Direct interaction between GRB2 and AGO2 regulates
microRNA expression

Amy Kate Stainthorp

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

The University of Leeds

School of Molecular and Cellular Biology

April, 2021



The candidate confirms that the work submitted is her own and that appropriate
credit has been given where reference has been made to the work of others.

This copy has been supplied on the understanding that it is copyright material
and that no quotation from the thesis may be published without proper
acknowledgement.

The right of Amy Kate Stainthorp to be identified as Author of this work has
been asserted by her in accordance with the Copyright, Designs and Patents
Act 1988.

© 2021 The University of Leeds and Amy Kate Stainthorp



iii
Acknowledgements
Firstly | thank my supervisors, Prof. John Ladbury and Prof. Adrian Whitehouse,

for their consistent support. You always helped me find a way forwards and

motivated me when | felt things were not going well.

Additionally, | express my gratitude to Prof. Richard Bayliss, for continuing to
support my academic development through assessing my progress reviews,

and Dr Niamh Forde, for providing advice on my RNA work.

| would like to say a huge thank you to Dr Chi-Chuan Lin. Your help during my
PhD has been invaluable, from teaching me techniques, sharing reagents,
advising me on problems and presentations, answering my endless questions
and taking me for some very necessary coffees. Thank you for always being

there for me and always believing in me.

Thanks to all the other members of the Ladbury lab. | loved working with you all
and feel privileged to have got to know you all during this time. Thank you also

to all members of the Whitehouse lab who taught me new techniques.

| express my appreciation to the Wellcome Trust for funding this PhD and
introducing me to an incredible community of researchers. Particular thanks to
Asif Fazal, David Nicholson, James Murphy, Jonathan Foster and Sophie Moul;

I’'m so grateful to have shared this experience with you.

I wish to thank all the facilities managers for their assistance; SOT for keeping
the LIGHT building running smoothly and doing a fantastic job to get us back in

after lockdown; and the purchasing team for resolving any problems efficiently.

Finally, thank you to my parents for taking care of me from afar and listening to

all my troubles. You helped more than you know.



\Y

Abstract
microRNAs (miRNAS) post-transcriptionally regulate gene expression to control
vital cellular processes. Consequently, miRNAs are differentially expressed in
diseases such as cancer, and such changes are often attributed to
transcriptional control. However, miRNAs are produced by a multistep pathway
and increasing studies show that miRNAs are subject to extensive post-
transcriptional regulation. Biogenesis culminates in loading of a miRNA onto
Argonaute 1-4 by DICER1, which can be disrupted by Argonaute 2 (AGO2)

phosphorylation at tyrosine 393.

In this study, the role of GRB2 in regulation of miRNA-loading was investigated.
FGFR2-dependent and independent mechanisms were explored using a range
of cell-based assays and biophysical techniques. GRB2-controlled miRNAs
were identified by small RNA sequencing of GRB2-deficient cells. Perturbation
of these miRNAs in cancer was explored by a mixture of quantitative PCR and
bioinformatics approaches. Finally, reciprocal regulation of GRB2 expression by

the GRB2-dependent miRNAs was studied using luciferase reporter assay.

GRB2 was found to regulate miRNA-loading independently of FGFR2. GRB2
associated with the AGO2-DICER1 complex through an interaction mediated by
GRB2 N-terminal SH3 domain and a proline-rich motif in AGO2 PAZ domain.
GRB2 depletion dysregulated miRNA expression by two different mechanisms:
1) loading of let-7 family miRNAs was enhanced, and 2) transcription of other
mMiRNAS, including the 17~92 cluster and mir-221 family, was diminished.
Preliminary data suggested let-7 loading may be similarly deregulated in the
A498 kidney carcinoma cell line. Finally, a miR-221-5p mimic targeted an 8mer

site in the GRB2 3'UTR and downregulated GRB2 expression.



v
Overall, this study identifies a previously unknown role of GRB2 in regulation of
MiRNA biogenesis. GRB2-mediated inhibition of let-7 loading onto AGO2 may
control oncogene expression and have implications in tumorigenesis.

Additionally, miR-221-5p may silence GRB2.
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Chapter 1: Introduction

microRNAs (miRNAs) are small RNAs which post-transcriptionally regulate
gene expression. In silico tools have predicted that they bind over half of the
human transcriptome (Friedman et al., 2009) and consequently they help to
control most cellular processes. Accordingly, aberrant miRNA expression is
seen in many human diseases (Lu et al., 2005; Care et al., 2007; Chen et al.,
2008; Asrih and Steffens, 2013; Swarbrick et al., 2019). In particular, microarray
analyses have demonstrated that miRNAs are dysregulated in most human
cancers (Volinia et al., 2006). Many miRNAs have been assigned roles as
oncogenic miRNAs (oncomirs) or tumour suppressor miRNAs, due to their
respective targeting of tumour suppressor genes and oncogenes (Calin and
Croce, 2006). Changes in miRNA expression are majorly attributed to a
difference in transcriptional regulation (Lin and Gregory, 2015; Ali Syeda et al.,
2020). However, the multi-step pathway of miRNA biogenesis allows for
regulation at various stages and numerous mechanisms of post-transcriptional
regulation have been described (Treiber et al., 2019). The final step in this
pathway is ‘loading’, a process by which the miRNA is transferred onto the core
miRNA-induced-silencing protein, Argonaute 1-4, by the miRNA-processing
enzyme, DICERL1 (1.3 miRNA biogenesis). Thus, the active miRNA-induced
silencing complex (miRISC) is generated. Although most biogenesis steps
occur at the rate of transcription, time-resolved small RNA sequencing
experiments have shown that miRNA-loading is slower and therefore forms a
kinetic bottleneck in the pathway (Reichholf et al., 2019). miRNA-loading
therefore presents a potential opportunity whereby miRNA biogenesis may be

post-transcriptionally controlled.



1.1 miRNA function

mMiRNAs were initially discovered in Caenorhabditis elegans through the
complementarity between sequences in the lin-14 3’ untranslated region (UTR)
and the 22 nucleotide RNA lin-4 (Lee et al., 1993; Wightman et al., 1993). Two
similar classes of 20-25 nucleotide RNAs were described: miRNAs, which were
understood to regulate endogenous genes, and small interfering RNAs
(siRNAs), which had been identified to act as a defence mechanism in response
to viral infection (Hamilton and Baulcombe, 1999). In the subsequent years,
northern blotting experiments were used to identify miRNAS in various other
species, including both human and plant cells, and some were found to be
conserved between vertebrate and invertebrate species (Pasquinelli et al.,
2000; Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001;
Reinhart et al., 2002). miRNAs are now known to have diverse and vital
functions in most species. Disruption of their expression is consequently
associated with cardiovascular disease, immune disorders, neuromuscular

disease and cancer (Bartel, 2018).

Both siRNAs are miRNAs are incorporated into the RISC to induce specific
post-translational regulation of gene expression. The minimal RISC is
comprised of a small RNA bound to an AGO protein; the small RNA acts as a
guide and binds complementary sequences in the messenger RNA (MRNA) of
its target gene. siRNAs have exact complementarity with their targets and thus
trigger mRNA cleavage (Hamilton and Baulcombe, 1999; Hammond et al.,
2000; Zamore et al., 2000; Yang et al., 2000). In contrast, miRNAs have some
sequence mismatch and consequently mediate gene silencing through

translational repression (Hutvagner and Zamore, 2002) and mRNA degradation
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(Bagga et al., 2005). However, these specific functions appear to be entirely
sequence dependent: in vitro assays demonstrated that targeting of a synthetic
miRNA with perfect complementarity to endogenous mRNA leads to target

cleavage (Hutvagner and Zamore, 2002).

As miRNA target sites are not perfectly complementary, miRNAs are able to
target multiple genes. Many factors influence the ability of a miRNA to bind its
target. The miRNA seed sequence spans nucleotides (nt) 2-8 and, as a
minimum, base pairing between six consecutive nt to the target RNA is required
for silencing (Figure 1.1.1) (Lewis et al., 2003; Poy et al., 2004). In addition,
factors, such as secondary structure, evolutionary conservation, AU-rich
flanking sequences, location within the target RNA, propensity for binding of
multiple miRNAs and base pairing towards the 3’ end of the miRNA, may
influence miRNA targeting (Lewis et al., 2005; Long et al., 2007; Grimson et al.,
2007; Broughton et al., 2016). Non-canonical binding of miRNAs to target sites
without a perfect seed match has also been identified (Yekta et al., 2004; Chi et
al., 2012; Loeb et al., 2012). Additionally, while miRNAs usually bind their
targets in the 3’ UTR, examples of targeting the 5’ UTR and coding regions

have been described (Lewis et al., 2005; Forman et al., 2008; Xu et al., 2014).
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Offset 6mer 5’ —...NNNNNNNN. ..-3’
tmer 5’ —...NNNNNNNN. ..-3’
Tmer-Al 5’ —...NNNNNNNA. ..-3’
Tmer-8 5’ —. . .NNNNNNNN. . .-3’
Bmer 5’ —...NNNNNNNA. . .-3’
3’—NNNNNNNNNNNNNNé§§$$§éN—5’ miRNA
87654321

Figure 1.1.1 Canonical seed pairing of a miRNA to its target

mMiRNA seed (nucleotides 2-8) highlighted in blue. Complementary nucleotides in the
MRNA target site shown in green. 3’ adenosine required for 8mer and 7mer-Al
targeting sites in red. (Figure adapted from Friedman et al., 2009).



1.2 AGO2

Of the four AGO proteins present in the human genome (AGO1-4), cleavage
assays using purified RISC components originally identified AGO2 as the only
one which has catalytic slicer activity, allowing it to cleave target RNAs (Meister
et al., 2004, Liu et al., 2004). Catalytic activity has subsequently been
demonstrated for AGO3, but the enzyme has specific substrate requirements
(Park et al., 2017). Mutational analyses revealed that a ‘catalytic tetrad’ is
required for slicing activity, which is present only in these two proteins (Figure
1.2.1) (Nakanishi et al., 2012). However, human AGO1-4 have high overall
sequence similarity (Figure 1.2.1) and as target slicing is not normally needed
for miRNA-mediated gene silencing, all human AGO proteins are thought to
function similarly in this pathway (Su et al., 2009). However, unlike the other
AGO proteins, knockout of AGO2 in mice is embryonic lethal, suggesting this
protein has a non-redundant function which is vital for development (Morita et

al., 2007).
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AGO proteins have four main domains: the amino-terminal (N-terminal) domain,
the Piwi Argonaut and Zwille (PAZ) domain, the middle (MID) domain and the
P-body-induced wimpy testes (PIWI) domain (Figure 1.2.2 A). The N-terminal-
PAZ domains and MID-PIWI domains form two lobes, across which the miRNA
is bound (Figure 1.2.2 B). Crystal structures of the PIWI domain have revealed
that its fold is similar to that of RNase H enzymes and thus this domain confers
AGO?2 its slicer activity (Song et al., 2004). Additionally, PIWI is responsible for
many protein interactions with AGO2. For example, NMR experiments have
demonstrated that PIWI recruits the glycine-tryptophan repeat (GW)-containing
effector proteins, trinucleotide repeat containing 6 (TRNC6) (Schirle and
MacRae, 2012; Pfaff et al., 2013). The PAZ domain forms an
oligonucleotide/oligosaccharide-binding (OB) fold (Yan et al., 2003) and
anchors the 3’ end of the miRNA (Song et al., 2004). Similarly, the MID domain
binds the 5’ phosphate and adopts a Rossman fold (Boland et al., 2010).
Finally, native gel analyses of siRNA structure suggested that the N-terminal
domain is required for unwinding of the miRNA duplex (Kwak and Tomatri,

2012).
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Figure 1.2.2 AGO2 structure

(A) Domain and (B) crystal structure of AGO2 bound to a miRNA. N-terminal domain in
green, PAZ domain in pink, MID domain in blue, PIWI domain in orange, linker 1 (L1) in
yellow, linker 2 (L2) in purple and miRNA in red. (Adapted from Elkayam et al., 2012,

PDB: 4F3T.)
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Upon binding of AGO2-miRNA to the target mMRNA, AGO2 associates with
TNRCE6 proteins. Mass spectrometric analyses have demonstrated that TNRC6
proteins act as scaffolds and recruit mediators of translational repression and
MRNA degradation (Landthaler et al., 2008). The poly(A)-nuclease (PAN2-
PAN3) and carbon catabolite repression 4-like-negative regulator of
transcription (CCR4-NOT) deadenylation complexes, the dead box protein 6
(DDX6) decapping activator and mRNA decapping enzymes 1 and 2 (DCP1/2)
are all recruited to form a huge miRISC (Behm-Ansmant et al., 2006; Chen et
al., 2009; Nishihara et al., 2013; Chen et al., 2014). Fluorescence microscopy of
mammalian cells has suggested that TNRC6 also localises AGO2 to processing
bodies (P bodies), which are the sites of mMRNA silencing (Sen and Blau, 2005;

Liu et al., 2005).

1.3 miRNA biogenesis

Most miRNAs are produced through a canonical biogenesis pathway. In this
pathway multiple enzymes are required to process the initial miRNA transcript
and thus generate the mature miRNA. These enzymes are highly conserved in
vertebrates and invertebrates. For example, Drosophila melanogaster and
Caenorhabditis elegans express AGO2 homologues DmAGO1 and CeALG-1/2
(Grishok et al., 2001; Okamura et al., 2004). Consequently, miRNA biogenesis

is frequently studied in these systems.

The miRNA biogenesis pathway begins in the nucleus. Chromatin
immunoprecipitation has revealed that RNA polymerase Il transcribes the
primary miRNA (pri-miRNA) (Figure 1.3.1) from genes which may be located
both in the introns of coding genes or at distinct loci (Lee et al., 2004). miRNA

genes may code for an individual miRNA or for a cluster of miRNAs, leading to
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transcription of a polycistronic transcript (Lee et al., 2002). The pri-miRNA is
hundreds of nt long with a central hairpin loop structure and is both capped and
polyadenylated (Cai et al., 2004). Cell-based assays have suggested that
polycistronic miRNAs are processed and miRNAs encoded in introns are
removed co-transcriptionally, prior to splicing (Morlando et al., 2008). The
DROSHA/DiGeorge syndrome critical region 8 (DGCR8) microprocessor
complex precisely cleaves both strands of the pri-miRNA in the hairpin loop
region (Figure 1.3.1), as shown by in vitro processing assays (Lee et al., 2003;
Han et al., 2004). A precursor miRNA (pre-miRNA) with a 2 nt 3’ overhang is
thus generated. Non-canonical, microprocessor-independent mechanisms of
MiRNA biogenesis have also been described. These miRNAs may be
generated from introns (termed mirtrons) (Ruby et al., 2007), from tRNAs, from
snoRNAs (Babiarz et al., 2008) and from capped hairpin transcripts (Xie et al.,

2013).
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Figure 1.3.1 miRNA biogenesis pathway

MiRNA biogenesis starts in the nucleus with transcription of primary miRNA (pri-
MiRNA) by RNA polymerase Il (RNA POL II). The DROSHA/DGCRS8 complex then
processes the pri-miRNA, which is exported from the nucleus to the cytoplasm by
XPO5. DICER1 cleaves the pre-miRNA to a mature miRNA duplex and binds AGO2
and TRBP to form the RISC loading complex (RLC). Upon loading of the miRNA
duplex AGO2 ejects the passenger strand and the bound miRNA acts as a guide,
leading AGO2 to target mMRNAs. AGO2 recruits other proteins to form the miRNA
induced silencing complex (miRISC) which facilitates translational repression and

MRNA degradation. Created with BioRender.com.
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Following cleavage, correctly processed pre-miRNAs are exported to the cell
cytoplasm. Translocation occurs via a direct, and Ran-guanosine triphosphate
(GTP) dependent, interaction with Exportin 5 (XPO5) (Figure 1.3.1) (Yi et al.,
2003; Lund et al., 2004). Interestingly, although other canonical export routes
are not known, knockout of XPO5 only slightly reduces expression of canonical

MIiRNAs, suggesting other export routes exist (Kim et al., 2016).

In the cytoplasm, pre-miRNAs are processed by the enzyme DICERL1 to
produce a mature miRNA duplex (Figure 1.3.1) (Grishok et al., 2001). DICER1
is a 220 kilodalton (kDa) enzyme, which possesses an RNA helicase domain, a
domain of unknown function (DUF283), platform domain, PAZ domain, two
RNase Ill domains and a double stranded RNA-binding domain (dsRBD)
(Figure 1.3.2). A crystal structure of full length DICER1 revealed that the PAZ
domain recognises the 3’ 2 nt overhang of the miRNA and acts as a molecular
ruler to produce a duplex of ~22 nt (MacRae et al., 2006). Simultaneously, the
5’ phosphate of the opposite strand is secured by the platform domain (Tian et
al., 2014). Comparison of EM structures demonstrated that upon pre-miRNA
binding, DICER1 adopts an active state with the RNase Il domains close to the
RNA duplex (Taylor et al., 2013). The RNase Ill domains form a dimer and each
catalyse the cleavage of an RNA strand to remove the apical loop (Zhang et al.,
2004). The resulting mature miRNA duplex is then moved away from DICER1
(Tian et al., 2014), allowing AGO2 to bind DICER1 RNase Il domain via its

PIWI domain (Tahbaz et al., 2004), and the duplex is transferred to AGO2.
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Figure 1.3.2 Structure of human DICERL1

(A) Domain and (B) EM structures of human DICER1. Helicase domain in teal. Domain
of unknown function (DUF283) domain in yellow. Platform domain in pink. PAZ domain
in purple. RNase llla and b domains in blue and orange. Double stranded RNA-binding
domain (dsRBD) in green. Pre-let-7 in orange. (PDB: 5ZAL, Z. Liu et al., 2018)
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Passing of the miRNA duplex from DICER1 to AGO2 triggers unwinding of the
duplex and ejection of the passenger miRNA strand (Figure 1.3.1). Single
molecule Forster resonance energy transfer (FRET) experiments have revealed
conformational changes in D. melanogaster AGO2 during small RNA-loading:
prior to loading, AGO2 is in an apo conformation, but upon duplex binding it
transitions to a pre-miRISC state. After passenger strand release it forms an
active conformation which is capable of gene silencing (Tsuboyama et al.,
2018). The mechanism by which AGO2 unwinds the miRNA is not fully known
but is thought to be through the N-terminal domain acting as a wedge to drive
separation of the two strands (Kwak and Tomari, 2012). As AGO2 does not
require ATP for miRNA unwinding, it is hypothesised that the energy for
unwinding may be provided by changes in conformation bringing AGO2 from a
high energy state to a low energy state (Treiber et al., 2019). miRNA strand
selection is usually determined by the 5’ base pairing, as NMR titration
experiments indicated that the MID domain preferentially binds less
thermodynamically stable 5’ ends (Frank et al., 2010). Considering this ‘rule’, it
was originally thought only one strand was loaded onto AGO2. Indeed, one
strand is usually selected as the guide and forms the dominant species in the
cell. However, northern blotting of mature miRNA species D.melanogaster and
RNA sequencing in human cells suggested that either strand may be loaded
and that the dominant species may change via ‘arm switching’ (Okamura et al.,

2008; Guo et al., 2014).

Release of the passenger strand into the cytoplasm is slicer-independent (Gu et
al., 2011; Park and Shin, 2015). It is thought that the endoribonuclease
component 3 promoter of RISC (C3PO) is responsible for degradation of the

ejected miRNA strand (Liu et al., 2009).
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Loading of miRNAs onto AGO?2 is facilitated by multiple other proteins. Firstly,
western blotting and in vitro assays have demonstrated that trans-activation-
responsive RNA-binding protein (TRBP) is an integral part of the miRISC-
loading machinery (Gregory et al., 2005). DICER1, TRBP and AGO2 form a
stable miRISC-loading complex (RLC) which is sufficient for correct loading of
mMiRNAs onto AGO2 in vitro (Naruse et al., 2018). TRBP binds DICER1 directly
to both promote proper processing of the pre-miRNA and assist miRNA
handover to AGO2 (Chendrimada et al., 2005; Wang et al., 2009; Lee and
Doudna, 2012). The role of a similar DICER1-binding protein, protein activator
of PKR (PACT), is not yet fully characterised (Lee et al., 2006). However,
assays using reconstituted RISC suggested that TRBP and PACT may help

produce differently sized miRNAs, termed isomiRs (H.Y. Lee et al., 2013).

