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ABSTRACT

The identification of miRNA targets by Ago2 crosslinking-immunoprecipita-
tion (CLIP) methods has provided major insights into the biology of this important
class of non-coding RNAs. However, these methods are technically challenging
and difficult to apply to an in vivo setting.

To overcome these limitations and to facilitate the investigation of miRNA
functions in mice, we have developed a method (HEAP: for Halo-Enhanced Ago2
Pulldown) to map miRNA-RNA interaction sites. This method is based on a novel
genetically engineered mouse harboring a conditional, Cre-regulated, Halo-Ago2
allele expressed from the endogenous AgoZ2 locus. By using a resin conjugated to
the HaloTag ligand, Ago2-miRNA-RNA complexes can be efficiently purified from
cells and tissues expressing the endogenous Halo-Ago2 allele. We demonstrate
the reproducibility and sensitivity of this method in mouse embryonic stem cells,
in developing embryos, in adult tissues, and in autochthonous mouse models of
human brain and lung cancers.

The tools and the datasets we have generated will serve as a valuable re-
source to the scientific community and will facilitate the characterization of miRNA

functions under physiological and pathological conditions.
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CHAPTER 1: INTRODUCTION

Overview of microRNAs

MicroRNAs (miRNAs) are ~22 nucleotide (nt) long, evolutionarily conserved,
small non-coding RNAs (Bartel, 2004, 2009, 2018). Discovered in nematodes (Lee
et al., 1993; Reinhart et al., 2000), this class of non-coding RNAs was later iden-
tified in a variety of eukaryotic lineages, including plants (Jones-Rhoades et al.,
2006), invertebrates (Brennecke et al., 2003) and vertebrates (Lagos-Quintana et
al., 2001).

To date, there are 2,656 and 1,978 annotated mature miRNAs in the human
and mouse genomes, respectively (Kozomara et al., 2019). Non-coding RNAs and
introns of protein coding genes are the major sources of miRNAs in cells (Okamu-
ra et al., 2007; Ruby et al., 2007). Through a series of ribonuclease (RNase) IlI
cleavage events in cells, the precursor molecules are converted into mature miR-
NAs carrying 5’-phosphate and 3’-hydroxyl ends. Mature miRNAs associate with
RNA binding proteins (RBPs) belonging to the Argonaute (Ago) family and function
as negative regulators of gene expression at the post-transcription level. An es-
sential step to fulfill their repressive role is the formation of miRNA-induced silenc-
ing complex (MIRISC). miRNAs guide the miRISC to their targets by recognizing,
via Watson-Crick pairing, cognate binding sites that are most commonly—but not
exclusively—situated in the 3’-untranslated regions (3'UTR) of messenger RNAs
(mRNAs). The miRISC contains enzymes that are necessary for inducing mRNA
destabilization and/or translation inhibition, thus leading to reduction of the gene

product (Fabian and Sonenberg, 2012).



The key determinant of miRNA targeting is the 5’ region of the miRNA (also
known as the seed), which pairs with complementary sequences on the targets.
The miRNA seed is only 6 nt in length, making hundreds of transcripts potentially
eligible for binding to a single miRNA. Given their high abundance and wide pres-
ence in almost every cell type, miRNAs are predicted to regulate around half of the
protein coding genes (Friedman et al., 2009) and are involved in a wide range of
cellular processes.

It is important to point out that the repressive effect caused by a single miR-
NA-target interaction is usually modest—resulting in less than two-fold changes in
mMRNA abundance. Nevertheless, such fine-tuning activity can be consequential
to the delicate developmental programs in multicellular organisms. miRNA regula-
tion modulates gene expression networks and promotes the robustness of cellular
transcription programs (Ebert and Sharp, 2012). It shapes cell identify and plays
vital roles in development and homeostasis. Its dysfunction has also been impli-

cated disease formation.

miRNA biogenesis

The majority of miRNAs are generated from primary-miRNAs (pri-miRNAs)
transcribed from non-coding RNA genes by RNA polymerase Il (Lee et al., 2002).
Pri-miRNA can fold into a hairpin structure, which is processed by the microproces-
sor complex consisting of one molecule of Drosha and two molecules of DGCRS8
(Denli et al., 2004; Han et al., 2004; Lee et al., 2003) (Figure 1.1a). Drosha be-
longs to the RNase Il family and is a double-stranded RNA (dsRNA)-specific en-
donuclease (Court et al., 2013). Drosha binds to the lower stem of pri-miRNA and
recognizes the UG motif present at the basal ssSRNA-dsRNA junction (Auyeung et

al., 2013; Nguyen et al., 2015). It acts as a “ruler” and cleaves at 11-bp from the
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Figure 1.1: The canonical miRNA biogenesis pathway

a) Schematic of a pri-miRNA. Key features essential for pri-miRNA processing are
annotated. In the nucleus, pri-miRNA is cleaved by Drosha in the microprocessor
complex at positions marked by arrows, which produces a ~60-nt stem-loop RNA
(pre-miRNA) as shown in b). The pre-miRNA is exported into the cytoplasm by
Exportin-5. b) Schematic of a pre-miRNA. Dicer cleaves the pre-miRNA close to
its apical junction, which generates a miRNA:miRNA* duplex as illustrated in ¢). ¢)

A miRNA:miRNA* duplex (~22-nt in length) with 2-nt 3’ overhangs.

UG motif, leaving a 2-bp offset. A newly identified mismatched GHG (mMGHG) motif

in the lower stem of pri-miRNA is recognized by the dsRNA binding domain of Dro-
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sha and promotes accurate cleavage (Fang and Bartel, 2015; Kwon et al., 2019).
DGCRS is an RNA binding protein encoded by DiGeorge syndrome critical region
gene 8. DGCRS8 dimerizes and binds to the apical junction and the upper stem of
the hairpin (by recognizing the UGU motif) to ensure efficient and precise pri-miR-
NA processing (Auyeung et al., 2013; Han et al., 2006; Nguyen et al., 2015). The
cleavage leads to the release of a ~60-nt stem-loop RNA, known as the precursor
miRNA (pre-miRNA) (Lee et al., 2002) (Figure 1.1b).

A subset of the pre-miRNAs can be directly generated from spliced introns
of mMRNAs, bypassing the need of the microprocessor complex. These introns/
pri-miRNAs are known as “mirtrons” (Ladewig et al.; Okamura et al., 2007; Ruby et
al., 2007). The conversion of pre-miRNAs from mirtrons relies on lariat debranch-
ing enzymes (Padgett et al., 1984; Ruskin and Green, 1985).

Pre-miRNAs are then exported by Exportin-5 into the cytoplasm in a Ran-
GTP dependent manner (Lund et al., 2004; Yi et al., 2003), where they are fur-
ther processed by a complex comprised of the endonuclease Dicer (Grishok et
al., 2001; Hutvagner et al., 2001; Knight and Bass, 2001) and its binding partner,
TRBP (Chendrimada et al., 2005; Gregory et al., 2005; Wilson et al., 2015) (Fig-
ure 1.1b). Similar to Drosha, Dicer is a member of the RNase Il protein family.
It cleaves the pre-miRNA close to the apical junction of the stem-loop, generat-
ing a miRNA:miRNA* duplex with 2-nt 3’ overhangs (Zhang et al., 2004) (Figure
1.1¢c). Mechanistically, TRBP interacts with Dicer and enhances cleavage accura-
cy (Fukunaga et al., 2012; Kim et al., 2014; Wilson et al., 2015).

The miRNA:miRNA* duplex is loaded onto Ago proteins—the core effector
proteins in the miRNA pathway—by the Dicer-TRBP complex (Chendrimada et al.,
2005; Gregory et al., 2005). While the guide RNA (“miRNA”) is incorporated into

the Ago proteins, the passenger strand (“miRNA*”) is discarded and degraded.
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The unwinding and strand selection is dependent on the thermodynamics of the
duplex, especially its 5’ nucleotide identity (Gu et al., 2011; Khvorova et al., 2003;
Schwarz et al., 2003; Tomari et al., 2004). The strand with the less stable 5’ end is
preferentially loaded onto Ago proteins. TRBP has been suggested to also influ-
ence strand selection, based on the observation that mutating the TRBP-interact-
ing domain in Dicer causes aberrant guide strand selection (Wilson et al., 2015).
However, it is unclear whether the activity of TRBP in regulating strand selection is
independent from its role in promoting cleavage fidelity, because, in the absence of
TRBP, the 5’ identity of the 3p strand may be changed due to imprecise cleavage,
which can lead to altered strand preference (Kim et al., 2014).

While the maijority of pre-miRNAs are subjected to Dicer cleavage to pro-
duce mature miRNAs, pre-miR-451 maturation is Dicer-independent. Pre-miR-451
can fold into a short hairpin with perfect complementarity in its stem region, which
becomes a good cleavage substrate for Ago2. After Ago2 cleavage, the miR-451
precursor remains associated with Ago2 and further matures by undergoing 3’ end

shortening (Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010).

miRNA target recognition in mammals

The initial characterization of miRNAs in C. elegans revealed that post-tran-
scriptional regulation of the target mMRNA is mediated by the direct interaction be-
tween the miRNA and mRNA molecules and that the 3’'UTR of mRNA is the pre-
ferred target of mature miRNA (Ha et al., 1996; Lee et al., 1993; Wightman et al.,
1993). Further studies revealed that targeting specificity is mainly determined by
position 2-7 of the miRNA, also known as the miRNA “seed” (Lai, 2002; Lewis et
al., 2003; Wightman et al., 1993). In mammals, having an exact match to the miR-

NA seed (6mer) is sufficient for miRNA binding. However, 6mer sites only margin-



ally contribute to target repression. Harboring an additional “A” on the mRNA op-
posite position 1 of the miRNA (7mer-A1) increases Ago binding affinity and target
repression efficacy (Baek et al., 2008; Grimson et al., 2007; Nielsen et al., 2007;
Schirle et al., 2014). A Watson-Crick match to position 2-8 of the miRNA (7mer-m8)

is associated with even stronger repressive effect in comparison to a 7mer-A1 site
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Figure 1.2: Major target site types of mammalian miRNAs

a) Canonical sites. b) Canonical site with supplementary pairing centered on po-
sition 13-16 of the miRNA. ¢) Non-canonical sites with 3' compensatory pairing.
(Adapted from Bartel, 2018)



(Brennecke et al., 2005; Krek et al., 2005; Lewis et al., 2005). Finally, sites with a
Watson-Crick match to position 2-8 and an “A” opposite position 1 of the miRNA
(8mer) experience the strongest repression (Lewis et al., 2005) (Figure 1.2a).

Structure analysis of the Ago2-miRNA-target complex suggests that addi-
tional pairing to position 9 and 10 of the miRNA does not further increases binding
affinity (Schirle et al., 2014). However, additional base pairing with 3’ of the miRNA,
usually centered on position 13-16, moderately enhances site affinity and efficacy
(3’-supplementary site) (Grimson et al., 2007; Salomon et al., 2015; Schirle et al.,
2014; Wee et al., 2012) (Figure 1.2b). The site types mentioned above along with
another marginal site type — offset 6mer (Friedman et al., 2009) — are collectively
called canonical miRNA binding sites and account for the majority of miRNA-medi-
ated gene repression detected in cells (Agarwal et al., 2015).

Biochemical approaches designed to identify miRNA binding sites transcrip-
tome-wide (discussed in detail later in this chapter) have suggested that approx-
imately half of the miRNA binding sites detected in cells do not have contiguous
Watson-Crick pairs to the seed regions (Chi et al., 2009; Grosswendt et al., 2014;
Hafner et al., 2012; Helwak et al., 2013; Loeb et al., 2012). These sites usually har-
bor additional Watson-Crick pairings in the 3’ region of the miRNAs to compensate
the lack of seed pairing and are called non-canonical sites (Figure 1.2c). Non-ca-
nonical sites only marginally contribute to target repression (Agarwal et al., 2015).

Because of the key role played by the seed sequence in determining target
specificity, miRNAs with identical seed sequences, are grouped into the same fam-
ily. A total of 1,558 miRNA seed families have been annotated in mammals, with
111 of them conserved across vertebrates (Agarwal et al., 2015).

Characterization of the targeting rules leads to several important predic-

tions. 1) Members of the same seed family target similar mRNAs. 2) One miRNA



gene can theoretically regulate hundreds of mMRNAs, as motifs complementary to
the short 6-nt seed sequence can be easily encountered in the mammalian tran-
scripts (Lim et al., 2005). 3) A single 3'UTR can be simultaneously regulated by
multiple miRNAs, belonging to the same or different seed families. Computational
studies have validated that more than half of the genes in the genome contain at
least one conserved miRNA binding site and are potentially under miRNA control
(Friedman et al., 2009).

Experimental data have suggested that miRNAs work in a highly redundant
fashion. Multiple miRNAs synergistically control the same biological process, as
deletion of a single miRNA gene often fails to result in a clear phenotype in model
organisms. This functional cooperation has even been observed for miRNAs com-
ing from different seed families. For example, miR-17 and miR-18 cooperatively
regulate the transition from Pro- to Pre-B cells in the spleen of adult mice (Han et
al., 2015). At pathway level, the functional redundancy ensures the safety of the
regulation, making it less susceptible to genetic or environmental perturbations.
From a systems biology point of view, the intricate miRNA regulation network,
consisting of numerous “fail-safe” regulation units, promotes the robustness of the

transcriptome and proteome.

Argonaute proteins

Members of the Argonaute (Ago) protein family belong to the PIWI protein
superfamily and are deeply conserved across species. They are defined by the
characteristic PAZ (Piwi-Argonaute-Zwille) and PIWI domains. Having high affinity
for 5’-phosphorylated oligoribonucleotides, Ago proteins are the key components
of the small RNA-mediated gene-silencing pathways (Farazi et al., 2008; Swarts et

al., 2014). All Ago proteins contain 4 domains—the N(N-terminal), PAZ, MID (mid-



dle) and PIWI domains—connected by 2 linkers (L1 and L2) (Figure 1.3). Both
MID and PAZ are RNA binding domains (RBDs). The MID domain anchors the 5’ of
mature miRNA by recognizing its 5’-phosphate. The PAZ domain interacts with the
3’ end of the miRNA, especially the 2-nt 3’ overhang in the miRNA:miRNA* duplex.
The PIWI domain, highly similar to RNase H, retains catalytic activity in a subset
of Ago members (Schirle and MacRae, 2012). Detailed structural analysis has re-
vealed that Ago protein undergoes conformational changes to facilitate recognition
and interaction between miRNA and its target. These studies also indicate that
Watson-Crick pairing between the miRNA and target is, at least initially, restricted
to the seed region (position 2-8) (Schirle et al., 2014), rationalizing the requirement

of a seed match for miRNA targeting.

hAGO2
N- N L1 PAZ L2 MID PIWI -C

Figure 1.3: Crystal structure of human AGO2

Surface view of the human AGO2 structure (adapted from PDB: 6¢cbd). Red ar-
rows: tryptophans inserted into tryptophan binding pockets identified on the sur-
face of AGO2.



There are four Ago proteins (Ago1-4, encoded by Eif2c1-4) in the mouse
genome. Ago1-4 are expressed across tissues and cell types. They bind to similar
miRNAs, showing similar target-specificity when co-expressed in cells (Hafner et
al., 2012). However, only Ago2 is essential for survival in mice. Ago2 knockout
mouse embryos display developmental defects during gastrulation and die around
embryonic day 10.5 (E10.5) (Liu et al., 2004). In contrast, mice double knockout
for Ago1 and Ago3 are born at expected mendelian frequency with increased sus-
ceptibility to viral infection (Van Stry et al., 2012). A recent report suggested that
while Ago4 is also dispensable for survival, it is involved in antiviral defense (Adil-
iaghdam et al., 2020).

What distinguishes Ago2 from other members in the Ago protein family is
the endonucleolytic activity inherited from its evolutionary ancestors. It is the three
conserved metal-chelating residues — aspartate, aspartate and histidine (DDH) —
in the PIWI domain that confer the slicing activity to Ago2 (Liu et al., 2004). Ago2
slices target RNA opposite position 10-11 of the guide RNA when the guide forms
perfect complementarity to its target (Liu et al., 2004; Meister et al., 2004). This is
also the mechanism underlying RNA interference (RNAI). Although this ancient de-
fense mechanism against foreign dsRNA has been replaced by innate immune re-
sponse in mammalian cells, endogenous RNAI can be detected in mouse oocytes
and is essential for female fertility (Flemr et al., 2013; Wianny and Zernicka-Goetz,
2000). Ago2 has also been reported to direct the cleavage of HOXB8 mRNA by
miR-196 in mouse embryos (Yekta et al., 2004).

The embryonic lethal phenotype of Ago2 knockout mice can be in part ex-
plained by the loss of Ago2 catalytic activity. Mice mutant for the first aspartate
residue in the DDH motif (Ago2P") display erythroid differentiation defects and

die before weaning age. The compromised viability in Ago2°% homozygous mice
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is partially attributed to the lack of mature miR-451 in fetal livers, which plays
essential roles in erythropoiesis and whose maturation is dependent on Ago2 ca-
talysis (Cheloufi et al., 2010; Patrick et al., 2010). More recently, deregulation of
another miRNA—mIiR-486-5p—in the absence of Ago2 catalytic activity has also
been reported to contribute to the phenotype. While maturation of miR-486-5p
is Dicer-dependent, it is sequestered in the miRNA:miRNA* duplex until the 3p
strand is cleaved by Ago2. Mice knockout for miR-486 also experience erythro-
poietic defects (Jee et al., 2018). However, additional mechanisms are likely to
contribute to the perinatal lethality phenotype observed in Ago24P" mice, as neither
single deletion of miR-451 nor double deletion of miR-451 and miR-486 result in
embryonic lethality (Jee et al., 2018; Patrick et al., 2010; Rasmussen et al., 2010;
Yu et al., 2010).

Finally, the essentiality of Ago2 may result from spatial and temporal control
of Ago proteins. A single-cell RNA profiling of early human and mouse embryos
reveals that only Ago2 is expressed immediately after fertilization. Downregulation
of Ago2 at later stages is accompanied by a slight upregulation of Ago1 (Boroviak
et al., 2018; Muller et al., 2020). Losing Ago2 may not be tolerated by the embryo
at the very early stages. The precise control of Ago2 expression during early de-
velopment and cooperation among the Ago family members remain to be fully

characterized.

Mechanism(s) of miRNA-mediated gene repression

In animals, Ago-miRNA complex represses the expression of its targets
through the formation of a large ribonucleoprotein complex known as the miR-
NA-induced-silencing complex, or miRISC. The miRISC has been shown to act

by repressing translation (Humphreys et al., 2005; Mathonnet et al., 2007; Olsen
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and Ambros, 1999; Petersen et al., 2006; Pillai et al., 2005) and/or inducing mRNA
decay via deadenylation and decapping (Behm-Ansmant et al., 2006; Chen et al.,
2009; Giraldez et al., 2006; Rehwinkel et al., 2005; Wu et al., 2006).

miRNA targets were initially shown to localize to processing bodies (P-bod-
ies) in an Ago-miRNA-dependent manner (Liu et al., 2005b; Sen and Blau, 2005).
P-bodies are subcellular structures that serve as sites for mMRNA degradation,
enriching for untranslated mRNAs and enzymes involved in mRNA destabiliza-
tion and translation inhibition (Sheth and Parker, 2003). The P-body component
GW182 directly binds to Ago proteins and serves as a docking site for the other
components of the miRISC that are responsible for target repression. As such,
GW182 proteins are essential for miRNA-mediated gene silencing (Eulalio et al.,
2008; Jakymiw et al., 2005; Liu et al., 2005a; Meister et al., 2005).

In mice and humans, GW182 are encoded by three Tnrc6 genes (Tnrc6a,
Tnrc6b and Tnrc6c) and characterized as 182-kDa proteins containing multiple
glycine-tryptophan (GW) repeats (Baillat and Shiekhattar, 2009; Eystathioy et al.,
2002). The GW repeats are concentrated in a large unstructured region in the N ter-
minus that mediates direct interaction with Ago proteins. The interaction between
Ago and GW182 proteins is multivalent, with one GW182 molecule making contact
with multiple Ago proteins simultaneously (Elkayam et al., 2017). Structural studies
have determined three tryptophan-binding pockets on the surface of Ago proteins
responsible for GW182 binding (Elkayam et al., 2017; Schirle and MacRae, 2012;
Sheu-Gruttadauria and MacRae, 2018) (Figure 1.3). Accordingly, the key trypto-
phan residues on GW182 for Ago binding have also been mapped (Hauptmann et
al., 2015; Pfaff et al., 2013; Sheu-Gruttadauria and MacRae, 2018).

GW182 protein acts as a scaffold in the miRISC, recruiting the CCR4-NOT

and PAN2-PAN3 deadenylase complexes for target mMRNA deadenylation (Braun
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et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011; Fabian and Sonenberg,
2012; Kuzuoglu-Oztiirk et al., 2012). The C terminus of GW182 directly interacts
with PABP, a poly(A)-binding protein involved in mRNA translation and metab-
olism (Fabian et al., 2009). A recent study shows that miRISC phase separates
in cells and the induction of phase separation accelerates target mMRNA deade-
nylation (Sheu-Gruttadauria and MacRae, 2018). The decapping enzymes DCP1
and DCP2 in P-bodies are also involved in miRNA-mediated mRNA degradation
(Behm-Ansmant et al., 2006; Chen et al., 2009; Rehwinkel et al., 2005), but it is
unclear whether they are in direct contact with GW182. Additionally, the interaction
between an E3 ubiquitin ligase EDD and GW182 has been proven consequential
for miRNA-mediated gene silencing in mouse embryonic stem cells (MESCs) (Su
et al., 2011). The ubiquitin ligase activity of EDD is dispensable for the repres-
sive effect. EDD likely interacts with the DEAD box helicase DDX6/RCK/p54 and
promotes cap-dependent translation inhibition (Chu and Rana, 2006; Coller and
Parker, 2005; Su et al., 2011).

The outcome of miRNA-mediated repression is likely dependent on the ef-
fector proteins recruited to the miRISC in a given context. In mammalian cells,
MRNA destabilization explains the majority of target repression caused by miR-
NAs (Eichhorn et al., 2014; Guo et al., 2010). However, during maternal-to-zygote
transition of zebrafish embryos, miR-430 is used to switch off protein translation on
maternally expressed mRNAs before these transcripts get cleared by deadenyla-
tion processes (Bazzini et al., 2012; Giraldez et al., 2006).

The miRISC has been long assumed to be constitutively active in cells. Re-
cent evidence, however, suggests that the activity of Ago proteins is dynamically
regulated by a series of phosphorylation and dephosphorylation events (Golden et

al., 2017) and the assembly of miRISC is contingent upon cellular states (La Roc-
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caetal., 2015). In adult mice under homeostatic condition, only a subset of tissues
contain fully assembled miRISC (La Rocca et al., 2015), though the physiologic
relevance of this observation, and its functional consequences, have not been ex-

perimentally addressed yet.

The biological functions of miRNAs

The biological roles of miRNAs in model organisms have been systemat-
ically examined using genetic loss-of-function approaches. As suggested by the
seminal studies which led to the discovery of miRNAs, these small non-coding
RNAs are involved in controlling developmental timing (let-7, lin-4), larval viability
(fet-7) and left/right asymmetry differentiation (/sy-6) of C. elegans (Johnston and
Hobert, 2003; Lee et al., 1993; Reinhart et al., 2000). However, follow-up pheno-
typic characterizations of other miRNA mutants have suggested that the majority
of miRNA families are dispensable for the development of C. elegans (Miska et
al., 2007). Inactivation of dcr-1, a homolog of mammalian Dicer, in C. elegans pro-
duces heterochronic phenotypes similar to lin-4 and let-7 mutants (Grishok et al.,
2001). It is tempting to speculate that most miRNAs in C. elegans are not function-
al under the experimental conditions or have largely overlapping roles.

In contrast to the miRNAs in C. elegans, in Drosophila Melanogaster, ~80%
of the miRNA families are required for fly development and survival (Chen et al.,
2014). In zebrafish, miRNAs are essential for morphogenesis, as embryos lacking
maternal-zygote Dicer activity display abnormal gastrulation, impaired brain for-
mation and somite defects (Giraldez et al., 2005).

In mouse, deletion of key enzymes in the miRNA biogenesis pathway leads
embryonic lethality at very early stages (Bernstein et al., 2003; Liu et al., 2004).

Mice knockout for many broadly conserved miRNA families display a wide spec-
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trum of abnormalities (reviewed in (Bartel, 2018)). It is important to point out that
despite the defects observed in these studies, deletion of a single miRNA gene
often fails to cause a phenotype. Abnormalities are often observed only after ab-
lating all members of the same miRNA family. Moreover, certain miRNAs may be
dispensable for development under normal conditions but required upon stresses
and challenges. Therefore, the biological role of a miRNA must be evaluated under
physiological condition.

In human, the type 2 Feingold syndrome, a disease characterized by a
series of skeletal abnormalities in patients, is caused by mutations affecting the
MIR17 host gene (MIR17HG) (Feingold et al., 1997). Mice haploinsufficient for this
miRNA cluster (miR-17~92) phenocopy the several key features of the patients (de
Pontual et al., 2011). The DGCR8 gene resides in a 3Mb region on chromosome
22 (Chr 22911.2) that is deleted in the DiGeorge syndrome (Shiohama et al., 2003;
Wilson et al., 1993). DGCRS8 loss may contribute to the pathogenesis of DiGeorge
syndrome as haploinsufficiency of the Dgcr8 gene in mice leads to abnormal miR-
NA biogenesis, as well as cognitive and behavior deficits (Stark et al., 2008).

De-regulation of the miRNA pathway also contributes to tumorigenesis (Di
Leva et al., 2014). Heterozygous germline DICER1 mutations are associated with
a rare pediatric lung tumor — pleuropulmonary blastoma (Hill et al., 2009). In line
with the observation made in human cancer, Dicer1 functions as a haploinsuffi-
cient tumor suppressor in mouse models of lung cancer and sarcoma (Kumar et
al., 2007; Kumar et al., 2009).

Several miRNAs have been suggested to be tumor suppressive. For exam-
ple, the locus harboring miR-15 and miR-16 on the long arm of chromosome 13
is lost in more than 50% of B cell chronic lymphocytic leukemias (B-CLL) (Calin

et al., 2002). BCL2, overexpressed in B-CLL and an antiapoptotic gene, is likely
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to be a target of miR-15/16. Escaping miR-15/16 repression maybe beneficial for
B-CLL formation (Cimmino et al., 2005; Klein et al., 2010). Additionally, members
of the miR-200 family work as suppressors for epithelial-to-mesenchymal transi-
tion (EMT) by targeting key factors, such as Zeb1 and Zeb2, in the pathway (Greg-
ory et al., 2008; Korpal et al., 2008; Park et al., 2008).

