explanatory role in the observation that
closely spaced miRNA sites act to synergistically repress a target mRNA (Grimson et
al., 2007; Saetrom et al., 2007).

Experiments performed focused solely on in vitro work with TNRC6B,
investigating the binding of mMiIRNA-AGO2 to synthetic target RNA, in the absence or
presence of 6B-ABD. In human, TNRC6 has three paralogues, TNRC6A—-C, and
Argonaute has four paralogues, AGO1-4 (Bartel, 2018; Landthaler et al., 2008). Aside
from differential abilities to slice RNA, AGO proteins are functionally similar and typically
loaded with the same pool of miRNAs (Dueck et al., 2012; Faehnle et al., 2013;
Hauptmann et al., 2013; Nakanishi et al., 2013). TNRC6 proteins are also largely similar
to each other, with grossly overlapping functions and domain structures: an N-terminal
ABD and a C-terminal silencing domain that is responsible for recruiting repressive
machinery (Lazzaretti et al., 2009). The C-terminal domain could have additional impact

on binding of TNRC6 to AGO. For instance, TNRC6 uses tryptophan motifs to interact
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with CCR4-NOT and PAN2-PANS3 (Christie et al., 2013; Jonas and lzaurralde, 2015;
Mathys et al., 2014). While those domains that recruit deadenylases have not been
shown to have strong interactions with AGO, other weak AGO-TNRCEG interactions may
occur at these tryptophan residues. It has been shown that full length TNRC6A binds
tighter to AGO2 than any of the individual AGO-binding hotspots alone (Elkayam et al.,
2017).

While AGO and TNRC6 paralogues are similar to each other, different affinities
exist between different AGO-TNRC6 paralogue combinations (Elkayam et al., 2017).
Thus, it is possible that different AGO-TNRC6 complexes elicit different cooperative
binding profiles. To more fully examine AGO-TNRCS interactions, in vitro EMSA
experiments could be carried out using each of the 12 different combinations of AGO1-
4 and full length, unmodified, TNRC6A—C to examine how different protein—protein
interactions may affect h values.

Additional experiments could further dissect the individual AGO-binding hotspots
on TRNCG6 and their interactions with AGO proteins. The three AGO-binding hotspots
on both TNRC6A and TNRC6B have each been shown to have different affinities for
AGO1 and AGO2 protein (Elkayam et al., 2017; Pfaff et al., 2013). Furthermore, the
affinity of full length TNRCB6A for binding AGO2 changes depending on whether or not
AGO is already bound to TNRCS6; the first AGO2 protein to bind TNRC6A does so at 7.7
nM affinity and the second AGO2 to bind the same TNRCG6A binds at 1000 nM affinity
(Elkayam et al., 2017). To add complexity, the Ko values for each of the three AGO-

binding hotspots on TNRC6A to AGO2 were measured alone as 120 nM, 47 nM, and
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230 nM. Thus, it appears as if full length TNRC6A binding to AGO2 may be affected by
additional elements within TNRC6A. To try to further understand these nuances, full
length TNRC6 protein could be made with one or two AGO-binding hotspots mutated by
changing tryptophan residues to alanine, which is sufficient to prevent AGO-TNRC6
interaction (Pfaff et al., 2013; Sheu-Gruttadauria and MacRae, 2018). One TNRC6
paralogue has three AGO-binding hotspots; to combinatorially mutate 0, 1, 2, or 3 of
each of the hotspots yields 23, or 8, possible isoforms for each of the three TNRC6
paralogues, or 24 different isoforms total. Isothermal titration calorimetry curves, as
performed in published characterizations, could be repeated with each of these 24
TNRC6 AGO-binding-hotspot variants (Elkayam et al., 2017). The values to measure
would be affinities for each AGO-binding to each of the hotspot mutation variants.
These binding values may shed light on which of the three hotspots is bound first or
second, and if hotspot preference varies for AGO or TNRC6 paralogues.