The heat shock protein 90 (HSP90) and heat shock cognate protein 70
(HSC70) chaperone systems are also highly involved in miRNA-loading. GST-
pulldown experiments have demonstrated that HSC70, HSP90, heat shock
protein 40 (HSP40) and the co-chaperones HSC70/HSP90 organising protein
homologue (HOP) and P23 all associate with the N-terminus of AGO2.
HSC70/HSP40 also bind the MID-PIWI domains (Tahbaz et al., 2001). Western
blotting cell lysates has revealed that HSP90 protects the apo form of AGO2
from proteasomal degradation (Johnston et al., 2010). Additionally, it has been
shown that the two chaperone systems promote ATP-dependent miRNA-
loading (Kawamata et al., 2009; lwasaki et al., 2010). In mammals,
HSC70/HSP90 can even facilitate in vitro loading of sSIRNA duplexes
independently of DICER1 and TRBP (Naruse et al., 2018). Prior to miRNA
binding, AGO2 adopts multiple closed conformations. Binding of HSC70

partially opens AGO2; HSP90 then stabilises the open conformation, which is
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able to accommodate miRNA duplexes (Tsuboyama et al., 2018). In D.
melanogaster, chaperones extend the dwell time of DICER1 on AGOZ2, thus

facilitating miRNA transfer (lwasaki et al., 2015).

Knockdown studies have revealed that DICER1-independent miRNA-loading
occurs for only one miRNA: miR-451. Mature miR-451 is generated through
slicing by AGO2 PIWI domain (Yang et al., 2010). Similarly, although loading of
miR-486 is via DICER1, AGO2 slicer activity is required to eliminate the
passenger strand. Consequently, knockout of these two miRNAs mirrors the

phenotype seen upon expression of catalytically dead AGO2 (Jee et al., 2018).

1.4 miRNA nomenclature

Specific nomenclature is required to differentiate between the different miRNA
transcripts, but may differ slightly between different publications. Here, the
miRNA gene is referred to with a lower case ‘r and in italics (e.g. mir-221).
mMiRNA families are denoted in the same way but not italicised: mir-221. The
primary transcript from this gene is represented as pri-mir-221, while the
precursor transcript is pre-mir-221 (Lee et al., 2002). In this study, where both
primary and precursor transcripts are described, the ‘pre’ prefix is used. The
mature miRNA is denoted with a capitalised ‘R’: miR-221. 5p and 3p suffixes
(miR-221-5p and miR-221-3p) refer to miRNAs which are produced from the 5p
and 3p arms of the hairpin respectively (Griffiths-Jones et al., 2006). Letters
indicate closely related sequences, such as with miR-18a and miR-18b.
Numbers after the suffix (e.g. miR-19b-1 and miR-19b-2) are used if two

different loci produce identical mature miRNAs (Lagos-Quintana et al., 2001).
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1.5 Regulation of miRNA-loading independent of AGO2

modification

In addition to chaperones and TRBP, proteins help to regulate loading of
specific miRNAs onto AGO2 (Figure 1.5.1). A large class of these proteins are
RNA-binding proteins (RBPs), many of which bind the pre-miRNA loop
(Piskounova et al., 2008; Newman et al., 2008; Trabucchi et al., 2009; Rau et
al., 2011; Kawahara and Mieda-Sato, 2012; Choudhury et al., 2014; Wu et al.,
2015). Probably the best characterised RBP regulator of miRNA-loading is
LIN28A (Rybak et al., 2008; Heo et al., 2008). RNA affinity purification
experiments have shown that LIN28A binds pre-let-7 in the cytoplasm and
recruits terminal uridylation transferases (TUTs). TUT4 and TUT7 polyuridylate
the pre-miRNAs (Heo et al., 2009; Thornton et al., 2012). Polyuridylation inhibits
cleavage by DICER1 and ultimately leads to their degradation (Heo et al.,
2008). When LIN28A is not expressed, RNA sequencing and in vitro assays
have revealed that TUT2/4/7 add a single uridine to the 3’ end of class Il let-7
mMiRNAS, promoting cleavage by DICER1 (Heo et al., 2012). LIN28B is also
suggested to mediate polyuridylation of let-7 (Heo et al., 2008), although this is
disputed as let-7 suppression does not require TUT4 (Piskounova et al., 2011).
Inhibition may instead be via sequestration of pri-miRNA in the nucleus to
preclude DROSHA-processing, as demonstrated by RNA immunoprecipitation
(RIP) and immunofluorescence studies (Viswanathan et al., 2008; Newman et
al., 2008; Piskounova et al., 2011). Two other RBPs, TRIM25 and muscleblind-
like protein 1 (MBNL1), also bind pre-miRNAs to positively and negatively

regulate LIN28-mediated processing (Rau et al., 2011; Choudhury et al., 2014).
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Figure 1.5.1 Schematic of proteins which regulate loading or association
of miRNAs with AGO2 in humans

Proteins which bind pre-miRNAs, DICER1 or AGO2 to promote (green) or inhibit (red)
miRNA-loading or association with AGO2. Created with BioRender.com.
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RBPs may sequester pre-miRNAs from binding DICER1, such as TAR-DNA-
binding protein 43 (TDP43) (King et al., 2014) and Y-box binding protein 1
(YBX1). YBX1 binding pre-mir-29b-2 may contribute to cell proliferation in
glioblastoma multiforme (Wu et al., 2015). Immunoprecipitation (IP) experiments
demonstrated that TDP43 binds the mir-1 family to block recruitment to DICER1
(King et al., 2014). Additionally, TDP43 associates with DICER1 in an RNA-
dependent manner to facilitate cleavage of pre-mir-143 and pre-mir-547
(Kawahara and Mieda-Sato, 2012). Similarly, RNA-binding motif 3 (RBM3)
(Pilotte et al., 2011) and KH type-splicing regulatory protein (KSRP) (Trabucchi
et al., 2009) interact with pre-miRNAs to promote their association with DICER1
and DICER1-mediated processing respectively. Alternatively, single-molecule
binding assays have suggested that loading of already processed, mature let-7
mMiRNA onto AGO2 is mediated by AU-rich-binding factor 1 (AUF1) (Yoon et al.,
2015). In contrast to most other RBPs, adenosine deaminase acting on RNA
(ADAR1) binds DICERL1 directly to promote miRNA processing and loading onto

AGO2 in a manner similar to TRBP (Ota et al., 2013).

RBPs also modify pre-miRNAs to inhibit DICER1 processing. The
endoribonuclease zinc-finger-CCCH-domain-containing protein 12A (ZC3H12A)
cleaves several pre-miRNAs in their apical loop. Analyses of gene expression
databases indicated that high ZC3H12A combined with low DICER1 expression
may be associated with worse prognosis in various cancers (Suzuki et al.,
2011). Similarly, cell-based assays demonstrate BCDIN3-domain-containing
protein (BCDIN3D) methylates pre-mir-145 on the 5’ phosphophate to block
DICER1 binding, enhancing the tumour phenotype of breast cancer cells
(Xhemalce et al., 2012). DICER1-mediated miRNA-loading onto AGO?2 is thus

mediated majorly by miRNA-binding proteins, rather than proteins which directly
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interact with DICER1 or AGO2. These proteins may both enhance or diminish

loading.

Few non-RNA binding proteins have been described in the regulation of
miRNA-loading. In breast cancer cells, the oestrogen receptor  (ESR2)
associates with AGO2, DICER1 and TRBP. RIP-sequencing experiments
indicated that formation of this complex enhances loading of specific miRNAs,
which may contribute to the less aggressive phenotype of ESR2 positive breast
cancers (Tarallo et al., 2017). TP53 associates with AGO2 to both promote and
inhibit association of specific miRNAs in response to DNA damage. However,
comparison of RIP- and whole-cell-sequencing datasets suggested that this is
uncoupled from miRNA biogenesis and does not affect overall miRNA
expression. Interestingly, oncogenic mutation of TP53 reduces binding of
tumour suppressor let-7 miRNAs (Krell et al., 2016). IP studies have
demonstrated that the small GTPase KRAS also binds AGO2, through a direct
interaction with AGO2 N-terminal domain. When KRAS harbours the oncogenic
G12V mutation, binding inhibits AGO2 unwinding miRNAs. The authors suggest
that this mechanism may contribute to an overall suppression of miRNA
expression, which has been suggested as a general feature of tumour cells (Lu
et al., 2005; Kumar et al., 2007; Shankar et al., 2016). However, the frequent
upregulation of oncomirs in human cancer may complicate this interpretation
(Hayashita et al., 2005; Calin and Croce, 2006). Furthermore, complete loss of
DICERL1 inhibited tumorigenesis in a mouse model of retinoblastoma (Lambertz

et al., 2010), demonstrating a vital role for miRNASs in cancer pathogenesis.
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1.6 Post-translational modification of AGO2

AGO2 is regulated by a variety of post-translational modifications (PTMs), which
modify both its expression and activity (Figure 1.6.1). Argonaute proteins are
highly conserved in eukaryotic organisms (Figure 1.6.2). In this way, some
PTMs are conserved between species (Golden et al., 2017; Quévillon

Huberdeau et al., 2017).
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Figure 1.6.1 Post-translational modifications of AGO2

Schematic of various sites which are post-translationally modified on AGO2.
Madifications are in bold and the consequences of each are in italics. Sites which
enhance AGO2 function have green arrows, whereas sites which impede function have
red arrows. All sites have been identified in human cells unless stated otherwise.
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ALG-2 CAREEL VGITHPTEFDFFLCSHAGIQGTSRPSHYHVLWDDNDLTADELQQLTYCMCHTYVRCTRSV 846
RGOl DROME VGITHPTEFDFYLCSHQGIQGTSRPSHYHVLWDDNHFDSDELQCLTYQLCHTYVRCTRSV 888
AgoZ_ DANRE TKITHPFEFDFYLCSHAGIQGTSRPSHYHVLWDDNHFTSDELQVLTYQLCHTYVRCTRSV 811
AGOZ2 XENLA TKITHPSEFDFYLCSHAGIQGTSRPSHYHVLWDDNRESSDELQILTYQLCHTYVRCTRSV 800
AGO2 CHICK TKITHPSEFDFYLCSHAGIQGTSRPSHYHVLWDDNREFSSDELQILTYQLCHTYVRCTRSV 802
AGO2_CHIMP TKITHPTEFDFYLCSHAGIQGTSRPSHYHVLWDDNRFSSDELQILTYQLCHTYVRCTRSV 8le
AGOZ_ MOUSE TKITHPTEFDFYLCSHAGIQGTSRPSHYHVLWDDNRFSSDELQILTYQLCHTYVRCTRSV 798
RAGO2 HUMAN TKITHPTEFDFYLCSHAGIQGTSRPSHYHVLWDDNRFSSDELQILTYQLCHTYVRCTRSV 797
AGO2_ HORSE TKITHPTEFDFYLCSHAGIQGTSRPSHYHVLWDDNRESSDELQILTYQLCHTYVRCTRSV 798
ok k  kwkk gk kKA KA Kk ok Ak Kok ko k ko sk kA Rk s kR ok Ak kA Ak
ALG-2 CAEEL SIPAPAYYAHLVAFRARYHLVDRDHGSGEEGSQPSGTSSEDTTLSSMAKAVQVHPDSNNV 906
AGO1 DROME SIPAPAYYAHLVAFRARYHLVEKEHDSGEGSH-QSGC—-SEDRT PGAMARAT TVHADTKKV 946
RAgoZ_ DANRE SIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDQQATLAKAVQTHQDTLRT 869
AGOZ2 XENLA SIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDQQALAKAVQVHODTLRT 858
AGO2 CHICK SIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDHQALAKAVOVHODTLRT 860
AGO2_CHIMP SIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDHQALAKAVQVHQDTLRT 874
AGOZ_ MOUSE SIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDHQALAKAVQVHQDTLRT 856
RAGO2 HUMAN STIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDHQATLAKAVQVHODTLRT 855
AGO2_ HORSE SIPAPAYYAHLVAFRARYHLVDKEHDSAEGSH-TSGQ-SNGRDHQALAKAVQVHQDTLRT 856
Ak ok ko ok ok kok ok hk ok hkkh sk kK L sikakr 2k ks
ALG-2 CAEEL MYFA 910
AGO1 DROME MYFA 9350
RAgoZ_ DANRE MYFA 873
AGOZ2 XENLA MYFA 862
AGO2 CHICK MYFA 864
AGO2_CHIMP MYFA 878
AGOZ2_ MOUSE MYFA 860
AGO2 HUMAN MYFA 859
AGOZ_HORSE MYFA 860

* kA&

Figure 1.6.2 Alignment of AGO2 proteins in eukaryotes

Alignments of AGO1/2 proteins which participate in the miRNA pathway in various
species. CAEEL (Caenorhabditis elegans), DROME (Drosophila melanogaster),
DANRE (Danio rerio, zebrafish); XENLA (Xenopus laevis, African clawed frog); CHICK
(chicken). Generated using Clustal Omega (Sievers et al., 2011; EMBL-EBI, 2021).



- 26 -
Ubiquitination of AGO2 promotes its degradation under specific conditions. For
example, ubiquitination in response to T cell activation leads to cell
differentiation (Bronevetsky et al., 2013). Ubiquitin control of AGO2 expression
has also been linked to breast cancer, with reduced proteasomal degradation of
AGO2 enhancing cell proliferation and migration. In this case, studies in
mammalian cells suggested that the elevated AGO2 expression was
downstream of epidermal growth factor receptor (EGFR) and mitogen activated
protein kinase (MAPK) signalling (Adams et al., 2009). Additionally,
proteasomal and autophagic degradation both appear to modulate AGO2
expression in response to miRNA levels (Smibert et al., 2013; Martinez and
Gregory, 2013). Control of AGO2 levels in this way potentially serves to prevent

aberrant AGO2 function by binding other RNAs.

Non-ubiquitin modifications may also regulate AGO2 expression. For example,
in vitro and cell-based assays have demonstrated that small ubiquitin-like
modifier (SUMO)-conjugating enzyme ubiquitin carrier protein 9 (UBC9) and
SUMO-ligase Ran binding protein 2 (RANBP2) SUMOylate AGO2 at lysine 402
to promote turnover (Sahin et al., 2014). Conversely, hydroxylation of AGO2 at
proline 700 by collagen prolyl-4-hydroxylase both increases stability (Qi et al.,
2008) and promotes HSC70/HSP90 binding to enhance AGO2 activation (Wu et

al., 2011).

AGO2 PTM may specifically alter AGO2 activity. Under conditions of cell stress
and viral infection, AGO2 is poly-ADP-ribosylated to inhibit translational
repression and increase expression of interferon genes (Leung et al., 2011; Seo
et al., 2013). Similarly, mass spectrometric analyses have identified that mRNA
degradation and translational repression are prevented by S-nitrosylation of C.

elegans ALG-1 at cysteine 692, which is conserved in mammalian AGO2. S-
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nitrosylation occurs in response to nitrogen released by host bacteria (Seth et
al., 2019). Another recent observation is acetylation of AGO2 at lysine 720, 493
and 355, by P300/CREB-binding protein (CBP). Acetylation allows AGO2 to
recruit pre-mir-19b-1; formation of this pre-miRNA deposit complex enhances
processing by DICER1. Consequently, increased miR-19b expression, along
with high AGO2 acetylation, is correlated with poor prognosis in lung cancer (H.

Zhang et al., 2019).

Phosphorylation of AGO2 has significant influence over its function. Probably
the best characterised phosphorylation site (phospho-site) in AGO?2 is serine
387 (S387), which was initially found as a downstream target of the p38 MAPK
pathway (Zeng et al., 2008). AKT3 was the first direct kinase to be identified for
this site. Cell-based cleavage assays and immunofluorescence experiments
demonstrated that phosphorylation by AKT3 initiates a shift in AGO2 activity
from mRNA cleavage to translational repression (Horman et al., 2013). LIM
domain-containing protein 1 (LIMD1) binds phosphorylated S387 and recruits
TNRCE6 proteins to facilitate mMRNA silencing and localise AGO2 to P bodies
(Bridge et al., 2017). S387 phosphorylation is both positively and negatively
regulated by N-methyl-D-aspartate receptor (NMDAR) activation in neuronal
cells: downstream AKT3-mediated phosphorylation permits translational
repression of genes involved in synaptic plasticity (Rajgor et al., 2018).
Conversely, NMDAR-inhibition of phosphorylation leads to AGO2 degradation
and leads to spinal maturation (Paradis-Isler and Boehm, 2018). Finally,
western blot analyses have suggested that direct phosphorylation of S387 by
MEK excludes AGO2 from being sorted into exosomes. Consequently,
increased S387 phosphorylation in KRAS transformed cells correlates with

reductions in secreted miRNA (McKenzie et al., 2016).
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Serine/threonine phosphorylation has also been recorded on AGO2 carboxy-
terminus (C-terminus). RIP and luciferase assays have revealed that
phosphorylation of a cluster of residues inhibits mMRNA binding but is required
for efficient gene silencing in both C. elegans ALG-1 (Quévillon Huberdeau et
al., 2017) and human AGO2 (Golden et al., 2017). A cycle of phosphorylation of
human AGO2 serine 824-834 is mediated by casein kinase | isoform o
(CSNK1A1) and ankyrin repeat subunit C (ANKRD52)/protein phosphatase 6
catalytic subunit (PP6C). Dynamic phosphorylation of these residues may serve
to ensure specific targeting of mRNAs (Golden et al., 2017). Similarly,
phosphorylation of AGOZ2 serine 798 by an unknown kinase targets AGO2 to P

bodies (Lopez-Orozco et al., 2015).

Several tyrosine phospho-sites on AGO2 have also been described. The first
characterised was tyrosine 529 (Y529). Mutational analyses demonstrated that
Y529 phosphorylation reduces miRNA binding due to the repulsive force
between the phosphate of the modified residue and the 5’ end of the miRNA
(Rudel et al., 2010). Phosphorylation of Y529 is important for macrophage
activation through released suppression of mMRNAs encoding cytokines
(Mazumder et al., 2013). Proto-oncogene tyrosine-protein kinase SRC (c-SRC)
is the only known kinase for Y529. Phosphorylation of this residue, along with
tyrosine 393 (Y393) and 749, promotes tumorigenesis by increasing cell
proliferation and migration in various cancer cell lines including the A549 lung

cancer cell line (T. Liu et al., 2020).

Y393 phosphorylation inhibits DICER1 binding AGO2 and loading miRNAs.
Interestingly, small-RNA sequencing experiments suggested that, under
hypoxia, phosphorylation of Y393 by EGFR suppresses loading of long-loop

mMiRNAs. These miRNAs are enriched in tumour suppressors, therefore
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increased Y393 phosphorylation correlates with higher cell migration and poor
prognosis in breast cancer (Shen et al., 2013). Y393 is dephosphorylated by
protein tyrosine phosphatase 1B (PTP1B) and leads to premature senescence
in HRAS®?V-transformed cells (Yang et al., 2014). In Theileria annulate-
infected macrophages, increased expression of the adaptor protein growth
factor receptor-bound protein 2 (GRB2) is proposed to facilitate GRB2-mediated
recruitment of PTP1B to AGO2: GST-pulldown experiments suggested
association of both proteins with GRB2, but the mechanism of binding was not
elucidated nor shown to be direct (Haidar et al., 2018). Decreased AGO2
phosphorylation leads to suppression of JNK-interacting protein-2 (JIP2) and
consequently macrophage dissemination (Haidar et al., 2018). Finally, the non-
receptor tyrosine kinase FYN phosphorylates AGO2 at an unknown site and
thus releases suppression of myelin basic protein in oligodendrocytes (Miller et

al., 2015).