The first reported pro-tumorigenic miRNA is miR-155. miR-155 host gene,
also known as bic, was initially identified as a locus susceptible to viral integration
in avian lymphomas and was shown to cooperate with c-myc in B-cell lymphom-
agenesis (Clurman and Hayward, 1989; Tam et al., 1997; Tam et al., 2002). Up-
regulation of miR-155 along with its host gene was later observed in human B-cell
lymphomas (Eis et al., 2005). One of the most extensively characterized oncogen-
ic miRNAs are those encoded by the miR-17~92 miRNA cluster, also known as
“Oncomir-1”. miR-17~92 is comprised of six miRNA members (miR-17, miR-18a,
miR-19a, miR-20a, miR-19b-1 and miR-92a). Frequent amplification of the locus
containing miR-17~92 in lymphomas provided the first hint for its oncogenic roles
(Ota et al., 2004). Later, this miRNA cluster was found to be a transcription tar-
get of c-Myc (O’Donnell et al., 2005) and overexpressed in several MYC-driven
cancers (Han et al., 2015; He et al., 2005). Functional dissection of this cluster
suggested that the tumorigenic activity of miR-17~92 can be attributed to miR-19,
as deleting miR-19 in the Eu-Myc lymphomas extends mouse overall survival and

induces apoptosis (Han et al., 2015; Mu et al., 2009; Olive et al., 2009).

miRNA target prediction by computational algorithms
Key to understand the biological roles of a given miRNA is the identification
of its physiologic targets. The obvious complementarity between miRNAs and a set

of 3'UTRs under post-transcriptional repression in drosophila for the first time sug-
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gested the possibility of in silico miRNA target prediction (Lai, 2002). Since then, a
variety of algorithms have been proposed to computationally predict the targets of
miRNAs (reviewed in (Bartel, 2009)) and their performance has greatly improved
over the past decade, thanks to the accumulation of experimental evidence.

Arguably, the most widely accepted prediction algorithm is TargetScan
(Agarwal et al., 2015; Friedman et al., 2009; Grimson et al., 2007; Lewis et al.,
2003). In the first versions of Targetscan, targets of conserved miRNAs were pre-
dicted in 3'UTRs that are broadly conserved across species. Using targets predict-
ed for shuffled miRNAs as background (false-positives), target sites were scored
and ranked using the free energy of miRNA:target interactions (Lewis et al., 2003).
Later, as genomes of more vertebrate species became available, a larger set of
MRNAs with conserved complementarity to miRNA seeds were predicted. Interest-
ingly, including a highly conserved adenosine (“A”) opposite position 1 of the miR-
NA strongly enhanced the performance of the prediction (Lewis et al., 2005). The
benefit of retaining the “A” opposite position 1 was not clear until the Ago2-miR-
NA-mRNA co-crystal structure was solved and the binding pocket in Ago2 for the
adenosine was revealed (Schirle et al., 2014).

miRNA transfection experiments followed by gene expression profiling al-
lowed the experimental validation of predicted binding sites. These efforts revealed
that the efficacy of the predicted canonical miRNA binding sites, measured as pref-
erential downregulation their targets, correlates with the number of nucleotides
involved in the interactions, with 8mer sites being the most effective, followed by
7mer-m8, 7mer-A1 and 6mer sites. Furthermore, this also enabled miRNA tar-
geting efficacy predictions by integrating the contribution of several context fea-
tures, including the 3’ pairing score, local AU content and distance from the nearest

3'UTR terminus (Grimson et al., 2007).
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Finally, improvement in conservation analysis and growing number of data-
sets measuring cellular response to miRNA perturbations led to the development
of more powerful prediction algorithms. To date, more than half of human tran-
scripts are predicted to be under miRNA regulation (Agarwal et al., 2015; Friedman
et al., 2009).

In addition to TargetScan, a series of prediction tools were generated around
the same time, including PicTar (Lall et al., 2006), EMBL (Stark et al., 2005) and
miRanda (Betel et al., 2008). These approaches, though different in the criteria
used for predictions, are all filtering algorithms based on predefined features. Later
on, another group of prediction tools were developed that used machine learning
algorithms. These algorithms examine efficacy of all possible miRNA-target in-
teractions using gene expression datasets in transfection experiments and build
prediction models by integrating parameters characterizing miRNA-target duplex
and context features. One example of such tools is miRSVR. miRSVR applied the
support vector repression algorithm and built a scoring system that improved the
ranking of canonical sites and identified functional non-canonical and non-con-

served sites (Betel et al., 2010).

Experimental identification of miRNA targets

Despite the increasing sophistication of these computational approaches,
the usefulness of their predictions is limited by the fact that computational algo-
rithms do not take into consideration the actual abundance of the miRNA and its
predicted targets in a given cellular context, or the presence of additional factors
that can either impede or promote miRNA binding to a specific site (Kedde et
al., 2010). To overcome these limitations, a number of experimental approaches

aimed at directly identifying miRNA-mRNA interaction sites in cells and tissues
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have been developed over the past decade (Chi et al., 2009; Hafner et al., 2012;
Helwak et al., 2013; Konig et al., 2010; Van Nostrand et al., 2016).

Crosslinking immunoprecipitation (CLIP) was first described by Ule and col-
leagues in 2003 as a novel approach for identifying direct targets of the RBP Nova
in mouse brain (Ule et al., 2003). In this approach, RNAs are first immobilized on
RBPs in living cells by UV crosslinking. Following cell lysis, sequences flanking the
core interaction motifs are trimmed off by ribonuclease. The crosslinked complex-
es are purified from the lysate using a series of biochemical approaches, includ-
ing immunoprecipitation of the RBP, RNA radiolabeling, and SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) purification. The complexes are then transferred
onto a nitrocellulose membrane and the radiolabeled RNAs are released from the
complexes by Proteinase K treatment. Finally, isolated RNAs are reverse tran-
scribed into cDNAs, which are amplified and sequenced. The initial CLIP exper-
iment identified RNA targets enriching for Nova binding sites and implicated in
synapse functions. The early success also paved the way for applying similar ap-
proach for miRNA target discovery in situ in live cells.

As high-throughput sequencing technologies became available, they were
employed for RBP target discovery together with the CLIP method. The very first
version of such technique was named high-throughput sequencing of RNAs iso-
lated by crosslinking immunoprecipitation (HITS-CLIP) and was applied to isolate
Ago2-bound miRNA targets (Chi et al., 2009) (Figure 1.4).

Due to the close proximity between Ago2, miRNA and target mRNA at the
site of interaction, the components in this complex can be crosslinked using 254-
nm UV-C. In their pioneering work, Chi and colleagues immunoprecipitated cross-
linked Ago2-RNA complexes from freshly prepared cortex tissues of post-natal day

13 (P13) mice and purified both the miRNAs and target mRNAs. High-throughput
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sequencing of target libraries identified a large number of binding sites preferential-
ly in the 3’UTR of mRNAs. A fraction of the binding sites overlapped with predicted
or experimentally validated sites for miR-124-3p (Chi et al., 2009). It is important
to highlight that, at the reverse transcription step, the crosslinked residue presents
a roadblock for reverse transcriptase, which often leads to truncation of the cDNA
at the crosslinking site or skipping of the ribonucleotide. While the truncated cD-
NAs are lost during subsequent amplification and sequencing steps, the skipping
events, which are later translated into deletion events in sequencing, help impute
the precise interaction sites at single-nucleotide resolution (Moore et al., 2014).

Soon after the advent of the HITS-CLIP method, several variants were gen-
erated, addressing specific needs in the field. For example, Hafner and colleagues
developed photoactivatable-ribonucleoside-enhanced crosslinking immunoprecip-
itation (PAR-CLIP) to improve RNA recovery and increase the resolution of the
method (Figure 1.4). In PAR-CLIP, cells are pre-incubated with the ribonucleoside
analog 4-thiouridine (4SU), which replace uridines in RNAs and can be more effi-
ciently crosslinked to RBPs by 365-nm UV at the same radiation energy. Another
benefit offered by this strategy is thymidine (T)-to-cytidine (C) transitions occur-
ring at the crosslinking sites in the reverse transcription step, which, again, pro-
vide single-nucleotide resolution information about the interaction sites (Hafner et
al., 2010). In the first AGO PAR-CLIP experiment, an enrichment of miRNA seed
matches in the target sequences was observed and T-to-C transitions were fre-
quently found around putative seed matches, indicating purification of bona fide
miRNA binding sites in vitro.

Another widely used CLIP method is individual-nucleotide resolution cross-
linking immunoprecipitation (iCLIP) (Konig et al., 2010) (Figure 1.4). To retrieve

information from truncated cDNAs produced at the reverse transcription step and
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map precise crosslinking sites, an intramolecular circularization step is added to
the workflow followed by linearization and PCR amplification. As self-circulariza-
tion is more efficient than intermolecular ligation, the sensitivity of this method
surpasses its precedents.

Despite the simultaneous purification of miRNA and targets in Ago CLIP ex-
periments, assigning targets to individual miRNAs remains bioinformatically chal-
lenging as one has to indirectly infer the bound miRNA from the target sequence.
A way to solve this problem is to modify the CLIP method to promote the inter-
molecular ligation between the miRNA and its target in the complex. Helwak and
colleagues were the first to propose this strategy, which they named crosslinking,
ligation, and sequencing of hybrids (CLASH) (Helwak et al., 2013) (Figure 1.4). Al-
though chimeric reads only represented 2% of all sequenced reads, CLASH iden-
tified interactions between 399 miRNAs and close to 7,000 protein-coding genes.
Compared to canonical sites, surprisingly, non-canonical binding sites were ~1.7-
fold more frequently captured. These non-canonical sites only subtly, though sig-
nificantly, contributed to target gene repression as validated by luciferase reporter
assays. Two similar approaches: a variant of the in vivo PAR-CLIP (iPAR-CLIP)
(Grosswendt et al., 2014) and covalent ligation of endogenous Argonaute-bound
RNAs-CLIP (CLEAR-CLIP) (Moore et al., 2015) were later applied to capture miR-
NA-target hybrids in C. elegans and mouse cortex, respectively.

To date, the most widely used CLIP method is enhanced CLIP (eCLIP) (Van
Nostrand et al., 2016) (Figure 1.4). The eCLIP method omits the radiolabeling step
and replaces the circularization reaction used in the iCLIP with single-stranded
DNA (ssDNA) adaptor ligation following reverse transcription. These modifications
improve RNA recovery efficiency, reduce PCR duplication rate and shorten hands-

on time. In additional to the optimized library preparation strategy, eCLIP introduc-
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es a “SMinput” library, which is produced from adapter-ligated RNAs co-migrating
with the immunoprecipitated complexes in the RNase-treated input lysates. The
SMinput is used as background and greatly improves signal-to-noise and the re-
producibility of eCLIP experiments. eCLIP has recently been employed to gener-
ate the binding site maps for 150 human RBPs including AGO2 in the ENCODE 3
project (Van Nostrand et al., 2020).

What Ago CLIP experiments teach us?

When applied to Ago proteins, the CLIP methods described in the previous
section have nearly invariably shown that 3'UTRs are the preferred regions target-
ed by miRNAs. Motif discovery analyses have identified seed matches for highly
expressed miRNAs in each context. And all previously characterized canonical site
types (6mer, 7mer-A1, 7mer-m8 and 8mer) have been observed in CLIP datasets.
While a certain fraction of these binding sites matches computationally predicted
sites, a partial overlap between the experimentally determined and predicted bind-
ing sites suggested both false-positives and -negatives in the prediction results.
When benchmarking these sites using context-matched gene expression data-
sets, CLIP-identified binding sites often outcompeted those given by prediction al-
gorithms in conferring target repression (Hsin et al., 2018). This again emphasizes
the need of determining miRNA binding sites in physiological contexts.

In addition to 3’'UTR binding sites, a substantial fraction of binding sites
has been observed in the coding exons (Hafner et al., 2010). These interactions
sites are less extensively characterized compared to 3’UTR binding sites as high
conservation status of coding sequences (CDS) prevents filtering of these miRNA
binding sites using conventional target prediction algorithms. In contrast to 3UTR

sites that preferentially cause mRNA destabilization, CDS sites, as suggested by
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computational and experimental studies, are likely to be more effective in inhibiting
translation, though a detailed molecular mechanism is still unclear (Hausser et al.,

2013; Zhang et al., 2018).

Limitations of CLIP-based methods

Despite the robustness of the various CLIP-based approaches in identifying
biologically relevant miRNA binding sites, these methods still suffer from sever-
al limitations, which have prevented their wider use. First, although the technical
workflow has been simplified in recent variants, such as in eCLIP, these methods
are still quite technically challenging. They often require a large number of cells as
input to compensate for material loss during the purification procedures. Second,
the affinity of the antibody limits the purification stringency and extensive optimiza-
tion experiments are required to determine the highest salt concentration that can
be tolerated for a given antibody-epitope combination.

The use of 4SU in PAR-CLIP improves RNA-RBP crosslinking efficiency,
however, it also biases towards identification of targets enriching for uridines. Ad-
ditionally, precise mapping of interaction sites becomes challenging near U-rich re-
gions. It is worth to point out that prolonged 4SU treatment slows down cell growth
(Tani and Akimitsu, 2012) and 4SU may subtly alter cell physiology by affecting
RNA turnover and dynamics. Finally, 4SU incorporation is only applicable to cells
in culture and C. elegans (Jungkamp et al., 2011). Such method is not suitable for
in vivo miRNA target discovery for most model organisms.

Capturing miRNA-target hybrids following ligation by CLASH or CLEAR-
CLIP (Helwak et al., 2013; Moore et al., 2015) still presents a promising approach
for dissecting functional cooperation and specialization among miRNA members.

However, the sensitivity of current approaches is largely compromised by the low
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chimeric rate (~1-2%).

Given the highly context-dependent nature of miRNA targeting, it is crucial
to perform target identification experiments in physiologic contexts. Understanding
the physiologic roles of miRNAs often requires efficient target isolations in vivo
and sometimes from specific cell types. Although target purification from live tis-
sues has been proven feasible, none of the current CLIP methods offers a conve-
nient workflow for Ago2-RNA complex isolation in vivo, especially in a tissue- and
cell-type-specific manner.

Therefore, an efficient, unbiased in vivo miRNA target purification strategy

is in demand.
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CHAPTER 2: ANOVEL EXPERIMENTAL APPROACH TO MAP
MIRNA-RNA INTERACTIONS

Introduction

Although Ago2 CLIP methods have proven useful in identifying miRNA-mR-
NA interaction sites in cell lines (Chi et al., 2009; Hafner et al., 2010; Helwak et
al., 2013; Konig et al., 2010; Van Nostrand et al., 2016), they have been less ex-
tensively used in in vivo settings mainly for two reasons. First, these methods are
technically challenging, and their performance is substantially reduced as the qual-
ity and quantity of the starting material drop. Second, live tissues are comprised of
a variety of cell types and these methods do not provide an efficient way to purify
targets from specific cell types without preliminary cell enrichment. To circumvent
the difficulties presented by the CLIP methods, we decided to design a new sys-
tem that permits high-affinity Ago2 complex purification and provides flexibility for
potential in vivo applications.

The purification stringency of traditional CLIP-based approaches is limited
by the strength of the non-covalent interaction between the antibody and epitope
at the experimental condition. Therefore, when searching for alternative strategies,
we specifically focused on protein tags that mediate covalent interactions, which
would theoretically be resistant to stringent purifications. The candidate protein
tags include the SNAP-tag (Keppler et al., 2003), CLIP-tag (Gautier et al., 2008)
and Halo-tag (Los et al., 2008). These protein tags are of comparable sizes and
can form irreversible covalent bonds with their corresponding synthetic ligands.

Conjugating the ligands to solid substrates, such as agarose beads, enables rapid
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isolation of protein of interest fused to these synthetic tags.

Following a suggestion from our colleague Gregory Hannon, we chose the
HaloTag, which is a modified version of the haloalkane dehalogenase encoded by
the DhaA gene from Rhodococcus rhodochrous. Haloalkane dehalogenase re-
moves halides from aliphatic hydrocarbons through forming an intermediate ester
bond between an aspartate and the substrate. A mutation in the histidine His272
blocks the hydrolysis of the ester bond, resulting in irreversible attachment of the
chemical functionalities (Encell et al., 2012; Los et al., 2008). Due to the absence
of homologs to DhaA, cross-reactivity of HaloTag with endogenous substrate is
negligible in mammalian cells. The many applications of the HaloTag technology
are enabled by the commercial availability of a wide range of synthetic HaloT-
ag ligands, generated by linking the chloroalkane substrate to different functional
groups, including fluorescent dyes, solid surfaces, and reactive groups.

In this work we envisioned to use the HaloTag system to simplify the isola-
tion of Ago2-containing complexes from cells and live tissues. Importantly, while
our work was in progress, Gu and colleagues showed that the HaloTag together
with UV crosslinking could be used to efficiently identify RNA targets of the RBP
PTB (Gu et al., 2018).

A Halo-AgoZ2 fusion protein enables antibody-free purification of miRNA tar-
gets

Because of previous reports showing that Ago2 does not tolerate C-terminal
tags, we fused the HaloTag to its N-terminus (Figure 2.1a). When expressed in
Ago2” mouse embryonic fibroblasts (MEFs) (O’Carroll et al., 2007), the Halo-Ago2
fusion protein localized largely to the cytoplasm, while the HaloTag alone displayed

uniform localization to both the cytoplasm and the nucleus (Figure 2.1b). The
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Figure 2.1: Subcellular localization, expression and endonucleolytic activity
of the Halo-Ago2 fusion protein

a) Schematic of the Halo-Ago2 fusion protein covalently bound to a bead-conju-
gated HaloTag ligand. b) Ago2” immortalized MEFs transduced with MSCV-PIG,
MSCV-PIG-Halo or MSCV-PIG-Halo-Ago2 retroviruses were incubated with the
HaloTag TMRDirect ligand and imaged (by Joana A. Vidigal). ¢) Ago2” MEFs
transduced with retroviral vectors encoding HaloTag alone, full length Ago2 or the
Halo-Ago2 fusion protein were transiently transfected with reporter plasmids ex-
pressing Firefly and Renilla luciferase and a plasmid expressing an shRNA against
the Firefly luciferase. The ratio between Firefly and Renilla luciferase activity was
measured 48 hours after transfection (left panel). Whole-cell lysates from the same
cells were probed with antibodies against Ago2 and B-actin (right panel). Error
bars: Mean + SD.

generation of the Halo-Ago2 fusion construct and the imaging experiment were
conducted by Joana A. Vidigal, a former postdoctoral fellow in the laboratory. To
test whether the addition of the HaloTag interferes with the activity of Ago2, we
transduced Ago2”- MEFs at low multiplicity of infection (MOI < 0.1) with recombi-

nant retroviruses expressing either wild-type Ago2 or the Halo-Ago2 fusion protein.
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Next, we transiently transfected these cells with reporter plasmids expressing the
Renilla and Firefly luciferase and a plasmid expressing an shRNA against the Fire-
fly luciferase and measured the ratio between Firefly and Renilla luciferase activity
48 hours later. These experiments showed that when expressed at comparable
levels, the Halo-Ago2 construct was nearly as effective as wild-type Ago2 at res-

cuing RNA interference in Ago2” MEFs (Figure 2.1c).
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Figure 2.2: Generation of the Halo-Ago2 conditional knock-in allele

a) Schematic of the targeting strategy used to generate the Halo-Ago2 conditional
knock-in allele. Halo: HaloTag; STOP: stop codon; IRES: internal ribosome entry
site. b) Whole-cell lysates from mESCs with the indicated genotypes were probed
with antibodies against Ago2, HaloTag and Tubulin. (The mESC targeting was de-
signed and performed by Carla P. Concepcion and Joana A. Vidigal. The western
blot was performed by Carla P. Concepcion)

To avoid artifacts due to ectopic expression of Halo-Ago2 and to enable the
isolation of Ago2 complexes directly from murine tissues, we used homologous
recombination to knock-in the HaloTag cassette into the endogenous AgoZ2 locus
in mESCs (Figure 2.2a). In this knock-in allele, the HaloTag is separated from the
first coding exon of Ago2 by an in frame loxP-STOP-IRES-FLAG-loxP (LSL) cas-

sette (Ago2Hale-LSt) Cells harboring this allele express a bicistronic mMRNA encoding
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for two proteins: the HaloTag and a Flag-Ago2 fusion protein whose translation is
initiated by an internal ribosomal entry site (IRES). Upon expression of the Cre re-
combinase, the LSL cassette is excised and the HaloTag is now brought in frame
with the first coding exon of Ago2, thus resulting in expression of the Halo-Ago2
fusion protein (Figure 2.2b). The recombined allele expressing the Halo-Ago2 fu-
sion will be hereafter referred to as Ago2@°. The mESC targeting was designed
and performed by Joana A. Vidigal and Carla P. Concepcion, a former postdoctoral
fellow and a former graduate student in the laboratory.

Having obtained mESCs expressing the Ago2@° allele from the endoge-
nous Ago2 locus, we next set to test whether this genetically engineered allele
could be used to map miRNA-mRNA interactions in cells. For these experiments,
we adapted the HITS-CLIP method originally developed by the Darnell group (Chi
et al., 2009) with two significant streamlining modifications enabled by the covalent
bond between Halo-Ago2 and the HaloTag ligand. First, instead of using anti-Ago2
antibodies to isolate Ago2-containing complexes, we used sepharose beads co-
valently linked to the HaloTag ligands. Second, the radiolabeling and SDS-PAGE
purification step required in conventional CLIP protocols to purify RNAs bound
to Ago2 were omitted and replaced by extensive washes followed by direct RNA
extraction from beads. We refer to this method as Halo-enhanced Ago2 pulldown
(HEAP) (Figure 2.3).

To enable library preparation, we added two RNA adaptors to the RNAs.
The first ligation was between a 3’ adaptor and RNA in the complex after a series
of on bead purifications. A 5’ adaptor was added after the RNAs were released
and purified from beads. These RNAs were then reverse transcribed into cDNAs.
Amplification of the cDNA library by PCR produced a 65-bp band, corresponding
to Halo-Ago2-bound adaptor-ligated mature miRNAs, and a smear (75~200 bp),
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Figure 2.3: Schematic diagram of the HEAP method

Outline of the strategy used to generate HEAP and input control libraries (upper
panel) and a representative Halo-Ago2 binding site identified in mESCs (lower

predicted to contain the targets of these miRNAs (Figure 2.4a). The PCR products
were resolved by PAGE and miRNAs and targets were purified separately. After-
wards, these libraries were subjected to high-throughput sequencing. While the
miRNA target (MRNA) library allows the identification of miRNA binding sites, the

miRNA library provides an estimate of miRNA abundance in the matching context
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Figure 2.4: HEAP libraries generated from mESCs
a) Polyacrylamide gel electrophoresis of PCR products of HEAP libraries generat-
ed from Ago2Hale-LSt and Ago2Ha* mESCs. A band corresponding to miRNA (~65
bp) and a smear corresponding to miRNA targets (75~200 bp, boxed) are visible
in the Ago2Ha°* samples. b) Genome browser view of Lefty? 3’'UTR with tracks

corresponding to HEAP mRNA libraries generated from Ago2té* (N = 3) and Ag-
o2hal-Ltsty (N = 3) mESCs.

(Figure 2.3). The HEAP workflow was partially developed by Carla P. Concepcion.

In a first set of experiments, we generated three independent HEAP librar-
ies from Ago2H@* and Ago2HaletSU* mESCs. When mapped to the mouse standard
genome (mm10), libraries generated from Ago2"a* mESCs—but not those gen-
erated from control Ago2a-tSt+ cells—produced well-defined “clusters” of reads,
from here on referred to as peaks (Figure 2.4b).

To facilitate computational identification of these peaks, we generated con-
trol libraries by adapting the “SMinput” method used in eCLIP (Van Nostrand et al.,
2016). The use of SMinput controls significantly improved specificity in the discov-
ery of authentic RBP binding sites (Van Nostrand et al., 2016). We prepared input
control libraries in parallel to the HEAP libraries by omitting the pulldown step.
Size-matched PCR products (75~200 bp) were isolated by PAGE and processed
identically to the HEAP libraries (Figure 2.3). Matching input control libraries were
generated for every HEAP experiment discussed in this thesis.
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Characterization of miRNA binding sites in mESCs

To map miRNA binding sites in mESCs, we generated three HEAP libraries
and two input control libraries from Ago2"é* mESCs (using 1.5 x 10% cells per
library). Libraries were sequenced, and raw reads were processed. Only unique-
ly aligned reads to the standard mouse genome were used for peak discovery.
We applied the CLIPanalyze package developed by our collaborator Yuri Pritykin
(https://bitbucket.org/leslielab/clipanalyze) to identify peaks in these libraries. CLI-
Panalyze is an improved peak-calling algorithm based on edge detection tech-
nique similar to methods from image processing (Hsin et al., 2018; Lianoglou et al.,
2013; Loeb et al., 2012). The algorithm merges all libraries (including HEAP mRNA
libraries and input control libraries), smooths peak signals and defines a large set
of putative peaks. Then it performs library size normalization using reads aligned
to all exons outside of putative peaks. Finally, CLIPanalyze compares peak signal
in the HEAP mRNA libraries and in the input control libraries and assigns FDR-cor-
rected p-value to each peak (See Method and APPENDIX Il for details). Prepro-
cessing of the high-throughput sequencing data and peak calling were performed
with the help of Yuri Pritykin and Yuheng Lu.

At an adjusted p-value cutoff of 0.05, CLIPanalyze identified a total of
30,564 Ago2 binding sites in our libraries. Previous studies have demonstrated
that 3’UTRs of mRNAs are the preferred, although not exclusive, sites of interac-
tion between miRNAs and mRNAs (Bartel, 2018). Consistent with these findings,
the majority of HEAP peaks we identified in mESCs mapped to 3’'UTRs, followed
by sites mapping to CDS (Figure 2.5). The fraction of 3UTR and CDS peaks
increased monotonically with their statistical significance, while intergenic and in-

tronic peaks had the opposite behavior. For example, when examining the 1,000
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Figure 2.5: Genomic distribution of Halo-Ago2 binding sites

Peaks identified in the HEAP libraries from mESCs were ranked by increasing
adjusted p-value before calculating their distribution across genomic annotations.
CDS: coding sequence; 5’UTR: 5’-untranslated region; 3’'UTR: 3’-untranslated re-
gion; LncRNA: long non-coding RNA.

most statistically significant peaks, greater than 50% of them mapped to 3’'UTRs
and less than 3% mapped to introns (Figure 2.5).