This dissertation showed how two different miRNAs loaded into AGO2 can work
in combination with each other and TNRC6 to cooperatively bind target RNA. However,
different AGO proteins have not been tested in combination with one another.
Therefore, experiments could be performed to look at different AGO proteins working in
combination. First, however, AGO1, AGOS, and AGO4 should be tested individually for
cooperative binding in the presence of TNRCS, as the cooperative binding of those
AGO paralogues has not yet been examined. Based on the fact that each of these
proteins has tryptophan-binding pockets with which to bind TNRC6, each AGO would

naively be expected to be capable of cooperative binding to target (Elkayam et al.,
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2012; Nakanishi et al., 2013; Park et al., 2019; Schirle and MacRae, 2012; Sheu-
Gruttadauria and MacRae, 2018). After establishing which AGO paralogues are capable
of binding target cooperatively, those AGO proteins could be tested in combination with
one another. For example, a target RNA would be created with two sites, 21 nt apart, to
miR-1 and miR-124. Then, miR-1—-AGO1 could be added in combination with miR-124—
AGO2 and run on EMSA to look for cooperative binding as seen by a super-shifted
band in the presence of TNRC6 as well as a lower fraction of singly bound target.

Furthermore, while these studies in cooperativity have only addressed the
binding of two AGO proteins simultaneously to target, TNRC6 has three AGO-binding
hotspots (Elkayam et al., 2017; Lazzaretti et al., 2009; Pfaff et al., 2013). Therefore, one
molecule of TNRC6 may be able to simultaneously bind three AGO proteins and
mediate cooperativity to a greater extent than has been investigated. To see if TNRC6
holds the potential for greater cooperative AGO-binding to target, similar EMSA assays
as before could be performed, but with target RNAs harboring three miRNA sites, rather
than two. In this case, the maximum theoretical h would be 3. Thus, EMSA assays
could be performed and h would be interrogated. One caveat of EMSA is that it may not
provide sufficient resolution to distinguish each of the possible target-miRNA-AGO-
TNRC6 complexes.

TNRCB6A affinity to AGO depends on whether or not AGO is loaded with miRNA;
TNRCB6A has ~5-8 fold higher affinity to loaded AGO over unloaded AGO (Elkayam et
al., 2017). Combined with the fact that unloaded AGO protein is less stable than

miRNA-AGO, this decreased affinity for unloaded AGO could be a level of cellular

86



regulation to help recruit TNRC6 and repressive machinery more selectively to mRNAs
designated for degradation (Elkayam et al., 2012). If miRNA—AGO binds to a highly
complementary target or to a target with a unique pairing geometry, such a site may
cause unloading of AGO or degradation of the miRNA rather than target degradation
(Ameres et al., 2010; Cazalla et al., 2010; De et al., 2013; Kleaveland et al., 2018;
Sheu-Gruttadauria et al., 2019). The structure of target-directed miRNA degradation
(TDMD)-competent highly paired AGO2 has been solved and shows the 3’ end of the
miRNA to be more exposed to solvent and cellular enzymes (Sheu-Gruttadauria et al.,
2019). An AGO mutant was generated whereby a mutation of one residue within AGO
helps expose the 3’ end of the miRNA to solvent and increases tailing and trimming of
the miRNA (Sheu-Gruttadauria et al., 2019). That AGO mutant could be used in in vitro
binding experiments with 6B-ABD to test if the 3’ end exposure conformation might
reduce AGO affinity to TNRCB; as that target pairing interaction is more likely to lead to
TDMD, such a miRNA site may not have evolved for the purpose of target repression.
An additional avenue of exploration of miRNA cooperativity is the recently
characterized AGO phosphorylation cycle wherein AGO protein is differentially
phosphorylated depending on miRNA—AGO-target engagement (Golden et al., 2017;
Quevillon Huberdeau et al., 2017). AGO is phosphorylated upon target engagement,
which reduces affinity for target, causing target disengagement. Then, free miRNA—
AGO is dephosphorylated which allows future binding of new target mRNA (Golden et
al., 2017). The authors point to the idea that AGO phosphoryiation may be stimulated by

recruitment of silencing factors, such as CCR4-NOT or DDX6 (Golden et al., 2017).
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AGO in different phosphorylation states could be purified from HEK293 cells that are
knockouts for either the kinase or phosphatase. This AGO could then be used in ITC
assays with purified full length TNRC6 to assess the effects of AGO phosphorylation on
TNRC6 engagement, and, by extension, how AGO phosphorylation may affect

recruitment of silencing factors to a target mRNA.