1.7 MAPK regulation of miRNA biogenesis

The MAPK pathway has been frequently implicated in regulation both of AGO2
and of miRNA biogenesis via modification of other proteins. MAPK pathways
are widely conserved and have diverse but vital roles in a cell’s response to
external stimuli. Growth factors, inflammatory cytokines and environmental
stresses may each initiate a different MAPK pathway. The intracellular pathway
is characterised by a phosphorylation cascade which amplifies the signal and
culminates in gene transcription to generate a biological outcome (Figure 1.7.1).
External stimuli may be detected by a transmembrane receptor, such as the
receptor tyrosine kinases (RTKs) which bind growth factors. IP experiments

have revealed that RTKs transduce the signal to the MAPKSs via recruitment of
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GRB2 and the guanine nucleotide exchange factor son of sevenless (SOS)
(Lowenstein et al., 1992; Buday and Downward, 1993). SOS triggers guanine
nucleotide exchange on the membrane-bound small GTPase RAS. GTP-
binding allows RAS to recruit the proto-oncogene serine/threonine-protein
kinase RAF, a MAPK kinase kinase (MAPKKK) (Stokoe et al., 1994).
Localisation of RAF to the membrane results in its phosphorylation and
activation. RAF then phosphorylates and activates the MAPK kinase (MAPKK),
MEK1/2 (Kyriakis et al., 1992). MEK1/2 is a serine/threonine and tyrosine
kinase; it phosphorylates and activates the MAPK extracellular-regulated kinase
1/2 (ERK1/2) (Crews et al., 1992). Upon phosphorylation, the serine/threonine
kinase ERK1/2 translocates to the nucleus and phosphorylates many
transcription factors (TF) (Chen et al., 1992). Consequently, the cell
transcriptome is altered to induce cell proliferation. The p38 and JUN N-terminal
kinase (JNK) pathways involve different proteins but are governed by the same

principles.



-31 -

Environmental

Stimuli Growth Factor Cytokines, stress
Stress
Receptor RTK e.g- TNFR -
Adaptors/ GRB2, SOS, TRAF2/3/6, RHO RAC1
Activators RAS
MAPKKK RAF MEKK1-4, MLK, ASK1, MEKK1/4, MLK
TAK1
MAPKK MEK1/2 MAPKK3/6, MAPKK4 MAPKKA4/7
MAPK ERK1/2 p38 JNK1/2/3
Substrates ETS, ELK1, HSP27, PLA2, MNK1/2, JUN, ATF2,
MYC, STAT1/3, MAPKAPK2, MYC, ELK1, ELK1, DCP4,
ESR2, MNK1/2 ATF2, STAT1 TPS3, NFAT
QOutcome Cell proliferation,  Apoptosis, inflammation, stress response, cell

differentiation

differentiation, survival, proliferation

Figure 1.7.1 Proteins of the MAPK signalling pathways and their
involvement in miRNA biogenesis

Outcomes and proteins at each stage of the ERK1/2, p38 and JNK1/2/3 mitogen-
activated protein kinase (MAPK) pathways. Proteins involved in regulation of miRNA
biogenesis or AGO2 function are in bold. MAPK kinase (MAPKK), MAPKK kinase
(MAPKKK), receptor tyrosine kinase (RTK). (Adapted from: Soares-Silva, Diniz,
Gomes, & Bahia, 2016; Wei and Liu, 2002).



-32 -
MAPK signalling proteins are highly involved in the regulation of AGO2 (Figure
1.7.1). Examples have already been described with EGFR, GRB2, RAS, MEK,
ESR2, p38 and TP53 (Zeng et al., 2008; Shen et al., 2013; Shankar et al.,
2016; Krell et al., 2016; McKenzie et al., 2016; Tarallo et al., 2017; Haidar et al.,
2018). Kinases in these pathways also phosphorylate other miRNA biogenesis
proteins, demonstrating the importance of MAPK signalling in regulation of
MiRNA expression. Western blot analyses have identified that p38
phosphorylates DROSHA to inhibit the interaction with DGCR8. Reduced
MiRNA biogenesis consequently mediates stress-induced cell death (Yang et
al., 2015). Additionally, a downstream target of p38, MAPK-activated protein
kinase 2 (MAPKAP2), phosphorylates deadbox helicase 5 (DDX5).
Phosphorylation promotes nuclear localisation of DDX5, where it enhances
microprocessor processing of several pri-miRNAs (Hong et al., 2013). Similarly,
mutational studies have demonstrated that ERK1/2 phosphorylates both
DGCRS8 and TRBP to facilitate their stabilisation. A pro-growth profile of miRNA
expression is thus generated (Paroo et al., 2009; Herbert et al., 2013). A
downstream target of ERK, ribosomal protein S6 kinase (S6K), also
phosphorylates TRBP to the same effect (Warner et al., 2016). ERK
phosphorylation of XPO5 leads to PIN1 isomerisation and a reduction in pre-
MiRNA nuclear export. Suppression of miR-122 by this mechanism may

promote tumour development in liver cancer (Sun et al., 2016).

1.8 miRNAS in cancer

Although miRNAs may be either over or under-expressed in human cancers,
MiRNA profiling of tissue samples has suggested that an overall reduction in

MiRNA biogenesis is characteristic of many cancers (Lu et al., 2005).
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Concurrently, the miRNA biogenesis proteins DICER1 and DROSHA are
frequently downregulated or may harbour inactivating mutations (Figure 1.8.1)
(Lin and Gregory, 2015). However, abrogation of DICER1 expression is
inhibitory to tumour formation (Lambertz et al., 2010). Interestingly, expression
of AGO2 is rarely altered in cancer. Exceptions to this include upregulation in
serous ovarian carcinoma and myeloma (Y. Zhou et al., 2010; Vaksman et al.,
2012) and downregulation in melanoma (Voéller et al., 2013). Furthermore, in
one study, staining tissue microarrays indicated that AGO2 expression may
help to classify different breast cancer subtypes. However, no correlation was

found between AGO2 expression and prognosis (Casey et al., 2019).
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Figure 1.8.1 Mechanisms of altered regulation of miRNAs in cancer

Expression and activity of miRNAs may be altered in cancer via genetic mutation of
MiRNAs and miRNA biogenesis proteins. Loss of function (LOF) mutations are
reported for both DROSHA and DICER1. Additionally, epigenetic changes and
interactions with other RNAs may regulate miRNA expression. Alternatively, AGO2
phosphorylation and interactions with other proteins may affect miRNA biogenesis or
activity. Created using BioRender.com.
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Dysregulation of specific miRNAs may be easier to characterise. Almost all
human cancers have a deregulated miRNA expression signature (Lu et al.,
2005). Furthermore, some cancers show over and under expression of the
same MiRNAs (Volinia et al., 2006). These miRNAs may target well known
tumour suppressor genes or proto-oncogenes, suggesting the miRNAs
themselves act as oncomirs or tumour suppressors. For example, luciferase
assays have demonstrated that the let-7 family of miRNAs targets RAS.
Accordingly, decreased let-7 expression is proposed to mediate increased
levels of RAS protein in lung cancer (Johnson et al., 2005). Different expression
of many miRNAs in cancer is frequently a result of genetic alteration (Figure
1.8.1) (Zhang et al., 2006). One reason for this is that miRNA genes are located
in regions of the genome which are patrticularly susceptible to mutation (Calin et
al., 2004). For example, microarray experiments have shown that the oncogenic
mir-17~92 cluster of miRNA genes is often amplified in B cell ymphoma leading
to elevated miR-17~92 expression (L. He et al., 2005). Conversely, tumour
suppressor genes mir-15 and mir-16 are deleted in B cell chronic lymphocytic
leukaemia (Calin et al., 2002). Point mutations may also modify miRNA
expression, through a reduction in transcription (Raveche et al., 2007), pri-
mMiRNA processing (Calin et al., 2005; Auyeung et al., 2013) and miRNA-loading
(Trissal et al., 2018). Less often, mutations in the miRNA seed sequence may

inhibit targeting of MRNAs (Trissal et al., 2018).

Epigenetic changes also regulate miRNA expression in cancer (Figure 1.8.1). In
many cancers, changes in miRNA promotor methylation alters their
transcription. Methylation-specific polymerase chain reaction (PCR) initially

identified hypermethylation of mir-124a in colon cancer (Ueda et al., 2014).
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Consequent transcriptional inactivation leads to increased levels of the miR-

124a target cyclin D kinase 6.

Changes in miRNA biogenesis may also account for dysregulated miRNA
expression (see 1.5, 1.7). One of the best characterised is phosphorylation of
AGO2 Y393 by EGFR and its significance in breast cancer prognosis (Figure

1.8.1) (Shen et al., 2013).

More recently, it has emerged that circular RNAs (circRNAS) may act as
sponges to inhibit specific miRNAs (Figure 1.8.1). Cell-based assays and
analysis of tumour samples have suggested that circNRIP1 sponges miR-149-
5p leading to increased expression of AKT1 and cell proliferation, migration and
invasion in gastric cancer (X. Zhang et al., 2019). Similarly, long non-coding
RNAs (IncRNAs) may alter miRNA expression (Figure 1.8.1). In hepatocellular
carcinoma, increased levels of IncRNA MIR4435 enhance expression of miR-
147a to promote cell proliferation (Kong et al., 2019). Finally, feedback
mechanisms are a frequent characteristic of miRNA regulation (Tsang et al.,
2007) and frequently contribute to cancer progression (Zhao et al., 2016; Shen
et al., 2017; J. Liu et al., 2018). For example, quantitative PCR (gPCR) analysis
has demonstrated that transforming growth factor § (TGFB1) activates
expression of miR-1269. miR-1269 then targets negative regulators of TGFB1

signalling and promotes colorectal cancer progression (Bu et al., 2015).

MiRNAs have been suggested as a prognostic and diagnostic tool to aid
treatment of human cancers. Initially, microarray experiments found that the
MiRNA fingerprint of metastases of unknown origin may be better at predicting
poorly differentiated cancers than mRNA expression (Rosenfeld et al., 2008).
The discovery that exosomes containing miRNAs are released into the

circulation then suggested that circulating miRNAs may provide a non-invasive
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method for cancer diagnosis (Valadi et al., 2007). miRNAs in the blood are
protected from degradation by the vesicles or carrier proteins to which they are
attached (Valadi et al., 2007; Arroyo et al., 2011). Furthermore, miRNAs have
been detected in 12 different body fluids (Weber et al., 2010). Serum miRNAs
were originally found to show distinct expression patterns in lung and colorectal
cancer, while maintaining consistent levels between healthy individuals (Chen
et al., 2008). A more recent review found 279 circulating miRNAs consistently
deregulated in gastric, colorectal, hepatocellular, pancreatic, lung, breast,

cervical and prostate cancers (He et al., 2015).

Simultaneously, miRNAs may be used in therapeutics to treat cancer. Use of
synthetic miRNA mimics may be particularly effective, due to their ability to
target multiple oncogenes. One of the most successful MiIRNA mimics is for
miR-34 (MRX34) (Wiggins et al., 2010), which was used in the first phase |
clinical trial for a miRNA mimic. Although the trial was closed early due to
severe immune toxicity, liposomal administration of MRX34 reduced expression
of many miR-34 targets with a dose response and tumour burden was reduced
in 4% of patients (Hong et al., 2020). Equally, synthetic SIRNAs may be
designed to target oncogene expression. While no siRNA-based therapeutic
has been approved for cancer treatment, the hereditary transthyretin-mediated
amyloidosis and acute hepatic porphyria treatments, Patisiran and Givosiran,

have both been brought to the market (Hoy, 2018; Scott, 2020).

Alternatively, reducing the expression of oncomirs may provide a useful avenue
for cancer therapy. Oncomirs may be targeted by antisense oligomirs called
antimiRs, such as the antimiR for miR-155 (Babar et al., 2012). In a mouse
model of lymphoma, attachment of the antimiR to a peptide, which forms an a-

helix under acidic pH, targeted the drug to cancer cells. Additionally, this
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method allowed non-endocytic uptake and reduced clearance by the liver

(Cheng et al., 2015).

1.9 GRB2

GRB2 is an adaptor protein which classically recruits signalling proteins to
stimulated receptors. It is composed of three domains: a SRC homology 2
(SH2) domain flanked by two SRC homology 3 (SH3) domains (Figure 1.9.1)
(Lowenstein et al., 1992). Thus, GRB2 is able to bind multiple proteins at any
one time to form protein complexes. While SH3 domains bind proline-rich motifs
(PRMs) (Cicchetti et al., 1992; Booker et al., 1993), SH2 domains interact with
phosphorylated tyrosine residues, such as those presented on active RTKs
(Moran et al., 1990). GST-pulldown experiments have shown that binding of
GRB2 to stimulated RTKSs is via an interaction between its SH2 domain and a
phospho-tyrosine (pY) (Lowenstein et al., 1992). The pY may be presented
directly on the receptor or another adaptor protein which is bound to the
receptor. With both its C and N-terminal SH3 domains (CSH3, NSH3) it then
recruits SOS (Rozakis-Adcock et al., 1993; Li et al., 1993; Chardin et al., 1993).
GRB2 is highly conserved in eukaryotes (Figure 1.9.2) and GRB2-dependent

signalling is seen in both C. elegans and D. melanogaster (Downward, 1994).
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Figure 1.9.1 Domain structure of GRB2

GRB2 possesses N and C-terminal SH3 domains, which flank an SH2 domain.
Tyrosines 160 and 209 can be phosphorylated to induce dimer dissociation and

release from FGFR2 C-terminal tail.
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Figure 1.9.2 Alignment of GRB2 proteins in eukaryotes

Alignments of GRB2 proteins in various species. CAEEL (Caenorhabditis elegans),
DROME (Drosophila melanogaster), DANRE (Danio rerio, zebrafish); XENLA
(Xenopus laevis, African clawed frog); CHICK (chicken). Generated using Clustal
Omega (Sievers et al., 2011; EMBL-EBI, 2021).
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Unphosphorylated GRB2 exists in a monomer-dimer equilibrium with Kp ~0.7
uM, as determined by microscale thermophoresis (MST) (Lin et al., 2012).
Single molecule fluorescence imaging microscopy has revealed that both pY-
binding and tyrosine 160 (Y160) phosphorylation disrupts dimer formation
(Figure 1.9.1, Ahmed et al., 2015). Y160 is phosphorylated by c-SRC, BCR/ABL
and FGFR2 in response to growth factor stimulation (Jones and Benjamin,
1997; Li et al., 2001; Ahmed et al., 2013). Additionally, in non-stimulated cells
(i.e. cells that have been deprived of growth factor), cycling of GRB2
phosphorylation is observed due to the phosphatase and kinase activities of

SHP2 and FGFR2 (Ahmed et al., 2013).

In addition to its role linking transmembrane receptors to intracellular signalling
pathways, GRB2 has been implicated in several other mechanisms. For
example, knockdown-rescue experiments have indicated that GRB2 hinders
actin polymerisation to inhibit myogenesis, through an interaction involving
CSH3 (Mitra and Thanabalu, 2017). Additionally, GRB2 facilitates the nuclear
localisation of phosphatase and tensin homologue (PTEN) and thus regulates
the DNA damage response (Hou et al., 2019). Receptor-independent functions
of GRB2 may be unsurprising considering its localisation to both the cytoplasm
and nucleus, as determined by immunohistochemistry of both breast cancer
and normal cells (Verbeek et al., 1997). Upon stimulation of cells with growth
factor, GRB2 is trafficked to the plasma membrane and to endosomes

(Watanabe et al., 2000; Jiang and Sorkin, 2002; Fortian and Sorkin, 2014).

GRB2 may be dysregulated in cancer. For example, upregulation of GRB2 is
seen in gastric, colorectal, breast, liver, kidney and oesophageal carcinomas
(Yip et al., 2000; Yu et al., 2008; Yu et al., 2009; Li et al., 2014; Zhang et al.,

2014; Zhang and Zhang, 2017). In contrast, tissue microarray experiments have



-42 -
suggested that downregulation of GRB2 in conjunction with upregulation of
fibroblast growth factor receptor 2 (FGFR2) and phospholipase C-y (PLCy) is
associated with poor prognosis in lung adenocarcinoma and ovarian cancer
patients (Timsah et al., 2015; Timsah et al., 2016). Regulation of GRB2 by
MIiRNASs has also been implicated in cancer. One example of this is reduced
targeting of GRB2 by miR-329 in pancreatic cancer. Decreased miR-329
expression releases suppression of GRB2 and consequently enhances cell

proliferation (Wang et al., 2016).

Various attempts have been made to develop cancer therapeutics which target
GRB2. For example, a peptide which binds GRB2 SH3 was shown to have
cytotoxic effects in an erythroleukemic cell line expressing the breakpoint
cluster region protein (BCR)-Abelson murine leukemia viral oncogene
homologue (ABL) fusion. The peptide bound both SH3 domains with nanomolar
affinity (Ye et al., 2008). However, drugs targeting the SH3 domains have not
yet reached the clinic. The difficulty in targeting GRB2 SH3 may be inherent in
the promiscuous nature of these interactions. Similarly, therapeutic inhibition of
GRB2 SH2 domain has shown equally little promise. Peptides have been
developed which bind the SH2 domain and diminish proliferation in breast
cancer cell lines (Chen et al., 2010). Nevertheless, peptides against GRB2 SH2

have rarely been tested in animal models.

1.10 SRC homology domains

SH3 domains are formed of around 60 residues, which can have high sequence
variability. Despite this, their structure is well conserved. SH3 domains fold into
an anti-parallel p-barrel, with the n-SRC and RT loops forming a large peptide-

binding surface (Musacchio et al., 1992; Booker et al., 1993). Mutational
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analyses have demonstrated that the consensus SH3-binding site consists of
two proline residues separated by any other two residues (PxxP) (Ren et al.,
1993). This PxxP motif forms a polyproline Il helix, allowing the two prolines to
be bound by two shallow pockets in the SH3 domain. The interaction is
mediated by multiple hydrophobic contacts (Yu et al., 1994). A third binding site
is designated the ‘specificity pocket’. The specificity pocket is negatively
charged and interacts with a positive residue adjacent to the PxxP maotif. In this
way, two binding orientations of proline-rich peptides may be observed: class I,
‘“+xxPxxP’, or class Il, ‘xPxxPx+’ (Feng et al., 1994). Characteristically, SH3
domains are highly promiscuous and have typically low (micromolar) binding
affinities, as measured by fluorescence titration assays (Chen et al., 1993; Yu et
al., 1994). Non-consensus SH3-domain binding motifs have also been identified
(Lewitzky et al., 2001; Liu et al., 2003; Hoelz et al., 2006; Aitio et al., 2008;
Santiveri et al., 2009). These ligands make multiple interactions with the

specificity pocket and consequently bind with unusually high affinity.

SH2 domains are protein modules formed of around 100 residues. Like SH3
domains, they are well conserved (Kawata et al., 1997) and function to interact
with other proteins. However, their mode of binding differs significantly to that of
SH3 domains. Crystal structures have revealed that SH2 domains bind
phosphorylated tyrosine residues with high affinity (Matsuda et al., 1990; Moran
et al., 1990; Eck et al., 1993; Waksman et al., 1993). Specificity is inferred

through recognition of residues C-terminal to pY (Zhou et al., 1993).

1.11 FGFR2

The fibroblast growth factor receptor (FGFR) family of RTKs are defined by their

high affinity binding to fibroblast growth factor (FGF) ligands (Lee et al., 1989).
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Humans express FGFR1-4, with the best studied being FGFR1, 2 and 3 (Givol
and Yayon, 1992; Turner and Grose, 2010). FGFRs consist of three
extracellular immunoglobulin-like domains (lg), which are separated from the
intracellular tyrosine kinase domain (KD) by a transmembrane helix (TM) (Lee
et al., 1989) (Figure 1.11.1). The tyrosine kinase domain is flanked by a
juxtamembrane region (JM) and C-terminal tail (CT). Two isoforms of FGFR2,
FGFR2IlIb and FGFR2IlIc, are generated by alternative splicing of the second
Ig domain. Consequently, the isoforms have different ligand-binding specificity:
cell-based binding assays have revealed that FGFR2IIIb binds FGF7 and
FGF10, whereas the llic isoform binds FGF2, FGF9 and FGF18 (Miki et al.,
1992). Additionally, in situ hybridisation experiments in mouse embryos have
identified that FGFR2IIIb and llic are expressed in epithelial and mesenchymal

cells respectively (Orr-Urtreger et al., 1993).
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Figure 1.11.1 Domain structure of FGFR2

FGFR2 possesses three ligand-binding Ilg domains, a transmembrane helix (TM),
juxtamembrane region (JM), kinase domain (KD) and C-terminal tail (CT). In the CT,
residues 807-813 form a proline-rich motif.
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FGFR2 signalling in response to growth factor stimulation has been extensively
studied. FGFs bind between Ig2 and 1g3 (Plotnikov et al., 1999), causing the
receptors to homodimerise. Heparin or heparin sulphate proteoglycans
(HSPGs) are required as cofactors for growth factor binding (Rapraeger et al.,
1991; Ornitz et al., 1992). Dimerisation allows trans-phosphorylation of the
kinase domains, and crystal studies have shown that this releases the kinase
from its auto-inhibited conformation (Mohammadi et al., 1996). Time-resolved
mass spectrometry experiments have demonstrated that phosphorylation
occurs in a sequential manner. Initial phosphorylation of a single tyrosine in
FGFR activation loop (A-loop, Y656 in FGFR2) increases activity of the kinase
domain 50-100 fold. Phosphorylation of a further four tyrosine residues creates
binding sites for intracellular signalling proteins. Finally, phosphorylation of the
second A-loop tyrosine (Y657 in FGFR2) leads to a 500-1000 fold increase in

kinase activity (Furdui et al., 2006).