To gain additional insights into the nature of peaks identified by HEAP, we
searched for enriched 7-nt motifs (7-mers) in the sequences underlying the 3’UTR
peaks (Figure 2.6a). A series of overlapping 7-mers were identified when com-
paring frequencies of motifs in 3'UTR sequences within and outside of the peaks.
To visualize these motifs, we mapped the enriched 7-mers back to genome and
extracted sequences within a 15-nt window. These 15-nt motifs, along with back-
ground motifs, defined as 15-nt windows 100- or 200-bp away from the query
motifs, were subjected to the HOMER de novo motif discovery algorithm (Heinz
et al., 2010) for visualization. As a result, two 8-nt motifs were identified, which
were complementary to the seed sequences of several miRNA families, including
miR-291-3p, miR-292a-5p, miR-17-5p and miR-25-3p (Figure 2.6b). Moreover,

we calculated log2-fold enrichment of seed matches for all broadly conserved miR-
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NA families in the 3’UTR peaks compared to background sequences. As shown
in Figure 2.6c, seed matches for miR-291-3p, miR-17-5p and miR-25-3p were
ranked top. miR-291-3p, miR-17-5p and miR-25-3p were among the most highly

expressed miRNA families in mESCs, according to miRNA abundance estimated
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Figure 2.6: Enrichment of miRNA seed matches in HEAP 3’UTR binding sites
a) Bar plot showing the top ten most enriched 7-mers in Halo-Ago2 3'UTR peaks
as determined by unbiased motif enrichment analysis. b) Sequence logos of the
most enriched motifs in Halo-Ago2 3’'UTR binding sites as determined by the HO-
MER de novo motif discovery algorithm. miRNA families whose seeds are comple-
mentary to these motifs are annotated. ¢) Enrichment for sequences complemen-
tary to murine miRNA seeds (8mers). The bar plot shows enrichment for the top
ten miRNA seed families. d) Scatter plot showing the correlation between number
of 3’UTR peaks with 7mer or 8mer seed matches to individual miRNA families and
abundance of their corresponding miRNAs as measured in HEAP miRNA libraries.
Blue line: best fit linear regression, with 95% confidence interval in grey.
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in the HEAP miRNA libraries.

To gain a better understanding of the relationship between miRNA expres-
sion levels and target abundance, we assigned the 3’'UTR binding sites to a set
of highly expressed and broadly conserved miRNA families by searching for 7mer
(7mer-m8 or 7mer-A1) or 8mer seed matches for the corresponding miRNA family
in the sequences under these peaks. We observed a positive correlation between
the relative abundance of individual miRNA families and the number of correspond-
ing peaks identified by HEAP (Figure 2.6d).

Collectively, these results suggested that the HEAP method was able to
identify biologically relevant miRNA targets in mESCs. The HEAP libraries also de-

lineated a positive relationship between miRNA abundance and target abundance

in vitro.

Reproducibility, sensitivity and detection limit of the HEAP method
To measure the reproducibility of the HEAP method, we applied the CLI-
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Figure 2.7: Reproducibility of the HEAP method
Pairwise IDR analysis of three independent HEAP libraries generated from mESCs.
Each point represents the rank of an individual peak as determined in each pair of
the replicates. Points in red correspond to peaks that failed to pass an IDR cutoff
of 0.05. Table below summarizes the absolute number and percentage of peaks
that passed the 0.05 IDR cutoff in each comparison.
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Panalyze peak calling algorithm independently to each of the three mESC libraries
and performed pairwise Irreproducible Discovery Rate (IDR) analysis (Li et al.,
2011) on the putative peaks. On average, this analysis identified 80% of peaks as
reproducible at IDR < 0.05, demonstrating the robustness of the HEAP method
(Figure 2.7).

To directly test whether the peaks identified by HEAP reflect true miR-
NA-RNA interactions, we selected a strong peak identified in the 3’UTR of the
Lefty2 mRNA (Figure 2.8a). The sequence underlying this peak includes a highly
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Figure 2.8: Sensitivity of the HEAP method to binding site disruption

a) Genome browser view of the 3’'UTR peak in Lefty2. The miR-291-3p binding site
predicted by TargetScan7 is annotated. PhastCons: placental mammal conserva-
tion by PhastCons. b) Sequences around the predicted miR-291-3p binding site
in the wild-type and Lefty2"'T mESCs. The mutations introduced are highlighted
in red and disrupt the base-pairing between Lefty2 3’'UTR and miR-291a-3p. PAM
(protospacer adjacent motif) mutations specific to each of the guide RNAs used
are also highlighted. ¢) Genome browser view of the Lefty2 3'UTR with tracks cor-
responding to libraries generated from wild-type or Lefty2"TmESCs. d) Volcano
plot of global changes in HEAP peak intensity between Lefty2"YT and wild-type
mESC libraries. Notice the selective loss of the Lefty2 3'UTR binding site (high-
lighted).
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conserved 8-mer that is complementary to the miR-291-3p seed (Figure 2.8b).
We used CRISPR-Cas9 and homologous recombination in mESCs to introduce
point mutations designed to disrupt this seed match (Flemr and Buhler, 2015) (Fig-
ure 2.8b). Two clones homozygous for the desired mutations were generated us-
ing two different guide RNAs. HEAP libraries generated from both clones showed
complete loss of the Lefty2 peak (Figure 2.8c). A global differential peak signal
analysis visualized as volcano plot revealed a selective loss of this binding site in
the Lefty2 mutant cells (Figure 2.8d). The result demonstrated the ability of the
HEAP method to map bona fide miRNA-RNA interactions in cells.

To determine the detection limit of the HEAP method, we generated a series
of HEAP libraries using decreasing numbers of mESCs (from 1.5 x 108 to 1 x 103).
Peaks were called using CLIPanalyze by comparing each library to the two input

control libraries generated before. As expected, the total number of confidently
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Figure 2.9: HEAP libraries generated from decreasing numbers of mESCs
a) Total number of peaks identified at an adjusted p-value cutoff of 0.1 in HEAP
libraries generated from a series of numbers of mMESCs. b) Genome browser view
of representative peaks identified in HEAP libraries in panel a).
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identified peaks progressively decreased as the amount of staring material was
reduced (Figure 2.9a). Most robust peaks could be identified with as few as 5 x
10° mESCs, however, for optimal library resolution, a minimum of 1 x 107 cells was
recommended (Figure 2.9b). Since mESCs have little cytoplasm, the detection
limit is likely to be even lower for cell types with more abundant cytoplasm.
Collectively, these results indicate that the HEAP method is a robust and

sensitive approach for miRNA binding site detection in vitro.

Gene repression associated with HEAP-identified miRNA binding sites

To assess the ability of HEAP to identify functional miRNA binding sites,
we examined the expression changes of miRNA targets caused by miRNA path-
way perturbation. We analyzed the RNA sequencing (RNA-seq) dataset generated
by Bosson and colleagues from mESCs knockout for all four Argonaute proteins
(Ago1-47) in the presence or absence of exogenously expressed Flag- and HA-
tagged AGO2 (FHAGOZ2) [(Bosson et al., 2014), GSE61348]. To visualize the ex-
pression changes of miRNA targets, we plotted mRNA log2 fold changes of select-
ed gene sets between the FHAGO2 and control mESCs as cumulative distribution
function (CDF) plot. CDF of all expressed genes (“All genes”) was used as dataset
background. CDF curves of targets of selected miRNA families were plotted and
their deviations from the background distribution were examined using two-sided
Kolmogorov-Smirnov tests.

Introduction of FHAGO2 in Ago7-4" cells should restore miRNA function,
causing repression of their targets. In agreement with this prediction, miRNAtargets
containing HEAP 3’UTR binding sites for highly expressed miRNA families were
preferentially repressed upon FHAGO2 reintroduction (Figure 2.10a). 3'UTRs with

more than one miRNA binding site were under stronger suppression, indicative of
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Figure 2.10: Gene repression associated with Halo-Ago2 binding sites

a) Cumulative distribution function (CDF) plots for HEAP-identified 3'UTR targets
of selected miRNA families. The mRNA log2 fold change was calculated in Ago71-
47 mESCs upon ectopic FHAGO2 expression. b) CDF plot for genes containing
different numbers of HEAP peaks in their 3UTRs. ¢) CDF plots for HEAP CDS
and intronic targets. Peaks were grouped based on whether they contained seed
matches for the highly expressed miRNA families (top 5). P-value: two-sided Kolm-
ogorov—Smirnov test.

cooperation among miRNAs (Figure 2.10b). Conversely, and as expected, peaks
mapping to other genomic annotations, such as CDS and introns, did not mediate
consistent target repression (Figure 2.10c).

We quantified the amount of repression on targets of each miRNA family
by calculating a z-score of the log2 fold expression changes using the parametric
analysis of gene set enrichment (PAGE) method (Kim and Volsky, 2005). A nega-
tive z-score suggests a preferential downregulation of targets. And the amplitude

of the z-score is indicative of the strength of the repression. We found that targets
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of most miRNA families had z-scores below zero. Furthermore, we observed a
positive correlation between the absolute z-scores and relative abundance of miR-
NAs in corresponding families, consistent with the hypothesis that miRNA-target

stoichiometry is a major determinant of gene repression (Figure 2.11).
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Figure 2.11: Correlation between miRNA abundance and gene repression
capability

Scatter plot showing the correlation between target repression effects observed
for the most abundant and broadly conserved miRNA families (n = 58) and miRNA
abundance. Z-scores were calculated in targets containing 7mer or 8mer seed
matches for the selected miRNA families using the parametric analysis of gene set
enrichment (PAGE) method. miRNA abundance was calculated in HEAP miRNA
libraries. The area of each circle is proportional to the number of targets identified
for the corresponding miRNA family.

Next, we tested whether any characteristics of the peaks could serve as
predictors for the repressive effects observed on their targets. In addition to adjust-
ed p-values, log2 fold change of peak signal between the HEAP and input control
libraries was also calculated by CLIPanalyze during peak calling. We ranked the
peaks by either their statistical significance (adjusted p-values) or log2 fold chang-
es and split them into quartiles. The first quartile corresponded to the most signif-

icant peaks or peaks with highest signal enrichments over input control libraries.
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Figure 2.12: Benchmarking peak ranking parameters

CDF plots for HEAP targets of the 5 most abundant miRNA families. Left: peaks
were ranked by adjusted p-values (HEAP vs. input control) and divided into quar-
tiles; right: peaks were ranked by log2 fold change of peak signal (HEAP vs. input
control) and divided into quartiles. P-values were calculated using two-sided Kolm-
ogorov—Smirnov tests comparing each gene set to background (all genes).

We found that peaks with higher statistical significance (lower adjusted p-values)
or higher log2 fold changes were associated with stronger target repression effects
(Figure 2.12).

Collectively, by combining HEAP and CLIPanalyze, we have identified a
large class of functional miRNA binding sites. Furthermore, the adjusted p-value
and log2 fold change (HEAP vs. input) generated by CLIPanalyze provide a viable

way to stratify these peaks based on their ability to repress targets.

Measuring translation inhibition associated with HEAP targets
miRNA-mediated gene repression manifests as mRNA degradation and/or
translation inhibition. We have observed preferential mRNA repression in genes
containing the 3'UTR peaks identified by HEAP. Here, we wanted to examine
whether these miRNA binding sites could direct translation inhibition in addition to

their ability to cause mRNA destabilization.
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Figure 2.13: Generation and characterization of the Dicer1 knockout mESCs
a) Schematic structure of mouse Dicer1. A portion of the first RNase Ill domain
was deleted using a pair of guide RNAs targeting the corresponding locations
on the genome. PAZ: Piwi-Argonaute-Zwille. DRBM: double-stranded RNA bind-
ing motif. b) Dicer1 knockout single clones were characterized using immunoblot
and northern blot. Upper panel: whole-cell lysates of mESC clones were probed
with antibody against Dicer1 and B-actin. Lower panel: total RNAs were separated
on 15% TBE-UREA PAGE, transferred to membrane and probed with oligonucle-
otides reverse complement to miR-293-3p. Vertical dashed line indicates splicing
of the Northern blot membrane needed to align RNA and protein samples.

To enable simultaneous measurements of mMRNA and protein expression
changes caused by miRNAs, we generated mESCs lacking Dicer1. Deletion of
Dicer1 should lead to blockade of maturation of most miRNAs and global de-re-
pression of miRNA targets (Kanellopoulou et al., 2005). We knocked out Dicer1 in
Ago2ae mESCs using Cas9 and a pair of sgRNAs designed to delete a portion
of the RNase 11 domain of Dicer1 (Figure 2.13a). Single clones harboring bial-
lelic deletions were isolated. Western blot analysis confirmed the complete loss

of Dicer1 protein in all clones. Northern blot for miRNAs revealed a depletion of
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Figure 2.14: Correlation between protein and mRNA expression in Dicer1
knockout mESCs

a) CDF plots for targets of miR-291-3p, miR-17-5p and miR-148-3p identified by
HEAP. The log2-fold changes in mRNA and protein levels were calculated as Di-
cerl knockout vs. wild-type mESCs. P-value: two-sided Kolmogorov—Smirnov
test. b) Changes in mRNA expression between the Dicer1 knockout and wild-type
mESCs highly correlate with changes in protein expression. mMRNA expressions
were measured by RNA-seq. Protein expressions were measured using Tandem
Mass Tag Mass Spectrometry by Olesja Popow and Joao A. Paulo.
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mature miR-293-3p, accompanied by an accumulation of pre-miR-293, suggesting
a complete blockade of miR-293 maturation (Figure 2.13b).

The mutant mESC clones, along with wild-type clones, were submitted for
transcriptomic and proteomic profiling by RNA-seq and Tandem Mass Tag Mass
Spectrometry, respectively. Log2-fold gene expression changes between the Di-
cer1 knockout and wild-type cells were calculated. 3'UTR targets identified in the
HEAP libraries were preferentially upregulated at both mRNA and protein levels
in the Dicer1 knockout mESCs (Figure 2.14a). Furthermore, there was an overall
correlation between the mRNA and protein abundance (spearman’s p = 0.71) (Fig-
ure 2.14b). Most of the protein expression changes observed could be explained
by corresponding mRNA changes, in line with the hypothesis that mRNA destabi-
lization is the dominant effect of mammalian miRNAs (Eichhorn et al., 2014; Guo
et al., 2010). The proteomic analysis was performed by Olesja Popow and Joao A.

Paulo at Harvard Medical School.

Comparison between HEAP and the conventional CLIP method

To benchmark the HEAP method, we compared miRNA target libraries
generated by HEAP to those generated by one of the conventional Ago2 CLIP
methods, iCLIP (Konig et al., 2010). We obtained the iCLIP dataset generated by
Bosson and colleagues in Ago71-4"-FHAGO2 mESCs (Bosson et al., 2014). In the
iCLIP experiment, AGO2 binding sites were purified by tandem Flag-HA immu-
noprecipitation and a control library was generated using Ago7-4”- mESCs re-ex-
pressing wild-type AGO2. After read preprocessing, alignment and de-duplication,
the iCLIP library was twice larger than each of the HEAP replicates, while the
control libraries contained comparable number of reads (data not shown). Using

peak-calling parameters optimized for the iCLIP method, CLIPanalyze algorithm
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identified 6,813 FHAGOZ2 binding sites in the iCLIP library, and nearly twice as
many (on average 13,532) in each of the three HEAP mESC libraries (nominal
p-value < 0.1). The iCLIP library also identified significantly fewer peaks mapping
to 3'UTR and more peaks mapping to intergenic regions compared to the HEAP
libraries (Figure 2.15a).

3'UTR targets for the miR-291-3p seed family identified by both methods
were associated with strong repression of the corresponding genes upon FHA-

GO2 reintroduction (Figure 2.15c). The overlap between miR-291-3p binding sites
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Figure 2.15: Comparison between HEAP and iCLIP

a) Genomic distribution of Ago2 binding sites identified in the iCLIP library and in
the three HEAP libraries. The total number of peaks identified in each library is
shown. b) Venn diagrams of the overlap between miR-291-3p 3’'UTR binding sites
identified by iCLIP and those identified by each HEAP library. ¢) CDF plot for targets
of miR-291-3p identified by iCLIP or HEAP. The log2 fold change was calculated in
Ago1-4" mESCs upon ectopic FHAGO2 expression. HEAP only: targets identified
uniquely by HEAP; iCLIP only: targets identified uniquely by iCLIP; shared: targets
identified by both methods. P-value: two-sided Kolmogorov—Smirnov test.
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identified by iCLIP and HEAP in 3'UTRs was partial, with the HEAP target pool be-
ing nearly twice as large (Figure 2.15b). Importantly, the targets identified only by
HEAP also displayed strong repression upon FHAGO2 reintroduction, indicating
that they are functional miRNA binding sites (Figure 2.15c).

Collectively, these results indicate that the HEAP method presents a sensi-

tive and effective approach for functional miRNA target discovery in vitro.

Discussion

By applying the HEAP method, we have experimentally identified a large set
of high-quality miRNA binding sites in mESCs. These binding sites were observed
across genomic features. The fraction of peaks found in the introns declined as the
peak-calling stringency increased, suggesting these binding sites were either less
reproducible or had lower signal-to-noise. Peaks fell within the intergenic regions
were ignored in our analysis.

The binding sites found in other genomic locations including CDS, 5UTR
and LncRNA resembled the 3’'UTR peaks. Similar motifs were enriched in their
sequences (data not shown), indicating miRNA-dependent Halo-Ago2 targeting.
The functional consequences of miRNA binding in these regions remain largely
unknown and controversial. For example, miRNA transfection experiments have
shown that the CDS binding sites probably act by suppressing translation and
have minimal effects on mRNA expression (Hausser et al., 2013; Zhang et al.,
2018). In line with the latter observation is that the CDS sites identified by HEAP
are not associated with mRNA repression (Figure 2.10c). However, two parallel
experiments did not converge on the mechanism through which these CDS sites
inhibited translation. One suggested that the CDS binding sites reduced ribosome

occupancy on mRNAs (Hausser et al., 2013), while the other observed stalled ri-
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bosomes in front of the CDS binding sites (Zhang et al., 2018).

We also benchmarked the HEAP method by comparing its performance
to TargetScan7. In mESCs, the most abundant miRNA family is miR-291-3p. The
HEAP method detected a larger number of binding sites for miR-291-3p than Tar-
getScan (804 vs. 505) at the previously defined statistical cutoff. Binding sites
unique to HEAP might be ignored by TargetScan due to low conservation of their
sequences (Figure 2.16a). The overall ability of HEAP binding sites to repress
targets was not as strong as that of TargetScan; however, it is important to point
out that sites unique to HEAP also conferred statistically significant repression on
their targets (Figure 2.16b).

Furthermore, we compared the HEAP libraries with a published Ago2 iCLIP
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Figure 2.16: Comparison between miRNA binding sites identified by HEAP
and TargetScan

a) Violin plot showing means of phastCons scores of miR-291-3p binding sites
found by various methods. Common: miRNA binding sites found by both HEAP
and TargetScan7; HEAP: sites identified by HEAP; TS: sites predicted by Target-
Scan7; HEAP-only: sites unique to HEAP; TS-only: sites unique to TargetScan?.
N indicates the number of sites determined by each method. b) CDF plot for tar-
gets of miR-291-3p determined by the methods described above. P-values were
calculated between each gene set to background (“all genes”) using two-sided
Kolmogorov—Smirnov tests.
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dataset. CLIPanalyze identified 6,813 and on average 13,532 peaks in the iCLIP
and HEAP dataset, respectively. It is worth noting that the parameters used for
peak calling was optimized in the iCLIP dataset, which to certain degree compro-
mised the performance of CLIPanalyze in the HEAP libraries. While doing a favor
for iCLIP, we still identified a larger set of peaks in the HEAP libraries at similar se-
quencing depth. Moreover, the HEAP peaks had higher signal-to-noise ratio than
the iCLIP binding sites. Summits of HEAP peaks more consistently overlapped
with seed matches for miRNAs. The improvement in peak resolution substantially
enhances our ability to accurately assign putative miRNAs to these binding sites.
Last, the HEAP libraries revealed interesting miRNA-RNA interaction events
in mESCs, which may be functionally important for mMESC maintenance or even
mouse embryonic development. One of such examples is the interaction between
miR-291-3p and Lefty2, because Lefty2 is involved in regulating mesoderm devel-
opment as well as left-right patterning of mouse embryos (Meno et al., 1999; Meno
et al., 2001). Using CRISPR-mediated gene editing and HEAP, we have validated
this interaction in vitro. We are curious about the role of this interaction during de-
velopment. Therefore, we generated a mouse strain carrying the same mutation
(Lefty2"UT) using CRISPR-mediated gene targeting. We are currently working on
the phenotypic characterization of this strain. The generation of the Lefty2"YT mice

is described in APPENDIX V.
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Method

Cell culture

Cells were maintained in a humidified incubator at 37 °C, 5% CO,. mESCs
were grown on irradiated MEFs in KnockOut DMEM (Gibco) supplied with 15%
FBS (Gibco), leukemia inhibitory factor (Millipore, 10 U / mL), penicillin/streptomy-
cin (Gibco, 50 U/ mL), GlutaMax (Gibco), non-essential amino acids (Sigma-Al-
drich), nucleosides (Millipore) and 2-Mercaptoethanol (Bio-Rad, 100 uM). MEFs
were cultured in DMEM (Gibco) containing 10% FBS, penicillin/streptomycin (100
U/mL) and L-glutamine.

Luciferase Assay

Ago2” MEFs were transduced with the MSCV-PIG (Addgene: 21654),
MSCV-PIG-Halo, MSCV-PIG-Halo-Ago2 or MSCV-PIG-Ago2 retroviruses to gen-
erate cell lines stably expressing HaloTag, the Halo-AgoZ2 fusion or Ago2. The du-
al-luciferase reporter assay system (Promega) was used to measure the cleavage
activity of Halo-Ago2 and Ago2. Luciferase reporter plasmids plSO (luc+, Firefly
luciferase, Addgene: 12178) (Yekta et al., 2004) and plS1 (Rluc, Renilla luciferase,
Addgene: 12179) were co-transfected into MEFs, along with a pSico vector ex-
pressing an shRNA against the Firefly luciferase or a control shRNA against CD8
(Ventura et al., 2008). The ratio between Firefly and Renilla luciferase activity was
measured following manufacturer’s instructions at 48 hrs after transfection.
mESC targeting

The targeting construct was generated by modifying the pKO-II vector
through three steps of cloning. First, a fragment comprising a 2 kb 5 homology
arm, the 5’UTR of Ago2, the HaloTag cDNA, the TEV protease recognition se-

quence, the coding sequence of Ago2 Exon1 and a portion of the first intron was

50



inserted into the pKO-Il vector immediately upstream of the frt-PGK-NEO-frt cas-
sette (between Xhol and Alol sites). Second, a 5 kb 3’ homology arm was cloned
into the Hindlll site downstream of the frt-PGK-NEO-frt casette. Lastly, a loxP-
STOP-IRES-FLAG-loxP cassette was inserted into the AsiSI site between the TEV
cleavage sequence and Ago2 coding sequence.

V6.5 mESCs (obtained from the Rudolf Jaenisch laboratory at Whitehead
Institute and Massachusetts Institute of Technology) were electroporated with the
linearized targeting construct and selected in mESC medium containing G418 for 7
days. Recombinant clones were identified by southern blot using probes designed
against sequences outside the 5 and 3’ homology regions. The Ago2"a-tst* and
Ago2tao mESCs were derived from a validated clone by expressing and Flpe
alone or in combination with Cre.

mESCs harboring the targeted allele were genotyped using a three-prim-
er PCR (p1, 5- GCAACGCCACCATGTACTC-3', final concentration 0.75 uM;
p2, 5’- GAGGACGGAGACCCGTTG-3’, final concentration 1.0 yM; p3, 5-AGC-
CGTTCCTGAATCCTGTT-3, final concentration 0.5 uM), which amplifies a 240-
bp band from the wild-type allele (p1-p2), a 1281-bp band from the Ago2Halo-tst
allele and a 651-bp band from the Ago2"e allele (p2-p3).

mESC mutagenesis

The Dicer1 knockout cells were generated from Ago2Hé* mESCs using
CRISPR-Cas9. A pX333 vector (Addgene: 64073) (Maddalo et al., 2014) express-
ing Cas9 and a pair of guide RNAs designed to delete a portion of the RNase Il 1
domain of Dicer1, was transiently transfected into Ago2"@* mESCs. Single clones
were isolated and genotyped by PCR.

The Lefty2 mutant clones were generated from Ago2f@* mESCs using

CRISPR-Cas9-mediated homologous recombination. PX330 vectors (Addgene:
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42230) (Cong et al., 2013; Ran et al., 2013) expressing Cas9 and guide RNAs
targeting the predicted miR-291-3p binding site in the 3'UTR of Lefty2 were tran-
siently transfected, together with single-stranded template DNAs, into Ago2fa*
mESCs. Clones undergoing homologous recombination were enriched using the
method developed by Flemr and Buhler with plasmid pMB1610_pRR-Puro (Ad-
dgene: 65853) containing a fragment of guide RNA target sequence (Flemr and
Buhler, 2015). Clones homozygous for the desired mutations were identified by
PCR and Sanger sequencing.
Northern blotting

Total RNAs were isolated using TRIzol Reagent (Invitrogen) according to
the manufacturer’s instructions. 20 ug total RNAs from samples were loaded into a
15% TBE-Urea polyacrylamide gel and transferred to a Hybond-N* membrane (GE
Healthcare). After UV crosslinking and blocking, a 32P-labeled DNA probe reverse
complement to miR-293-3p was hybridized with the membrane at 37°C overnight.

Next day, the membrane was washed and exposed to a film.