In vivo experiments

Transitioning from in vitro to in vivo perturbations of TNRC6 and/or AGO can
answer the question of how cooperative miRNA-mediated target repression is impacted
on the transcriptome scale. In order to interrogate cooperative target repression from a
TNRC6-centric approach, TNRC6 should be edited at the DNA locus to alter the ABD
from three AGO-binding hotspots, to one. It has been shown that overexpressing one
AGO-binding hotspot alone, “T6B,” in HelLa cells can de-repress miRNA targets
(Hauptmann et al., 2015). Overexpressing T6B outcompetes endogenous TNRC6, T6B
occupies tryptophan-binding pockets on AGO, but as T6B lacks the C-terminal silencing
domain, it cannot recruit repressive machinery, and targets are de-repressed
(Hauptmann et al., 2015; Lazzaretti et al., 2009; Zipprich et al., 2009). Thus, in order to
maintain mMRNA repression but perturb cooperativity, the C-terminus should remain
intact. CRISPR could be used to target each of TNRC6A-C at their endogenous loci in
a human cell line, such as HEK293; all TNRC6 paralogues would need to be modified to
pair the C-terminal silencing domain to one, minimal, AGO-binding hotspot (such a

construct is similar to the above in vitro experimental to combinatorially generate 24
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TNRC6 AGO-binding hotspot isoforms). Then, into this modified cell line (“TNRC6 non-
cooperative”), and standard HEK293 cells, a miRNA could be transfected and changes
in global RNA levels could be monitored by RNA sequencing. The expected result
would be that mRNA targets harboring cooperatively spaced sites to the transfected
miRNA would be repressed in both cell lines, but the level of repression would be
greater in the wild-type cell line that is known to be capable of cooperative repression
than the TNRCG6 non-cooperative cell line. These transfection and sequencing data may
also prove useful for improving miRNA targeting predictions at cooperatively spaced
sites.

An additional aspect of TNRCS6 to investigate is the spacing of AGO-binding
hotspots on TNRCS in relation to the miRNA site spacing parameters competent for
cooperative target repression. As discussed in the previous chapter of this dissertation,
in vitro experiments did not space miRNA sites far apart enough that they no longer
elicited cooperative binding of miRNA-AGO-TNRCE6 to target. Previous work found that
the optimal distance for cooperative repression of target is either 8-39 or 13-35 nt
between the 3’ end of the first site and the 5’ end of the second site (Grimson et al.,
2007; Saetrom et al., 2007). The in vitro conditions and purified RNA and protein used
did not contain the variety of other proteins found in cytosol that may impede
cooperative action of sites spaced at a distance. While in vivo and in vitro miRNA sites
spaced very closely together are simply unable to sterically accommodate the
simultaneous binding of two miRNA-AGO, sites that are spaced too far apart in vivo

may be beyond the flexible reach of TNRC6. Therefore, CRISPR could be used to edit
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the ABD of TNRCS6 to increase the distance between AGO-binding hotspots. For
simplicity, a cell line could be created with TNRC6A and TNRC6C knocked out via
CRISPR. Then, TNRC6B could either be left in its endogenous form, or CRISPR could
be further used to duplicate the sequence between ABDs, thereby doubling the distance
between each ABD (“TNRC6B-long”).

Into the TNRC6B-only cell line and the TNRC6B-long cell line, a miRNA would
be transfected and, post-transfection, mMRNA would be sequenced. The expectation
would be that the TNRC6B-only cell line would be able to cooperatively repress targets
in line with the previously published cooperative site spacing distances. The TNRC6B—
long cell line would also cooperatively repress targets, but the optimal site spacing
distance for cooperativity would be different, with a higher upper-bound. While distance
between ABDs would be doubled in the experiment, the miRNA site spacing would not
necessarily be doubled, as sequence space and three-dimensional space are not
expected to correspond at a 1:1 ratio. Rather, in TNRC6B-long, there may be a modest
increase in the upper bound of effective cooperative distances between miRNA sites.

In conclusion, in the instance in which two miRNA sites are located proximal to
each other on the same mRNA transcript, and those two miRNAs are simultaneously
expressed, TNRC6 acts to slow the dissociation rate of mMiRNA-AGO from target RNA,
causing those miRNAs to synergistically repress the target. Further studies could tease
apart the different TNRC6 paralogues, their AGO-binding hotspots, and each of those
hotspots’ interactions with each AGO paralogue. Working in vivo would help to assess

the effects of TNRC6 on cooperative repression on the transcriptome-wide scale.
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