Activation of FGFR, and other RTKSs, is followed by docking of intracellular
signalling proteins via their SH2 domains (Figure 1.11.2). Various signalling
pathways are consequently initiated. For example, the FGFR-bound adaptor
FGFR substrate 2 (FRS2) is phosphorylated, allowing GRB2 to dock onto
phospho-FRS2 (Kouhara et al., 1997). GRB2 then recruits SOS to activate
RAS-MAPK signalling (Chardin et al., 1993). Additionally, knockdown
experiments have identified that binding of GRB2-associated binder 1 (GAB1)
to GRB2 initiates the phosphatidylinositol 3-kinase (PI3K)/AKT pathway
(Lamothe et al., 2004). PLCy binds FGFR directly to stimulate signalling via
inositol triphosphate (IPs) and diacylgycerol (DAG) (Mohammadi et al., 1991).
Finally, signal transducers and activators of transcription (STATS) are also

activated by direct recruitment to FGFR (Su et al., 1997). Through these various
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signalling pathways, FGFR2 regulates cell proliferation, apoptosis, survival,

differentiation, angiogenesis, migration and invasion (Ornitz and Itoh, 2015).
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Figure 1.11.2 Signalling via activated FGFRs

FGFR is activated by binding of FGF and the cofactor Heparin/HSPG. Stimulation is
followed by trans-phosphorylation of the intracellular region. Phosphorylation increases
kinase activity and creates phosphotyrosine binding sites for SH2 domain-containing
proteins. FRS2 and GRB2 couple FGFR to MAPK and AKT pathways. Binding of PLCy
links the receptor to IP; and DAG signalling. STAT is also recruited and activated.
Phosphotyrosines are shown in red. Created with BioRender.com.
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Under basal conditions, a mixture of isothermal titration calorimetry (ITC) and
cell-based assays have revealed that GRB2 CSH3 binds the PRM
807PSLPQYP2L in the CT of FGFR2 (Ahmed et al., 2010). Binding of a GRB2
dimer leads to formation of a tetrameric complex. In this state, Y656 is
phosphorylated and FGFR2 is kinase active. However, GRB2 sterically hinders
further phosphorylation of FGFR2. Hence, FGFR2 is primed ready for growth
factor mediated activation but unable to activate downstream signalling
pathways (Figure 1.11.3). Upon ligand stimulation of FGFR2, GRB2 is
phosphorylated on Y160 and tyrosine 209 (Y209, Figure 1.9.1), causing it to
monomerise and dissociate from FGFR2 C-terminus, allowing FGFR2 to

become fully phosphorylated (Lin et al., 2012).
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Figure 1.11.3 FGFR2 signalling in absence of growth factor

Under non-stimulated conditions, the C-terminal SH3 domain of GRB2 binds FGFR2
proline-rich motif to form a tetrameric complex. FGFR2 Y656 becomes phosphorylated
(red circle). When GRB2 expression is low, PLCy binds the same motif. PLCy is
activated and converts PIP; to IP; and DAG. Created with BioRender.com.
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Interestingly, under non-stimulated conditions, binding of signalling proteins to
FGFR2 is dynamic. A combination of in vitro kinase assays and western blotting
experiments have shown that in the GRB2-FGFR2 complex, FGFR2 can
phosphorylate GRB2 Y209, causing GRB2 to dissociate from the receptor.
Dissociation of GRB2 allows SH2 domain-containing protein tyrosine
phosphatase 2 (SHP2) to bind FGFR2. Consequently, FGFR2 phosphorylates
SHP2 tyrosine 542 to upregulate its activity. SHP2 then dephosphorylates both
FGFR2 and GRB2, allowing GRB2 to again bind FGFR2 CT. Y656 again is

phosphorylated and the cycle repeats (Ahmed et al., 2013).

When GRB2 expression is low, PLCy binds the same PRM on FGFR2. Binding
upregulates PLCy activity and the phospholipase hydrolyses
phosphatidylinositol 4,5-bisphosphate to produce IP3 and DAG (Figure 1.11.3)
(Timsah et al., 2014). Signalling via these molecules promotes cell invasion

(Timsah et al., 2015).

In a similar mechanism, NMR analysis has indicated that the the SH3 domain of
SRC-family kinase, FYN, binds a PRM in the CT of RTK ERBB2. This
interaction is hypothesised to contribute to oncogenesis in breast cancers,
which demonstrate SRC-family kinase interaction with ERBB2 (Bornet et al.,

2014).

Amplification and activating mutations of FGFR2 are both seen in cancer. Gene
fusions also occur, although less commonly (Helsten et al., 2016). In
endometrial cancer, gain of function point mutations in the Ig domains increase
ligand binding affinity and release autoinhibition (Dutt et al., 2008; Helsten et al.,
2016). Similarly, activating point mutations of both the ligand-binding and kinase

domains have been detected in squamous cell lung carcinoma (Liao et al.,
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2013). In stomach cancer, reverse transcription coupled with PCR has identified
FGFR2 isoforms in which the CT is truncated (Itoh et al., 1994). The loss of
specific residues in the CT is thought to inhibit receptor internalisation and
promote FRS2 binding (Cha et al., 2009). Additionally, mutation of serine 780 in
the CT in bladder cancer disrupts a negative feedback loop mediated by
ERK1/2. Cells stably expressing this mutation show increased FGFR2 signalling
and motility (Szybowska et al., 2019). Therefore, it appears the cause of
aberrant FGFR2 signalling in cancer is not solely restricted to mutation of the

ligand-binding and kinase domains.

Multiple drugs have been developed to target FGFR2 in cancer. Erdafitinib is a
pan-FGFR inhibitor which is approved for the treatment of FGFR2 mutated
urothelial carcinoma (Markham, 2019). It is a small molecule which is taken up
by cells to inhibit FGFR signalling (Perera et al., 2017). Recently, in a phase Il
clinical trial, the small-molecule pemigatinib has been shown to have anti-
tumour effects in advanced cholangiocarcinoma with FGFR2 fusion (Abou-Alfa
et al., 2020). Pemigatinib is a potent inhibitor of FGFR1, 2 and 3 and weaker

inhibition of FGFR4 (P.C.C. Liu et al., 2020).

1.12 Aims and hypotheses

Previous studies implicate GRB2 and other MAPK proteins in regulation of
miRNA-loading (Shen et al., 2013; Shankar et al., 2017; Haidar et al., 2018).
This thesis will investigate a direct role for GRB2 in control of miRNA-loading.

FGFR2-dependent and independent mechanisms of regulation will be explored.
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1. To determine if FGFR2 phosphorylates AGO2 and if this is regulated by

GRB2

Hypothesis: GRB2 and FGFR2 cooperate to regulate RLC formation via

FGFR2-mediated phosphorylation of AGO2 Y393.

RTK-mediated phosphorylation of AGO2 Y393 precludes DICER1-binding
AGO2 to inhibit miRNA-loading (Shen et al., 2013). The potential for FGFR2 to
phosphorylate AGO2 Y393 and consequently control RLC assembly will be
evaluated. GRB2 mediates and inhibits FGFR2 substrate phosphorylation under
both basal and starved conditions (Lowenstein et al., 1992; Lin et al., 2012).

Therefore, GRB2 control of FGFR2-regulation of AGO2 will be studied.

2. To identify if GRB2 binds AGO2 directly and if this modulates the

AGO2-DICERL1 interaction independently of RTK

Hypothesis: GRB2 binds AGO2 directly to regulate RLC formation

independently of RTK-mediated AGO2 phosphorylation.

GRB2 has been suggested to associate with AGO2 (Haidar et al., 2018). The
interaction between GRB2 and AGO2 will be assessed and mechanism of
binding elucidated. The effect of GRB2 on AGO2-binding DICERL1 in absence of

FGFR2 will be probed.

3. To identify miRNAs which are regulated by GRB2 and the stage at

which GRB2 controls their expression

Hypothesis: GRB2-binding AGO2 regulates miRNA-loading. Consequent
changes in miRNA expression have relevance in tumorigenesis and mediate

feedback loops to control expression of GRB2.
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Disruption of miRNA biogenesis may produce a miRNA signature with specific
properties, such as being pro- or anti-tumorigenic (Volinia et al., 2006). miRNAs
which are dysregulated upon depletion of GRB2 will be identified and the stage
at which miRNA biogenesis is disrupted will be determined. Concurrent
changes in expression of miRNA target genes will be examined. The potential
for GRB2-regulation of miRNA to be disrupted in cancer will be considered.
Finally, the potential for feedback suppression of GRB2 by the GRB2-

dependent miRNAs will be explored.

This work will reveal a novel mechanism in the regulation of miRNA biogenesis
and a new cellular function of GRB2. GRB2-mediated control of miRNA

expression may have implications in cancer therapy.
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Chapter 2: Materials and Methods

2.1 Antibodies

Table 2.1.1 Antibodies

Antibodies and clones, where relevant, are identified. Details are provided of their
applications, dilutions, the antigen against which they were raised, the host species in
which they were raised, and their supplier. Western blotting (immunoblotting, IB),
immunoprecipitation (IP), RNA immunoprecipitation (RIP), carboxy-terminus (C-
terminus), Cell Signalling Technologies (CST).

Antibody Application Dilution Antigen Host Supplier,
catalogue
number

AGO2 IB 1:1000 Human AGO2 Rabbit Abcam

(EPR10411) IP. RIP 1:100 350-450 (ab186733)

AGO2 IP 1:50 Human AGO2 Mouse Abcam

(2E12-1C9) 483-859 (ab57113)

AGO2 IB 1:1000 A peptide Rabbit Abcam

pY393 corresponding (ab215746)

to human AGO2
pY393

AGO2 IB 1:1000 Peptide: NTDP- Rabbit Genscript

pY393 #1 P 1-50 pY-VREFGC (custom)

AGO2 IB 1:1000 Peptide: NTDP- Rabbit Genscript

pY393 #2 P 1-50 pY-VREFGC (custom)

GRB2 IB 1:1000 Human GRB2 Rabbit CST (3972)

C-terminus
GRB2 C7 B 1:1000  Mouse GRB2 Mouse Santa Cruz
54-164 (sc-8034)

FGFR2 IB 1:1000 Human FGFR2 Rabbit Santa Cruz

(Bek C17) C-terminus (sc-122)

FGFR2 1B 1:1000 Human FGFR2 Mouse Santa Cruz

(Bek C8) 805-821 (sc-6930)

pFGFR2 B 1:1000 A peptide Mouse CST (3476)

Y656/7 corresponding

(55H2) to human

FGFR1 pY653/4
ERK1/2 IB 1:1000 A peptide Rabbit CST (4695)
(p44/42) corresponding

to rat p44 C-

terminus
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PERK1/2

pY99

DICER1

TUT4
(9F6.1)

HMGA2
(D1AT)

LIN28B
(D4H1)

GAPDH
(14C10)

a-Tubulin

B-Actin

(13E5)

GFP (D5.1)

RFP

1:1000

1:1000

1:1000
1:250

1:1000

1:1000

1:500
1:1000

1:500
1:1000

1:500
1:1000

1:1000

1:1000

A peptide
corresponding
to human ERK1
pY202/204

pY

Human DICER1

An epitope in
the N-terminal
region of human
TUT4

A peptide
corresponding
to the N-
terminal region
of human
HMGA2

A peptide
corresponding
to the C-
terminal region
of human
LIN28B

A peptide
corresponding
to a region near
the C-terminus
of human
GAPDH

A peptide
corresponding
to human a-
Tubulin

A synthetic
protein
corresponding
to the N-
terminus of
human B-Actin

A peptide
corresponding
to the C-
terminal region
of GFP

A peptide
derived from
residues 22-36

Rabbit

Mouse

Rabbit
Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

CST (4370)

Santa Cruz
(sc-7020)

CST (3363)

Sigma-
Aldrich
(MABE1526)

CST (8179)

CST (11965)

CST (2118)

CST (2144)

CST (4970)

CST (2956)

Genscript
(A00682)
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FLAG (M2) IB 1:1000 A peptide with Mouse Sigma-
sequence Aldrich
DYKDDDDK (F1804)

HRP- IB 1:1000 Rabbit heavy Goat CST (7074)

conjugated and light chain

Rabbit IgG IgG

HRP- B 1:1000 Mouse heavy Horse CST (7076)

conjugated and light chain

Mouse IgG I9G

Normal IP 1:100 None Rabbit CST (2729)

Rabbit IgG 1:200

Normal IP 1:40 None Mouse Santa Cruz

Mouse IgG (sc-2025)

2.2 Buffers

Lysis Buffer

50 mM Hepes-NaOH pH 7.5, 1% (v/v) Igepal-CA630 (Sigma, 18896) 10 mM

NaF, 1 mM NasVOa, 10% (v/v) glycerol, and 150 mM NacCl.

Lysis Buffer + Protease Inhibitor

1x lysis buffer, and 1x Calbiochem protease inhibitor (PI) cocktail Il (added

fresh, Fisher Scientific, 12818395).

SDS Loading Buffer

0.25% (w/v) bromophenol blue, 50% (v/v) glycerol, 10% (w/v) sodium dodecyl

sulphate (SDS), 0.25 M Tris-HCI pH 6.8, and 10% (v/v) B-mercaptoethanol.
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10X SDS Running Buffer

250 mM Tris pH 8.3, 1.92 M glycine, and 1% (w/v) SDS.

10X Transfer Buffer

250 mM Tris pH 8.3 and 1.92 M glycine.

1X Transfer Buffer

1X transfer buffer and 20% (v/v) methanol.

Wash Buffer

50 mM Tris-HCI pH 7.6, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid

(EDTA), and 0.1% (v/v) Tween-20.

Blocking Buffer

Wash buffer and 3% (w/v) bovine serum albumin (BSA).

RNA Immunoprecipitation Lysis Buffer

25 mM Tris-HCI pH 7.4, 150 mM KCI, 5 mM EDTA, 0.5 mM DTT, 0.5% NP-40,
100 U/ml RNase inhibitor (added fresh, New England Biolabs (NEB), M0314),
and 1X Calbiochem protease inhibitor cocktail Il (added fresh). Filtered using

0.22 um filter.
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RNA Immunoprecipitation Immunoprecipitation Buffer

10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5 mM EDTA, and 100 U/ml RNase

inhibitor (added fresh). Filtered using 0.22 um filter.

RNA Immunoprecipitation Wash Buffer

20 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.4% NP-40 (v/v), and 100 U/ml RNase

inhibitor (added fresh). Filtered using 0.22 um filter.

Proteinase K Buffer

7.8 mM Tris-HCI pH 7.5, 117 mM NacCl, 0.39 mM EDTA, 1% (w/v) SDS, and

100 U/ml Proteinase K (add last, NEB, P8107). Filtered using 0.22 um filter.

Annealing Buffer

10 mM Tris-HCI pH 7.5, 100 mM NacCl, and 1 mM EDTA.

Wash Buffer A

20 mM Tris-HCI pH 8, 150 mM NaCl, and 1 mM p-mercaptoethanol.

Wash Buffer B

20 mM Tris-HCI pH 8, 150 mM NacCl, 10% (v/v) glycerol, and 1 mM f3-

mercaptoethanol.
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Glutathione-S-Transferase Elution Buffer

20 mM Tris-HCI pH 8, 150 mM NacCl, 20 mM reduced glutathione, and 1 mM -

mercaptoethanol.

Coomassie Protein Stain

0.1% (w/v) Coomassie Brilliant Blue, 40% (v/v) methanol, and 10% (v/v) glacial

acetic acid (10%).

Gel Wash Buffer

40% (v/v) methanol and 10% (v/v) glacial acetic acid (10%).

Maltose-Binding Protein Elution Buffer

20 mM Tris-HCI pH 8, 150 mM NacCl, 10% (v/v) glycerol, 10 mM maltose, 1 mM

B-mercaptoethanol.

Imidazole Elution Buffer A

20 mM Tris-HCI pH 8, 150 mM NacCl, 200 mM imidazole, and 1 mM -

mercaptoethanol.

Imidazole Elution Buffer B

20 mM Tris-HCI pH 8, 150 mM NacCl, 10% (v/v) glycerol, 200 mM imidazole and

1 mM B-mercaptoethanol.
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Microscale Thermophoresis Buffer

20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol and 1 mM -

mercaptoethanol.

2.3 Plasmids

Table 2.3.1 Plasmids

Plasmids are listed along with their accession number, where applicable. Details are
given of the application for which each plasmid was used, along with their major
feature, their source, and, where applicable, their catalogue number. Amino-terminal
(N-terminal), carboxy-terminal (C-terminal), New England Biolabs (NEB).

Plasmid Application Features Source, Catalogue
number
pEGFP-C1- Mammalian Full length AGO2 with Addgene (21981)
AGO2 Cell Expression N-terminal GFP-tag
pEGFP-C1- Mammalian Full length AGO2 with  This study
AGO2-Y393F Cell Expression Y393F mutation and
N-terminal GFP-tag
pEGFP-C1- Mammalian Full length AGO2 with  This study
AGO2- Cell Expression Y322F and Y529F
Y322/529F mutations and N-
terminal GFP-tag
PEGFP-N2- Mammalian Full length EGFR with  Kin Man-Suen
EGFR Cell Expression C-terminal GFP-tag (University of Leeds,
UK)
pEGFP-N2 Mammalian GFP Clontech
Cell Expression
FLAG-FGFR2 Mammalian Full length FGFR2 Natalie Stephenson
Cell Expression with N-terminal FLAG- (University of Leeds,
tag UK)
pcDNA-3.1- Mammalian Full length GRB2 with  Chi-Chuan Lin
RFP-N-GRB2 Cell Expression an N-terminal RFP- (University of Leeds,
tag UK)
pcDNA-3.1- Mammalian Full length GRB2 with  Chi-Chuan Lin
RFP-N- Cell Expression a W36K mutation and (University of Leeds,
GRB2-W36K N-terminal RFP-tag UK)




-62 -

pcDNA-3.1-
RFP-N-
GRB2-R86A

pcDNA-3.1-
RFP-N-
GRB2-
W193K

pcDNA-3.1-
RFP-N-AGO2

pcDNA-3.1-
RFP-N

pcDNA-3.1

pDNA6/Myc-
His B

MSCV

MSCV-let-7-
sponge

pET28a-
GRB2

pET28a-
GRB2-W36K

pET28a-
GRB2-
W193K

pET28a-
GRB2-
W36/193K

pET28a-PAZ

PGEX2T-
GRB2

Mammalian
Cell Expression

Mammalian
Cell Expression

Mammalian
Cell Expression

Mammalian
Cell Expression

Mammalian
Cell Expression

Mammalian
Cell Expression

Mammalian
Cell Expression

Mammalian
Cell Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Full length GRB2 with
R86A mutation and N-
terminal RFP-tag

Full length GRB2 with
W193K mutation and
N-terminal RFP-tag

Full length AGO2 with
N-terminal RFP-tag

Full length RFP

No insert

Full length GRB2 with
N-terminal Myc tag

No insert

Sequence
complementary to let-
7 family miRNA

Full length GRB2 with
N and C-terminal His
tags

Full length GRB2 with
W36K mutation N and
C-terminal His tags

Full length GRB2 with
W193K mutation N
and C-terminal His
tags

Full length GRB2 with
W36/193K mutation N
and C-terminal His
tags

AGO2 PAZ domain
(residues 228-348) N
and C-terminal His
tags

Full length GRB2 with
N-terminal GST-tag

Chi-Chuan Lin
(University of Leeds,
UK)

Chi-Chuan Lin
(University of Leeds,
UK)

This study

Tony Ng (King's
College London,
UK)

Tony Ng (King's
College London,
UK)

Chi-Chuan Lin
(University of Leeds,
UK)

Lin He (Addgene #
24828) (Olive et al.,
2009)