Mass spectrometry proteomics
Tandem Mass Tag mass spectrometry

Five independent Dicer1 knockout and five wild-type mESC clones were
used in the proteomic analysis. Frozen cell pellets were lysed in 8 M urea and 200
mM EPPS, pH 8.5 with protease inhibitor (Roche) and lysates were additionally
passed 10 times through a 21-gauge needle. Disulfide bonds were reduced us-
ing 5 mM tris(2-carboxyethyl)phosphine (30 min, RT) and alkylated with 10 mM
iodoacetamide (30 min, RT in the dark). Alkylation reaction was quenched with 10
mM dithiotreitol for 15 min at RT. Per sample 100 ug protein (protein concentration
determined prior to reduction/alkylation by BCA assay) were precipitated using

methanol-chloroform precipitation and digested at RT with Lys-C protease (Wako
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Chemicals) in 200 mM EPPS, pH 8.5 at a 50:1 protein:enzyme ratio overnight.
More complete protein digestion was achieved through addition of trypsin (100:1
protein:enzyme ratio, Promega) for an additional 6 hrs at 37 °C. Acetonitrile was
added to sample to a concentration of approximately 30%, and peptides were
labelled with 0.2 mg TMT isobaric label reagent (Thermo Fisher Scientific) per
sample for 1 hr at RT. Labelling reactions were quenched with the addition of hy-
droxylamine to 0.3% (v/v). Samples were combined at a 1:1:1:1:1:1:1:1:1:1 ratio
and dried down by vacuum centrifugation. Excess TMT label was removed by C18
solid-phase extraction (Waters). The pooled sample was fractioned by off-line ba-
sic pH reversed-phase HPLC over a 50 min 5-35% acetonitrile gradient in 10 mM
ammonium bicarbonate pH 8.0 into 96 fractions using an Agilent 300Extend C18
column (Wang et al., 2011). Collected fractions were combined into 48 fractions,
of which 24 non-adjacent fractions were desalted using StageTips, dried by vacu-
um centrifugation and peptides were solubilized in 5% acetonitrile and 5% formic
acid for subsequent LC-MS/MS analysis (Paulo et al., 2016). Approximately 2 ug
of each sample was analyzed on an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) coupled to a Proxeon EASY-nLC 1200 liquid chroma-
tography pump (Thermo Fisher Scientific) and a 100 um x 35 cm microcapillary
column packed with Accucore C18 resin (2.6 um, 150 A, Thermo Fisher). Peptides
were fractionated over a 150 min gradient of 3 — 25% acetronitrile in 0.125% formic
acid. An MS3-based TMT method was used, as described previously (McAlister et
al., 2014; Paulo et al., 2016; Ting et al., 2011). MS" spectra were acquired with
a resolution of 120,000, 350-1400 Th, an automatic gain control (AGC) target of
5e°, and a maximum injection time of 100 ms in the Orbitrap mass analyzer. The
ten most intense ions were fragmented by collision-induced dissociation (CID) and

analyzed in a quadrupole ion trap with AGC 2e*, normalized collision energy (NCE)
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35, g-value 0.25, maximum injection time 120 ms, and an isolation window of 0.7
Th. MS3 spectra were acquired in the Orbitrap mass analyzer (AGC 2.5e°, NCE 65,
maximum injection time 150 ms, 50,000 resolution at 400 Th) after fragmentation
of MS2 ions by HCD. Isolation windows were chosen depended on charge state z
(z=2 1.3 Th, z=3 1 Th, z=4 0.8 Th, z=5 0.7 Th).
Mass spectrometry data processing

Spectra were searched using Sequest (Eng et al., 1994) with a 50 ppm pre-
cursor mass tolerance, 0.9 fragment ion tolerance and a maximum of two internal
cleavage sites. Methionine oxidation was included as a variable modification, with
a maximum of three modifications per peptide. Cysteine alkylation and TMT addi-
tion on lysines and peptide N-termini were set as fixed modifications. Spectra were
searched against the Uniprot mouse proteome sequence database (downloaded
on February 7™, 2014) containing both SwissProt and TrEMBL entries. Common
contaminants were added to the database. The database was sorted in the fol-
lowing order: contaminant, SwissProt entries, TrEMBL entries and protein length
within each category. All peptide sequences in the database were reversed and
appended. FDR was estimated by linear discriminant analysis (Elias and Gygi,
2007; Peng et al., 2003), a 1% FDR filtering was applied at the peptide and protein
level. Peptides were collapsed into a minimal number of protein identification as
described by Huttlin and colleagues (Huttlin et al., 2010). This resulted in a filtered
matrix of protein abundance values for 8,056 proteins. Then log2FC of abundance
was calculated for each protein by summing values within five replicates of each
condition, adding 1 to each sum, and then taking log2 of the ratio of the sums.
Halo-Ago2 live cell imaging

Ago2-null MEFs transduced with retroviruses MSCV-PIG, MSCV-PIG-Halo
or MSCV-PIG-Halo-Ago2 were treated with 100 nM HaloTag TMRDirect ligand
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(Promega) overnight and imaged on a ZEISS AXIO A1 microscope with AXIOCam
MRC (ZEISS). A LD Plan-NEOFLUAR 20X/0.4 Ph2 korr objective was used.
Antibodies

Antibodies used were anti-Ago2 antibody (CST clone C34C6, 1:1000),
anti-B-actin antibody (Sigma-Aldrich clone AC-74, 1:5000), anti-Tubulin antibody
(Sigma-Aldrich clone DM1A, 1:5000), anti-HaloTag monoclonal antibody (Prome-
ga G9211, 1:1000), anti-Dicer1 (Bethy A301-936A, 1:1000) antibody and anti-TN-
RC6A (GW182) antibody (Bethyl A302-329, 1:1000).

RNA sequencing

Total RNAs from mESCs were extracted using TRIzol Reagent and subject-
ed to DNase (Qiagen) treatment followed by RNeasy column clean-up (Qiagen).
After quantification and quality control, 500ng of total RNA underwent poly(A) se-
lection and TruSeq library preparation using the TruSeq Stranded mRNA LT Kit
(Nlumina) according to the manufacturer’s instructions. Samples were barcoded
and run on a HiSeq 2500 in a 50bp/50bp paired end run.

Reads were aligned to the standard mouse genome (mm10) using STAR
v2.5.3a (Dobin et al., 2013). RNA reads aligned were counted at each gene lo-
cus. Expressed genes were subjected to differential gene expression analysis by
DESeq2 v1.20.0 (Love et al., 2014).

Analysis of public datasets

The TT-FHAGO2 RNA-seq and iCLIP (GSE61348) (Bosson et al., 2014)
datasets were processed and aligned to the UCSC mm10 mouse genome using
STAR v2.5.3a. Reads mapping to multiple loci or with more than 5 mismatches

were discarded.

miRNA targets z-score calculation

For conserved miRNA families, the mean log2 fold change of predicted
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targets compared to the rest of the transcriptome (background) was calculated.
The means were converted to z-scores using an approach developed by Kim and
Volsky (Kim and Volsky, 2005). Z-score = (Sm - u) x m"2 / SD, where Sm is the
mean of log2 fold changes of genes for a given gene set, m is the size of the gene
set, and u and SD are the mean and the standard deviation of background log2

fold change values.

HEAP and input control library preparation

mESCs were harvested and irradiated with UV at dose 400 mJ/cm? in cold
PBS on ice. Fresh tissues were harvested, homogenized and irradiated with UV
for three times at dose 400 mJ/cm?. Cell or tissue pellets were snap frozen on dry-
ice and stored at -80 °C.

Frozen pellets were thawed, lysed with mammalian lysis buffer (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100 and 0.1% Na deoxycholate) contain-
ing protease inhibitor cocktail (Promega) and treated with RQ1 DNase (Promega)
for 5 min at 37 °C. In order to get the “footprint” Halo-Ago2, lysates were treated
with RNase A (Affymetrix, 1:50,000 diluted in TBS) for 5 min at 37 °C. ~2% of
the lysates were saved for input control library preparation. The remaining lysates
were diluted with buffer TBS (700 uL TBS per 300 uL lysates). For each sam-
ple, 300 pyL Halolink resin (Promega) was used. The Halolink resin was equili-
brated with TBS buffer containing 0.05% IGEPAL CA-630 and incubated with the
TBS-diluted lysates at room temperature for 1.5 hr. After incubation, the resin was
washed extensively with a series of buffers: SDS elution buffer (50 mM Tris-HCI,
pH 7.5 and 0.1% SDS, one wash for 30 min at room temperature on a rotator),
LiCl wash buffer (100 mM Tris-HCI, pH 8.0, 500 mM LiCl, 1% IGEPAL CA-630 and
1% Na deoxycholate, three times), 1x PXL buffer (1x PBS with 0.1% SDS, 0.5%
Na deoxycholate and 0.5% IGEPAL CA-630, two times), 5x PXL buffer (5x PBS
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with 0.1% SDS, 0.5% Na deoxycholate and 0.5% IGEPAL CA-630, two times) and
PNK buffer (50 mM Tris-HCI, pH 7.4, 10 mM MgCl, and 0.5% IGEPAL CA-630, two
times).

After dephosphorylation with calf intestinal alkaline phosphatase (Prome-
ga) at 37 °C for 20 min and washes with buffer PNK-EGTA (50 mM Tris-HCI, pH
7.4, 20 mM EGTA and 0.5% IGEPAL CA-630, two times) and PNK (two times), a
3’ RNA adaptor with a phosphate on its 5’ end (RL3) was ligated to the 3’ end of
RNAs using T4 RNA ligase 1 (NEB) at 16 °C overnight. Next day, the resin was
sequentially washed with buffer 1x PXL (once), 5x PXL (once) and PNK (three
times). RNAs on the resin were treated with T4 PNK (NEB) at 37 °C for 20 min and
washed with buffer PNK (three times), Wash/Eq (once) and PK (100 mM Tris-HCI,
pH 7.5, 50 mM NaCl and 10 mM EDTA, once). To release RNAs from the resin,
proteins were digested with 4 mg/mL proteinase K (Roche) in PK buffer at 37 °C
for 20 min and further inactivated by 7 M urea dissolved in PK buffer at 37 °C for
20 min. Free RNAs were extracted using phenol/chloroform and precipitated with
ethanol/isopropanol at -20 °C overnight. Next day, RNAs were pelleted, washed
with 70% cold ethanol and resuspended in DEPC-treated H,O. A 5" RNA adaptor
(RL5) with six degenerate nucleotides and a common ‘G’ on its 3’ end (RL5-NN-
NNNNG, RL5D-6N) was ligated to the purified RNAs using T4 RNA ligase 1 at 16
°C for 5 hrs. Then, the RNAs were treated with RQ1 DNase at 37 °C for 20 min to
remove residual DNAs and purified by phenol/chloroform extraction and ethanol/
isopropanol precipitation.

Purified RNAs were reverse transcribed using the DP3 primer (final concen-
tration: 0.5 uM) and Superscript lll reverse transcriptase (Invitrogen). The resulting
cDNAs were amplified with primers DP3 and DP5 (final concentrations: 0.5 uM) and

Accuprime Pfx DNA polymerase (Invitrogen) to the optimal amplification point. The
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optimal amplification cycle (defined as the cycle before the PCR reaction reaching
a plateau) was preliminarily determined by a diagnostic PCR visualized on gel or
a real-time PCR with SYBR green (Invitrogen). PCR products of miRNAs (HEAP
miRNA library, expected size: 65 bp) and targets (HEAP mRNA library, expected
size range: 75~200 bp) were resolved on a 15% TBE-Urea polyacrylamide gel
(Invitrogen) and extracted separately. To construct library for high-throughput se-
quencing, DNA primers DP3-barcodeX (“X” stands for barcode index) and DSFP5
(final concentrations: 0.33 uM) containing lllumina adaptors, sequencing primer
binding sites and Illumina TruSeq indexes for multiplexing were introduced to the
HEAP miRNA and mRNA libraries by PCR. Sequencing libraries were run on a 6%
TBE polyacrylamide gel (Invitrogen) and purified.

To prepare input control library, RNAs in the lysates saved before the Ha-
lolink resin pulldown were dephosphorylated with calf intestinal alkaline phospha-
tase and phosphorylated using with T4 PNK. RNAs were then cleaned up using
the MyONE Silane beads (ThermoFisher Scientific) as described in (Van Nostrand
et al., 2016). Then, the 3’ RNA adaptor (RL3) was ligated to the purified RNAs at
16 °C overnight. Next day, the ligated RNAs were purified using the MyONE Silane
beads. Similar to the preparation of HEAP libraries, the RNAs were ligated to the
5" RNA adaptor (RL5D-6N) at 16 °C for 5 hrs, treated with RQ1 DNase, purified,
reverse transcribed to cDNAs and amplified by PCR using primers DP3 and DP5.
PCR products ranging from 75 to 200 bp were resolved on a 15% TBE-Urea poly-
acrylamide gel and used for input library preparation (see HEAP library prepara-
tion).

HEAP mRNA and miRNA libraries, along with the matched input control
libraries, were submitted to the Integrated Genomics Operation Core at Memorial

Sloan Kettering Cancer Center for high-throughput sequencing. After quantifica-
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tion and quality control, libraries were pooled and run on a HiSeq 2500 in Rapid
mode in a 100 bp or 125 bp single end run.
See also Appendix | for the step wise protocol of HEAP and Appendix Il

for oligos and adaptors used in library construction and sequencing.

HEAP library preprocessing
Barcode removal

The 6 nt degenerate barcodes and the last nucleotide ‘G’ coming from the
5" adaptor RL5D-6N (in total 7 nt) were removed from the beginning of reads and
appended to the original read names, which later were used to distinguish dupli-
cated reads produced at PCR amplification steps.
Adaptor removal and read quality control

The 3 adaptor (5-GTGTCAGTCACTTCCAGCGGGATCGGAAGAGCA-
CACGTCTGAACTCCAGTCAC-3’) and bases with Phred quality score lower than
20 were trimmed from reads using cutadapt v1.15 or v1.17 (Martin, 2011). After
trimming, reads shorter than 18 nt were discarded.
Alignment

Processed reads were aligned to the UCSC mm10 mouse genome using
STAR v2.5.3a. Reads mapping to multiple loci or with more than 5 mismatches
were discarded.
PCR duplicate removal

Reads mapped to the same locus with identical barcodes were considered
PCR duplicates and therefore collapsed. This was achieved by storing aligned
reads using chromosome names, strand information, positions of the first bases
and the 7 nt barcodes as keywords. Representative reads of these unique events
were written into a new BAM file, which was used for peak calling.

See also Appendix Il for the code used in HEAP library preprocessing.
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Peak calling

Peak calling was done using the unpublished package CLIPanalyze (https://
bitbucket.org/leslielab/clipanalyze). The function findPeaks() was used to run
multiple steps of analysis. First, the combined signal from uniquely aligned and
PCR-duplicate-corrected reads from multiple replicates was convolved with the
second derivative of a Gaussian filter. Zero-crossings of the convolved signal cor-
responded to edges of putative peaks. Second, read counting was run in putative
peaks and in GENCODE-annotated gene exons with putative peaks subtracted,
for both HEAP replicates and input control replicates. Library sizes for both HEAP
and input control replicates were estimated using the read counts in exons outside
of putative peaks. Third, using these library size estimates, differential read count
analysis was performed between HEAP and input control read counts in putative
peaks using DESeqg2, and FDR-corrected p-values (adjusted p-values) were as-
signed to each peak. Peaks of size > 20 nt and read count log2FC > 0 in HEAP
vs. input control were selected for downstream analysis. Peaks were annotated as
overlapping with 3’'UTR, 5’UTR, exons, introns, intergenic regions, INCRNA, in that
order, using GENCODE (vM17) annotation. Peaks overlapping with genes of types
“lincRNA”, “antisense”, “processed_transcript”, according to GENCODE, were an-
notated as IncRNA peaks.

For mESCs, peak calling was run with the following parameters in find-
Peaks(): count.threshold = 10, extend.slice = 10, bandwidth = 80, extend.peaks.in.
genes = 150. The full set of peaks was generated by comparing three independent
HEAP libraries against two input control libraries. To identify peaks in each individ-
ual replicate to assess reproducibility and in the cell number titration experiment,
a single library was compared to the two input control libraries. For iCLIP, peak

calling was run using a single iCLIP library (TT-FHAGOZ2) against a single control
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library (TT-AGOZ2) with the following parameters: count.threshold = 5, extend.slice
= 50, bandwidth = 60, extend.peaks.in.genes = 150. For comparison with iCLIP,
peak calling with the same parameters was run for each single HEAP library of
comparable size against a single input control library.

See also Appendix Il for the code used in peak calling.
miRNA abundance estimates

Reads in the HEAP miRNA libraries were processed and filtered following
the “Barcode removal” and the “Adaptor removal and read quality control” steps
described in the “HEAP library preprocessing” section. Processed small RNA
reads were aligned to a miRNA genome index built from 1,915 murine pre-miRNA
sequences from miRbase version 21 (Kozomara et al., 2018) (ftp://mirbase.org/
pub/mirbase/21/) using Bowtie v2.3.4 (Langmead and Salzberg, 2012), and these
reads were considered true miRNA counts if they fell within + 4 bps at each of the
5" and 3’ end of the annotated mature miRNAs. PCR duplicates were removed as
described in the “PCR duplicate removal” step in the “HEAP library preprocessing”
section.

miRNA seed family data were downloaded from the TargetScan website at
http://www.targetscan.org/mmu_71/mmu_71_data_download/miR_Family Info.
txt.zip. For miRNA family level analysis, read counts mapping to members of the
same miRNA family were summed up.

See also Appendix Il for the code used in this analysis.

Motif discovery
Unbiased motif enrichment analysis
Frequencies of all k-nucleotide-long sequences (k-mers, k = 7) were cal-

culated for sequences in selected peaks (Freq and background sequences

selected )

(Freq,,). The enrichment score for these 7-mers was calculated as log2FC = log2

61


ftp://mirbase.org/pub/mirbase/21/
ftp://mirbase.org/pub/mirbase/21/
http://www.targetscan.org/mmu_71/mmu_71_data_download/miR_Family_Info.txt.zip
http://www.targetscan.org/mmu_71/mmu_71_data_download/miR_Family_Info.txt.zip

((Freq,,eq * ©)/ (Freq,, + c)), where c was a small corrective value that depended
on k, the number and size of peaks. K-mers with the highest log2FCs were then re-
ported. This analysis was performed using functions calculateKmerBackground()
and findKmerEnrich() in CLIPanalyze. For mESCs, peaks mapping to 3'UTR were
selected and background sequences were defined as sequences of 3'UTRs out-
side of peaks.
Enrichment score calculation for miRNA seed matches

log2 enrichment score of miRNA seed matches was calculated as log2
(Freq,r / Freq, ). Freq, . was frequencies of 8mer seed matches for miRNA
seed families in 3’'UTR peaks, while Freqbg was frequencies of these seed match-
es calculated in background sequences. Background sequences were defined as
3'UTR sequences outside of peaks.
HOMER de novo motif discovery

In mESC libraries, for the top 50 7-mers found by unbiased motif enrich-
ment analysis, positions of their exact occurrences in 3’'UTR peaks were found.
Sequences of a 15-bp region around these occurrences were extracted and sub-
jected to HOMER de novo motif discovery (Heinz et al., 2010), using 15-bp win-
dows shifted 100 bp and 200 bp on both sides of the 7-mers (and excluding those

overlapping with any of the 3’UTR peaks) as background sequences.

IDR analysis

IDR analysis was run using the python package at https://github.com/nbo-
ley/idr (Li et al., 2011). All putative peaks (size > 20 nt, log2FC > 0 for HEAP vs.
input control) were provided via parameter “--peak-list’. Peaks called for individual
replicates were scored using log2FC in HEAP vs. input control and provided via
parameter “--samples”, separately for each pair of replicates. Peaks at IDR < 0.05

were considered reproducible.
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HEAP coverage analysis

bigWig files for visualization of HEAP and input control libraries at 1 bp res-
olution were produced in the following way. First, deepTools bamCoverage v3.1.3
(Ramirez et al., 2016) with parameter “-bs 1 --scaleFactor X” was used to produce
bedGraph files. Here, size factors Y were estimated using DESeq2 applied to read
counts in exons outside of peaks in all HEAP and input control libraries in a par-
ticular experimental model (MESCs, embryos, etc.) and then reciprocals X=1/Y
were used as BAM coverage scaling factors. Only bedGraph signal in the standard
chromosomes was selected. Then “bedtools sort” (bedtools v2.23.0 (Quinlan and
Hall, 2010)) and bedGraphToBigWig v4 (Kent et al., 2010) were used to produce
bigWig files. HEAP libraries were visualized using UCSC genome browser or IGV

(Robinson et al., 2011).
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CHAPTER 3: IN VIVO IDENTIFICATION OF MIRNA-RNA INTER-
ACTIONS USING THE HALO-AGO2 MOUSE STRAIN

Introduction

A growing body of evidence suggests that miRNA expression and regula-
tion is cell type- and stage-dependent (Landgraf et al., 2007a). Comprehensive
analysis of miRNAs in human and rodent tissues has revealed marked differences
in mMiRNA expression profiles across tissues and cell types (Isakova et al., 2020;
Lagos-Quintana et al., 2002; Liu et al., 2004a). Such differences are also observed
across developmental and differentiation stages and between malignant and nor-
mal tissues (Chen et al., 2004; Krichevsky et al., 2003; Landgraf et al., 2007a; Lu
et al., 2005). Therefore, the accurate identification of miRNA targets in vivo and in
a cell-type-specific context is essential to dissect the roles of miRNAs in develop-
ment, homeostasis, and disease.

miRNA target purification in a cell-type-specific manner has been demon-
strated in the central nervous system of mice. Malmevik and colleagues expressed
a GFP-Ago2 fusion protein driven by a synapsin promoter in the hippocampal
neurons via adeno-associated viral (AAV) vector delivery. Then they purified neu-
ron-specific miRNA targets through RNA immunoprecipitation (RIP) with anti-GFP
antibodies (Malmevik et al., 2015). Despite the success in identifying miRNA-tar-
get interactions relevant to key neuronal phenotypes, this strategy has several
limitations. First, ectopic expression of GFP-Ago2 may fail to recapitulate the reg-
ulation of endogenous Ago2 in hippocampal neurons. Second, the GFP-Ago2 fu-

sion is only transiently expressed in tissues, making it unsuitable for longitudinal
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studies. Third, the broad application of this approach is limited by the availability
of cell-type-specific promoters. Last, not all tissues are accessible by the currently
available somatic delivery methods.

The HEAP method described in the previous chapter is ideally suited to
overcome these limitations. Not only can the HaloTag in principle increase purifica-
tion efficiency, but the conditional nature of the knock-in allele we have generated
can be combined with any of the many cell-type- or tissue-specific Cre-strains
available to restrict expression of the Halo-Ago2 fusion to the desired cell types in
Vivo.

To translate the HEAP method to an in vivo setting, we used the mESCs har-
boring the conditional Halo-Ago2 allele to generate genetically engineered mice, in
which expression of the Halo-Ago2 allele is induced in response to Cre-mediated
recombination. In this chapter | will provide experimental evidence that this strain

can be used to characterize Halo-Ago2-bound miRNA targets in vivo.

Generation of the Halo-Ago2 knock-in mice

To generate a mouse strain carrying the conditional Halo-Ago2 knock-in
allele, a validated targeted mESC clone (Ago2Halo-LSL: it-PGK-NEO-fit/+) \yag injected into
blastocyst. The targeting construct contained a frt-PGK-NEO-frt cassette to enable
antibiotic selection of mESCs in vitro. Thus, to remove the Neomycin selection
cassette, germline-transmitted animals were first crossed to the B-actin-Flpe strain
(Rodriguez et al., 2000) (performed by Carla P. Concepcion). Then, we crossed
these animals (Ago2fa-tst) to CAG-Cre mice (Sakai and Miyazaki, 1997) to delete
the LSL cassette and induce ubiquitous expression of the endogenous Halo-Ago2
allele (Ago2Ha),

PCR and western blot analysis in MEFs and western blot in tissues derived
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Figure 3.1: Genotyping and protein expressed from the Halo-Ago2 knock-in
allele

a) Genotyping PCR in MEFs derived from E13.5 embryos harboring the indicated
Ago2 alleles. +: wild-type Ago2; LSL: Ago2ra+Ltst, Halo: Ago2Hae, b) Whole-cell ly-
sates of MEFs of indicated genotypes were probed with antibodies against Ago2,
Flag, HaloTag and B-actin. -/-: Ago2” MEFs. ¢) Expression of Ago2 fusion proteins
in the lungs and kidneys of Ago2fae-tSt and Ago2a mice.

from these mice confirmed efficient deletion of the LSL cassette and expression of

the Halo-Ago2 protein (Figure 3.1).

Characterization of the Halo-Ago2 mice

Ago2 is essential for early embryonic development and postnatal survival
(Liu et al., 2004b). To examine whether the presence of the HaloTag cassette
had any adverse effect on mice, we performed heterozygous intercrosses in both
Ago2ta and Ago2HaLtst strains. Genotyping was done at weaning age. We found
that although Ago2a* and Ago2fa-tSt* mice were obtained at the expected Men-
delian frequency and were phenotypically indistinguishable from wild-type mice,
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homozygous mice for the Ago2@ or the Ago2HaLtst alleles were recovered at
sub-Mendelian frequencies (9.9% and 11.9%, respectively, compared to the ex-
pected 25%, Table 3.1). A reduced recovery of homozygous animals was also
observed at birth, indicating that a subset of homozygous animals for either the

recombined or unrecombined Halo-Ago2 allele were lost in utero.

Genotype Wild-type  Heterozygous Homozygous  p-value
(25% expected) (50% expected) (25% expected)

Ago2-aoLst 37/126 (29.4%) 74/126 (58.7%) 15/126 (11.9%) 0.00315**
Ago2-de  29/91 (31.9%) 53/91 (58.2%) 9/91 (9.9%)  0.00358**

Table 3.1:Absolute numbers and frequencies of genotypes obtained from
heterozygous intercrosses of Ago2Halo-LSL* or Ago2Hale’ mice.
P-value: Chi-Squared test.

Cheloufi and colleagues have found that the target slicing activity of AgoZ2 is
essential for the perinatal survival in mice (Cheloufi et al., 2010). They showed that
mice harboring a catalytically dead Ago2 (Ago24°") display aberrant erythropoiesis
and anemia, which possibly result from a blockade of miR-451 production in fetal
livers. Fetal liver is the site of hematopoiesis before blood production switched to
bone marrows. miR-451 knockout mice phenocopy the erythropoietic defects ob-
served in the Ago24P" mice (Jee et al., 2018; Patrick et al., 2010; Rasmussen et al.,
2010; Yu et al., 2010). Hence, we hypothesized that the sub-Mendelian recovery of
Ago2Me> homozygous mice might reflect aberrant miR-451 biogenesis and erythro-
poiesis during late gestation stage.

To test this hypothesis, we collected Ago2+*, Ago2@* and Ago2Halotiale em-
bryos at embryonic day 17.5 (E17.5) and analyzed miR-451 biogenesis in fetal

livers. After processed by the microprocessor complex in the nucleus, pre-miR-451
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is subjected to Ago2 cleavage that converts pre-miR-451 into a 30-nt long inter-
mediate product. Then the 3’-end of the intermediate is resected while staying
associated with Ago2, resulting in formation of mature miR-451 (Cheloufi et al.,
2010; Cifuentes et al., 2010; Yang et al., 2010) (Figure 3.2a). Using small RNA
northern blot, we found that pre-miR-451 was completed cleaved by Halo-Ago2
and pre-miR-451 was undetectable (Figure 3.2b). This was in contrast to what
was observed in the Ago24P" embryos by Cheloufi and colleagues, where miR-
451 maturation was completed blocked (Cheloufi et al., 2010). The result indicated
that Halo-Ago2 largely retains endonucleolytic activity. Nevertheless, inspection of
the mature miR-451 isoforms highlighted a reproducible shift towards longer iso-
forms in embryos carry the Ago2"° allele, which might reflect the steric hindrance
presented by the N-terminal HaloTag to the effective trimming of miR-451 on its
3’-end. Thus, these results suggested that despite its reduced cleavage activity,

the Halo-Ago2 fusion was able to process all expressed miR-451 in erythrocytes

a b
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| Halo/Halo
Synthetic
miR-451

:\) pre-miR-451 (42 nt)
¢ Ago2 cleavage
——) 30nt _ .
miR-451 Rl B Rl w |-22nt
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miR-451 (~22nt)

EtBr

Figure 3.2: miR-451 isomiR shift in Halo-Ago2 expressing fetal livers

a) Schematic diagram of the Ago2-dependent miR-451 maturation pathway. b)
Northern blot to examine the maturation and abundance of miR-451 in fetal liver
cells. A synthetic miR-451 (22 nt) was loaded as a control. The membrane was
probed with oligonucleotides reverse complement to mature miR-451. +/+: Ago2**;
Halo/+: Ago2e*; Halo/Halo: Ago2H™elo,
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in fetal livers. Additional studies are needed to determine whether the shift in miR-
451 isoforms is biologically consequential.