Phil Sharp
(Addgene #29766)
(Kumar et al., 2008)

(Ahmed et al., 2010)

Chi-Chuan Lin
(University of Leeds,
UK)

Chi-Chuan Lin
(University of Leeds,
UK)

Chi-Chuan Lin
(University of Leeds,
UK)

Chi-Chuan Lin
(University of Leeds,
UK)

(Ahmed et al., 2010)
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pGEX2T-
NSH3

PGEX2T-SH2

PGEX2T-
CSH3

pGEX-2T

pMAL-c5x-N-
terminal

pMAL-c5x-
PAZ

pMAL-c5x-
MID

pMAL-c5x-
PIWI

pMAL-c5x-
PAZ-4A

pPMAL-c5x

pLenti6/V5-
DEST-FGFR2

pCas9-Guide-
gRNA1

pCas9-Guide-
gRNA2

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Bacterial Cell
Expression

Lentiviral
Transduction

GRB2
knockdown

GRB2
knockdown

GRB2 N-terminal SH3
domain (residues 1-
58) with N-terminal
GST-tag

GRB2 SH2 (residues
60-152) domain with
N-terminal GST-tag

GRB2 C-terminal SH3
domain (residues 156-
215) with N-terminal
GST-tag

GST alone

AGO2 N-terminal
domain (residues 1-
139) with N-terminal
MBP-tag

AGO2 PAZ domain
(residues 235-348)
with N-terminal MBP-
tag

AGO2 MID domain
(residues 450-573)
with N-terminal MBP-
tag

AGO2 PIWI domain
(residues 517-818)
with N-terminal MBP-
tag

AGO2 PAZ domain
(residues 235-348)
with 323PHLP326/AAAA
mutation and N-
terminal MBP-tag

MBP alone

Full length FGFR2
with PS810A/P813A
mutation

Cas9, target
sequence for gRNA
against GRB2

Cas9, target
sequence for gRNA
against GRB2

(Ahmed et al., 2010)

(Ahmed et al., 2010)

(Ahmed et al., 2010)

GE Healthcare

This study

This study

This study

This study

This study

NEB (N8108)

Natalie Stephenson
(University of Leeds,

UK)

OriGene
(KN200469G2)

OriGene
(KN200469G1)
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pCas9-Guide-
scmbld

puC

lentiCRISPR-
V2

PRL-TK
(AF025846)

pGL3-control-
mir-17WT

pGL3-control-
mir-17mut

pGL3-control-
mir-221-5pWT-
8mer

pGL3-control-
mir-221-5pmut-
8mer

pGL3-control-
mir-221-5pWT-
7mer-Al_1

pGL3-control-
mir-221-5pmut-
7mer-Al_1

pGL3-control-
mir-221-5pWT-
7mer-Al_2

GRB2
knockdown
control

GRB2
knockdown

GRB2
knockdown

Luciferase
Assay

Luciferase
Assay

Luciferase
Assay

Luciferase
Assay

Luciferase
Assay

Luciferase
Assay

Luciferase
Assay

Luciferase
Assay

Cas9, Scrmbld gRNA
target sequence

GFP gene without
promoter and
puromycin resistance
gene under control of
PGK promoter, both
flanked by
homologous arms
targeted against
GRB2

Cas9, puromycin
selectable marker,
gRNA targeting GRB2

Renilla luciferase
gene under control of
a thymidine kinase
promoter

pGL3-control
containing mir-17
targeting site in GRB2

pGL3-control
containing mutated
mir-17 targeting site in
GRB2

pGL3-control
containing miR-221-
5p 8mer targeting site
in GRB2

pGL3-control
containing mutated
miR-221-5p 8mer
targeting site in GRB2

pGL3-control
containing miR-221-
5p 7mer-Al targeting
site in GRB2 5’UTR

pGL3-control
containing mutated
miR-221-5p 7mer-Al
targeting site in GRB2
5UTR

pGL3-control
containing miR-221-
5p 7mer-Al targeting
site in GRB2 3'UTR

OriGene
(GE100003)

OriGene
(KN200469-D)

GenScript

Promega (E2241)

This study

This study

This study

This study

This study

This study

This study
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pGL3-control- Luciferase pGL3-control This study
mir-221-5p™Ut-  Assay containing mutated
7mer-Al_2 miR-221-5p 7mer-Al

targeting site in GRB2

J'UTR
pGL3-control- Luciferase pGL3-control This study
mir-221-3pWT-  Assay containing miR-221-
7mer-Al 3p 7mer-Al targeting

site
pGL3-control- Luciferase pGL3-control This study
mir-221-3p™t-  Assay containing mutated
7mer-Al miR-221-3p 7mer-Al

targeting site
pGL3-control- Luciferase pGL3-control NovoPro, custom
GRB2 Assay containing GRB2

complementary DNA
pGL3-control  Luciferase Firefly luciferase gene Promega (E1741)
(U47296) Assay under control of SV40

promoter

2.4 Primers

Table 2.4.1 Primer sequences for various applications

Unless otherwise stated, primers were custom ordered from Integrated DNA
Technologies. Site-directed mutagenesis (SDM), quantitative polymerase chain
reaction (QPCR). Lowercase ‘p’ indicates 5’ phosphorylation.

Primer Name Application Sequence/Reference

AGO2 N-terminal  Molecular CATCATCATATGATGTACTCGGGAGCCGG
domain FP cloning CCcCC

AGO2 N-terminal  Molecular CATCATGTCGACTTAGCTCACGCAGGACAC
domain RP cloning CCACTT

AGO2 PAZ Molecular CATCATCATATGTGTGAAGTTTTGGATTTTA
domain FP cloning AA

AGO2 PAZ Molecular CATCATGTCGACTTATGCCACAATGTTACA
domain RP cloning GACCTC

AGO2 MID Molecular CATCATCATATGGTGTGGGCCATTGCGTGC

domain FP cloning TTC
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AGO2 MID
domain RP

AGO2 PIWI
domain FP

AGO2 PIWI
domain RP

AGOZ2 Y393F FP

AGOZ2 Y393F RP

AGOZ2 Y322F FP

AGO2 Y322F RP

AGOZ2 Y529F FP

AGOZ2 Y529F RP

AGO2
23PHLP35>AAAA
FP

AGO?2
23PHLP6>AAAA
RP

mir-17 7mer-m8
WT GRB2 TS
sense

mir-17 7mer-m8
WT GRB2 TS
antisense

mir-17 7mer-m8
mutant GRB2 TS
sense

mir-17 7mer-m8
mutant GRB2 TS
antisense

mir-221 (3p)
7mer-A1 WT
GRB2 TS sense

Molecular
cloning

Molecular
cloning

Molecular
cloning

SDM

SDM

SDM

SDM

SDM

SDM

SDM

SDM

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

CATCATGTCGACTTAGCCTCCCAGCTTGAC
GTTGAT

CATCATCATATGCTGGTGGTGGTCATCCTG
CCC

CATCATGTCGACTTACACCAGGTGGTACCT
GGCCCG

CAACACAGATCCATTCGTCCGTGAATTTGG

CCAAATTCACGGACGAATGGATCTGTGTTG

GTTCTGCGCTTCCCCCACCTC

CAACTTGTGCCTGTCCTTGAAATAC

ACGCCCGTGTTCGCCGAGGTC

CTTGCCGGGCAGGATGAC

GCTGCAGCCGCATGTTTACAAGTCGGACA
GGAG

GTAGCGCAGAACCAACTTGTG

PCTAGAGGCTCACGCCTGTAATCCCAGCAC
TTTGGGAGGCCAAGGTGGGCGGATCACAA
GGTCAGGAGT

PCTAGACTCCTGACCTTGTGATCCGCCCAC
CTTGGCCTCCCAAAGTGCTGGGATTACAG
GCGTGAGCCT

PCTAGAGGCTCACGCCTGTAATCCCAAAAA
AAAAGGAGGCCAAGGTGGGCGGATCACAA
GGTCAGGAGT

PCTAGACTCCTGACCTTGTGATCCGCCCAC
CTTGGCCTCCTTTTTTTTTGGGATTACAGG
CGTGAGCCT

PCTAGAGGAAGTCATGGGAACGCAGCCTC
CAGTTGTAGCAGGTTTCACTATTCCTATGC
TGGGGTACAT
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mir-221 (3p)
Tmer-A1 WT
GRB2 TS
antisense

mir-221 (3p)
7mer-Al mutant
GRB2 TS sense

mir-221 (3p)
7mer-Al mutant
GRB2 TS
antisense

miR-221-5p 8mer
WT GRB2 TS
sense

miR-221-5p 8mer
WT GRB2 TS
antisense

miR-221-5p 8mer
mutant GRB2 TS
sense

miR-221-5p 8mer
mutant GRB2 TS
antisense

miR-221-5p
7mer-Al_1WT
GRB2 TS sense

miR-221-5p
7mer-A1_1WT
GRB2 TS
antisense

miR-221-5p
7mer-Al 1
mutant GRB2 TS
sense

miR-221-5p
7mer-Al 1
mutant GRB2 TS
antisense

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

PCTAGATGTACCCCAGCATAGGAATAGTGA
AACCTGCTACAACTGGAGGCTGCGTTCCC
ATGACTTCCT

PCTAGAGGAAGTCATGGGAACGCAGCCTC
CAGTTTTTTTTGGTTTCACTATTCCTATGCT
GGGGTACAT

pCTAGATGTACCCCAGCATAGGAATAGTGA
AACCAAAAAAAACTGGAGGCTGCGTTCCCA
TGACTTCCT

PCTAGATCCAGATATGAACAGGGCCCAGG
CCTGGAGCGTTTGCTGTGCCAGGAGGCGG
CAGCTCTTCTT

PCTAGAAGAAGAGCTGCCGCCTCCTGGCA
CAGCAAACGCTCCAGGCCTGGGCCCTGTT
CATATCTGGAT

PCTAGATCCAGATATGAACAGGGCCCAGG
CCTGGAGCGTTTGCTGAAAAAAAAGGCGG
CAGCTCTTCTT

PCTAGAAGAAGAGCTGCCGCCTTTTTTTTC
AGCAAACGCTCCAGGCCTGGGCCCTGTTC
ATATCTGGAT

PCTAGAAGCCAGGAGGTATTGCTGCTTCG
GCGACCGGGCGGCGGCAGCGGLCGGLGEG
CGGCTGTGGCAGT

PCTAGACTGCCACAGCCGCCGCCGCCGCT
GCCGCCGCCCGGTCGCCGAAGCAGCAATA
CCTCCTGGCTT

PpCTAGAAAAAAAAAGGTATTGCTGCTTCGG
CGACCGGGCGGCGGCAGLCGGLGGLGGL
GGCTGTGGCAGT

PCTAGACTGCCACAGCCGCCGCCGCCGCT
GCCGCCGCCCGGTCGCCGAAGCAGCAATA
CCTTTTTTTTT
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miR-221-5p
7mer-A1l 2 WT
GRB2 TS sense

miR-221-5p
7mer-A1l 2 WT
GRB2 TS
antisense

miR-221-5p
7mer-Al_2
mutant GRB2 TS
sense

miR-221-5p
7mer-Al_2
mutant GRB2 TS
antisense

GRB2 LHA FP

GRB2 LHA RP

GRB2 RHA FP

GRB2 RHA RP

GRB2 75278 FP

GRB2 75726 RP

GRB2 75278

Ndel FP

GRB2 75726 Sall
RP

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Cloning
luciferase
vectors

Amplification
of genomic
DNA

Amplification
of genomic
DNA

Amplification
of genomic
DNA

Amplification
of genomic
DNA

Amplification
of genomic
DNA

Amplification
of genomic
DNA

Amplification
of genomic
DNA

Amplification
of genomic
DNA

PCTAGAGGCGTTCTCCTGCTTGTACTAAGC
CAGGAGGCTTTAAGCTCCAGCTTTAAGGGT
TGTGAGCCT

pPCTAGAGGCTCACAACCCTTAAAGCTGGAG
CTTAAAGCCTCCTGGCTTAGTACAAGCAGG
AGAACGCCT

PCTAGAGGCGTTCTCCTGCTTGTACTAAAA
AAAAAGGCTTTAAGCTCCAGCTTTAAGGGT
TGTGAGCCT

PCTAGAGGCTCACAACCCTTAAAGCTGGAG

CTTAAAGCCTTTTTTTTTAGTACAAGCAGGA

GAACGCCT

GTGGGGCTCAAAATAAGCTGC

TTAAGGGCCAGCTCATTCCTC

CATCTTGTTGGTCATGCGGC

ATGGAAGTGCAGGGGGAAAG

ACACCACACATCACACCAACT

TGGCCACTGCTCTTAATCGT

CATCATCATATGACACCACACATCACACCA

ACT

CATCATGTCGACTGGCCACTGCTCTTAATC
GT
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let-7a-5p

let-7d-5p

let-79-5p

miR-17-5p

miR-181c-5p

miR-19b-3p

miR-20a-5p

miR-221-5p

pre-let-7a-1

pre-let-7g

pre-miR-17

pre-miR-181c

pre-miR-19b-1

pre-miR-20a

pre-miR-221

RNUG6-6P

GAPDH FP

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

Hs_let-7a_2 miScript Primer Assay (Qiagen,
MS00031220)

Hs_let-7d_1 miScript Primer Assay (Qiagen,
MS00003136)

Hs_let-7g_2 miScript Primer Assay (Qiagen,
MS00008337)

Hs_miR-17_2 miScript Primer Assay (Qiagen,
MS00029274)

Hs_miR-181c_2 miScript Primer Assay
(Qiagen, MS00008841)

Hs_miR-19b_2 miScript Primer Assay (Qiagen,
MS00031584)

Hs_miR-20a_1 miScript Primer Assay (Qiagen,
MS00003199)

Hs_miR-221* 1 miScript Primer Assay
(Qiagen, MS00009170)

Hs_let-7a-1_PR_1 miScript Precursor Assay
(Qiagen, MP00000007)

Hs_let-7g_1 PR miScript Precursor Assay
(Qiagen, MP00000070)

Hs_mir-17_1 PR miScript Precursor Assay
(Qiagen, MP00001064)

Hs_mir-181c_1 PR miScript Precursor Assay
(Qiagen, MP00001099)

Hs_mir-19b-1_PR_1 miScript Precursor Assay
(Qiagen, MP00001386)

Hs_mir-20a_1 PR miScript Precursor Assay
(Qiagen, MP00001484)

Hs_mir-221_1 PR miScript Precursor Assay
(Qiagen, MP00001617)

TACAGAGAAGATTAGCATGG

GGTGTGAACCATGAGAAGTATGA
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GAPDH RP

GRB2 FP

GRB2 RP

NRAS FP

NRAS RP

HMGAL FP

HMGAL RP

HMGA2 FP

HMGA2 RP

DICER1 FP

DICER1 RP

LIN28B FP

LIN28B RP

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

GAGTCCTTCCACGATACCAAAG

TTCACTGCTGCTCCTCTTTC

CTAGGACTATACGTGGCCTTAAAC

CAGTGCCATGAGAGACCAATAC

TCTGCTCCCTGTAGAGGTTAAT

GCCTGGGATCTGAGTACATATTG

CGGAAGCAAAGTAGGGTTAGG

ATGGTGCACCGAGTGATTT

TGGGACTTAAGAGGTAGTAGTGT

CCCTGTTTGGTGCTATGTTTATG

CTACTGGTATGTTGATGGGAG

GGCAGCAGGTCTGTGAATTA

GATCAGCTTACAGGGCTAAGAG

2.5 Molecular cloning

2.5.1 Transformation of bacterial cells with plasmid DNA

For all DNA production and manipulation, competent DH5a cells (NEB, C2987)

were transformed with plasmid DNA. DH5a cells have lacZAM15, recAl and

endA mutations; they are therefore optimised for molecular cloning techniques

and have high, good quality DNA yields. 20 pl cells were thawed on ice before 1

ul ice-cold plasmid was added. The cells were flicked to mix and incubated in

ice for 10 mins. Cells were heat shocked at 42°C for 45 seconds, then

immediately transferred to ice for another 5 mins. 950 ul lysogeny broth (LB)
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was added and cells incubated at 37°C, 200 rotations per minute (rpm) for 1 h.
Cells were then pelleted by centrifugation at 3380 xg for 1 min. The pellet was
resuspended in 50 ul LB and spread on agar plates containing 100 pug/mi
ampicillin or 50 ug/ml kanamycin as appropriate. Plates were incubated at 37°C

for 16 h.
2.5.2 Making glycerol stocks

Following transformation of bacterial cells, glycerol stocks were made for long
term storage of bacterial cells expressing plasmid. A single colony was
expanded into 10 ml LB containing the appropriate antibiotic (2.5.1). Cultures

were incubated at 37°C for 16 h at 200 rpm. 500 ul of the culture was mixed

with 500 pl sterile 50% glycerol and stored at -80°C.
2.5.3 Plasmid preparation from bacterial cells

To prepare plasmid DNA for molecular cloning or mammalian cell transfection,
DNA was purified from an overnight culture. Cells from either a glycerol stock or
a single colony from agar plate were expanded into 10 ml LB, supplemented
with the appropriate antibiotic (2.5.1), and incubated for 16 h at 37°C, 200 rpm.
Cells were pelleted by centrifugation at 2200 xg for 10 mins. Plasmid DNA was
purified from cell pellets using the QlAprep Spin Miniprep Kit (Qiagen, 27106)
according to manufacturer’s instructions. DNA concentration was then

quantified at 260 nm, using a NanoDrop 2000 (Thermo Scientific, ND-2000).
2.5.4 Restriction digestion

Plasmid DNA and PCR products were cut in either a double or single restriction
digest. A 20 ul reaction was set up using 1 ug DNA, 10 U enzyme (NEB, Table

2.5.1, 2.5.10), 1x buffer and nuclease-free water (Invitrogen, 10977023). Buffer
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was CutSmart, 3.1, 2.1 or 1.1 (NEB, various) as dictated by the NEBcloner
v1.4.2 double digest finder (NEB, 2020b). Reactions were incubated at 37°C for
30 min. DNA was purified by agarose gel electrophoresis (2.5.6) and gel

extraction (2.5.7).

Table 2.5.1 Enzymes used in molecular cloning
Complementary DNA (cDNA)

Vector Application Enzyme(s)
pcDNA3.1-RFP-N Insertion of AGO2 cDNA BamHI and Notl
pMALCc5x Insertion of AGO2 domain cDNA Ndel and Sall
pGL3-control Insertion of MIRNA targeting sitesin ~ Xbal
GRB2
pPMALC5x Insertion of G1 genome around the Ndel and Sall
start of GRB2
Parental DNA Site-directed mutagenesis Dpnl

2.5.5 Dephosphorylation of cut vectors

During restriction digestion, 5’ phosphates were removed from vector ends by

addition of 1 U calf intestinal phosphatase (CIP, NEB, M0290) to the reaction.
2.5.6 Agarose gel electrophoresis

DNA of different sizes was separated by agarose gel electrophoresis. 1% (for
DNA fragments >500 bp) or 2% (for DNA fragments <500 bp) agarose gel was
made by dissolving agarose to the desired percentage in 1x Tris-Acetate-EDTA
(TAE, National Diagnostics, EC-872). 1x Sybr safe (Invitrogen, S33102) was
added, before the mixture was poured into a mould and left to set. The gel was
set up in a DNA running tank and covered in 1x TAE. Purple loading dye (NEB,

B7024S) was diluted to 1x with DNA and loaded into the wells of the gel. DNA
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was separated by electrophoresis at 100 V until purple loading dye could be
seen to have migrated 1/3 the length of the gel. 1 kb (NEB, N3232) and 100 bp

(NEB, N3231) DNA ladders were used to estimate the size of DNA fragments.
2.5.7 Gel extraction

DNA fragments were purified from agarose gels with the QIlAquick gel extraction

kit (Qiagen, 28706), according to manufacturer’s instructions.
2.5.8 Ligation

To ligate digested insert DNA into digested vector backbone, DNA was
incubated with 1 ul T4 DNA ligase (NEB, M0202) and 1x T4 DNA ligase buffer.
The reaction was incubated in a 20 ul volume, for 16 h at room temperature. A
3:1 insert:backbone ratio was used. Prior to transformation into cells, DNA was
purified using the QIAquick purification kit (Qiagen, 28106), according to

manufacturer’s instructions.
2.5.9 Polymerase chain reaction of plasmid DNA

PCR amplification of a region of plasmid DNA was used to produce insert DNA
with specific restriction sites, which could then be spliced into another vector. 10
ng DNA was amplified with 1 U Vent (NEB, M0254) and 1x ThermoPol reaction
buffer (NEB, B9004) in a 50 ul reaction, with 1 uM forward and reverse primers
and 400 uM dNTP mix (NEB, N0447). The reactions were placed in a
thermocycler and DNA amplified under the conditions in Table 2.5.2. Annealing
temperature was calculated using NEB Tm Calculator v1.12.0 (NEB, 2020c).
After PCR, DNA was purified by agarose gel electrophoresis (2.5.6) and gel

extraction (2.5.7).



-74 -

Table 2.5.2 Cycling conditions for amplification of insert DNA from
plasmid

Stage Temperature Time Repeat
Initial Denaturation  95°C 5 min -
Denaturation 95°C 30 sec

Primer Annealing 55-65°C 30 sec x30
Extension 72°C 1 min per kb

Final Extension 72°C 10 min -

2.5.10 Site directed mutagenesis

Mutations were introduced into plasmid DNA by site directed mutagenesis
(SDM), using either the PrimeSTAR GXL polymerase (Takara Bio, R050, Table
2.5.3) or Q5 kit (NEB, E0554, Table 2.5.4). For both kits, reactions were made
up according to manufacturer’s instructions. After PCR, DNA amplified by the
Q5 polymerase was incubated with the KLD enzyme mix from the same kit, as
instructed in the handbook, before bacterial cells were transformed with 5 pl of
the mix (2.5.1). DNA amplified with the PrimeSTAR polymerase was purified
using the QIAquick purification kit (2.5.8) and parental plasmid DNA digested by
incubating with Dpnl (NEB, R0176, 2.5.4). Mutant plasmid DNA was again
purified using the QIAquick purification kit, before being transformed into DH5a.

cells (2.5.1).
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Table 2.5.3 Cycling conditions used for site-directed mutagenesis with
PrimeSTAR polymerase

Stage Temperature Time Repeat
Initial Denaturation  95°C 3 min -
Denaturation 95°C 10 sec

Primer Annealing 55°C, 60°C 15 sec X34
Extension 68°C 1 min per kb

Final Extension 68°C 10 min -

Table 2.5.4 Cycling conditions use for site-directed mutagenesis with the
Q5 kit

Primer annealing temperature was calculated using the NEBaseChanger tool v1.3.0
(NEB, 2020a).

Stage Temperature Time Repeat
Initial Denaturation  95°C 30 sec -
Denaturation 95°C 10 sec

Primer Annealing 67°C, 70°C 30 sec x34
Extension 72°C 30 sec per kb

Final Extension 72°C 2 min -

2.5.11 Extraction of genomic DNA from mammalian cells

Genomic DNA was purified from human embryonic kidney 293 SV40 T-antigen-
expressing (HEK293T) cells using the DNeasy Blood and Tissue kit (Qiagen,

69504), following the manufacturer’s protocol.
2.5.12 Polymerase chain reaction of genomic DNA

The start of the GRB2 gene was amplified to genotype G1 clones. Reactions

were set up in 50 ul, containing 500 ng genomic DNA, 1 U Phusion polymerase
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(NEB, M0530), 1x Phusion HF buffer (NEB, B0518), 400 uM dNTP and 1 uM

each primer. Cycling conditions were as stated in Table 2.5.5.

Table 2.5.5 Cycling conditions used to amplify a fragment of genomic DNA

Stage Temperature Time Repeat
Initial Denaturation  95°C 5 min -
Denaturation 95°C 30 sec

Primer Annealing 56°C 1 min X34
Extension 72°C 3 min

Final Extension 72°C 10 min -

2.5.13 Sequencing

Plasmids and PCR fragments were sequenced using either GENEWIZ or

Source Bioscience.

2.6 Mammalian cell culture

2.6.1 Culture of mammalian cell lines

Cell lines were cultured in medium (for type see Table 2.6.1) supplemented with
50 ug/ml gentamicin (Gibco, 15710064) and fetal bovine serum (FBS, Sigma-
Aldrich, F7524, for percentage see Table 2.6.1). Cells were maintained at 37°C
with 5% COz in T75 flasks (Corning, 10492371). When cells reached
confluency, they were washed three times with phosphate buffered saline (PBS,
Gibco, 10010056), followed by incubation in 5 ml 1x trypsin (Gibco, 15400054)

for 5 mins at 37°C and 5% COz2 to dissociate cells from the culture vessel. 0.5
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ml of the dissociated cells was pelleted by centrifugation at 120 xg for 5 min,

resuspended in culture media and transferred to a new T75 flask.

Table 2.6.1 Culture conditions for cell lines used in this study

Cells were maintained in media supplemented with fetal bovine serum (FBS) and
gentemicin, at 37°C and varying levels of CO.. Puromycin was added to the media to
select stable cell lines. Dulbecco’s Modified Eagle’'s Medium (DMEM), Minimum
Essential Medium (MEM), Roswell Park Memorial Institute (RPMI), Iscove's Modified
Dulbecco's Medium (IMDM).

Cell Line Medium FBS CO2 Puromycin
HEK293T DMEM (Gibco, 11520416) 10% 5% 0.8 ug/ml
NIH3T3 DMEM 10% 5% -

PC3 DMEM 10% 5% -

MCF-7 DMEM 10% 5% -
MDA-MB-231 DMEM 10% 5% 0.5 ug/ml
A498 MEM (Gibco, 11095080) 10% 5% 4 ug/mi
H520 RPMI 1640 (Gibco, 11835030) 10% 5% 0.5 ug/ml
Caco2 IMDM (Gibco, 12440061) 20% 5% 20 pg/ml

2.6.2 Freezing cell line stocks

Stocks of cell lines were made for long term storage. When a T75 flask of cells
reached confluency, cells were dissociated using trypsin digestion (2.6.1). 2.5
ml of cells were pelleted by centrifugation at 180 xg for 5 min and resuspended
in 500 ul Recovery cell culture freezing media (Gibco, 12648010). The cells

were stored at -80°C for 24 h then transferred to liquid nitrogen.
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2.6.3 Generation of a GRB2 knockout cell line

HEK293T cells with GRB2 knockout were generated using the clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated
endonuclease 9 (Cas9) GRB2 knockout kit (OriGene, KN200469), according to
manufacturer’s instructions. The kit relies on homologous recombination to
insert episomal DNA into the start of the GRB2 gene, both knocking out GRB2

and knocking in GFP and puromycin resistance (PuroR) genes.

HEK293T cells were transfected in a 6-well plate (Corning, CLS3516) at 60%
confluency. Three transfections were performed according to the kit protocol;
each of the three pCas9-guide plasmids (Table 2.3.1) was transfected
simultaneously alongside pUC (Table 2.3.1). pCas9-guide encoded the guide
RNA (gRNA) targeted to GRB2 or the scrambled control, and the Cas9 protein
(Table 2.6.2). pUC contained the GFP gene, with no promoter, and PuroR,
under control of the phosphoglycerate kinase 1 (PGK) promoter, (GFP-PGK-
PuroR) flanked by GRB2-directed 5’ and 3’ homology arms. The transfection
reagent was TurboFectin (OriGene, TF81001). Cells were passaged after 48 h
(2.6.1) and cultured until they reached P7, to allow both integration of the GFP-
PGK-PuroR cassette and to dilute out cells which expressed extra-chromosomal
PuroR. As Puro® had its own promoter, cells which expressed this gene as the

episomal form were still puromycin resistant.
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Table 2.6.2 Sequences of guide RNAs used in Cas9-mediated knockdown
of GRB2 in HEK293T cells

Guide RNA  Sequence

gRNA1 TTTGAAGTCATATTTGGCGA

gRNA2 TTTTGAAGCTCAGCTCGTCG

Cells were split into 10 cm dishes (Corning, CLS430591) in media containing
0.8 ug/ml puromycin to select for cells with PuroR. From this point on, all cell
lines generated using these cells were always cultured in media containing 0.8
ug/ml puromycin. Cells were then genotyped for the correct insertion. Genomic
DNA was purified (2.5.11), before left and right homologous arms were

amplified (2.5.12) and sent for sequencing (2.5.13).

Monoclonal cell lines were generated by seeding ~20 cells in a 10 cm dish and
incubating until colonies could be seen by eye. Clones were selected by
removing culture media, placing cloning disks (Sigma-Aldrich, Z374431-100EA)
soaked in trypsin over the colonies and incubating the plate for 5 min at 37°C.
The disks were added to wells of a 96-well plate (Corning, 10695951)
containing culture media (Table 2.6.1), to allow attachment of cells. Once cells
reached confluency, they were expanded into a larger culture vessel. The
process was continued until enough cells were produced to freeze down stocks

(2.6.2), analyse protein expression (2.7) and genotype.

To genotype G1 clones, genomic DNA was purified (2.5.11). A region at the
start of the GRB2 gene, containing the sequence against which the gRNA was
targeted, was amplified by PCR (2.5.12). These PCR products were cloned into

the pMAL-c5x vector (2.5.4 — 2.5.8) and transformed into DH5a. cells (2.5.1).
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DNA was purified from 10 colonies (2.5.3) and this was sent for sequencing

(2.5.13).
2.6.4 Lentiviral transduction of FGFR2 expression

HEK293T cells with FGFR2 expression were generated by lentiviral
transduction. To generate lentiviral stock, HEK293FT cells were initially split into
a 6-well plate. When they reached 60-80% confluency, cells were transfected
with 3 ul ViraPower™ Lentiviral Packaging Mix (Invitrogen, K4975-00),
containing plasmids expressing virus envelope and packaging proteins, and 1
ug pLenti plasmid expressing the FGFR2 gene. The transfection was completed
as described (2.6.7), using 10 ul Lipofectamine 2000 (Invitrogen, 11668019) as

the transfection reagent and in a total volume of 500 pl.

After 24 h, cell media was replaced with fresh culture media and, after a further
24 h, media containing viral stock was collected. Media was centrifuged at 2000

Xg, 4°C for 15 min, to pellet cell debris, and supernatant stored at -80°C.

HEK293T cells which were to be transduced with FGFR2 expression were split
into a 6-well plate. When they reached 50-70% confluency, culture media was
replaced with the thawed viral titre. 6 ug/ml polybrene was added to improve the
efficiency of transduction. After 24 h the media was replaced with normal culture
media containing 10 ug/ml blasticidin to select for cells with FGFR2
transduction. After a further 48 h, cells were split into 10 cm dishes. Cells were
cultured for ten days, with fresh media being applied every three days. Clones
were then selected by removing culture media, placing cloning disks soaked in
trypsin over the colonies and incubating the plate for 5 min at 37°C. The disks
were added to wells of a 96-well plate containing culture media, to allow

attachment of cells. Once cells reached confluency, they were expanded into a
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larger culture vessel. The process was continued until enough cells were

produced to freeze down stocks (2.6.2) and analyse protein expression (2.7).
2.6.5 Knockdown of GRB2 in cancer cell lines

GRB2 was knocked down in various cell lines by lentiviral-mediated delivery of
lentiCRISPR-V2 (GenScript) (Sanjana et al., 2014). The lentiCRISPR-V2
plasmid contains sequences encoding Cas9 and gRNA, as well as a selectable
puromycin marker. gRNA sequences had been designed to target GRB2 and
have minimal binding to other regions of the genome (Table 2.6.3, GenScript)
(Sanjana et al., 2014). Cells at 50% confluency were infected by application of a
1:1 mixture of normal culture media (Table 2.6.1) and lentiviral titre. Various
mixtures of virus containing different gRNA sequences were used to enhance
knockdown (Table 2.6.3). After 3 days, the media was removed and replaced
with media supplemented with puromycin (for concentrations see Table 2.6.1)
to select modified cells. Infected and parental control cells were passaged in
media containing puromycin until all control cells were dead. GRB2 expression

was then examined by western blotting (2.8, 2.7).

Table 2.6.3 Sequences of guide RNAs used in Cas9-mediated knockdown
of GRB2 in cancer cell lines

Guide RNA  Sequence

1 GCAGCAGCCGACATACGTCC

2 ATTATGTCACCCCCGTGAAC

3 GCACCTGTTCTATGTCCGC
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2.6.6 Kill curves

The minimum concentration of puromycin needed to select GRB2 knockout and
knockdown (kd) cells was determined using a kill curve. Cells were seeded in
96-well plates to reach 50% confluency the next day. Media was then
supplemented with media containing puromycin at increasing concentrations
spanning 0-100 pg/ml. Fresh media was applied every 2-3 days for a total of 10
days. The minimum puromycin concentration required to kill all cells at this time

was determined by cell counting.
2.6.7 Transfection

Mammalian cells were manipulated to express exogenous protein by
transfection of plasmid DNA. HEK293T cells were split into 10 cm dishes or 6-
well plates and transfected at 50% confluency. When 10 cm dishes were used,
5 ug plasmid DNA and 25 ul Metafectene (Biontex, T020) were each incubated
in 500 ul Opti-MEM (Gibco, 31985062) for 5 min, room temperature. 2 ug
plasmid DNA and 7 ul Metafectene was used for cells in 6-well plates. The
plasmid DNA was added to the Metafectene and mixed by slowly pipetting up
and down once, to prevent shearing of the DNA. The mixture was incubated for
15 min, at room temperature, and then added dropwise to the cells. Unless

stated otherwise, protein expression was analysed 48 h post-transfection.

Breast cancer cell lines were also transfected in 10 cm dishes using the above
protocol, but with 15 pg plasmid DNA and 30 ul TransIT-BrCa (Cambridge
Bioscience, MIR 5500) as the transfection reagent. MCF-7 cells were

transfected at 50% confluency and MDA-MB-231 cells at 70% confluency.

HEK293T cells were transfected with a miRNA mimic (Sigma-Aldrich, Table

2.6.3) using the same protocol, with the following alterations. Cells were
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transfected at 20% confluency in 6-well plates. The miRNA mimic was added to
give final concentration 125 nM upon addition of the transfection mixture to the
cells. As before, transfections were complete 48 h before analysis of protein

and mRNA expression.

Table 2.6.3 miRNA mimics

Target Catalogue Number
miR-17-5p HMI0264
miR-20a-5p HMI0367
miR-106a-5p HMIO037
miR-221-5p HMI0397
miR-221-3p HMI0398
miR-222-3p HMI0400

Negative control HMC0002

2.6.8 Serum starvation

Cells were starved of serum by removal of media containing 10% FBS. They
were washed three times with 10 ml PBS and then cultured in DMEM,
supplemented only with 50 ug/ml geneticin and any appropriate antibiotics.
HEK293T cells were starved for 16 h, whereas MDA-MB-231 and MCF-7 cells
were starved for 18 h. 4 h prior to lysis, starvation media was removed from the
breast cancer cell lines and they were washed as before, before fresh starvation

media was added.
2.6.9 Stimulation

Prior to stimulation, cells were starved (2.6.8). FGF-stimulated cells were
stimulated with 20 ng/ml FGF2, 7, 9, 10 (R&D Systems, 233-FB, 251-KG, 273-

F9, 345-FG) or a cocktail of FGF2 and 9 for 15 min, at 37°C, 5% CO2. EGF-
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stimulated cells were stimulated with 10 ng/ml EGF (R&D Systems, 236-EG) for

5 min, at 37°C, 5% COa.
2.6.10 Kinase inhibition

FGFR2 was inhibited by addition of 30 nM SU5402 (Cambridge Bioscience,
SM99) for 16 h prior to lysis. To inhibit PTP1B, media was supplemented with
10 uM CinnGEL 2-methylester (Insight Biotechnology, sc-205633) 2 h before
lysis. Stock solutions of both inhibitors were made by dissolving in dimethyl
sulphoxide (DMSO) to 1000x their working concentration, which was then
diluted into starvation media. An equal volume of DMSO was added to control

cells.

2.7 Western blotting

2.7.1 SDS-PAGE

Proteins studied by in vitro techniques utilising mammalian cell lysates (2.8, 2.9,
2.10, 2.19) and bacterial protein expression (2.18, 2.19, 2.23) were analysed by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS
loading buffer was added to lysates to 1x concentration and incubated at 95°C
for 15 min to denature and add negative charge to the proteins. Samples were
briefly centrifuged at 21,130 xg to collect condensate. Supernatant was then
loaded into wells of a 4-20% polyacrylamide precast gel (Bio-Rad, 4561094),
along with prestained protein standards (Bio-Rad, 1610374). Proteins were
separated by electrophoresis at a constant voltage of 120 V for 50 min in SDS

running buffer.
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2.7.2 Transfer

After SDS-PAGE, proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane using either semi-dry or dry transfer. Semi-dry transfer was
completed using extra thick filter paper (Bio-Rad, 1703965) and membrane (GE
Healthcare, 10600038). Two sheets of filter paper were soaked for 10 min in
transfer buffer and the membrane was dipped in methanol for 1 min before use.
The components were layered in a Trans-Blot SD Semi-Dry Transfer Cell (Bio-
Rad, 1703940) in the following order: filter paper, membrane, gel, filter paper.
Proteins were transferred at 20 V for 55 min. Alternatively, proteins were
transferred using the iBlot 2 Gel Transfer Device (Invitrogen, IB21001) and
PVDF transfer stacks (Invitrogen, IB24001), according to manufacturer’s

instructions.
2.7.3 Ponceau staining

To detect high levels of protein, PVDF membranes were rinsed briefly in in
distilled water (dH20) and then ponceau stained. Membranes were incubated in
ponceau stain (Sigma-Aldrich, P3504) for 10 min with rocking. All following
membrane incubations were completed with rocking. They were then washed
by incubating in dH20, until background stain was removed. Membranes were
photographed on a G:Box Chemi XT4 (Syngene) using manual settings, white

light and automatic exposure. Stain was removed by washing with wash buffer.
2.7.4 Immunoblotting

Following transfer, membranes were rinsed briefly in dH20 and blocked for at
least 30 min in blocking buffer. Primary antibody was added at the appropriate
dilution (Table 2.1.1) and the membrane incubated at 4°C for 16 h. The

membrane was washed in wash buffer for 1 h at room temperature, with six
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buffer changes. Next, the membrane was incubated in blocking buffer and
1:1000 diluted horse-radish peroxidase (HRP)-conjugated secondary antibody
(Table 2.1.1), at room temperature, for 1 h. Membranes were then washed as

before.

Membranes were imaged by enhanced chemiluminescence; the membrane was
incubated in equal volumes of peroxide and luminol western ECL substrates
(Bio-Rad, 1705061) for 1 min. Light emissions were then visualised on a G:Box
Chemi XT4 using manual settings. If bands were faint, the process was
repeated using strong western blotting substrate (Thermo Scientific, 34094)

diluted 10x in western ECL substrates.

2.8 Mammalian cell lysis

Mammalian cells were lysed by removal of culture media, washing in PBS and
incubation in lysis buffer +P1. 400 ul buffer was added to 10 cm dishes and 50 pl
to 6-well plates. Cells were incubated on ice for 5 min, before cells were
scraped from the base of the culture vessel and transferred to 1.5 ml tubes.
Cells were incubated on ice for a further 15 min, then centrifuged at 21,130 xg,

4°C for 15 min to pellet debris. Cell lysate was transferred to a fresh tube.

Protein concentration was then measured by Bradford assay. 1 ul lysate (or
lysis buffer +PI as a blank) was added to 1 ml Pierce Coomassie plus Bradford
assay reagent (Thermo Scientific, 23238) and absorbance measured at 600 nm

using a spectrophotometer (6320D spectrophotometer, Jenway, 632 501).
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2.9 Immunoprecipitation

Protein complexes were immunoprecipitated from mammalian cell lysate
following lysis and quantification of protein concentration (2.8). 1 mg of cell
lysate was used, and reactions set up in 500 ul, containing the appropriate
dilution of antibody (Table 2.1.1). Normal IgG was used as a control. Equal
masses of test and normal IgG were added. Reactions were incubated with
rotation at 4°C for 16 h. 20 pl protein A/G-plus agarose beads (Santa Cruz, sc-
2003) were washed once in lysis buffer and added to the reaction. Reactions
were incubated for 1 h at room temperature, with rotation. Lysate was then
removed by centrifuging at 100 xg to pellet beads and taking off the
supernatant. Beads were washed three times in 1 ml lysis buffer, centrifuging as
before. Bound proteins were then released by boiling beads in 50 ul 2x SDS

loading buffer and analysed by SDS-PAGE and western blotting (2.7).