In parallel with the molecular characterizations, we also performed immuno-
phenotyping of erythrocytes in the fetal livers of E17.5 embryos. Flow cytometry
can be used to distinguish between four different stages of erythrocyte differentia-
tion: ProE, EryA, EryB and EryC. Pro-erythroblasts (ProE) give rise to EryA eryth-
roblasts (Ter-119Msh, CD71hish FSCheh), which then become smaller (EryB: Ter-
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Figure 3.3: Aberrant erythropoiesis in Halo-Ago2 knock-in embryos

a) Flow cytometric analysis of fetal livers from Ago2** (+/+), Ago2"@* (Halo/+) and
Ago2faiotale (Halo/Halo) E17.5 embryos. Cells were stained with anti-CD71 and
Ter-119 erythroid lineage antibodies. b) Bar graphs summarizing absolute num-
bers and frequencies of erythroid sub-populations observed in a). P-value: t-test.
The analysis was performed by Bryan King.
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119nieh CD71Msh FSC%) and eventually reduce CD71 expression and differentiate
into mature erythroblast (EryC: Ter-119Meh CD71'%, FSC'*%) (Koulnis et al., 2011).
In Ago2H@°* and Ago2HaoHale embryos, however, a new cell population defined as
Ter-119Msh - CD71'w, FSCMeh accumulated, which was not detectable in wild-type
embryos. This was accompanied by a significant dose-dependent loss of the EryB
cell population (Figure 3.3). The new cell population might reflect erythroblasts
that failed to undergo size reduction before losing CD71. Additionally, the erythro-
blast subsets were more heterogeneous in Ago2"@° embryos as they were more
dispersive along the Ter-119 and FSC axes. These evidence suggested aberrant
erythropoiesis in the fetal liver of Ago2"@° embryos and might explain at least in
part the reduced frequency of viable homozygous mutant mice. The flow cytometry
analysis of erythrocytes was performed by Bryan King, a postdoctoral fellow in the
laboratory of Craig Thompson at Memorial Sloan Kettering Cancer Center.
Collectively, neither Ago2a-LtSt nor Ago2+é could completely replace wild-
type Ago2 in supporting mouse development. In the fetal liver of Ago2"@° embry-
0s, we observed abnormal erythroblast differentiation. Whether the abnormality is
linked to the shift in miR-451 isoforms and whether the perinatal lethality can be

attributed to the erythropoietic defects remain to be addressed.

Characterization of the Halo-Ago2 fusion protein

The sub-Mendelian recovery of homozygous mice might reflect lower Ago2
expression levels compared to wild-type mice (Figure 3.1b-c) and/or an impaired
miRISC formation or activity caused by the presence of the N-terminal tag. The
phenotype observed in the Ago2Ha mice highlighted the necessity of re-evaluating
the activity of Halo-Ago2.

To determine whether Halo-Ago2 can be efficiently incorporated into
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miRISC, we fractionated the crude lysates of Ago2@* MEFs using size-exclusion
chromatography (La Rocca et al., 2015). Western blot analysis of the eluted frac-
tions showed that the Halo-Ago2 fusion protein co-eluted with wild-type Ago2 in
high molecular weight complexes, though a lower percentage of Halo-Ago2 was
found in the large complexes compared to Ago2 (Figure 3.4a). Next, we exam-
ined whether Halo-Ago2 could interact with key components of the miRISC. We
performed HaloTag pulldown from Ago2Haotalc gand Ago2falo-tSttaloLSL MEFs using
HaloTag ligands conjugated to magnetic beads. In the Halo-Ago2 allele, a short

motif for TEV (tobacco etch virus) protease cleavage was placed between the
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Figure 3.4: Incorporation of Halo-Ago2 into miRISC

a) Size exclusion chromatography fractionated whole-cell lysates from Ago2
l* MEFs were probed with an anti-Ago2 antibody. HMW: high-molecular weight;
LMW: low-molecular weight; miRISC: miRNA-induced silencing complex. The
fractionation was performed by Minsi Zhang. b) HaloTag was pulled down from
whole-cell lysates of Ago2rac-tStHaoLsL (| S| /LSL) and Ago2HaHale (Halo/Halo)
MEFs using HaloTag ligand conjugated to magnetic beads. Proteins co-purified
were probed with antibodies against Ago2 and TNRCG6A. Input and unbound ly-
sates were probed with antibodies against TNRC6A, HaloTag and -actin.
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HaloTag and Ago2, which enables release of the complex after covalent pulldown.
We treated the beads with TEV protease and analyzed the eluted proteins by
western blot. GW182, the scaffold protein in the miRISC, was among the proteins
purified from Ago2Haotalo cells but not from Ago2tal-LtSthalo-LSL cells, confirming the
direct interaction between Halo-Ago2 and GW182 (Figure 3.4b). These results in-
dicate that Halo-Ago2 can be assembled into miRISC and physically interacts with
GW182; however, the interaction may be less stable compared to wild-type Ago2,
contributing to explain the phenotype observed in the Ago2a mice.

To more quantitatively define the effect of the presence of the HaloTag on
miRISC activity and on RNAI, we used a series of reporter assays to measure

miRNA-directed target repression in Ago2faotal cells. First, we performed dual
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Figure 3.5: Efficient miRNA-mediated luciferase reporter repression in Ha-
lo-Ago2 expressing MEFs

a) Schematic of the luciferase reporter constructs used to measure miRNA-medi-
ated gene silencing. b) Dual-luciferase reporter assays in Ago2** (+/+), Ago2Halor*
(Halo/+) and Ago2*aHale (Halo/Halo) MEFs. Experiment was performed in biolog-
ical duplicates for each genotype. RLU: Relative luminometer units. Data are rep-
resented as Mean £ SD.
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luciferase reporter assays, in which two luciferase genes (Renilla and Firefly) were
co-expressed from the same vector. 3’'UTR fragments containing well-character-
ized miRNA binding sites of Pten, Adrb2 and Taf7 were cloned into the 3’UTR of
the Renilla luciferase, while the Firefly luciferase served as an internal control. We
also created control vectors by disrupting each of the miRNA binding sites (Figure
3.5a). We transiently transfected these reporter vectors into Ago2+*, Ago2@°* and
Ago2fabitiae MEFs and measured the ratio between Renilla and Firefly luciferase
activity 48 hours post-transfection. miRNA-mediated gene repression—measured
as the ratio between mutant and wild-type reporters—was comparable across all
genotypes (Figure 3.5b). This result suggested that, within the sensitivity of this
assay, the amount of miRNA-mediated gene silencing was similar between Ago2**
and Ago2*aotalo MEFs.

Next, we employed a more sensitive reporter assay, a two-color fluorescent
reporter system (Mukheriji et al., 2011), which measures miRNA-mediated target
repression across a broad range of expression levels of the reporter and at the
single cell level. The two-color fluorescent reporter contains a bi-directional tet-
racycline-responsive promoter that drives the expression of mCherry and eYFP.
The mCherry expression cassette contains zero, one perfect match or four bulged
binding sites for miR-20 in the 3'UTR (Figure 3.6a). The reporter with one perfect
match site for miR-20 was included to measure the slicing activity of Ago2. Next,
we transfected these reporters into Ago2** and Ago2fa*tae MEFs and measured
fluorescent signals using flow cytometry 48 hours after doxycycline treatment. We
binned the cells based on their eYFP signal and calculated the mean of mCherry
intensity in each bin. As shown in Figure 3.6b, substantial repression was mea-
sured using both the bulged and perfect match reporters. Again, there was no

detectable difference between Halo-Ago2 and Ago2 in directing miRNA-mediated
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Figure 3.6: Efficient gene silencing and target slicing across a wide range of
target expression levels in Halo-Ago2 expressing MEFs

a) Schematic of the two-color fluorescent reporters used. N indicates the num-
ber of miR-20 binding site(s) in the 3'UTR of mCherry. N = 0: the control reporter
without miR-20 binding site; N = 1 (perfect): reporter containing 1 perfect binding
site for miR-20; N = 4: reporter containing 4 imperfect binding sites for miR-20. b)
Processed fluorescent signals measured by flow cytometry in Ago2** (+/+) and
Ago2Hatale (Halo/Halo) MEFs transfected with the indicated constructs.

repression and target cleavage, confirming that the Halo-Ago2 protein retains the
ability to induce miRNA-mediated gene repression.

Finally, to systematically evaluate the transcriptomic changes caused by
Halo-Ago2 expression, we performed RNA-seq in Ago2** and AgoZ2aotae MEFs.
We reasoned that RNA-seq experiment would be more sensitive in measuring
subtle expression changes that could have escaped the detection by both reporter

assays. In this analysis, we included an RNA-seq dataset in MEFs expressing a

T6B-YFP fusion as our positive control. The T6B protein corresponds to a portion
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of the AGO interaction domain of human TNRCG6B. Overexpression of T6B leads
to dissociation of the miRISC and global de-repression of miRNA targets (by cour-
tesy of Gaspare La Rocca, unpublished data). Gene expression changes were
calculated as Ago2Hatalo yvs  Ago2** or T6B vs. control. Z-scores for TargetScan
predicted targets were calculated and plotted against the relative abundance of
corresponding miRNA families. Expression of T6B induced a strong global de-re-
pression of miRNA targets for almost every miRNA family. By contrast, only a mod-
est upregulation was observed in Ago2Hatale MEFs for the most highly expressed

miRNA families, such as miR-21-5p and miR-99-5p (Figure 3.7).
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Figure 3.7: Gene expression profiling of Halo-Ago2 expressing MEFs
Scatter plots showing the effect of Halo-Ago2 expression on miRNA target re-
pression and its correlation with miRNA abundance. TargetScan-predicted targets
for all miRNA families were grouped into gene sets. Z-scores of mRNA log2 fold
changes of these gene sets in each dataset were calculated using the PAGE meth-
od and plotted on the x-axis. miRNA abundance was determined by small RNA
sequencing and plotted on the y-axis. The area of each circle is proportional to the
number of predicted targets for the corresponding miRNA family. Halo: Ago2*alotale
vs. Ago2**; T6B: T6B"Tvs. T6BY'T,

In summary, the addition of HaloTag to Ago2 slightly impaired its ability to

assemble into miRISC. Using reporter and gene expression profiling assays, small
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transcriptomic changes were detected in Ago2t@tale MEFs, in which Halo-Ago2
was expressed at similar level to Ago2 in Ago2”* MEFs (Figure 3.1b). However,
we cannot rule out the possibility that during embryogenesis the expression of Ha-
lo-Ago2 is lower or leads to severe phenotype in other cell types. It is also possible
that the subtle perturbation of miRISC activity could be amplified during embryonic

development and produce significant biological consequences.

Generation of HEAP libraries in vivo

The results presented in the previous section indicate that although the
presence of the HaloTag may subtly impair Ago2 function, Halo-Ago2 is incorporat-
ed in the miRISC and is capable of promoting miRNA-mediated gene repression.
Thus, the Halo-Ago2 knock-in mice we have developed can be utilized to map
mMiRNA binding sites in live tissues. To benchmark the HEAP method in vivo, we
generated libraries from the cortex of P13 mice, a tissue from which high-quality
miRNA-target libraries had been previously generated by HITS-CLIP and CLEAR-
CLIP (Chi et al., 2009; Moore et al., 2015). 2 HEAP libraries generated from the
cortices of Ago™@* mice produced 7,069 peaks at an adjusted p-value cutoff of
0.05. This number of mMiIRNA-RNA interaction sites is comparable to that identified
by Moore and colleagues (CLEAR-CLIP, GSE73059, n = 7,927) using 12 biological
replicates (Figure 3.8a-b). HEAP and CLEAR-CLIP identified similar numbers of
targets for miR-124-3p, one of the most abundant miRNAs in the mouse cortex
(Figure 3.8c). When benchmarked against a microarray gene expression data-
set generated from neuroblastoma cells (CAD) ectopically expressing miR-124
[(Makeyev et al., 2007), GSE8498], 2 HEAP libraries were as effective at identi-
fying functional miR-124-3p sites as 12 CLEAR-CLIP libraries (Figure 3.8d). Col-

lectively, these results demonstrate that the HEAP method provides a simple and
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cost-effective approach to identify miRNA-RNA interactions in adult tissues.
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Figure 3.8: Comparison between HEAP and CLEAR-CLIP

a) Comparison between HEAP and CLEAR-CLIP libraries generated from cortices
of P13 mice. b) Bar plot showing the genomic distribution of peaks identified by
HEAP and CLEAR-CLIP. ¢) Venn diagrams showing the overlap between miR-
124-3p target genes identified by CLEAR-CLIP and those identified by HEAP. Tar-
gets were grouped by seed matches types. d) CDF plots for targets of miR-124-3p
identified by HEAP, by CLEAR-CLIP or by both methods (“Common”). Targets with
8mer (upper) or 7mer (lower) seed matches for miR-124-3p were plotted separate-
ly. nRNA log2 fold changes were obtained from a dataset generated from a mouse
neuroblastoma cell line (CAD) overexpressing miR-124. P-values were calculated
between gene sets and background (“all genes”) using two-sided Kolmogorov—

Smirnov tests.
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Discussion

The fitness issue observed in both Ago2fa-tSt and Ago2H@° mice empha-
sized the essentiality of the Ago2 protein in embryonic development and reflected
the susceptibility of the locus to gene manipulation. The survival defects associat-
ed with the Ago2faetst allele could be attributed to reduced Flag-Ago2 production
from the engineered locus (Figure 3.1b-c). The insertion of the large loxP-STOP-
IRES-Flag-loxP cassette to the first coding exon of Ago2 reduced its mMRNA tran-
scription (Figure 3.9a). Additionally, IRES seemed to be less efficient than the
endogenous 5’UTR in driving translation (Figure 3.1b-c). By contrast, a paradox-
ical correlation between protein and mRNA produced from the Ago2Hél allele was
observed in MEFs and tissues (Figure 3.1b-c). RNA-seq revealed a dose-depen-
dent decrease in Ago2 mRNA produced from the locus (Figure 3.9b). In Ago2"=

o+ cells, the Halo-Ago2 protein level was significantly lower than wild-type Ago2,

a b
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10000 10000+

Ago2 mRNA (counts)

++ LSL/LSL ++  Halo/+ Halo/Halo

Figure 3.9: Reduced Ago2 mRNA expression from the Halo-Ago2 knock-in
allele

a) Normalized counts of Ago2 mRNA in Ago2** (+/+) and Ago2fale-tStHalo-LSL (| S/
LSL) MEFs. b) Normalized counts of Ago2 mRNA in Ago2** (+/+), Ago2Ha*
(Halo/+) and Ago2Hatiale (Halo/Halo) MEFs.
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whereas similar amount of Ago2 proteins were detected in Ago2** and Ago2a
Halo cells. The discrepancy might reflect preferential degradation of Halo-Ago2 in
the presence of wild-type Ago2, or a translational feedback through which the cells
upregulated Halo-Ago2 to compensate for its reduced activity.

Using biochemical approaches, we have demonstrated that Halo-Ago2 was
slightly less effective compared to Ago2 in directing miRISC assembly. Inspec-
tion of the fetal livers suggested aberrant erythropoiesis. Nevertheless, it is worth
noting that the perinatal lethality phenotype was ameliorated by maintaining the
strains in a mixed genetic background (between C57BL/6J and 129S1). Given the
fact that the Ago2Hé* and AgoZ2fae-tSt* mice in the C57BL/6J background were
phenotypically indistinguishable from their wild-type littermates, heterozygous an-
imals can be easily generated and safely used for in vivo applications of the Ha-
lo-Ago2 knock-in mice.

Despite the caveats, the Halo-Ago2 knock-in allele offers several advantag-
es over conventional strategies. First of all, the stable and physiologic expression
of Halo-Ago2 permits miRNA targets discovery from virtually all tissue and cell
types. The activation of Halo-Ago2 expression is controlled by the Cre recombi-
nase, which can be introduced by either breeding or somatic gene delivery. By
restricting Halo-Ago2 expression to cells of interest, miRNA targets can be purified
even from hard-to-dissect tissues without exhaustive preliminary cell enrichment.
Moreover, cells expressing Cre are irreversibly labeled with Halo-Ago2, allowing
long-term management and continuous characterization of the cells. This is partic-
ularly useful for miRNA target identification in cells sharing a common progenitor,
such as cells differentiated from the same stem cell population or tumor cells.

With the Halo-Ago2 knock-in mice, the biological roles of miRNAs can now

be interrogated in a broader range of contexts in vivo. We envision the generation
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of an atlas of miRNA binding sites across tissues and cell types under physiolog-
ical and pathological conditions. The lineage-specific Halo-Ago2 activation and
target purification can lead to better understanding of the roles of miRNAs in de-

velopment and disease formation.
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Method

Cell culture

All cells were maintained in a humidified incubator at 37 °C, 5% CO2. MEFs
were cultured in DMEM (Gibco) containing 10% FBS (VWR), penicillin/streptomy-
cin (100 U/mL) and L-glutamine.

Mouse husbandry and generation of the conditional Halo-Ago2 knock-in
mice

mESC targeting strategy was described in Chapter 1. A validated mESC
clone harboring was injected into C57BL/6 blastocyst to generate chimeric mice.
Mice heterozygous for the targeted allele were crossed to the B-actin-Flpe mice
(Rodriguez et al., 2000) to remove the frt-PGK-NEO-frt cassette, resulting in the
generation of Ago2fao-tSt mice. The Ago2H@* mice were obtained by crossing the
Ago2HaleLst+ mice to the CAG-Cre mice (Rodriguez et al., 2000).

Mice carrying the knock-in alleles were genotyped as described before. All
studies and procedures were approved by the Memorial Sloan Kettering Cancer
Center Institutional Animal Care and Use Committee.

Northern blotting

Total RNAs were isolated using TRIzol Reagent (Invitrogen) according to
the manufacturer’s instructions. 20 ug total RNAs from samples were loaded into a
15% TBE-Urea polyacrylamide gel and transferred to a Hybond-N* membrane (GE
Healthcare). A synthetic 22-nt miR-451 was loaded as control. After UV crosslink-
ing and blocking, a **P-labeled DNA probe reverse complement to mature miR-451
was hybridized with the membrane at 37°C overnight. Next day, the membrane

was washed and exposed to a film.
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MEF derivation

MEFs were derived from mouse E13.5 embryos following standard proto-
cols. Ago2a and Ago2tatSt MEFs were generated by intercrossing Ago2"#* and
Ago2HaletstUs mice, respectively. MEFs were immortalized with retrovirus express-

ing the SV40 large T antigen (Zhao et al., 2003) (Addgene:13970).

Size exclusion chromatography

Cells were lysed with Sup6-150 buffer (150 mM NaCl, 10 mM Tris-HCI, pH
7.5, 2.5 mM MgCl,, 0.01% Triton X-100, protease inhibitor (Roche) and phospha-
tase inhibitor (Roche)). Lysates were fractionated using the Superose 6 10/300
GL prepacked column (GE Healthcare) coupled with the AKTA FPLC system as
described in (La Rocca et al., 2015; Olejniczak et al., 2013). Eluted proteins were
concentrated by trichloroacetic acid (TCA)/acetone precipitation, analyzed by im-

munoblot and imaged using the Odyssey CLx imaging system (Li-Cor).

Isolation of Halo-Ago2/Tnrc6 complexes

Ago2Halo-LSUHalo-LSL gnd Ago2Halotale MEFs were lysed with HaloTag protein pu-
rification buffer (150 mM NaCl, 50 mM HEPES, pH 7.5, 0.005% IGEPAL CA-630)
and lysates were incubated with HaloTag magnetic beads (Promega) for 90 min
at room temperature on a rotator. After three washes with the HaloTag protein pu-
rification buffer, proteins were released by TEV protease (Invitrogen) digestion at
30 °C for 1 hr. Eluted proteins were analyzed by immunoblot and visualized using
ECL (GE Healthcare).
Antibodies

Antibodies used were anti-Ago2 antibody (CST clone C34C6, 1:1000), an-
ti-B-actin antibody (Sigma-Aldrich clone AC-74, 1:5000), anti-HaloTag monoclo-
nal antibody (Promega G9211, 1:1000), anti-Flag antibody (Sigma-Aldrich F7425,
1:1000) and anti-TNRC6A (GW182) antibody (Bethyl A302-329, 1:1000).
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Dual luciferase reporter assay

Fragments of the 3’'UTRs of Pten and Adrb2 containing miRNA binding sites
for miR-29-3p and let-7-5p, respectively, were amplified from cDNA and cloned
into the multiple cloning site of the psiCHECK2 vector (Promega) by HiFi assembly
(New England Biolabs). Control vectors were created by mutagenizing the predict-
ed miRNA seed match in each of these vectors by PCR using 5’ phosphorylated
primers followed by ligation. For Taf7, 3’'UTR fragments containing wild-type or mu-
tant binding site for miR-21-5p was synthesized and cloned into the psiCHECK2
vector by HiFi assembly. The luciferase reporters were transfected into MEFs in
triplicates. Luciferase activity was measured using the dual-luciferase reporter as-
say system (Promega) according to manufacturer’s instructions 48 hrs post trans-
fection.
Two-color fluorescent reporter assay

MEFs were engineered to stably express the reverse tetracycline-controlled
transactivator (rtTA) using a lentiviral vector rtTA-N144 (Addgene: 66810) (Rich-
ner et al., 2015). The two-color fluorescent reporter pTRETightBI-RY-0 (Addgene:
31463), pTRETightBI-RY-1pf (Addgene: 31467) and pTRETightBI-RY-4 (Addgene:
31465) were transfected into the rtTA-expressing MEFs. 48 hrs after transfection,
fluorescent signals were measured using flow cytometry. Signals were processed
as described by Mukherji and colleagues (Mukheriji et al., 2011). Mean and stan-
dard deviation of autofluorescence in eYFP and mCherry channels were obtained
from untransfected cells. The mean autofluorescence plus twice the standard devi-
ation was subtracted from each cell’'s eYFP and mCherry signals. Cells with eYFP
signals lower than 0 were removed. The fluorescent signals were binned along the

eYFP axis and mean mCherry signals were calculated in each bin.
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RNA sequencing

Total RNAs from MEFs were extracted using TRIzol Reagent and subjected
to DNase (Qiagen) treatment followed by RNeasy column clean-up (Qiagen). After
quantification and quality control, 500ng of total RNA underwent poly(A) selection
and TruSeq library preparation using the TruSeq Stranded mRNA LT Kit (lllumina)
according to the manufacturer’s instructions. Samples were barcoded and run on
a HiSeq 2500 in a 50bp/50bp paired end run.

Reads were aligned to the standard mouse genome (mm10) using STAR
v2.5.3a (Dobin et al., 2013). RNA reads aligned were counted at each gene lo-
cus. Expressed genes were subjected to differential gene expression analysis by

DESeq2 v1.20.0 (Love et al., 2014).

Generation and analysis of P13 cortex HEAP libraries

Cortices were collected from two P13 Ago2Ha* mice. The HEAP and input
control libraries were generated following the procedures described before.

Peak calling was run using the two HEAP libraries against the two matching
input control libraries using the following parameters: count.threshold = 5, extend.

slice = 10, bandwidth = 80, extend.peaks.in.genes = 150.

Analysis of public datasets

The CLEAR-CLIP (GSE73059) dataset was obtained from GEO and
mapped to the standard mouse genome (mm10). For peak calling, the same pa-
rameters for the P13 cortex HEAP libraries were used. Peaks were identified by
comparing the 12 CLEAR-CLIP libraries to the input control libraries generated for
HEAP. Differential HEAP read count analysis in HEAP vs. input control was per-
formed using DESeqg2 v1.20.0.

The microarray dataset from CAD cell expressing miR-124 was obtained

from (GSE8498) (Makeyev et al., 2007) using function getGEO() from GEOquery
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v2.50.5 (Davis and Meltzer, 2007). Differential expression analysis was run using

functions ImFit() and eBayes() from limma v3.38.3 (Ritchie et al., 2015).
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CHAPTER 4: MIRNA TARGET IDENTIFICATION IN DEVELOPING
EMBRYOS AND AUTOCHTHONOUS CANCER MODELS

Introduction

In this chapter | will present our results aimed at applying the newly devel-
oped HEAP method to map the miRNA-RNA networks during mouse embryonic
development and tumorigenesis.

Embryogenesis is a tightly regulated process, characterized by coordinated
cell growth, death, differentiation and movement. The precise control of gene ex-
pression networks and cell behaviors by miRNAs is crucial for proper morphogen-
esis and organogenesis. One essential component in the miRNA regulation net-
work is the miR-17~92 cluster, which plays pleiotropic roles in mouse embryonic
development. Deletion of miR-17~92 causes a spectrum of abnormalities affecting
many parts of the embryo, including skeleton, heart, lung and blood (Han et al.,
2015; Ventura et al., 2008). Despite the extensive phenotypic characterizations,
molecular targets of this cluster of miRNAs remain elusive. Therefore, we applied
the HEAP method in developing embryos and for the first time determined the
direct targets of miR-17~92. The results of these experiments will be discussed in
the first part of this chapter.

Tumorigenesis is often associated with de-regulation of the miRNA pathway,
which involves copy number alterations of miRNA genes and aberrant transcrip-
tion control of MiRNA expression. For example, the miR-17~92 cluster is amplified
in B-cell lymphomas (Ota et al., 2004), while frequent deletion of miR-15a/16-1 is

associated with B-CLL (Calin et al., 2002). miR-17~92 is also a transcriptional tar-
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get of the oncogene c-Myc, resulting in frequent overexpression of miR-17~92 in
a variety of cancers (He et al., 2005; O’Donnell et al., 2005). Conversely, miR-34
is downstream of the p53 transcription program to promote apoptosis (Chang et
al., 2007; Raver-Shapira et al., 2007). It remains unclear how the miRNA pathway
works in concert with the oncogenic and tumor-suppressive programs to drive tu-
morigenesis. To explore the miRNA-RNA networks in primary autochthonous tu-
mors, we focused on three genetic mouse models of two types of human cancers
and combined them with the Halo-Ago2 knock-in strain we have developed. These

results will be presented in the second half of this chapter.

E13.5 embryo
Ago2taoi*: miR-17~92** (miR-17~92-WT)
{AgoZHa“’“; miR-17~92* (miR-17~92-HET) + HEAP
Ago2faer*: miR-17~92" (miR-17~92-KO)
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Figure 4.1: miRNA target identification in mid-gestation embryos

a) Outline of the HEAP experiments in E13.5 Ago2Ha* embryos wild-type, het-
erozygous or homozygous knockout for the miR-17~92 cluster. A schematic of
the miR-17~92 cluster is shown at the bottom. miRNA members are color-coded
based on their seed sequences. b) Bar plot showing the number and distribution
across genomic annotations of peaks identified in the HEAP libraries from E13.5
embryos. “All peaks” indicates peaks identified across all genotypes. Distribution
of peaks selectively depleted in the miR-17~92-KO embryo is shown in the lower
panel.
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Characterization of miR-17~92 targets in developing embryos

To determine the direct targets of miR-17~92, we employed a mouse strain,
in which the entire miR-17~92 cluster is deleted. The complete loss of miR-17~92
leads to perinatal lethality with full penetrance (Ventura et al., 2008). So, we crossed
the Ago2H@°* mice ubiquitously expressing the Halo-Ago2 allele to mice harboring
heterozygous deletion of the miR-17~92 cluster. We then generated HEAP librar-
ies from Ago2Ha*: miR-17~92** (miR-17~92-WT), Ago2fa*: miR-17~92"- (miR-
17~92-HET) and Ago2ta™: miR-17~92” (miR-17~92-KO) E13.5 embryos (Figure
4.1a). At an adjusted p-value cutoff of 0.01, HEAP identified a total of 8,661 peaks
in these libraries, with a distribution across genomic annotations similar to that
observed in mESCs (Figure 4.1b).

We then grouped the binding sites based on the occurrence of seed match-
es for members of the miR-17~92 cluster in their sequences. Importantly, the
intensity of peaks overlapping with potential seed matches to miR-17~92 was
greatly reduced—in a dose-dependent fashion—in the libraries generated from
mMiR-17~92-HET and miR-17~92-KO embryos (Figure 4.2a). The dose-dependent
reduction in peak signal was observed in peaks identified for each miRNA family

in the miR-17~92 cluster, as well as in peaks located across genomic annotations

Figure 4.2: Dose-dependent loss of miR-17~92 targets in miR-17~92 knock-
out embryos

a) Heatmap and histogram of peak signal in an 800 bp region surrounding HEAP
peaks obtained from miR-17~92-WT, miR-17~92-HET and miR-17~92-KO E13.5
embryos. Peaks containing seed matches for the top 31 miRNA seed families
ranked by abundance were chosen. Peaks with seed matches for miRNAs belong-
ing to the miR-17~92 cluster are plotted in the upper panels, while the remaining
peaks are plotted in the lower panels. b) Histogram of signal of peaks containing
seed matches for miRNAs in the miR-17~92 cluster or for control miRNAs. c)
Histogram of signal of peaks identified in different genomic regions. Peaks were
grouped as in a).
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(Figure 4.2b-c). In the miR-17~92-KO embryo, residual Halo-Ago2 binding signal
was detected at many putative miR-17~92 binding sites. This could be explained
by the presence of two additional paralogs to miR-17~92 (miR-106a~363 and miR-
106b~25) that express similar miRNAs (Ventura et al., 2008) or targeting of the
same sites by miRNAs from other seed families in the absence of miR-17~92.

By contrasting the miR-17~92-KO with the miR-17~92-HET and miR-17~92-

WT libraries, we determined a class of targets that are dependent on miR-17~92
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Figure 4.3: Representative miR-17~92-dependent binding sites
a) Genome browser views of representative canonical binding sites for miR-17/20-
5p, miR-18-5p, MiR-19-3p and miR-92-3p. Notice the potential cooperation be-
tween miR-17/20-5p and miR-19-3p in the 3’UTR of Pcdh18. b) Genome browser
view of a non-canonical binding site for miR-18a-5p. Predicted pairing mode be-
tween miR-18a-5p and the 3’'UTR of Nedd4 is shown at the bottom.
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expression (Figure 4.1b). Targets for the miR-17/20-5p, miR-18-5p, miR-19-3p
and miR-92-3p seed families were visualized in UCSC genome browser (Figure

4.3a). In addition, we also observed non-canonical binding sites to miR-17~92

(Figure 4.3b).
miR-17/20 mutant miR-18 mutant miR-19 mutant miR-92 mutant
1.00 1.00 1.00 1.00
p<3.7e-03 //—‘/ p<2.1e-01 p < 2.66-02 p<7.1e-03
075 075 075 075
t w w w
© 5 o050 3 050 3 0.50 3 050
@ © o o
I
0.254 — All genes (9585) 0.254 — All genes (9585) 0.254 — All genes (9585) 0.254 — All genes (9585)
HEAP (203) HEAP (32 HEAP (127) HEAP (93)
— HEAP_dif (114) — HEAP_dif (10) — HEAP_dif (63) — HEAP_dif (37)
0.00+ TS 0.004 ~TS(172) 000 — TS (691) 000 ~ s (560
02 00 02 04 06 02 00 02 04 06 02 00 02 04 06 02 00 02 04 06
1.00 1.00 1.00 1.00
p < 1.56-02 p<27e-01 p <9.66-02 p <2.0e-03
o) 075 075 075 075
>
Q 5, & 050 & 050 & 050
) o o
S J
= 0.254 — All genes (9621) 0.254 — All genes (9621) 0.254 — All genes (9621) 0.254 — All genes (9621)
HEAP (205 HEAP (32) HEAP (126 HEAP (99)
— HEAP_dif (114) — HEAP_dif (9) — HEAP_dif (62) — HEAP_dif (40)
0,00 — TS (770) 0,00 — TS (163) 0,001 — TS (687) 0,001 — TS (570)
02 00 02 04 06 02 00 02 04 06 02 00 02 04 06 02 00 02 04 06
1.00 1.00 — 1.00 1.00
o p <5.26-03 p<2.1e-01 Vel p < 1.6e-01 p <3.0e-03
E 075 0.75 i 075 075
E w w w
o 3o 3 050 3 0.50 3 0.50
o o o
-~ /i
[ 0.25- — All genes (9785) 0.25- — All genes (9785) 0.25- / — All genes (9785) 0.25- — All genes (9785)
[ HEAP (204 HEAP (32) / HEAP (129 HEAP (99
o — HEAP_dif (110) — HEAP_dif (9) [/ — HEAP_dif (63) — HEAP_dif (40)
0,00 — TS (782) 0,00 A —Ts(e9) 0,001 — TS (718) 0,00 — TS (577)

02 00 02 04 06 02 00 02 04 06 02 00 02 04 06 02 00 02 04 06

MRNA log2 (mutant vs. wild-type)

Figure 4.4: Preferential target mRNA repression associated with HEAP bind-
ing sites

CDF plots for all HEAP targets ("HEAP”), HEAP targets preferentially depleted
in the miR-17~92-KO embryo ("HEAP dif’) and targets predicted by TargetScan
("TS”) for indicated miRNA seed families. The mRNA log2 fold change for a partic-
ular miRNA (e.g. miR-17/20) was calculated in the miR-17~92 mutant E9.5 embry-
os by contrasting all conditions that are mutant for this miRNA (e.g. A17, A17,18,
A17,18,92 and KO) to all other conditions (e.g. WT, A18, A19, A92). KO: embryos
null for the entire miR-17~92 cluster; A17: embryos null for miR-17 and miR-20a;
A18: embryos null for miR-18a; A19: embryos null for miR-19a and miR-19b-1,
A92: embryos null for miR-92a-1; A17,18: embryos null for miR-17, miR-18a and
miR-20a; A17,18,92: embryos null for miR-17, miR-18a, miR-20a and miR-92a-1.
P-values were calculated between “HEAP dif” and “TS” using two-sided Kolmog-
orov—Smirnov tests.
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To determine the activity of these binding sites in directing gene silencing,
we re-analyzed an RNA-seq dataset previously generated in our laboratory from
E9.5 embryos harboring an allelic series of miR-17~92 mutant alleles [(Han et al.,
2015), GSE63813]. We demonstrated that HEAP targets containing seed matches
for miR-17/20-5p, miR-19-3p and miR-92-3p mediated strong target repression
(Figure 4.4). The effect was particularly evident when considering genes harbor-
ing HEAP peaks for miR-17/20-5p and miR-92-3p, whose signal intensity was re-
duced in the miR-17~92-KO embryo, confirming the importance of combining bio-
chemical and genetic approaches to study miRNA function.

Interestingly, we identified a sizeable fraction of reproducible peaks (4%)
mapping to non-coding RNAs. These included two previously uncharacterized
miR-17~92-dependent peaks matching the miR-92-3p seed in the long non-coding
RNA Cyrano (Kleaveland et al., 2018; Ulitsky et al., 2011) (Figure 4.5a). Support-
ing the hypothesis that these peaks are functionally relevant, we observed signif-
icant upregulation of Cyrano in mouse E9.5 embryos lacking miR-92a-1, but not
in embryos harboring selective deletion of the other members of the cluster (Han
et al., 2015) (Figure 4.5b). These results demonstrate the usefulness of the Ha-
lo-Ago2 mouse strain in facilitating the identification of miRNA targets in vivo and
suggest that additional studies aimed at determining the functional consequences

of loss of miR-92a-1 on Cyrano function may be warranted.

Characterization of miRNA targets in Bcan-Ntrk1 gliomas and cortices

Next, we chose a mouse model of glioma that we recently developed in our
laboratory (Cook et al., 2017) to characterize miRNA regulation signatures during
oncogenic transformation. In this model, gliomas are driven by the Bcan-Ntrk1

gene fusion. p53"" mice are injected intracranially with a mixture of two recombi-
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Figure 4.5: Regulation of a IncRNA by miR-92-3p

a) Genome browser view of the miR-92a-1-dependent miRNA binding sites detect-
ed in the long non-coding RNA 7700020/14Rik (Cyrano). PhyloP: placental mam-
mal basewise conservation by PhyloP. Notice the highly conserved 8mer seed
match for miR-92-3p under the second peak. b) RNA expression of Cyrano in the
heart of E9.5 embryos harboring an allelic series of miR-17~92 mutant alleles. KO:
embryos null for the entire miR-17~92 cluster; A17: embryos null for miR-17 and
miR-20a; A18: embryos null for miR-18a; A19: embryos null for miR-19a and miR-
19b-1, A92: embryos null for miR-92a-1; A17,18: embryos null for miR-17, miR-
18a and miR-20a; A17,18,92: embryos null for miR-17, miR-18a, miR-20a and
miR-92a-1. Notice that Cyrano is only up-regulated in mutants in which miR-92a-1
is deleted. P-value: unpaired t-test. Data are represented as Mean + SD.

nant adenoviruses. The first expresses Cas9 and two sgRNAs (Ad-BN) designed to
induce the Bcan-Ntrk1 rearrangement, an intra-chromosomal deletion resulting in

the fusion between the N-terminal portion of Bcan and the kinase domain of Ntrk1.
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The second adenovirus expresses the Cre recombinase (Ad-Cre) to achieve con-
comitant deletion of p53 and allow glioma formation. By performing this procedure
in 4~6-week-old p53"": Ago2HaLtsl* mice, we produced Bcan-Ntrk1 driven gliomas
stably expressing the endogenous Halo-Ago2 allele. The intracranial adenovirus

administration was performed by Peter J. Cook.
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Figure 4.6: Differential expression of miRNAs between gliomas and normal
cortices

Volcano plot of global changes in miRNA family expression between normal corti-
ces and Bcan-Ntrk1-driven gliomas, as determined by HEAP. Broadly conserved
families are highlighted in circles and a few miRNA families of interest are colored
and annotated.

We generated HEAP libraries from three independent Bcan-Ntrk1 gliomas
and from the normal cortices of three age-matched Ago2é* mice. Quantification
of miRNA abundance in HEAP miRNA libraries revealed drastic differences be-
tween the two tissues, with 77 miRNA seed families (26 broadly conserved) being
significantly upregulated in gliomas, and 77 families (18 broadly conserved) down-
regulated (adjusted p-value < 0.05, absolute log2FC > 0.5, Figure 4.6). Of note,
the significantly downregulated families include miR-124-3p and miR-128-3p, two

miRNA families that are highly expressed in the cortex of mice (Bak et al., 2008;
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Figure 4.7: Distinct miRNA targeting landscapes between gliomas and nor-
mal cortices

a) Total number and distribution across genomic annotations of peaks identified
in the cortex and glioma HEAP libraries at adjusted p-value < 0.05. b) Top differ-
entially enriched 8-mers in glioma and cortex HEAP peaks (peak selection cutoff:
adjusted p-value < 0.05; absolute log2 (gliomas / cortices) > 0.5) by the HOMER
de novo motif discovery algorithm. miRNA families whose seed sequences are
complementary to these motifs are annotated. ¢) Representative peaks containing
seed matches for miRNA families that are differentially present in the two tissues
(miR-219a-5p, miR-124-3p, miR-128-3p) and for a miRNAs family whose targets
are found in both conditions (let-7-5p).
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Landgraf et al., 2007b) and functionally important in the mouse central nervous
system as suggested by genetic loss-of-function studies (Sanuki et al., 2011; Tan
et al., 2013). Additionally, members of the oncogenic miRNA cluster miR-17~92
(He et al., 2005; Ota et al., 2004) were among the most strongly upregulated miR-
NAs in gliomas, suggesting the possibility that these miRNAs are functionally rel-
evant in gliomagenesis.

Using an adjusted p-value cutoff 0.05, we identified 1,878 Halo-Ago2 bind-
ing sites in tumors and 2,688 sites in normal cortices, with an overlap of 1,335
sites. Peaks distribution across genomic annotations was similar between the two
tissues, with the majority of peaks mapping to 3’'UTRs (Figure 4.7a). Analysis of
seed matches under the peaks revealed marked differences between normal and
neoplastic brains. Motifs complementary to the seeds of miR-219a-5p, miR-17-5p,
miR-15/16-5p, miR-181-5p and miR-130-3p were preferentially enriched in peaks
identified in gliomas, while motifs complementary to the seeds of miR-124-3p, miR-
29-3p, miR-9-5p, miR-128-3p, miR-137-3p, MmiR-138-5p and miR-7-5p were pref-
erentially enriched in peaks from normal cortices (adjusted p-value < 0.1, absolute
log2FC (gliomas vs. cortices) > 0.5). Targets for the let-7-5p family of miRNAs
were also abundant, but not differentially represented between the normal brain
and tumors (Figure 4.7b). The differential enrichment of motifs was corroborated
by visualizing these peaks on the UCSC genome browser (Figure 4.7c).

To understand the enrichment for specific seed matches observed in the
two conditions, we computed differential peak signal changes for targets of all
broadly conserved miRNA families. The medians of the peak signal changes were
plotted against the abundance changes for members in the corresponding miRNA
families. As a result, the differences observed in peak intensities were largely ex-

plained by the differences in miRNA levels (Figure 4.8a). The size of the circles is
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Figure 4.8: Enrichment of miRNA seed matches correlates with miRNA abun-
dance and causes differential repression of corresponding targets

a) Changes in peak intensity correlate with changes in miRNA abundance. The
area of each circle is proportional to the number of targets of each miRNA seed
family as identified by HEAP. Only broadly conserved miRNA families with more
than 40 HEAP targets are shown. b) CDF plot for targets of miR-124-3p, miR-
219a-5p and let-7-5p identified by HEAP. mRNA expression was estimated using
read counts in input control libraries. The mRNA log2 fold change was calculated
as gliomas vs. cortices. P-value: two-sided Kolmogorov—Smirnov test.

proportional to the number of binding sites identified for the corresponding miRNA
families. The strongest target intensity differences were observed for the miR-219-
5p and miR-124-3p families, with their targets being highly enriched in glioma and
cortex, respectively. The differences in target signals were translated into differ-
ential gene regulation, as demonstrated by a statistically significant repression of
miR-219a-5p targets in gliomas and of miR-124-3p targets in the normal cortices
(Figure 4.8b).

Among all miRNA families, the miR-219a-5p family had the highest number
of targets in gliomas (300 out of 1,878 peaks contained 6mer, 7mer or 8mer seed
matches to miR-219a-5p; Figure 4.9a). miR-219-5p has been reported to regulate
oligodendrocyte (OL) differentiation and myelination in mice via targeting import-

ant regulators of oligodendrocyte progenitor cell (OPC) maintenance (Dugas et
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Figure 4.9: Enrichment of miR-219a-5p binding sites in gliomas
a) Pie chart showing the distribution of Halo-Ago2 binding sites identified in gli-
omas among miRNA seed families. b) Genome browser view of a miR-219a-5p
binding site in Pdgfra.
al., 2010; Emery, 2010; Fan et al., 2017; Wang et al., 2017; Zhao et al., 2010).
Interestingly, we observed a strong interaction between miR-219a-5p and Pdgfra,
a characteristic marker of OPCs and a key player in gliomagenesis (Figure 4.9b).
In summary, the characterization of miRNA binding sites in the Bcan-Ntrk1
driven gliomas and normal cortices delineated the miRNA targeting landscapes
and highlighted notable differences between the two tissues. By performing motif
enrichment analysis, we determined key miRNA targeting signatures that distin-
guished tumors from their tissues of origins. Finally, a positive correlation between
target signal and miRNA abundance was observed in both contexts, suggesting

that it is likely the expression of miRNAs that shapes the miRNA regulation net-

works.

Characterization of miRNA targets in lung adenocarcinomas

The clear context-dependent miRNA expression and targeting events re-
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vealed in the previous section suggested further analysis on determining whether
oncogenic driver events could potentially shape the miRNA targeting landscapes in
cancer cells. To address this question, we mapped miRNA-RNA interactions in two
murine models of non-small cell lung cancer (NSCLC): the Cre recombinase-medi-
ated KRastS-6120%+: Trp 5377 (KP) model (Jackson et al., 2001) and a CRISPR-Cas9
induced model driven by a chromosomal inversion resulting in the formation of the
Eml4-Alk (EA) gene fusion (Maddalo et al., 2014). These two mouse models reca-
pitulate two types of NSCLC observed in humans and differ not only in the initiating
genetic lesions but also in the modality with which tumor formation is induced.
We generated HEAP libraries from Ago2Ha-tS* mice bearing primary KP (N
= 2) and EA (N = 3) tumors. Tumor-specific expression of the Halo-Ago2 allele was

induced at the time of tumor initiation by intratracheal delivery of Ad-Cre, alone for
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Figure 4.10: miRNA target identification in lung adenocarcinomas and nor-
mal lungs

a) Schematic of the experimental design. b) Total number and distribution across
genomic annotations of peaks identified in normal lungs (two replicates) and in
the KP and EA lung adenocarcinomas (two and three replicates, respectively) at
adjusted p-value < 0.05. ¢) Normalized counts for Ago2 mRNA in normal lungs and
in KP and EA lung tumors. Data are represented as Mean * SD.
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the KP model or in combination with recombinant adenoviruses expressing Cas9
and the two sgRNAs necessary to induce the Emi4-Alk rearrangement in the EA
model (Ad-EA). In parallel, we also generated HEAP libraries from the lungs of two
Ago2fao mice (Figure 4.10a).

The tumor libraries produced 1,899 peaks for the KP tumors and 2,127
peaks for the EA tumors. In contrast, only 417 peaks were identified in normal
lungs (Figure 4.10b). This difference could not be attributed to differences in se-
quencing depth or Halo-Ago2 expression levels in normal lungs vs. tumors (Fig-
ure 4.10c). Rather, it may reflect reduced levels of fully assembled miRISC in the
normal lung compared to lung tumors [(La Rocca et al., 2015) and La Rocca et al.,
manuscript in preparation].

Surprisingly, a direct comparison of the peaks identified in KP and EA tu-
mors revealed strong similarity between the two tumor types (Figure 4.11a), sug-
gesting that the miRNA targeting landscape is largely independent from the cancer
initiation events in these two NSCLC models. Unbiased k-mer frequency analysis
visualized as motif enrichment identified distinct miRNA seed matches enriched in
peaks in normal lung and tumors. Binding sites for let-7-5p, miR-29-3p and miR-
30-5p were strongly enriched in both tissues, while seed matches for several miR-
NAs implicated in tumorigenesis and metastasis, such as miR-200bc-3p (Davalos
et al., 2012; Gibbons et al., 2009; Gregory et al., 2008; Sato et al., 2017; Si et al.,
2017), miR-31-5p (Edmonds et al., 2016), miR-17-5p (He et al., 2005; Ota et al.,
2004) and miR-25/92-3p (Ota et al., 2004) were dominant in the tumor libraries
(Figure 4.11b). In human lung adenocarcinomas, miR-200 levels negatively cor-
relate with tumor metastatic potential, at least in part because this miRNA can po-
tently suppress epithelial-to-mesenchymal transition (EMT) (Davalos et al., 2012;

Gibbons et al., 2009; Si et al., 2017). In agreement with this model, we observed a
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Figure 4.11: Similar miRNA targeting landscapes between the two NSCLC
models

a) Scatter plots to compare peak intensity changes in EA vs. normal (y-axis) and
KP vs. normal (x-axis). Peaks with seed matches for indicated miRNA families are
colored. Left: highlighted are peaks containing seed matches for representative
miRNA families whose targets were found in both normal lungs and lung adeno-
carcinomas. Right: highlighted are peaks with seed matches for miRNA families
whose targets were preferentially found in lung adenocarcinomas. b) Sequence
logos of the most enriched 8-mers as determined by the HOMER de novo mo-
tif discovery algorithm under HEAP peaks identified in normal lungs (left) and in
lung adenocarcinomas (right). miRNA families whose seeds are complementary to
these motifs are annotated. ¢) Genome browser view of the miR-200bc-3p binding
site in the 3’UTR of Zeb2.
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strong miR-200bc-3p binding site in the 3'UTR of Zeb2, a master regulator of EMT
(Figure 4.11c).

To further validate the functional significance of these miRNA-RNA inter-
actions in lung cancer, we compared the transcriptome of mouse KP cancer cells
expressing either T6B-YFP (T6B"™-YFP) or a mutant version (T6BM'-YFP) that
cannot bind Ago proteins and is therefore inactive [LaRocca et al., manuscript in
preparation]. As shown in Figure 4.12, genes harboring peaks identified by HEAP
were preferentially de-repressed upon disruption of the miRISC, further confirm-
ing the ability of the HEAP method to identify functional miRNA-RNA interactions
in vivo. The generation of KP cell lines expressing the T6B-YFP fusion and the
RNA-seq experiment were performed by Minsi Zhang, a postdoctoral fellow in our

laboratory.
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Figure 4.12: Preferential gene repression associated with HEAP 3’UTR bind-
ing sites in KP cells

CDF plot of mRNA expression changes induced by T6B-YFP expression in murine
KP cells (T6BV'-YFP / T6BMUT-YFP). Targets identified by HEAP for the indicated
miRNA families were compared to background (“all genes”). P-value: two-sided
Kolmogorov—Smirnov test.

Collectively, the miRNA binding site analysis in the two mouse models of

human lung adenocarcinomas suggested highly similar miRNA regulation signa-
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tures. A parallel RNA-seq experiment in the KP and EA tumors revealed very simi-
lar gene expression profiles (data not shown). As EA and KP tumors are thought to
originate from the same cells in mice—the alveolar type 2 cells in the lung (Suther-
land et al., 2014), it might be the cell type and the overall transcription programs

that determined the miRNA expression and target profiles

Discussion

Identification of miR-17~92 targets in the whole embryo is only the first step
towards functional dissection of this miRNA cluster. miR-17~92 is ubiquitously ex-
pressed across lineages during gastrulation and organogenesis (Pijuan-Sala et
al., 2019). Its expression can be detected as early as blastocyst stage (Foshay
and Gallicano, 2009). Precise spatial and temporal control of miR-17~92 expres-
sion has also been reported in the B-cell compartment (Ventura et al., 2008). The
HEAP experiment only took a snapshot of miRNA regulations in many concurrent
biological processes. Therefore, it is computationally challenging to decipher the
roles of miR-17~92 only based on targets captured in this experiment. A more fo-
cused target discovery in a specific tissue is recommended. Furthermore, miRNAs
are also hypothesized to regulate cell fate switch by providing robustness to the
transcription programs (Ebert and Sharp, 2012). It would be technically difficult to
capture the targets if the key interaction events are only transiently present during
embryonic development.

The comparison of miRNA targeting events between gliomas and cortices
highlighted the functional importance of miR-219a-5p family in gliomas. The en-
richment of miR-219a-5p targeting signature in gliomas reflects the cell of origin of
these tumors — glial cells. miR-219a-5p is the most strongly induced miRNA during

the differentiation of oligodendrocytes (OL), a subtype of glial cells. miR-219a-5p
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is required for OPC differentiation (Dugas et al., 2010; Zhao et al., 2010). It is pos-
sible that the gliomas characterized in this study transcriptionally resemble differ-
entiating OPCs. Using HEAP, we have also corroborated an important interaction
event between miR-219a-5p and Pdgfra during OPC differentiation as suggested
by Dugas and colleagues (Dugas et al., 2010) (Figure 4.9b). In line with this spec-
ulation, a recent single-cell RNA-seq study suggests that glioblastoma cells reca-
pitulate cells in several neurodevelopmental trajectories of glial cells in developing
brains, including cells in the OL lineage (Couturier et al., 2020).

Altogether, we have characterized miRNA binding sites in three models of
two types of human cancers. Shared by these results is the enrichment of miR-
17~92 targets in all models. miR-17~92 is also differentially expressed in glioma
cells, which is possibly driven by the upregulation of c-Myc in gliomas (data not
shown). Whether the activation of miR-17~92 plays pro-tumorigenic roles remains
to be examined.

miR-29-3p and let-7-5p are two ubiquitously expressed miRNA families,
whose targets are highly enriched in both normal adult tissues and tumors. In all
cases, large numbers of targets for miR-29-3p and let-7-5p were identified, sug-
gestive of a general requirement of these miRNA families for homeostasis mainte-
nance and pathogenesis.

Finally, the HEAP experiments in the primary tumors nicely showcased tar-
get purification from live tissues in a cell-type-specific manner using the condi-
tional Halo-Ago2 knock-in mice. In all cases, the Halo-Ago2 fusion was turned on
irreversibly in the tumor cell of origin concomitantly with the oncogenic programs
necessary for driving tumor formation. For the generation of HEAP libraries, tu-
mors were resected from adjacent normal tissues under a dissecting microscope

and directly subjected to crosslinking, lysis and target purification. The use of the
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Halo-Ago2 knock-in mice greatly simplifies the in vivo target discovery of miRNAs.
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Method

Animal models

miR-17~927 (Ventura et al., 2008), Trp53"" (Marino et al., 2000) and
KRas!'St-6120%+ (Jackson et al., 2001) mice were used in this study. For the gen-
eration of E13.5 embryos, 6~10-week-old females were sacrificed at embryonic
day 13.5. To generate P13 cortex HEAP libraries, cortices were harvested from
13-day-old Ago2"@* mice. For the generation of gliomas, 4~6-week-old Ago2"*
lo-LSL* - Trp 53" mice were infected with recombinant adenoviruses and tumors were
harvested approximately 80 days after injection. Normal cortices were harvested
from age-matched Ago2"@°* mice. For the generation of lung adenocarcinomas,
10~12-week-old Ago2fae-tst+ (EA model) and Ago2faeLtst: KRas!SL-6120%: Trp 5371
(KP model) mice were infected with recombinant adenoviruses and tumors were
harvested 3 months after infection. Normal lungs were obtained from age-matched
Ago2fao™ mice.

All studies and procedures were approved by the Memorial Sloan Kettering

Cancer Center Institutional Animal Care and Use Committee.

Recombinant adenovirus delivery

Recombinant adenoviruses used for inducing chromosomal rearrange-
ments (Ad-BN, Ad-EA) (Cook et al., 2017; Maddalo et al., 2014) and Ad-Cre were
purchased from ViraQuest.

For the generation of Bcan-Ntrk1-driven gliomas, a 1:1 mixture of Ad-BN
and Ad-Cre, in total ~3 x 10° infectious particles, was administrated to Ago2Ha/e-LtSLU+;
Trp53"" mice (4~6 weeks old), via stereotactic intracranial injection as described in
Cook et al., 2017. Gliomas were harvested approximately 80 days after injection,

when mice became symptomatic.
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For the generation of Eml4-Alk-driven lung adenocarcinomas, 10~12-week-
old Ago2Hale-LSU+ mice were intratracheally infected with a 1:1 mixture of Ad-EA and
Ad-Cre (in total ~6 x 10" infectious particles). To generate KRas®'?°; Trp537 lung
tumors, 10~12-week-old Ago2Ha-Ltst+: KRas-S-612b*: Trpb53™" mice were intratra-
cheally infected with Ad-Cre (~2.5 x 10” PFU). Lung tumors were harvested ap-

proximately 3 months after infection.