2.10 GFP/RFP Trap

GFP and RFP-tagged proteins were precipitated from mammalian cell lysates
overexpressing the appropriate protein (2.6.7). Following cell lysis (2.8),
reactions were set up containing 1 mg cell lysate in 500 ul and 5 ul GFP/RFP-
Trap magnetic agarose (ChromoTek, gtma-20/rtma-20). Prior to use, magnetic
beads were washed once in 1 ml lysis buffer by separating the beads from
supernatant using a DynaMag-2 magnet (Invitrogen, 12321D). Reactions were
incubated either for 1 h at room temperature or 16 h at 4°C, with rotation.
Supernatant was removed as before, and beads washed three times in 1 ml
lysis buffer, before bound proteins were released by boiling in 50 ul 2x SDS

loading buffer and analysed by SDS-PAGE and western blotting (2.7).
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2.11 Mass spectrometry

Transiently overexpressed GFP-AGO2 (2.6.7) was purified from HEK293T cells
by GFP-Trap (2.10). After SDS-PAGE (2.7.1), the protein gel was stained in
InstantBlue Coomassie protein stain (Expedeon, ISB1L) for 15 min. The band
corresponding to GFP-AGO2 was excised and mass spectrometry was
completed by the Proteomics Facility at the University of Bristol, UK. Briefly, the
protein was subject to in-gel trypsin digestion by the DigestPro automated
digestion system (CEM). Peptides were then analysed on a Bruker Daltonics
UltrafleXtreme 2 mass spectrometer (Bruker) by matrix-assisted laser
desorption/ionization-time of flight-tandem mass spectrometry (MALDI-ToF-
MS/MS). Reads were searched for peptide modifications against the human
Uniprot database and the GFP-AGO2 sequence using SEQUEST (Eng et al.,
1994). In addition to serine, threonine and tyrosine phosphorylation, oxidation
and carbamidomethylation were considered. Data was filtered using a 5% false

discovery rate.

2.12 FOrster resonance energy transfer

HEK293T cells were seeded onto glass coverslips (Fischer Scientific,
12313138), in a 12-well plate (Corning, CLS3513). Prior to seeding, coverslips
were rinsed in 70% ethanol and left to dry before they were washed three times
in PBS. 24 h later, cells were transfected with RFP and GFP-tagged proteins
(2.6.7) and after a further 24 h were serum-starved (2.6.8). Following this, cells
were washed three times in PBS and fixed by incubating in 4%
paraformaldehyde (PFA, Boster Biological Technology, AR1068) in PBS for 20

min at room temperature. Coverslips were then adhered to microscope slides
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(Thermo Fischer, 10756991) using mounting media (Sigma-Aldrich, F6057) and

left to dry.

Fluorescence signals were recorded on LSM880 + airyscan inverted or upright
microscope (Zeiss) at the University of Leeds Bioimaging and Flow Cytometry
facilities. RFP fluorescence was excited at 561 nm and detected between 607-
633 nm; GFP fluorescence excited by 488 nm and detected between 499-544
nm; and FRET signal excited with 488 nm and detected between 610-693. The

detector gain was 1.0.

2.13 RNA extraction and complementary DNA synthesis

2.13.1 RNA extraction

Total cell RNA was isolated from HEK293T cells in either a 6-well plate or 10
cm dish. Cells were homogenised by pipetting up and down several times in
750 pl TRIzol Reagent (Invitrogen, 15596026) and incubating for 5 min at room
temperature. Chloroform was then added at a dilution of 1 in 5 and shaken
vigorously for 15 sec. Homogenates were incubated for a further 2 min at room
temperature, then centrifuged at 12,000 xg for 15 min to separate the organic
phase, containing DNA and protein, interphase and aqueous phase, containing
RNA. 3/4 the volume of the aqueous phase was taken, and the chloroform
extraction was repeated. The aqueous phase was then mixed with an equal

volume of isopropanol and 1 ul glycogen (Thermo Scientific, R0551), and

incubated for 16 h at -20°C to precipitate RNA.

Precipitated RNA was pelleted by centrifugation at 12,000 xg for 10 min at 4°C.
The pellet was washed twice in 1 ml 80% ethanol, vortexing the pellet each time

and centrifuging at 7500 xg for 5 min at 4°C. The pellet was air dried for 5-10
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min and then dissolved in 20 ul nuclease-free water. RNA concentration was

determined at 260 nm on a NanoDrop 2000.
2.13.2 DNase treatment

Contaminating DNA was removed from purified RNA using the DNA-free DNA
removal kit (Invitrogen, AM1906). Reactions were completed in a 20 ul volume
containing 1x DNase | buffer. Where RNA concentration was under 200 ng/pl, 1
ul DNase was added to 20 ul RNA and the reaction was incubated for 30 min at
37°C. Higher concentrations of RNA were diluted to 200-500 ng/ul, before
reactions were initially set up containing 1.5 ul DNase and the reaction
incubated as before. Another 1.5 ul DNase was then added and the reaction
incubated as previously. DNase treatment was stopped by addition of 2-4 pl
DNase inactivation reagent, dependent on the total volume of DNase added,
and incubating reactions for 2 min at room temperature. RNA was separated
from the inactivation reagent by centrifugation at 10,000 xg and 4°C for 1.5 min

and transferring to a new tube.
2.13.3 Reverse transcription

Complementary DNA (cDNA) was synthesised from total cell RNA using the
miScript Il reverse transcriptase kit (Qiagen, 218161), according to
manufacturer’s instructions. 1 ug of RNA was used in combination with the
HiFlex buffer, which contains both oligo-dT and random primers to allow
subsequent amplification of miIRNA alongside precursor miRNA and mRNA. All
RNA species are first polyadenylated. In the same reaction, mature miRNA is
then converted to cDNA using the oligo-dT primers, whereas precursor miRNA

and mRNA is reverse transcribed using both oligo-dT and random priming. The
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oligo-dT primers contain the universal tag which is used to amplify mature

mMiRNA only during gPCR (see 2.15).

2.14 Small RNA sequencing

Total cell RNA was extracted (2.13.1) and DNase-treated (2.13.2). Library
synthesis and sequencing was carried out by Ragini Medhi (University of
Cambridge, UK). Library preparation and sequencing were done using the
NEXTFLEX small RNA-seq kit (Perkin Elmer, NOVA-5132). Briefly, 3’ and 5’
adapters were ligated, before the first strand of cDNA was synthesised by
reverse transcription. cDNA was amplified by PCR, then cDNA ~150 bp
(corresponding to RNA ~20 nt) was selected by PAGE. Sequencing was
performed on the HiSeq 1500 sequencer (lllumina). Sequence analysis was
done by Dapeng Wang (University of Leeds, UK). Adaptor sequences were
trimmed using Cutadapt (Martin, 2011) and read quality assessed with FastQC
(Babraham_Institute, 2019). Sequencing reads were aligned to the human
genome assembly GRCh38 (GENCODE, Release 31, Frankish et al., 2021)
using Bowtie (Langmead et al., 2009). A count matrix was produced using
featureCounts (Liao et al., 2014) which was based on the microRNA annotation
file from miRbase (v22, Kozomara et al., 2019), before differential expression

was analysed using the DEseq2 package (Love et al., 2014).

2.15 Quantitative polymerase chain reaction

gPCR was done using the miScript SYBR green PCR kit (Qiagen, 218073).
Reactions were made up as stated in the manufacturer’s handbook in a total
volume of 20 pl and using 3-20 ng cDNA per reaction. Cycling conditions were

as per the manufacturer’s instructions, in a Rotor-Gene-Q cycler (Qiagen) and
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using a rotor-disk 72 rotor (Qiagen, 9018899). Precursor and mature miRNA
expression was normalised to the small nuclear RNA RNUG6-6P, whereas the
housekeeping gene GAPDH was used for mMRNAs. Fold change was calculated

using the delta-delta-ct method.

2.16 RNA immunoprecipitation

In RIP experiments, AGO2 was immunoprecipitated and co-precipitated RNA
was analysed. Mammalian cells were lysed (2.8) using RIP lysis buffer. For
each reaction, 25 ul Magna ChIP protein A/G magnetic beads (Sigma-Aldrich,
16-663) were prepared by washing twice in 0.5 ml RIP wash buffer. Antibody
was bound by incubating in 100 pl RIP wash buffer with the appropriate dilution
of antibody (Table 2.1.1) for 40 min at room temperature, on rotation. Normal
IgG was used as a control. The beads were washed as before. Reactions were
set up containing 100 pl cell lysate and 900 ul RIP IP buffer, then incubated at
4°C with rotation, for 16 h. The beads were washed six times in RIP wash

buffer.

RNA was then purified from each RIP and 10 ul whole cell lysate. Reactions
were made up to 150 pl with proteinase K buffer and incubated at 55°C for 30
min to digest protein. 100 ul RIP wash buffer and 750 ul TRIzol were added and
RNA was extracted (2.13.1). Whole cell RNA was DNase treated (2.13.2), then
cDNA synthesised from all samples (2.13.3). RNA was quantified by gPCR
(2.15), normalising to GAPDH and quantifying fold change by the delta-delta-ct

method.
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2.17 Luciferase assay

MIRNA targeting sites in the GRB2 transcript were identified by luciferase

assay, as described previously (Jin et al., 2013).
2.17.1 Synthesis of plasmids containing potential targeting sites in GRB2

MiRNA targeting sites were predicted by both using TargetScan 7.2 (Lewis et
al., 2005; TargetScan, 2020) and manual searching of the GRB2 transcript. 5’
phosphorylated oligos containing the predicted sites (Table 2.4.1) were
annealed to their complementary strand by incubating at 10 uM in annealing
buffer at 95°C for 6 min, then at room temperature for 30 min. Annealed oligos
were spliced into the Xbal-digested, CIP-dephosphorylated pGL3-control vector

and confirmed by sequencing (2.5.4, 2.5.1, 2.5.3, 2.5.13)
2.17.2 Assay for luciferase activity

HEK293T cells were transfected in 12-well plates with 1 ug pGL3 plasmid, 5 ng
PRL-TK plasmid and 100 nM miRNA mimic (Sigma-Aldrich, Table 2.6.3, 2.6.7).
After 48 h, luciferase activity was quantified on a POLARstar Omega microplate
reader (BMG LABTECH, Centre for Biomolecular Interactions, University of
Leeds) using the Dual-Luciferase reporter assay system (Promega, E1910),

according to manufacturer’s instructions.

2.18 Protein production

2.18.1 Bacterial cell transformation for protein expression

To prepare a stock of bacterial cells expressing a plasmid, the same protocol
was used as for molecular cloning (2.5.1). However, if the stock was for protein

expression, competent BL21(DE3) cells (NEB, C2527) were used. BL21(DE3)
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cells do not express Lom and OmpT proteases to maximise protein expression.
They do express the T7 polymerase, which binds T7 promoters to induce
protein expression upon addition of isopropyl B-d-1-thiogalactopyranoside

(IPTG, Calbiochem, 5820).
2.18.2 Protein Expression

Recombinant protein was expressed by incubating cells at 37°C, 200 rpm in LB
supplemented with the appropriate antibiotic (2.5.1) until optical density (OD)
0.8-1.0 was reached. Protein expression was induced with 0.1% IPTG at 20°C
for 16 h. Cells were then harvested by centrifuging at 55009 using the Fiberlite
F8S-6 x 1000y rotor (Thermo Scientific, 096-061137) and Sorvall RC BIOS 6

centrifuge system (Thermo Scientific, 75007044-7), 20°C, for 10 min.
2.18.3 Purification of GST-tag proteins

Cell pellets were resuspended in 5 ml wash buffer A per 1 L LB and lysed by
sonication (Fisherbrand Model 120 Sonic Dismembrator, Fisher Scientific,
12337338). During sonication cells were kept on ice. Cell debris was pelleted by
centrifugation at 48000 xg using a SS-34 rotor (Thermo Scientific, 28020TS) for
1 h. This and all subsequent steps were performed at 20°C, for GRB2 proteins,
or room temperature, for all other proteins. Glutathione superflow resin
(Clontech, 635608) was washed once in wash buffer A and incubated with
lysates for 1 h on rotation, to allow glutathione-S-transferase (GST)-tagged
protein to bind. 0.5 ml beads were used per 1 L LB. The beads were washed
with wash buffer A in a gravity flow column until no colour change was observed
upon mixing 10 pl eluted wash buffer with 200 ul Bradford reagent. GST-tagged
protein was eluted with 5 ml glutathione elution buffer. Protein purity was

analysed by SDS-PAGE (2.7.1) and staining with Coomassie dye for 20
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minutes, followed by washing in protein gel wash buffer until bands were visible.
Stained gels were imaged using visible light and automatic exposure on a
G:box Chemi XT4. Concentration was determined by its absorbance at 280 nm

on a NanoDrop 2000.
2.18.4 Purification of MBP-tag proteins

Cell pellets were resuspended in 5 ml wash buffer B per 1 L LB and lysed by
sonication (2.18.3). Cell debris was pelleted by centrifugation at 48000 xg using
a SS-34 rotor (Thermo Scientific, 28020TS) for 1 h. This and all subsequent
steps were performed at 4°C. Maltose binding protein (MBP)-tag proteins were
purified using a 5 ml MBPTrap HP column (GE Healthcare, 28918778). The
column was equilibrated with 10 ml wash buffer B before lysate was applied.
Non-specifically bound protein was removed by washing with 1 L wash buffer B.
MBP-protein was eluted by application of 50 ml maltose elution buffer and
collected in 5 ml fractions. The flow rate for all steps was 2.5 ml/min, except for
sample application which was 0.5 ml/min. Protein concentration was determined
by its absorbance at 280 nm on a NanoDrop 2000 and purity was analysed by

SDS-PAGE (2.7.1) and Coomassie staining (2.18.3).

Protein was purified further by size exclusion chromatography (SEC). A
Sephadex G-200 column (271233, Sigma Aldrich) was equilibrated in 200 ml
wash buffer B, then protein was applied. Proteins were eluted by application of
wash buffer B and collected in 2 ml fractions. All steps were completed at flow
rate 0.9 ml/min. Purity was analysed by SDS-PAGE (2.7.1) and Coomassie

staining (2.18.3).
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2.18.5 Purification of His-tag proteins

Cell pellets were resuspended in wash buffer A, for GRB2 proteins, or wash
buffer B, for PAZ. 5 ml was used per 1 L LB. Cells were lysed by sonication
(2.18.3). Cell debris was pelleted by centrifugation at 48000 xg using a SS-34
rotor (Thermo Scientific, 28020TS) for 1 h. For this and all subsequent steps
GRB2 protein was kept at 20°C and PAZ at 4°C. TALON metal-affinity resin
(Takara Bio, 635504) was washed once in wash buffer A and incubated with
lysates for 1 h on rotation, to allow His-tagged protein to bind. 0.5 ml beads
were used per 1 L LB. The beads were washed with wash buffer A in a gravity
flow column until no colour change was observed upon mixing 10 ul wash buffer
with 200 ul Bradford reagent. His-tagged GRB2 proteins were eluted with 5 ml
imidazole elution buffer A and His-PAZ with imidazole elution buffer B. Protein
purity was analysed by SDS-PAGE (2.7.1) and Coomassie staining (2.18.3),
and concentration was determined by its absorbance at 280 nm on a NanoDrop

2000.
2.18.6 RNase treatment

If stated, contaminating RNA was removed from preparations of recombinant
AGO2 PAZ domain by incubating cell lysates with 20 ug/ml RNase H for 16 h at

4°C.

2.19 Pulldown using GST-tagged protein

GST-GRB2 domains were purified (2.18.3), but not eluted from beads. The
amount of bound protein was quantified by SDS-PAGE (2.7.1) and Coomassie
staining (2.18.3). The volume of beads for each protein was adjusted to ensure

equal amounts of each, then volumes were made equal with unbound
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glutathione superflow resin. A maximum volume of 50 ul of beads was used.
Beads were washed once in lysis buffer and used to pull down endogenous
protein from mammalian lysate, following the same protocol as for GFP/RFP
Trap (2.10). Bound protein was analysed by SDS-PAGE, ponceau staining of

GST-protein, and western blotting (2.7.1-2.7.4)

2.20 Isothermal titration calorimetry

Prior to ITC, all proteins were dialysed into matched wash buffer A. Peptides
were dissolved into matched wash buffer A. Concentration was estimated using
absorbance at A280 on a NanoDrop 2000, due to presence of a single tyrosine

residue in each peptide.

1.2 mM peptide was titrated in a solution of 80 uM His-tagged GRB2, with an
initial injection of 0.5 ul followed by 13 3 ul injections and spacing of 90
seconds. The experiment was completed at 25°C. Alternatively, 500 uM MBP-
tagged protein was titrated into 20 uM His-tagged GRB2. An initial 0.5 pl
injection was followed by 19 2 ul injections, spaced every 120 seconds, at 25°C.
Experiments were performed on a Microcal iTC200 (Malvern Analytical, Centre
for Biomolecular Interactions, University of Leeds). Excluding the initial peak,
peaks were integrated to give a Wiseman curve, which was fitted with Microcal
Origin using a 1:1 binding model to yield the binding affinity, Ko, and

stoichiometry, n.
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2.21 Microscale thermophoresis

2.21.1 Protein labelling

Prior to protein labelling and MST, proteins were dialysed into MST buffer. 100
uM GRB2 protein was labelled by incubating with 200 uM Atto 488 NHS ester
(Sigma-Aldrich, 41698) in a 100 ul volume, in 0.1 uM sodium bicarbonate pH
8.3. The reaction was completed for 1 h at room temperature, in the dark.
Labelled GRB2 was separated from unconjugated dye on a PD10 desalting

column (GE, 17-0851-01) and eluted in MST buffer.
2.21.2 AGO2 PAZ with GRB2

Prior to MST, His-tagged PAZ domain dialysed into MST buffer. A two-fold
dilution series of unlabelled PAZ was set up and mixed with labelled GRB2,
yielding final concentrations of 100 nM GRB2 and 20-653,000 nM PAZ. Proteins
were transferred to capillaries (Monolith, MO-AKO005) and fluorescence was
recorded using MST instrument (Monolith, NT.115, Centre for Biomolecular
Interactions, University of Leeds). Atto 488 was excited with a blue LED set to a
power level that achieved fluorescence between 800 and 1200 count. MST

power was used at 20% and reactions were performed in triplicate.
2.21.3 GRB2 with DICER1

Protein preparation and MST experiments done by Chi-Chuan Lin (University of
Leeds, UK). A dilution series of 3.66 to 120,000 nM unlabelled GRB2 was set
up an combined with 100 nM labelled DICER1. A DICER1 construct was used
which contained residues 1276-end (RNase Il domains and dsRBD,

DICER1CT).
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2.21.4 AGO2 with DICER1

Protein preparation and MST experiments done by Chi-Chuan Lin (University of
Leeds, UK). AGO2 was preincubated with 0, 25 or 50 uM GRB2. AGO2 was
then labelled and mixed with unlabelled DICER1€T. DICER1¢T was used in a

dilution series from 3.66 to 120,000 nM.

2.22 Circular dichroism

Circular dichroism (CD) studies were completed with the assistance of G Nasir
Khan (University of Leeds, UK). Experiments were completed using 200 ul 0.2
mg/ml protein in a 1 mm path-length curvette, on a Chirascan CD
spectropolarimeter (Applied Photophysics). Far ultraviolet (UV) absorbance was

measured over wavelengths 190-260 nm.

2.23 Protein crosslinking

Chemical crosslinking of His-PAZ and GRB2 was completed using
disuccinimidyl tartrate (DST, Thermo Scientific, 20589). DST was dissolved to
25 mM in DMSO. DST was added dropwise to a solution of PAZ and GRB2 in
wash buffer B and mixed by inverting. The final concentrations were 2.5 mM
DST and 250 uM each protein. The reaction was incubated for 20 min at 21°C,

then quenched by the addition of Tris pH 8 to a final concentration of 20 mM.

After crosslinking, protein complexes of different sizes were separated by SEC
using a Superdex Increase 75 column (Sigma-Aldrich, GE29-1487-21). The
column was equilibrated with 200 ml wash buffer B. Sample was applied, then

eluted by washing with 200 ml wash buffer B. Protein was fractionated in 2 ml.
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All steps were completed at a flow rate of 1 ml/min. Protein complexes were

analysed SDS-PAGE (2.7.1) and staining with Coomassie dye (2.18.3).