RNA sequencing

Total RNAs from lung adenocarcinomas and normal lung tissues were
extracted using TRIzol Reagent (Invitrogen) and subjected to DNase (QIAGEN)
treatment followed by RNeasy column clean-up (QIAGEN). After quantification
and quality control, 500ng of total RNA underwent poly(A) selection and TruSeq
library preparation using the TruSeq Stranded mRNA LT Kit (lllumina) according to
the manufacturer’s instructions. Samples were barcoded and run on a HiSeq 2500
in a 50bp/50bp paired end run.

Total RNAs of T6B-YFP-expressing KP cells were isolated using TRIzol Re-
agent and subjected to DNase treatment and isopropanol re-precipitation. After
quantification and quality control, 1 ug of total RNA underwent ribosomal depletion
and library preparation using the TruSeq Stranded Total RNA LT Kit (lllumina).
Samples were run on a HiSeq 4000 in a 50bp/50bp paired end run.

Reads were aligned to the standard mouse genome (mm10) using Hisat2
(v0.1.6-beta) (Kim et al., 2019) or STAR v2.5.3a (Dobin et al., 2013). RNA reads
aligned were counted at each gene locus. Expressed genes were subjected to dif-

ferential gene expression analysis by DESeq2 v1.20.0 (Dobin et al., 2013).

Analysis of public datasets
RNA-seq data generated from E9.5 miR-17~92 mutant embryos were ob-
tained from the authors and are available in GEO (GSE63813) (Han et al., 2015).

107



In this study, gene expression was profiled in triplicates in heart, mesoderm and
all remaining tissues of wild-type (WT) embryos and embryos null for miR-17 and
miR-20a (A17), null for miR-18a (A18), null for miR-19a and miR-19b-1 (A19), and
null miR-92a-1 (A92), null for miR-17, miR-18a and miR-20a (A17,18), null for
miR-17, miR-18a, miR-20a and miR-92a-1 (A17,18,92), and null for the entire clus-
ter (KO). Embryos were of different genders. The data was aligned using HISAT
v0.1.6-beta. In each tissue, differential gene expression analysis was performed
using DESeqg2 v1.6.3 using multi-factorial model “~ d17 + d18 + d19 + d92 + gen-
der”, where factor “d17” encoded for conditions that were A17, factor “d18” encod-
ed for conditions that were A18, etc., and factor “gender” encoded for the genders
of the embryos. This allowed us to estimate the log2FC of expression associated
with each individual miRNA family in each tissue when accounting for contribution

from other miRNA families and the gender.

Peak calling

For embryos, peak calling was run using HEAP in one wildtype (miR-17~92-
WT), two heterozygous (miR-17~92-HET) and one homozygous knockout (miR-
17~92-KO) embryo against the four matching input control libraries using the fol-
lowing parameters: count.threshold = 5, extend.slice = 10, bandwidth = 80, extend.
peaks.in.genes = 150. Then differential HEAP read count analysis was performed
using DESeq2 v1.22.1 in miR-17~92-KO against miR-17~92-WT and miR-17~92-
HET libraries to determine miR-17~92-dependent peaks.

For gliomas and cortices in adult mice, three HEAP libraries from each con-
text were generated. Before peak calling, size factors Y of the six HEAP libraries
were estimated using the byte sizes of corresponding BAM files. Then, BAM files
for two glioma replicates and three cortex replicates were downsampled to similar

sizes to the smallest glioma replicate using samtools v1.3.1 (Li et al., 2009) with
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scaling factors X = 1/Y. Peak calling was run using the six scaled HEAP libraries
against the six matching input control libraries, using the same parameters as for
embryos, to identify the set of putative peaks. As usual, only peaks of size > 20
nt and with log2FC > 0 in HEAP vs. input control were used in downstream anal-
ysis. Furthermore, only peaks with average normalized read count > 10 in the
three glioma replicates or in the three cortex replicates were selected. To identify
significant peaks in gliomas, DESeqg2 v1.20.0 for read counts in these selected
peaks was run using the three glioma replicates against the three matching input
control replicates. To identify significant peaks in cortices, DESeq2 for read counts
in these selected peaks was run using the three cortex replicates against the three
matching input control replicates. Differential HEAP read counts analysis between
gliomas and cortices was run in peaks with adjusted p-value < 0.05 (in HEAP vs.
input control).

For lung tumors, peak calling was run using two HEAP libraries generated
from normal lungs, two HEAP libraries from KP tumors and three HEAP libraries
from EA tumors against seven matching input control libraries, using the same
parameters as for embryos. Peaks of size > 20 nt and with log2FC > 0 in HEAP
vs. input control were used in downstream analysis. Furthermore, only peaks with
average normalized read count > 10 in the two normal lung replicates, in the two
KP tumor replicates or in the three EA tumor replicates were selected. To identify
significant peaks in each tumor type, DESeq2 v1.20.0 for read counts in these
selected peaks was run using the tumor replicates against their matching input
control replicates. To identify significant peaks in normal lungs, DESeq2 for read
counts in the selected peaks was run using the two normal lung replicates against
the two matching input control replicates. To compare peak intensities between

KP and EA tumors, DESeq2 for read counts in peaks with adjusted p-value < 0.05
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(in HEAP vs. input control) was run using the three EA tumor replicates against
the two KP tumor replicates. Since peak intensities in EA and KP highly correlate
with each other, the five tumor replicates were grouped and used for downstream
analysis. To compare peak signals between tumors and normal lungs, differential
HEAP read count analysis was perform in peaks with adjusted p-value < 0.05 (in
HEAP vs. input control) between the five tumor replicates and the two normal lung

replicates.

MRNA abundance estimates in the input control libraries

The input control libraries generated from gliomas and cortices were used
to estimate mRNA abundance. Reads were counted at each gene locus using fea-
tureCounts v1.6.3 (Liao et al., 2014) with GENCODE (vM22) primary annotation.

Differential gene expression analysis was performed using DEseqg2 v1.20.0.

HOMER de novo motif discovery

In glioma and cortex libraries, the top 50 7-mers found by unbiased motif
enrichment analysis in each context were mapped to corresponding peak set and
subjected to HOMER de novo motif discovery as described before. For normal
lung and lung tumor libraries, the top 70 7-mers from each context were used.
HEAP coverage analysis

To measure HEAP coverage of various peak sets in embryo libraries, peaks
were first assigned to miRNA seed families by searching for the corresponding
7mer and 8mer seed matches in peak sequences. All miRNA seed families were
ranked by abundance measured in miR-17~92-WT embryo. Peaks containing
seed matches for the top 31 miRNA families were chosen. Score matrices of 800
bp windows surrounding these peaks were generated from size-factor-corrected
bigWigs using the ScoreMatrixList() function from the genomation package v1.14.0

(Akalin et al., 2015). Histograms of average score were produced using the func-
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tion plotMeta(). Heatmaps were generated using the multiHeatMatrix() function
and extreme values were removed before plotting using the winsorize parameter

with values ¢(0,98).
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CHAPTOR 5: CONCLUSION AND PERSPECTIVE

Conclusions

In this thesis, | have reported the development of the HEAP method and
demonstrated its ability to identify miRNA-RNA interaction sites in cells, devel-
oping embryos, normal adult tissues, and in primary autochthonous tumors. By
mapping miRNA binding sites in mouse embryos lacking the miR-17~92 cluster,
we identified direct targets of the miRNAs encoded by this cluster, including a
long noncoding RNA that had not been previously reported to be regulated by this
cluster. The HEAP method also allowed us to identify miRNA targets in primary
autochthonous cancers in mice and in their tissues of origin, uncovering marked
differences in the spectrum of miRNA targets between cancers and normal tissues.

When compared to standard immunoprecipitation-based approaches, HEAP
offers several advantages. First, the covalent nature of the interaction between
the HaloTag and the HaloTag ligands simplifies the isolation of Ago2-miRNA-RNA
complexes and removes the intrinsic variability of immunoprecipitation-based ap-
proaches. This feature is illustrated by the highly reproducible identification of miR-
NA-binding sites in murine embryonic stem cells, in developing embryos, in murine
tissues and in tumors. Second, the conditional Cre-loxP-based nature of the Ha-
lo-Ago2 mouse strain enables the purification of Ago2-containing complexes and
the identification of mMiRNA-RNA interaction sites from a specific subset of cells,
thus bypassing the need for microdissection and cell purification using cell surface
markers. As proof of concept, we demonstrate this ability by mapping miRNA-RNA

interactions in three mouse models of human cancers driven by distinct combina-
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tions of oncogenes and tumor suppressor genes. We predict that the systematic
application of HEAP will allow the construction of a detailed map of miRNA targets
across tissues and cell types in mice.

Despite these advantages, some limitations of the HEAP method should
be considered when planning experiments. First, as is true for any tagged protein,
the presence of the HaloTag may have functional consequences. The reduced vi-
ability of the Halo-Ago2 homozygous animal we have observed does indicate that
Halo-Ago2 is not entirely functionally identical to Ago2, perhaps due to reduced
stability or to a subtle impairment of miRISC assembly and activity. Thus, it will be
important to experimentally evaluate the functional relevance of individual miR-
NA-RNA interactions identified using this approach. Second, although the condi-
tional nature of the Halo-Ago2 allele is ideally suited for the direct identification of
mMiRNA targets in rare cell populations within a tissue, the HEAP method requires
a relatively large number of cells (ideally 1x107 cells or more) to produce robust
results, and in some cases, it may be therefore necessary to pool tissues from
multiple animals.

In conclusion, the HEAP method and the Cre-inducible Halo-Ago2 mouse
strain described here, combined with the growing array of strains expressing Cre
in a temporally and spatially restricted fashion, will facilitate the generation of de-
tailed maps of mMiRNA-RNA interactions in vivo under physiological and patholog-

ical conditions.

Future directions
The tool and datasets presented in this thesis provide great opportunities
to carefully study miRNA regulations in a variety of physiologic contexts. The ini-

tial characterization of these datasets also raises lots of interesting questions and
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opens up new possibilities.

We have identified a large number of miRNA binding sites outside of 3UTRs.
The biological functions of these binding sites remain to be investigated. One of
such examples is a miR-17/20-5p binding site found in the 5’UTR of Tnhrc6b, one
of the genes encoding GW182. This site falls in the 5’UTR of a short isoform of
Tnrc6b expressed from an alternative promoter and was observed across several
cell/tissue types examined in this study, including mESCs, embryos, gliomas and
lung adenocarcinomas (APPENDIX IV). In particular, this site is adjacent to the
start codon of the mRNA and potentially affects translation initiation. Preliminary
analysis has suggested that, at least in mESCs, 5’UTR binding sites are not as-
sociated with consistent target mMRNA expression changes (data not shown). This
observation raises a series of interesting questions. Whether the two isoforms of
Tnrc6b are functionally different? Why does miRISC target mRNA encoding the
miRISC resident protein? Does this regulation work as a universal negative feed-
back mechanism in the miRNA pathway or, on the contrary, facilitate the assembly
of miRISC by bringing translating Tnrc6b close to the miRNA pathway machiner-
ies? Further efforts are required to carefully examine the molecular mechanism
through which this 5’UTR target site regulates Tnrc6b expression or even function.

Although the HEAP method has drawn miRNA target maps in various cell-
and tissue-types, it is still computationally challenging to determine the physio-
logic roles of the binding sites. A possible approach to address this question is to
perform functional genetic screens on these sites. CRISPR-assisted large-scale
screens have been applied to coding sequences (Shalem et al., 2014; Wang et al.,
2014), gene regulatory elements (Korkmaz et al., 2016), but not to miRNA binding
sites in 3'UTRs. We envision to design guide RNA libraries to disrupt individual

miRNA binding sites in the HEAP libraries and measure cellular responses by
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high-throughput sequencing. Mutating a single miRNA binding site in cells offers
several advantages as it abolishes the binding of all redundant miRNAs working
at the same site and avoids affecting expression of other target genes regulated
by the same miRNAs. This approach can be used to determine important miR-
NA-RNA interaction events for mMESC maintenance and tumor cell survival in vitro.
When applied to in vivo tumor models, it is useful for dissecting miRNA regulations
during tumor initiation and progression.

The HEAP workflow presented in this study is only a prototype. The effi-
ciency of this method can be further improved by optimizing individual reactions
and purification steps. In addition, we emphasize that the HEAP protocol can be
easily modified to accommodate the many variations of the basic HITS-CLIP strat-
egy, including those using ligation to generate chimeric reads between the mature
miRNA and its target (CLASH, CLEAR-CLIP), and those designed to identify the
crosslinking site at single base resolution (PAR-CLIP, iCLIP, eCLIP).

LSL/LSL Halo/Halo

JF646 _ _
HaloTag Ligand Transmitted light

10 ym

Figure 5.1: Live cell imaging of the Halo-Ago2 fusion protein

Confocal imaging of MEFs of indicated genotypes. MEFs were incubated with 200
nM Janelia Fluor 646 HaloTag ligand 1hr prior to imaging. +/+: Ago2**; LSL/LSL:
A gO 2Halo-LSL/Halo-LSL; H a| 1) / H a|o A gO 2Halo/Halo_
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Although in this study we have focused exclusively on the identification of
mMiRNA-RNA interactions in cells and tissues, the conditional Halo-Ago2 mouse
strain we have developed could prove useful for the biochemical characterization
of Ago2-containing protein complexes in vivo and for imaging studies (Figure 5.1).
Notably, fluorescent HaloTag ligands have been successfully used recently for su-
per-resolution imaging of Halo-tagged proteins (Grimm et al., 2015). When applied
to cells and tissues expressing the Halo-Ago2 knock-in allele, this strategy could
provide insights into the subcellular localization and dynamics of this important
RBP under different conditions and in response to external and internal cues.

In summary, the tools and the datasets we have generated will serve as a
valuable resource to the scientific community and will facilitate the characterization

of miRNA functions under physiological and pathological conditions.

116



APPENDIX I: Step wise protocol to generate HEAP and input

HEAP

control libraries

Library preparation

Step 1.
1.

Cell preparation and UV crosslinking
Harvest and irradiate cells.

For mESCs

a) Dissociate mESCs from culture dishes and wash with cold PBS.
b) Resuspend cells in cold PBS in a 10 cm? dish and place on ice.
c) Crosslink cells by placing the dish on ice in a Spectroline UV crosslinker. Irradi-

ate cells at dose 400 mJ/cm?

For fresh tissues or tumors

SEN

Step 2.

SEN

oo

Step 3.
1.

oo

a) Euthanize mice following the standard protocol.

b) Resect tissues of interest from mice and place in cold PBS on ice.
¢) Homogenize tissues with a scalpel.

d) Crosslink tissues on ice at dose 400 mJ/cm? for three times.

Collect cells or tissues by centrifugation at 4 °C, 1,300 xg for 10 min.
Remove supernatant. Snap-freeze the pellet on dry ice and store at -80 °C until use.

Lysates preparation and RNase digestion.

Resuspend pellets in 3 volumes of Mammalian Lysis Buffer containing protease inhibitor
cocktail (50%, Promega G6521).

Pipette/vortex to mix. Incubate on ice for 15 min.

Add 25 yL RQ1 DNase (Promega M6101) per 300 uL lysate. Incubate in a thermomixer
at 37 °C, 1,000 rpm for 5 min.

Per 300 pl lysates, add 2.5 yL RQ1 DNase and 10 pL RNase A (Affymetrix, 1:50,000
diluted in TBS). Incubate in a thermomixer at 37 °C, 1,000 rpm for 5 min.

Pass lysates through a 26-gauge needle to reduce viscosity.

Clear lysates by centrifugation at 4 °C, 14,000 rpm for 10 min. Transfer lysates to a new
tube and place on ice.

Halolink Resin equilibration

Homogenize the Halolink resin (Promega G1914) slurry by inversion and dispense into a
15 mL conical tube (300 yL slurry per sample).

Wash resin with 4 volumes of Wash/Eq buffer.

Collect resin by centrifugation at 800 xg for 2 min.

Repeat step 2-3 twice.

Leave the resin in Wash/Eq buffer in a 1.5 mL eppendorf tube until lysates are ready.
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Step 4. Halo-Ago2 pulldown and washing

1. Save ~2% lysate for input control library preparation. Store at -80 °C until use.

2. Dilute rest of the lysate with TBS at a 3:7 dilution ratio (700 uL TBS added into 300 L
lysates).

3. Remove Wash/Eq buffer from the equilibrated resin and add diluted lysate.

4. Incubate lysate with resin on a tube rotator at room temperature for a total of 1.5 hr. If the
volume of diluted lysate is greater than 1 mL, collect the resin by centrifugation (at 800 xg
for 2 min) and reload the resin with the same sample.

5. Wash resin with 100 puL SDS elution buffer. Rotate at room temperature for 30 min. Col-
lect resin by centrifugation at 800 xg for 2 min.

6. Wash resin 3x with 1 mL LiCl wash buffer, 2x with 1 mL PXL (1x) buffer, 2x with 1 mL
PXL (5x%) buffer and 2x with 1 mL PNK buffer. Collect resin by centrifugation in between.

Step 5. Dephosphorylation
1. Prepare the following reaction mix:

Ref Components Volume (uL)
Promega M183A 10% Alkaline phosphatase buffer 8
Promega M182A Calf Intestinal Alkaline Phosphatase 3
Promega N251B rRNasin 2

Water 67

2. Remove the residual PNK buffer from the resin and add 80 uL phosphatase reaction mix.
Incubate in a thermomixer at 37 °C for 20 min. Mix at 1,000 rpm for 15 s every 2 min.
3. Wash resin 2x with 1 mL PNK-EGTA buffer and 2x with 1 mL PNK buffer.

Step 6. 3’ RNA linker ligation
1. Prepare the following reaction mix:

Ref Components Volume (uL)
NEB B0216S 10x T4 RNA ligase buffer 8
BSA (0.2 pg/uL) 8
NEB P0756S ATP (10 mM) 8
NEB M0204S T4 RNA ligase 1 3
Promega N251B rRNasin 2
RL3 (20 pM) 5
Water 46

2. Add 80 pL mixture to the resin. Incubate in a thermomixer at 16 °C overnight. Mix at
1,000 rpm for 15 s every 2 min.

Step 7. PNK treatment

1. Next day, wash resin 1x with 1 mL PXL (1x) buffer, 1x with 1 mL PXL (5%) buffer and 3x
with 1 mL PNK buffer.
2. Prepare the following reaction mix:
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Ref Components Volume (uL)
NEB B0201S 10x PNK buffer 8
NEB P0756S ATP (10 mM) 1
NEB M0201L T4 PNK 4
Promega N251B rRNasin 2
Water 65

3. Add 80 yL mixture to the resin. Incubate in a thermomixer at 37 °C for 20 min. Mix at

4.

1,000 rpm for 15 s every 2 min.
Wash resin 3x with 1 mL PNK buffer and 1x with 1 mL Wash/Eq buffer.

Step 8. RNA isolation from resin

1.

ok Db

No

Dissolve proteinase K (Roche 3115836001) in PK buffer to a final concentration of 4 mg/
mL. Pre-warm this solution in a thermomixer at 37 °C, 1,000 rpm for 20 min.

Wash the resin with 1 mL PK buffer.

Add 200 pL pre-warmed proteinase K solution. Incubate in a thermomixer at 37 °C, 1,000
rpm for 20 min.

Add 200 pL PK-Urea solution. Incubate in a thermomixer at 37 °C, 1,000 rpm for 20 min.
Add 400 uL Phenol (pH4.3, Sigma P4682) and 130 pL Chloroform (Sigma-Aldrich:
25668). Incubate in a thermomixer at 37 °C, 1,000 rpm for 20 min.

Spin at 14,000 rpm at room temperature for 5 min.

Transfer the aqueous phase to a siliconized tube.

Add 50 pL 3 M Sodium Acetate (pH 5.5, Ambion AM9740) and 0.75 uL Glycogen (5 mg/
mL, Ambion AM9510). Mix thoroughly.

Add 1 mL cold Ethanol/lsopropanol (1:1 by volume). Precipitate overnight at minus 20 °C.

Step 9. RNA precipitation and 5’ RNA linker ligation

oroN =

6.

Precipitate the RNA by centrifugation at 4 °C, 14,000 rpm for 20 min.

Wash the pellet once with 1 mL cold 70% Ethanol. Spin at 4 °C, 14,000 rpm for 10 min.
Remove the supernatant and air-dry the pellet.

Resuspend the RNA pellet in 5.9 yL RT-PCR grade water.

Prepare the following reaction mix:

Ref Components Volume (uL)
NEB B0216S 10x T4 RNA ligase buffer 1
BSA (0.2 pg/uL) 1
NEB P0756S ATP (10 mM) 1
NEB M0204S T4 RNA ligase 1 0.1
RL5D-6N (20 uM) 1

Add 4.1 pL mixture to the dissolved RNA. Mix. Incubate at 16 °C for 5 hrs.

Step 10. DNase treatment

1.

Prepare the following reaction mix:
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Ref Components Volume (uL)
Promega M198A RQ1 DNase 10x Reaction Buffer 11
Promega N251B rRNasin 5
Promega M610A RQ1 DNase 5

Water 79

Add 100 uL mixture to each sample. Incubate in a thermomixer at 37 °C, 1,000 rpm for
20 min.

Add 300 L H,0, 300 pL Phenol (pH4.3) and 100 pL Chloroform. Vortex to mix.

Spin at 14,000 rpm at room temperature for 5 min.

Transfer the aqueous phase to a siliconized tube.

Add 50 pL 3 M Sodium Acetate (pH 5.5) and 0.75 pL Glycogen (5 mg/mL). Mix thorough-
ly.

Add 1 mL cold Ethanol/lsopropanol (1:1 by volume). Precipitate overnight at minus 20 °C.

Step 11. Reverse-transcription

1.

Precipitate the RNA as described in Step 9 (1-3). Resuspend RNA in 10 yL RT-PCR
grade water.

2. Prepare the following mix. (RT-: control reaction without reverse transcriptase)
Ref Components RT+ RT-
DP3 (10 yM) 1 1
Invitrogen 18427-013 10 mM dNTP mix 1 1
Water 3 9
3. Add 5 pL of RT+ mixture to 8 uL of RNA and 11 uL of RT- mixture to 2 yL of RNA.
4. Incubate at 65 °C for 5 min and 4 °C for 1 min.
5. Prepare the following reaction mix:
Ref Components RT+ RT-
Invitrogen 18080044 5X First-Strand buffer 4 4
Invitrogen 18080044 0.1M DTT 1 1
Invitrogen 10777019 RNaseOQUT (40U/ul) 1 1
Invitrogen 18080044 SuperScript Il Reverse transcriptase 1 0
(200U/ul)
Water 0 1
6. Add 7 uL enzyme-buffer mixture to each corresponding sample.
7. Incubate the reaction mixtures in a thermocycler using program:

50 °C 45 min
55°C 15 min
90 °C 5 min
4°C o0
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Step 12. First PCR to determine the optimal amplification cycle
OPTION 1: diagnostic PCR
1. Prepare the following PCR reaction mix:

Ref Components Volume (L)
Invitrogen 12344040 Accuprime Pfx SuperMix 13.5
DP5 (20 uM) 0.375
DP3 (20 uM) 0.375
cDNA* 1

* Prepare separate mixtures for control samples (RT- and water).

2. Amplify the cDNAs on a thermocycler using the following program with several different
cycles. For example, one can start with 18, 22 and 26 cycles.

Temperature Time
95 °C 2 min
95 °C 20s X cycles
58 °C 30s
68 °C 20s
68 °C 5 min
4°C &

3. Mix the PCR product with 2x TBE-Urea sample buffer (Invitrogen LC6876).

4. Load the same sample amplified with different number of cycles next to each other. Run
PCR products on a 15 % TBE-Urea polyacrylamide gel (Invitrogen EC6885), along with
the 25-bp DNA step ladder (Promega G4511), following standard protocol.

5. Stain the gel in 1x SYBR gold nucleic acid gel stain (Invitrogen S11494) in 1 X TBE for 10
min.

6. Visualize the PCR products under UV. Expected size for miRNAs is ~65 bp and expected
size range for miRNA targets is 75~200 bp.

7. Determine the optimal amplification cycle.

OPTION 2: real-time PCR

1. Prepare the following reaction mix and load into a 384-well PCR plate.

Ref Components Volume (pL)
Invitrogen S7563 50X SYBR Green 0.1
Invitrogen 12344040 Accuprime Pfx SuperMix 9.1

DP5 (20 pM) 0.25

DP3 (20 uM) 0.25

cDNA 0.3

* Prepare triplicates for each sample, 1 yL cDNA is added to a master mix of 30 pL.
Therefore, the optimal cycle number should be N-1. N is the optimal cycle
determined by real-time PCR.
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2. Monitor the amplification under a real-time thermocycler using the following program:

Temperature Time
95 °C 2 min
95 °C 20s 30 cycles
58 °C 30s
68 °C 20s

3. Determine the highest amplification cycle N before the SYBR green signal reaches a
plateau. The optimal amplification cycle is N-1.

Step 13. Library preparation — pre-amplification of cDNA libraries
Amplify the cDNA library with the best cycle determined from previous diagnostic/re-
al-time PCR. Prepare 6 PCR reactions for each library to be made using recipe described
in Step 12, OPTION1-1.
2. Load samples into 15% TBE-Urea gels. Resolve the miRNA and target bands on gel.
Stain the gel with SYBR gold nucleic acid gel stain.
3. Excise the miRNA band (~65 bp) and target (75~200 bp, usually a smear) separately
from the gel.
4. Cut the bands into slices and place the gel pieces in a 0.5 mL eppendorf tube with a hole
on the bottom.
5. Place the 0.5 mL tube in a 2 mL eppendorf tube. Pass the gel through the hole by centrif-
ugation at 13,000 rpm, 4 °C for 1 min.
Weigh the gels and add 1-2 volumes of diffusion buffer.
7. Incubate the gel pieces with diffusion buffer in a thermomixer at 55 °C, 1,000 rpm for 30
min.
Centrifuge at 14,000 rpm, 4 °C for 1 min to clear the diffusion buffer.
9. Pass the supernatant through a Nanosep column (0.2 ym, PALL corporation
ODMO02C34).
10. Determined the volume of supernatant and add 3 volume of buffer QG (Qiagen MinElute
Gel Extraction Kit 28606).
11. Pass the samples through the Qiagen MinElute spin columns. Wash two times with buffer
PE.
12. Elute DNA with 10~20 uL H,O

o

®

Step 14. Library construction — Introducing sequencing adaptors
1. Design library multiplexing strategy and assign different barcodes to samples to be run
on the same lane in an illumina flow-cell.
2. Prepare the following PCR reaction mixtures:

Ref Components Volume (uL)
Invitrogen 12344040 Accuprime Pfx SuperMix 27
DSFP5 (20 uM) 0.5
DP3-Barcode (20 pM) 0.5
Eluted DNA 3
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3.

®© N

10.
1.
12.

*Prepare three reactions for each library.

Amplify each library with different number of cycles using the following program.

Temperature Time
95 °C 2 min
95 °C 20s X cycles
58 °C 30s (x=5,7,9..)
68 °C 40's
68 °C 5 min
4°C o0

Load the same library amplified with different cycles side-by-side onto a 6% TBE poly-
acrylamide gel (Invitrogen EC6265) and run the gel following standard protocol.

Select the best amplification cycle (usually the lowest cycle) and cut the PCR product
from the gel.

Cut the gel into pieces and add 300 pL water to elute DNA. Incubate the gel with water
on a rotator at 4 °C overnight.

Next day, remove gel pieces from water by passing it through a Nanosep column.
Precipitate DNA by adding 30 yL 3 M Sodium Acetate (pH5.5), 2 pL glycogen and 2 uL
0.1x NF-Pellet Paint (Novagen 70748-3) and 975 pL absolute Ethanol.

Pellet DNA by centrifugation at 4 °C, 14,000 rpm for 20 min.

Wash pellet with 500 pyL 70% Ethanol.

Air-dry the pellet and resuspend in 15 pL water.

Submit the DNA libraries to the Integrated Genomics Operation Core at Memorial
Sloan Kettering Cancer Center for quality-control, quantification, library pooling and
high-throughput sequencing.

Input Control Library

Step 1. Dephosphorylation of RNA 3’ends

1.

Prepare the following reaction mix:

Ref Components Volume (pL)
Promega M183A 10x Alkaline phosphatase buffer 2.5
Promega M182A Alkaline phosphatase, Calf Intestine 2.5
Promega N251B rRNasin 0.5

Water 9.5

2.
3.

Add 15 pL mixture to 10 uL lysates saved in Step 4 before Halo-Ago2 pulldown.
Incubate in a thermomixer at 37°C, 1,000 rpm for 20min.

Step 2. T4 PNK treatment

1.

Prepare the following reaction mix:
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Ref Components Volume (L)
NEB B0201S 10% PNK buffer 10
NEB P0756S ATP (10mM) 1.25
NEB M0201L T4 PNK 5
Promega N251B rRNasin 2.5
Water 56.25

2. Add 75 L mixture directly to each sample (25 pL).
3. Incubate in a thermomixer at 37°C, 1,000 rpm for 20min.

Step 3. RNA clean-up
Clean up input RNA using MyOne Silane Beads (Thermo 37002D) (Adapted from eCLIP proto-
col).
a) Prepare beads:
1. Dispense 20 yL MyONE Silane beads per sample into eppendorf tubes, magnetically
separate and remove supernatant.
2. Wash 1x with 900 pL RLT buffer (Qiagen 79216).
3. Resuspend beads in 300 yL RLT buffer per sample.
b) Bind RNA:
1. Add beads in 300 pL RLT buffer to each sample. Mix.
2. Add 10 yL 5M NaCl and 615 pL Absolute Ethanol.
3. Rotate at room temperature for 15 min.
c) Wash beads:
1. Wash beads with 1 mL 75% Ethanol, pipette resuspend and move the suspension to a
new tube.
After 30 s, magnetically separate and remove supernatant.
Wash beads 2x with 1 mL 75% Ethanol.
Spin the tube, magnetically separate and remove supernatant.
. Air-dry the beads for 5 min.
d) Elute RNA:
1. Resuspend beads in 10 uL H,O.
2. Magnetically separate.
3. Transfer H,O to a new tube.

ok wnN

Step 4. 3’ RNA linker ligation
1. Prepare the following reaction mix:

Ref Components Volume (uL)
NEB B0216S 10x T4 RNA ligase buffer 2
BSA (0.2 pg/ul) 2
NEB P0756S ATP (10 mM) 2
NEB M0204S T4 RNA ligase 1 0.75
Promega N251B rRNasin 0.5
RL3 (20 pM) 1.25
Water 1.5

124




2. Add 10 pL mixture to 10 pL eluted RNAs.
3. Incubate in a thermomixer at 16°C overnight.

Step 5. RNA clean-up
Next day, clean up RNA using MyONE silane beads.
a) Prepare beads:
1. Dispense 20 uyL MyONE Silane beads per sample into eppendorf tubes, magnetically
separate and remove supernatant.
2. Wash 1x with 900 yL RLT buffer.
3. Resuspend beads in 61.6 yL RLT buffer per sample.
b) Bind RNA:
1. Add beads in 61.6 yL RLT buffer to each sample. Mix.
2. Add 61.6 yL Absolute Ethanol.
3. Incubate at room temperature for 15 min. Pipette mix every 3~5 min.
c) Wash beads:
1. Wash beads with 1 mL 75% Ethanol, pipette resuspend and move the suspension to a
new tube.
After 30 s, magnetically separate and remove supernatant.
Wash beads 2x with 1mL 75% Ethanol.
Spin the tube, magnetically separate and remove supernatant.
. Air-dry the beads for 5 min.
d) Elute RNA:
1. Resuspend beads in ~6 yL H20, let it sit for 5 min.
2. Magnetically separate.
3. Transfer 5.9 yL supernatant to a new tube.

SIS EN

Step 6. 5 RNA adaptor ligation
(See Step 9-5 in HEAP library preparation)

Step 7. DNase treatment
(See Step 10 in HEAP library preparation)

Step 8. Reverse transcription for input RNA
(See Step 11 in HEAP library preparation)

Step 9. First PCR to determine the optimal amplification cycle

Determine the optimal amplification conditions for input control libraries as instructed in Step 12
in HEAP library preparation. Based on experience, the optimal cycles are often between 13 to 18
cycles.

Step 10. Library preparation — pre-amplification of input cDNA libraries

Follow procedures in Step 13 in HEAP library preparation. However, a minor change is applied
to the gel purification step. To prepare “size-matched” input control libraries for the corresponding
HEAP libraries, extract PCR products between 75 and 200 bp from the 15% TBE-Urea gel.

125



Step 11. Library construction — Introducing sequencing adaptors
(See Step 14 in HEAP library preparation)

Buffer Recipes

1x PBS

137 mM NaCl

2.7mM KCI

10 mM Na,HPO,

1.8 mM KH,PO,

5x PBS

685 mM NaCl

13.5mM KCI

50 mM Na,HPO,

9 mM KH,PO,

1x TBS

100 mM Tris-HCI (pH7.5)
150 mM NaCl
Mammalian Lysis Buffer (Promega)
50 mM Tris-HCI (pH7.5)
150 mM NaCl

1% Triton X-100
0.1% Na deoxycholate
Wash/Eq

0.05% IGEPAL CA-630 in 1XTBS

SDS Elution Buffer (10 mL)

0.1% SDS

50 mM Tris-HCI (pH7.5)
LiCl Wash Buffer

100 mM Tris-HCI (pH8.0)
500 mM LiCl

1% IGEPAL CA-630
1% Na deoxycholate
PXL (1x)

In 1x PBS, add:

0.1% SDS

0.5% Na deoxycholate
0.5% IGEPAL CA-630
PXL (5%)

In 5% PBS, add:

0.1% SDS

0.5% Na deoxycholate
0.5% IGEPAL CA-630

126



1x PNK Buffer

50 mM Tris-HCI (pH7.4)
10 mM MgCl,

0.5% IGEPAL CA-630
1x PNK + EGTA

50 mM Tris-HCI (pH7.4)
20 mM EGTA

0.5% IGEPAL CA-630
PK Buffer (Proteinase K)

100 mM Tris-HCI (pH7.5)
50 mM NaCl

10 mM EDTA (pH8.0)

1x PK Buffer/7M Urea (prepare FRESH each time)

100 mM Tris-HCI (pH7.5)

50 mM NaCl

10 mM EDTA (pH8.0)

™ Urea

Diffusion buffer

0.5M Ammonium acetate
10 mM Magnesium acetate
1 mM EDTA (pH8.0)
0.1% SDS
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APPENDIX Il: Computational pipeline used to process HEAP and

input control libraries

Step 1. Barcode removal

Script:

#!/usr/bin/env python2
import multiprocessing
import functools

from Bio import Seq, SeqlO
import gzip

import csv

import os

import glob

def attach_barcode( file_name, barcode_len ):
input_file = “%s.fastq.gz” % file_name
input_handle = gzip.open( input_file, “rb”)
output_file = “%s_barcode.fastq.gz” % file_name
output_handle = gzip.open( output_file, “wb” )

for record in SeqlO.parse( input_handle, “fastq” ):
record.description =’
sequence = str( record.seq )
tag = sequence[ :barcode_len ]
record.id = record.id + “.” + tag
record = record[ barcode_len: ]
SeqlO.write( record, output_handle, “fastq” )

print “%s Complete!\n” % file_name
input_handle.close()

file_names = glob.glob(“*fastq.gz”)
file_names = [ x[:-9] for x in file_names ]

max_num_process = len( file_names )

pool = multiprocessing.Pool( max_num_process )
test = pool.map( functools.partial( attach_barcode, barcode len = 7)), file_names )
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Usage: Barcode length (“barcode_len”) is 7. The 6-nt degenerate barcode and the

“G” introduced by RL5D-6N is to be removed.

Step 2. Adaptor removal and gquality trimming

Script:
cutadapt -a GTGTCAGTCACTTCCAGCGGGATCGGAAGAGCACACGTCTGAACTC-
CAGTCAC -m 18 -q 20 -o filename.trimmed.fastq.gz filename.fastq.gz

Step 3. Alignment (for HEAP mRNA and input control libraries only)

Script:

STAR\
--genomelLoad NoSharedMemory \
--genomeDir mm10_star/\
--readFilesln filename.trimmed.fastq.gz \
--runThreadN 2\
--alignintronMin 70 \
--alignintronMax 100000 \
--outSAMtype BAM SortedByCoordinate \
--outFilterMultimapNmax 1\
--outFilterMultimapScoreRange 0\
--outFilterMismatchNmax 5\
--outFileNamePrefix filename/ \
--outStd Log \
--readFilesCommand zcat \
--outReadsUnmapped Fastx

Usage: “mm10_star” genomic index was preliminarily generated using command

“STAR --runMode genomeGenerate”

Step 4. PCR duplicate removal

Script:
#!/usr/bin/env perl
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# Collapse CLIP reads mapped to the same position & with the same barcode
use warnings;
use 5.014;

# Calculate the range that a read span
sub reallen {
my $reallen = 0;
while( $_[0] =~ m/(\d+)([MIDNS])/g X
my $val = $1;
my $code = $2;
given($code) {
when (‘M’) { $reallen = $reallen + $val;}
when (‘') { $reallen = $reallen + 0;}
when (‘D’) { $reallen = $reallen + $val;}
when (‘N’) { $reallen = $reallen + $val;}
when (‘S’) { $reallen = $reallen + 0;}

}
}
$reallen;
}
$\ = “\n”;

# open FILE, $ARGV]0] or print “File $ARGV[0] doesn't exist.”;
# Fields | need
my %reads = ();
my $tag = “;
my $chr = “;
my $strand = *;
my $pos = 0;
my $nh =",
my %flag = ();
my $key = ;
while(<>){
chomp;
# Do nothing with the header lines
if ( substr($_,0,1) eq “@")
print;next;
}

# Now this line is a real read
my @fields = split “\t”;
# Skip unmapped reads
next if($fields[2] eq *’);
# Fields to keep:
$tag = (split( ‘", $fields[0] ))[-1];
$chr = $fields[2];
$strand = ( ($fields[1] & 0x10) == 0 )?"+":"-";
# Position that the first nt of a read is mapped to
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# Positive strand: original pos
# Reverse: go forward a bit
$pos = ( ($fields[1] & 0x10) == 0 )?($fields[3]):( $fields[3] + reallen($fields[5]) - 1 );
$flag{ ( split “:”, $fields[$_] )[0] } = ( split “:", $fields[$_] )[-1] foreach ( 11 .. $#fields );
$nh = $flag{NH};
# die “Parsing the wrong field!\n” if ( ( split “:”, $fields[13] )[0] ne “X0” );
$key = join ., $chr, $strand, $pos, $tag;
# $pos = ( ($fields[1] & 0x10) == 0 )?($fields[3]):( $fields[3] + reallen($fields[5]) - 1);
# Multi-hit reads have lower priority
$reads{$key} = join “\t", @fields if( $nh == 1 or lexists( $reads{$key} ) )
}

foreach( keys %reads ¥

print $reads{$_};
Y

# close FILE;

Step 5. HEAP miRNA library alignment

Script:
bowtie2 --no-unal -p 7 -x mouse_hairpin/mouse_hairpin -U filename.trimmed.fastq.gz |
samtools view -bS - | samtools sort -0 filename.bam

Usage: “mouse_hairpin” miRNA genome index was built from 1,915 murine

pre-miRNA sequences from miRbase version 21.

Step 6. MiRNA abundance measurement

Script:

require( GenomicAlignments )
require( stringr)

require( parallel )

mir <- readRDS( “hairpin_info.rds” )
mir.end <- resize( resize( mir, 1, fix = ‘end’ ), 9, fix = ‘center’)
mir.end <- split( mir.end, mir.end$mature )

fl <- Sys.glob( “*.bam”)
aln <- lapply( fl, readGAlignments, param = ScanBamParam( tag = “NM” ) )
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mir.counts <- mclapply( aln, function( aln, mir.end ¥
aln <- aln[ mcols( aln )$NM <= 1]
gr <- resize( granges( aln ), 1, fix = “end”)

counts <- countOverlaps( mir.end, gr)
return( counts )
}, mir.end, mc.cores =7 )
mir.counts <- do.call( ‘cbind’, mir.counts )
colnames( mir.counts ) <- substr( basename(fl), 1, nchar(basename(fl)) - 4 )
write.csv( mir.counts, file = “mature_mir_counts_all.csv” )

Usage:
1. Call this Rscript from command line.
2. “hairpin_info.rds” is a GenomicRanges object containing coordinates of mature

miRNAs relative to their pre-miRNAs.

Step 7. Peak calling

RScript:
peak.data <-
findPeaks(bamfiles,

names(filenames),
condition = ¢(1, 0, ...),

annot.order = c(“utr3”, “utr3*”, “utr5”, “utr5*”,

“‘exon”, “intron”),

exclude.mirna.peaks = TRUE,
genome = “mm107,
bandwidth = bandwidth,
count.threshold = count.threshold,
extend.slice = extend.slice,
count.exons.only = FALSE,
extend.peaks.in.genes = extend.peaks.in.genes,
transform.chr.names = TRUE,

nthreads = 14)

Usage:

1. “bamfiles” is a vector containing all BAM files, including HEAP mRNA library and
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input library.

2. “flenames” is a vector of sample names matched to BAM files.

3. The “condition” parameter specifies whether the BAM file is a HEAP mRNA li-
brary (1) or an input library (0).

4. “bandwith”, “extend.slice”, “count.threshold” and “extend.peaks.in.genes” pa-

rameters used in each analysis were described in the Methods session.
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APPENDIX Ill: Oligonucleotides

A. Oligonucleotides used in generating HEAP libraries

Name Sequence
5-AATGATACGGCGACCACCGACTATGGATACTTAGTCAGGGAGGACGAT-
DSFP5 GCGG-3’
SSP1 5-CTATGGATACTTAGTCAGGGAGGACGATGCGG-3’
DP5 5-AGGGAGGACGATGCGG-3’
DP3 5-CCGCTGGAAGTGACTGACAC-3’
RL3 5'P-GUGUCAGUCACUUCCAGCGG 3'-puromycin
RL5D-6N 5-OH AGGGAGGACGAUGCGGNNNNNNG 3-OH

B. Oligonucleotides used in multiplexing HEAP libraries

Name TruSeq Sequence
Index
DP3 Barcode 1 13 CAAGCAGAAGACGGCATACGAGATTGTTGACTGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 2 14 CAAGCAGAAGACGGCATACGAGATACGGAACTGTGACTG-
- GAGTTCAGACGTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 3 15 CAAGCAGAAGACGGCATACGAGATTICTGACATGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 4 16 CAAGCAGAAGACGGCATACGAGATCGGGACGGGTGACTG-
- GAGTTCAGACGTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 5 18 CAAGCAGAAGACGGCATACGAGATGTGCGGACGTGACTG-
- GAGTTCAGACGTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 6 19 CAAGCAGAAGACGGCATACGAGATCGTTTCACGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 7 20 CAAGCAGAAGACGGCATACGAGATAAGGCCACGTGACTG-
- GAGTTCAGACGTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 8 21 CAAGCAGAAGACGGCATACGAGATTICCGAAACGTGACTG-
- GAGTTCAGACGTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 9 22 CAAGCAGAAGACGGCATACGAGATTACGTACGGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 10 23 CAAGCAGAAGACGGCATACGAGATATCCACTCGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 11 25 CAAGCAGAAGACGGCATACGAGATATATCAGTGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
DP3 Barcode 12 27 CAAGCAGAAGACGGCATACGAGATAAAGGAATGTGACTGGAGTTCAGAC-
- GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC
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DP3_Barcode 13

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGAC-
GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3_Barcode 14

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGT-
GTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3_Barcode 15

CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGAC-
GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3_Barcode 16

CAAGCAGAAGACGGCATACGAGATTIGGTCAGTGACTGGAGTTCAGAC-
GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3 Barcode 17

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGAC-
GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3_Barcode 18

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGT-
GTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3_Barcode 19

CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGAC-
GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

DP3_Barcode 20

CAAGCAGAAGACGGCATACGAGATICAAGTGTGACTGGAGTTCAGAC-
GTGTGCTCTTCCGATCCCGCTGGAAGTGACTGACAC

C. Other oligonucleotides

Name

Sequence

Lefty2 3’UTR sgRNA1

TAAGTGCTTAAACTGGGTGA

Lefty2 3'UTR sgRNA2

CCCAGTTTAAGCACTTACAT

Lefty2 donor template 1

AGATGTATTCTCAGTGAGCTTGTCCTAACTTAGTGCTCTCGT-
CAGACCTTTGCTCTACAGTCTTGGTTTTCTTGTTCATCACCCAGTTTAATCG-
CGTACATGGGTAAATCATGTCACTCCAGTAGGACACACTGACCCCACTTAGC-
CAAGGACATGGCTATGCAGTGAACAGG

Lefty2 donor template 2

GAGCTTGTCCTAACTTAGTGCTCTCGTCAGACCTTTGCTCTACAGTCTTG-
GTTTTCTTGTCCATCACCCAGTTTAATCGCGTACATGGATAAATCATGTCACTC-
CAGTAGGACACACTGACCCCACTTAGCCAAGGACATGGCTATGCAGTGAA-
CAGGTTCGCA

Dicer1 deletion sgRNA1

ATCGACACCACCATGCGGCT

Dicer1 deletion sgRNA2

GGAGAATCAGTCCCGGATTG

Forward primer to amplify
Pten 3’'UTR

AGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTTCACGTCCTAC-
CCCTTTGC

Reverse primer to amplify
Pten 3’'UTR

CCAGCGGCCGCTCTAGGTTTAAACGAATTCCCGGGCTCGAGACCTGGC-
CCTCTGTGTTAC

Forward primer to amplify

AGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCAGACCCCTCCTT-

Adrb2 3UTR GACAGGAC
Reverse primer to amplify | ccAGCGGCCGCTCTAGGTTTAAACGAATTCCCGGGCTCGACACTCATCGGT-
Adrb2 3UTR CACGACACA
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Synthetic Taf7 3'UTR (wild-
type)

AGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTTTGGT-
GCTAAGATCAGTAATAAGCTAGCCTACAGGCAGTGAAGTTAATTTCTTTTA-
AAAGAAATATATTTTTTTTTACCTCAGCAAGTTTCCATGTTACAGAAATGCAA-
GTTTTTCATAAAGGTTGTTTCTTATACAATAAAAGCTACTAATTTTCACTGTTTAT-
GATGTTGTTCTATGAATACTGAAAGTTGAGGTGGTTCATGGAGTTTAATGACT-
GAATGGTGTAGATCAAGATAAATCCTGTTCTTCGAGCCCGGGAATTCGTTTA-
AACCTAGAGCGGCCGCTGG

Synthetic Taf7 3’'UTR
(mutant)

AGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTTTGGT-
GCTAAGATCAGTAAAATGGTAGCCTACAGGCAGTGAAGTTAATTTCTTTTA-
AAAGAAATATATTTTTTTTTACCTCAGCAAGTTTCCATGTTACAGAAATGCAA-
GTTTTTCATAAAGGTTGTTTCTTATACAATAAAAGCTACTAATTTTCACTGTTTAT-
GATGTTGTTCTATGAATACTGAAAGTTGAGGTGGTTCATGGAGTTTAATGACT-
GAATGGTGTAGATCAAGATAAATCCTGTTCTTCGAGCCCGGGAATTCGTTTA-
AACCTAGAGCGGCCGCTGG

Forward primer to mutate
Adrb2 let-7 binding site

/5Phos/CTTCGTGACTGGTCAAGTATTAAGAATG

Reverse primer to mutate
Adrb2 let-7 binding site

/5Phos/ATACATGAAAACATCATCCAGAC

Forward primer to mutate
Pten miR-29 binding site

/5Phos/CGCGGTAGACAAGGCAGCTAGAGTG

Reverse primer to mutate
Pten miR-29 binding site

/5Phos/AATATGCTCTTTAAAATGCACAAAC
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APPENDIX IV: Example peaks in HEAP libraries
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APPENDIX V: Generation of the Lefty2 mutant mice

Introduction

Validation of the interaction between miR-291-3p and the 3'UTR of Lefty2
drove us to further interrogate the biological function of this interaction in mouse
development, as Lefty2 is involved in regulating mesoderm development and lefty-
right patterning (Meno et al., 1999; Meno et al., 2001). Lefty2, along with Lefty1
and Nodal, encodes secreted proteins belonging to the TGF-3 superfamily of pro-
teins (Meno et al., 1996; Zhou et al., 1993). In mouse embryos, Lefty2 is normally
expressed in nascent mesoderm around E7.0 and is restricted to the left lateral
plate mesoderm (LPM) at early somite stage in response to Lefty1 and Nodal sig-
naling (Meno et al., 1997; Meno et al., 1998; Saijoh et al., 2000). Deletion of Lefty2
leads to gastrulation defects (Meno et al., 1999). An asymmetric enhancer (ASE)
upstream of Lefty2 confers the asymmetric expression of Lefty2 in LPM (Saijoh et
al., 1999; Saijoh et al., 2000). Embryos lacking ASE fail to express Lefty2 at LPM.
Although the mutant mice survive to term, they display several visceral defects
including left isomerism (Meno et al., 2001). Both phenotypes can be explained
by the de-regulation of Nodal signaling. Lefty2 is a feedback inhibitor of Nodal,
presumably by competing for Nodal receptors (Meno et al., 1999). Heterozygous
deletion of Nodal partially rescue the phenotype observed in the Lefty2 knock-
out embryos (Meno et al., 1999). Nodal also induces the expression of itself in
LPM (Saijoh et al., 2000). The absence of Lefty2 in LPM causes prolonged Nodal
expression and bilateral expression of Pitx2, a homeobox gene downstream of

Nodal, that drives side-specific transcription programs essential for visceral organ
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patterning (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et
al., 1998).

The miRNA binding site identified in the 3’'UTR of Lefty2 is predicted to be
targeted by miRNAs from both the miR-291-3p and miR-17/20-5p families, as their
seed sequences overlap by 7-nt. miR-291-3p family members are the first miRNAs
induced in mouse zygotes and start decreasing at early gastrulation stage (E6.5)
(Medeiros et al., 2011). Expression of miRNAs in the miR-17/20-5p family can be
readily detected across cell lineages starting from blastocyst stage (Foshay and
Gallicano, 2009). Thus, multiple miRNAs possibly cooperate in regulating the ex-
pression of Lefty2. We hypothesize that the miR-291-3p binding site in the 3’UTR
of Lefty2 may confer post-transcriptional regulation and influence mesoderm de-
velopment or left-right patterning of mouse embryos. Supporting this hypothesis
is that miR-430, a homolog for mouse miR-291 in zebrafish, regulates Nodal an-
tagonist lefty. Masking the miR-430 binding site by complementary morpholinos

increases lefty (Ift2) expression and impairs Nodal signaling and mesoderm devel-

sgRNA PAM

—
W\ TCACCCAGTTTAAGCACTTACATGGGTAAA

e PP

AP

Lefty2"T

ATCACCCAGTTTAATCGCGTACATGGATAAA

Lefty2uur

Figure 6.1: DNA sequencing chromatograms of Lefty2 locus surrounding
the miR-291-3p binding site
sgRNA: single guide RNA; PAM: protospacer adjacent motif.
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opment (Choi et al., 2007).

Generation of Lefty2 miR-291-3p binding site mutant mice

To characterize the function of this miRNA-mRNA interaction event in mouse
development, we generated a mouse strain in which the miRNA binding site on
Lefty2? gene is disrupted. To generate the mutation, recombinant Cas9 protein, a
guide RNA, and a repair template were delivered to fertilized embryos via micro-
injection or electroporation, both yielding efficient editing and template integration
(Figure 6.1 and Table 6.1). Embryo manipulation and mutant strain derivation
were performed by the Mouse Genetics Core Facility at Memorial Sloan Kettering

Cancer Center.

Approach
Editing Microinjection Electroporation
outcome
Unedited 20 0
NHEJ 20 25
HR 14* 11
Total 54 36

NHEJ: Non-homologous end joining
HR: Homologous recombination
*, **: Mice harboring small in-dels in the knock-in allele included

Table 6.1: Lefty2 locus status of mice obtained from CRISPR-mediated gene
targeting

We genotyped the mice at weaning age. 14 out of 54 mice generated by
microinjection carried the knock-in allele, though small insertions and deletions
were introduced around the binding site in several mice (data not shown). All of

the mice generated by electroporation carried edited Lefty2 alleles and 11 of them
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harbored the desired mutation (Table 6.1). Mice harboring biallelic mutations look
normal and undistinguishable from wild-type animals (data not shown), suggesting
that, unlike in zebrafish, loss of this miRNA binding site does not cause a strong
effect on embryo morphogenesis. Since target expression change caused by a
typical miRNA regulation is usually less than 2 fold, de-repression of Lefty2 may
only lead to a subtle change in Nodal signaling. We are currently performing more
detailed studies to fully characterize the Lefty2 mutant strain and carefully examine
the expression of Lefty2 and Nodal pathway components during gastrulation as a

result of miR-291-3p binding site loss.
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Method

The second guide RNA used in generating Lefty2"'" mESCs was selected
to generate the Lefty2 mutant mice. Recombinant Cas9, a synthetic guide RNA
and a repair template were delivered to fertilized mouse embryos (C57BL/6J) by
microinjection or electroporation. Manipulated embryos were transferred to pseu-
dopregnant females by surgery. Animals were genotyped at weaning stage.

Integration of the repair template creates an additional Rsal site. To screen
for animals carrying the knock-in allele, Lefty2 locus was amplified by PCR (p1,
5-AGTGACTGAAGGCACCCGAT-3;p2,5-TCCCTGACATGGTACGTTGATG-3’),
which generated a 652-bp product. The PCR product was then digested with Rsal,
which yields 3 fragments (525 bp, 38 bp and 76 bp) for wild-type allele and 4 frag-
ments (406 bp, 119 bp, 38 bp and 76 bp) for the knock-in allele.

Embryo manipulation and mutant strain derivation were performed by the
Mouse Genetics Core Facility at Memorial Sloan Kettering Cancer Center. All stud-
ies and procedures were approved by the Memorial Sloan Kettering Cancer Cen-

ter Institutional Animal Care and Use Committee.
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