2.24 In silico docking

Docking experiments were performed by Chi-Chuan Lin (University of Leeds,
UK). Docking of GRB2 (PDB: 1GRI, Maignan et al., 1995) to AGO2 PAZ
domain (PDB: 6RA4, Greenidge et al., 2019), was performed using the
HADDOCK?2.2 web server (van Zundert et al., 2016). To facilitate the SH3-
PxxP-mediated complex, the 323PHLP3?6 motif on AGO2 PAZ and hydrophobic
binding pocket residues in GRB2 CSH3 were defined as the 'active residues
(directly involved in binding)'. GRB2 residues tyrosine 7, phenylalanine 9,
tryptophan 36, phenylalanine 47, proline 49, and tyrosine 52 were selected
(Vidal et al., 1999). Passive residues around the active residues were
automatically included in the docking process. Both defined structures were

prepared using pymol.

2.25 Analysis of miRNA expression in human cancer

2.25.1 OnocmiR miRNA expression database

Expression of miRNAs identified in our screen was analysed across different
human cancers using OncomiR (Wong et al., 2017). miRNAs were filtered for

logz(fold change in mean expression) = 0.5-25.0.
2.25.2 The Cancer Genome Atlas colorectal carcinoma cohort

Freely available data from colorectal carcinoma patients was downloaded from
The Cancer Genome Atlas (TCGA) (TCGA_Research_Network, 2020) by Henry

Wood (University of Leeds, UK). Expression of specific miRNAs, mRNAs and
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clinical information was selected. All patient data had been anonymised prior to

downloading.

2.26 Statistics

For experiments where N > 3 (see figure legend), significance of differences
were calculated using a two-tailed Student’s t-test. During DESeq2 analysis of
MIiRNA expression (2.14), p values were adjusted using the Benjamini-
Hochberg method to account for multiple significance testing (Love et al., 2014).
For gPCR experiments, all statistics were performed on log2 transformed fold
changes. Correlations between GRB2 and miRNA expression data from the
TCGA were calculated using the Pearson correlation coefficient and p values
were transformed according to the Bonferroni correction for multiple
comparisons. Paired t-tests were used to calculate the significance of difference

in expression between matched tumour and normal samples from the TCGA.
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Chapter 3: Generation of GRB2-knockdown and FGFR2-

expressing cell lines

Increasing evidence presents AGO2 as a target of signalling-mediated
regulation (Jee and Lai, 2014; Muller et al., 2020). GRB2 has previously been
suggested to bind AGO2, although this has not been shown to be direct (Haidar
et al., 2018). Additionally, GRB2 expression promoted phosphorylation of AGO2
by EGFR, although again the role of the adaptor was not characterised (Shen et
al., 2013). It is possible that FGFR2 also phosphorylates AGO2, as there is a
high level of redundancy in RTK signalling (Lemmon and Schlessinger, 2010).
This chapter therefore describes the generation of GRB2-knockdown and
FGFR2-expressing cell lines, which will later be used to characterise FGFR2-

and GRB2-regulation of AGO2.

Initially, CRISPR/Cas9 gene editing was used to knockdown GRB2 in HEK293T
cells. FGFR2 was then expressed in both GRB2 kd and unmodified HEK293T
by lentiviral transduction. Stable cell lines with varying GRB2 and FGFR2
expression later served as useful tools to identify the roles of both proteins in

AGO2 regulation.

3.1 CRISPR/Cas9 editing to knockdown GRB2

Four HEK293T cell lines were generated to study the roles of GRB2 and
FGFR2 on AGO2 regulation: 1) GRB2 expressed, FGFR2 not expressed
(parental HEK293T); 2) GRB2 kd, FGFR2 not expressed; 3) GRB2 expressed,
FGFR2 expressed; 4) GRB2 kd, FGFR2 expressed (Figure 3.1.1). HEK293T
cells were used because of the ease with which this cell line can be maintained

and transfected.
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Figure 3.1.1 Scheme for making HEK293T cell lines with and without both
GRB2 and FGFR2 expression

HEK293T cells were subject to CRISPR/Cas9 gene editing using a guide RNA targeted
against either GRB2 or with a scrambled sequence (Scr control). GRB2 knockdown
(kd) cells were generated. FGFR2 expression was then transduced in GRB2 kd, scr
and unmodified HEK293T cells.
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GRB2 expression was originally knocked down by CRISPR/Cas9 gene editing.
Two plasmids were simultaneously transfected: a pCas9-guide, which encoded
a guide RNA (gRNA) targeted to GRB2 and the Cas9 protein (Figure 3.1.2 A),
and pUC, which contained both GFP and puromycin resistance genes (GFP-
PuroR) flanked by GRB2-directed 5’ and 3’ homology arms (Figure 3.1.2 B).
Three pCas9-guide plasmids were used: two with different gRNA sequences
targeted against GRB2 (QRNA1 and gRNA2, Figure 3.1.2 C) and one with a
scrambled sequence. Expression of these plasmids lead to GRB2 knockout by
homologous recombination (HR): the gRNA-Cas9 complex cut the genome at
the start of GRB2, producing a double strand break which was repaired using
the pUC template. GRB2 was consequently disrupted and GFP-PuroR inserted
(Figure 3.1.2 D). Cells with incorporation of Puro® were then selected with 0.8
ug/ml puromycin. The minimum concentration of puromycin required to kill

unmodified HEK293T cells was determined in a kill curve.
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Figure 3.1.2 CRISPR/Cas9 system used to knockdown GRB2

(A) pCas9-Guide plasmid map. OriGene, KN200469. (B) pUC plasmid map. OriGene,
KN200469. LHA = left hand homologous arm. RHA = right hand homologous arm. PGK
= phosphoglycerate kinase 1 promoter. (C) guide RNA (gRNA) sequences used to
target the start of GRB2. (D) Gene editing of GRB2 produced by correct cutting and
homologous recombination. Purple highlight = LHA. Cyan highlight = RHA. Light green
highlight = sequence targeted by gRNAL. Yellow highlight = sequence targeted by
gRNAZ2. Dark green highlight = inserted sequence containing GFP and puromycin
resistance genes.
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gRNA1 and gRNA2-modified polyclonal cell lines (pG1 and pG2) showed
reduced GRB2 expression at passage 1 when compared to scrambled-modified
cell line (Scr) and passaging in media supplemented with puromycin further
reduced GRB2 (Figure 3.1.3 A, B). This was presumably due to the selection of
CRISPR-edited cells. Initially, to ensure the cells contained the GFP-PuroR
insert at the start of GRB2, cells were genotyped by sequencing of the right and
left hand homologous arms (RHA and LHA, Figure 3.1.2 D). Genomic DNA was
extracted and both homologous arms amplified by PCR. PCR products were
purified and analysed by sequencing. The sequencing reads generated from
both pG1 arms aligned to GRB2, suggesting that GFP-PuroR had inserted
correctly into the GRB2 gene (Appendix A.1, Figure A.1.1). Sequencing from
the RHA of pG2 also matched GRB2. However, the sequencing read from the
LHA of pG2 mapped to PNMA5 (Appendix A.1, Figure A.1.2). Neither of the
fragments from Scr mapped to GRB2. Instead, the LHA fragment aligned with
PNMADS and the RHA to chromosome 5 (Appendix A.1, Figure A.1.3). Primers
used for PCR and sequencing were designed using PrimerBlast (Ye et al.,
2012), which generates target-specific primer sequences. However,
identification of other regions of the genome suggests that there was non-
specific binding and amplification at these loci. It is likely this occurred in
absence of the correct insertion of GFP-PuroR. pG1 was therefore selected to

generate monoclonal cell lines and to transduce FGFR2 expression.
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Figure 3.1.3 pG1 and pG2 show reduced expression of GRB2

(A, B) Western blot and quantification of GRB2 expression in polyclonal CRISPR-
edited cell lines at passage 1 (P1) and 8 (P8). GRB2 was normalised to the
housekeeping gene cofilin 1 (CFL1). pG1 and pG2 = polyclonal GRB2 knockdown. Scr
= scrambled control.
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3.2 Validation of GRB2 knockdown cell lines

As GFP-PuroR was correctly inserted into the genome of pG1, monoclonal cell
lines (G1) were generated from these cells. Correct incorporation of GFP-
PuroR into GRB2 was again identified by PCR amplification of the LHA and
RHA used in homologous recombination (Figure 3.1.2 D). Sanger sequencing
of the PCR products demonstrated that both homologous arms mapped to
GRB2, suggesting that GFP-PuroR was appropriately inserted (Appendix A.1,
Figures A.1.4-5). Clones were further genotyped to determine if any had
complete GRB2 knockout. HEK293T cells have on average between 1 and 3
copies of chromosome 17, on which GRB2 is located (Lin et al., 2014).
However, not all copies would need to be knocked out by insert of GFP-PuroR
to produce a complete knockout cell line; some may be disrupted by Cas9-
cutting and repair by non-homologous end joining (NHEJ). NHEJ is more
frequently used to repair double strand breaks than HR, but is less accurate so
can result in small insertions and deletions. If these cause a frame shift in the

coding region this will knockout GRB2.

G1 clones with the lowest GRB2 expression were selected by western blotting
(Figure 3.2.1). They were then genotyped by PCR amplification over the region
of GRB2 which was targeted by gRNAL. Correctly repaired breaks produced a
fragment of around 449 bp. All three cell lines produced fragments
corresponding to this size, and some also gave products of other sizes (Figure
3.2.2 A). Strangely, a band of 2897 bp, corresponding to a copy of GRB2 with
the GFP-PuroR insert, was not observed. Possibly the PCR conditions used

were not sufficient to amplify a fragment of this size.
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Figure 3.2.1 Selection of GRB2 knockdown clones for genotyping

Western blot and quantification of GRB2 expression in wild type (WT) and gRNAL
modified polyclonal (pG1) and various monoclonal cell lines.
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Figure 3.2.2 GRB2 is knocked out and knocked down in two clones

(A) DNA gel of PCR fragments corresponding to the region of GRB2 which is targeted
by gRNA2. (B) Western blot of GRB2 expression in HEK293T (293T), the GRB2
knockout clone (A) and GRB2 knockdown clone (G). Long and short refer to exposure
time.
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Sequencing was used to determine if the PCR fragments contained any
mutations. The single product for clone A had a 5 nt deletion causing a frame
shift in GRB2 (Figure 3.2.2 B; Appendix A.1, Figure A.1.6). Clone A therefore
had full GRB2 knockout. Clone G had two PCR products: one had a 4 nt
deletion, knocking out GRB2 (Figure 3.2.2 B; Appendix A.1, Figure A.1.7). The
larger PCR product had insertions of 139 and 1 nt as well as a deletion of 19
nucleotides, producing an overall insertion of 141 nt (Figure 3.2.2 B; Appendix
A.l, Figure A.1.7). Consequently, the mutation maintained the open reading
frame of this GRB2 gene. A 30 kDa GRB2 protein was encoded which
contained a truncated NSH3 domain and a 53 residue insert at its very N-
terminus (Appendix A.2, Figure A.2.1). Alignment of the insert revealed it
mapped to GFP. Western blotting using an antibody targeted at GRB2 CSH3
revealed that the mutant protein was expressed at very low levels (Figure 3.2.2
B). Blotting with the CSH3 antibody also eliminated the band at 25 kDa (Figure
3.2.2 B, Figure 3.2.1 A), suggesting that this band may indicate binding of that
antibody (NSH3-targeted) to a non-specific product. The absence of any WT
GRB2 in both clones was further confirmed by cloning the PCR products into a
vector, transforming into bacteria and sequencing plasmids from >10 colonies

(Table 3.2.1).
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Table 3.2.1 Genotyping of GRB2 knockdown clones

PCR fragments spanning the start of GRB2 were generated from three clones.
Products were analysed on a DNA gel to determine their size and mutations identified
by sequencing. PCR fragments were also inserted into a plasmid and multiple
replicates sequenced.

Clone Product/bp Mutation Further sequencing
A ~420 5 nt deletion 11/11 correct mutant
G ~600 141 nt insertion  10/10 correct mutant

G ~420 4 nt deletion 11/11 correct mutant
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3.3 Transduction of FGFR2 expression in HEK293T cells

HEK293T cells express no endogenous FGFR2 as shown by western blotting
(Figure 3.3.1). FGFR2 expression was therefore transduced into both
monoclonal GRB2 knockdown cells (G3F) and scrambled cells (ScrF) using a
lentiviral titre expressing FGFR2 (FGFR2IlIc isoform). Importantly, the ‘G3’
GRB2 clone was isolated from pG1, but had not been genotyped to confirm the
extent of GRB2 knockdown; this was verified by western blotting only (Figure
3.3.1 A). Both wild type FGFR2 (FGFR2"T) and FGFR2 with GRB2-binding
810pQY P83 mutated to 8°AQYA83 (FGFR2P*P) were used. Varying levels of
FGFR2 expression were observed due to differing transduction efficiencies and

for ScrFP*P expression increased with passaging (Figure 3.3.1 A).
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Figure 3.3.1 Transduction of FGFR2 expression into GRB2 knockdown
and control HEK293T cells

(A) FGFR2 expression at passage 1 (P1) and later passages after transduction into
GRB2 knockdown (G3) and scrambled control (Scr) cells. Both wild type FGFR2 (WT)
and FGFR2 with the 8°PQYP?® motif mutated to AQYA (PxxP) were transduced.
GRB2 and FGFR2 expression analysed by western blotting (IB) with a-Tubulin (TUBA)
loading control. (B, C) Western blot and quantification of FGFR2 and GRB2 expression
in multiple clones. Blue text/boxes indicates clones with FGFR2 expression which is
comparable to the HEK293T clone stably expressing low FGFR2 (F°"). Red text/boxes
indicates clones with higher FGFR2 expression, similar to the FGFR2-expressing
HEK293T clone (F"9"). Protein expression normalised to B-Actin (ACTB).
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G3FWT and ScrF"T were used to make monoclonal cell lines. The level of
FGFR2 expression in multiple clones was compared to that of two existing
HEK293T cell lines with wild type FGFR2 expression (F'°¥ and F"9") (Figure
3.3.1 B). F°¥ and F"9" had undergone lentiviral transduction to express
FGFR2WT, but not CRISPR/Cas9 gene editing, and therefore served as a
GRB2/FGFR2"T-expressing cell line, similar to ScrFVT. F°¥ had lower FGFR2
expression and F"9" expressed higher levels of FGFR2, as determined by
western blot (Figure 3.3.1 B). G3F"T clone 1 and ScrF"T clone 4 were selected
to be used in experiments with F'°¥, while G3FVT clone 11 and ScrFT clone 7
with F"9" (Figure 3.3.1 C). Clones were not selected for the FGFR2P*P-
expressing cell lines. Ultimately, control cell lines generated from HEK293T
cells were used in experiments rather than Scr cell lines. In Scr cells, GFP-
PuroR had inserted randomly into the genome which could change gene
expression and cell behaviour. Unless otherwise stated, the FGFR2-expressing
clones used in experiments were F"9" and G3FWT 11, donated F1 and G3F1

from hereon in.
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Chapter 4: Investigation into the phosphorylation of

AGO2 by FGFR2

AGO?2 is regulated by tyrosine phosphorylation at several sites. One of the best
characterised is Y393. Y393 is phosphorylated by EGFR under both stimulated
and hypoxic conditions. Phosphorylation of Y393 inhibits DICER1 binding and
loading long-loop miRNAs onto AGO2, and therefore correlates with increased
cell survival and invasiveness (Shen et al., 2013). The same site is
phosphorylated by c-SRC under normoxia and this promotes cell migration (T.

Liu et al., 2020).

GRB2 is also implicated in the regulation of Y393 phosphorylation. Knocking
down GRB2 diminished AGO2 phosphorylation by EGFR (Shen et al., 2013).
Conversely, the adaptor has also been proposed to recruit PTP1B to AGO2 to

facilitate dephosphorylation of Y393 (Yang et al., 2014; Haidar et al., 2018).

Mass spectrometry screening data from the Ladbury laboratory previously
identified that AGO2 associated with FGFR2 CT (either through direct
interaction or as part of a complex) in the absence of growth factor stimulation
(Table 4.1.1). Under these conditions phosphotyrosyl binding sites in the C-
terminus of FGFR2 for downstream effector proteins are absent. The observed
interaction suggests that FGFR2 may bind and phosphorylate AGO2 under

these conditions.
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Table 4.1.1 Peptide sequences and proteins bound in mass spectrometry analysis of receptor tyrosine kinase interactions
under non-stimulated conditions

Prolines which form PxxP motifs are indicated in red in the peptide sequence. AGO2 in red. Data contributed by Arndt Rohwedder and Zahra Timsah.

FGFR1 FGFR2 INSR IGFR ALK PDGFR HER2
EPLPEEPCLPRHPAQLANGGLKRR EPSLPQFPHINGSVKT GKKNGRILTLPRSNPS ESVPLDPSAS ERSPAAPPPLPTTSSGKAAK CDSPLEPQDEPEPEPQL RPQPPSPRE
YBX1 YBX1 RPSA HSC70 HSPB1 HSPB1 HSPB1
RPSA RPSA YBX1 IF-B1 ILF2 YBX1 RPSA
SFPQ SFPQ G3BP1 GRP78 RPSA RPSA ILF2
HNRNPK HNRNPL RNPS1 TP63 HNRNPK HNRNPK

HNRNPU WIBG HNRNPK OAS1 RMSB RMSB

G3BP1 HSC70 HNRNPDL HNRNPU TCP1 ILF2

CAPRIN1 CAPRINT DNAJBG DNAJBG

TCP1 HNRNPU EIF3F EIF3F

G3BP2 ACL

STAUT DDX1

YBX3 DBN1

SND1 AGO2

RNPS1
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Protein binding to FGFR2 CT under non-stimulated conditions is mediated by
SH3 domains binding to the proline-rich motif 8’/PSLPQYP813 (Ahmed et al.,
2010; Timsah et al., 2014). AGO2 does not possess an SH3 domain, and
therefore is unlikely to bind FGFR2 CT directly. Instead, it is possible that GRB2
recruits AGO2 to FGFR2. One way in which this could occur is through the
binding of AGO2 to GRB2 NSH3 domain which is not involved in the complex
with FGFR2 (Chapter 1, Figure 1.11.3). In this Chapter, the potential roles of
GRB2 and FGFR2 in regulating both AGO2 phosphorylation and the AGO2-

DICERL1 interaction will be investigated.

4.2 GRB2 associates with AGO2 and FGFR2 under non-

stimulated conditions

Initially, to reflect the conditions under which AGO2 associated with FGFR2,
regulation of AGO2 by FGFR2 and GRB2 was studied in non-stimulated
HEK293T cells. Serum-starved conditions, i.e. cells which had been starved in
media in the absence of FBS, were adopted to represent the non-stimulated,
basal state. Under these conditions the receptor should not be unable to initiate
a downstream signalling response. To identify whether this was the case, the
phosphorylation of ERK1/2 (pERK1/2) was measured, which provides a marker
for upregulation of the MAPK pathway. pERK1/2 was assessed in both parental
HEK293T cells, which do not express FGFR2, and HEK293T cells stably
expressing FGFR2 (F1), under both starved and stimulated conditions. Cells
were depleted of FBS overnight, followed by stimulation with FGF9 for 15 min.
Phosphorylation was assessed by western blotting. The serum-starved cells
showed no evidence of pERK1/2 (Figure 4.2.1 A), suggesting that the serum-

starvation conditions corresponded to a basal state. FGF9-stimulated HEK293T
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cells expressed less pERK1/2 than F1. The low level of pERK1/2 in stimulated
HEK293T cells may have been a result of FGF9-activation of FGFR3, which is

expressed at low levels (Uhlén et al., 2015).

Under non-stimulated conditions, it was hypothesised that GRB2 may recruit
AGO2 to FGFR2. To investigate the potential interaction between AGO2 and
GRB2, GST-tagged GRB2 was immobilised on agarose beads and incubated
with lysates from serum-starved HEK293T and F1 cells. Bound proteins were
washed and analysed by western blotting. The blot clearly showed bands
corresponding to both AGO2 and FGFR2 (Figure 4.2.1 B). AGO2 was observed
to be associated with GRB2 in both the presence and absence of FGFR2

expression.
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Figure 4.2.1 GRB2 binds AGO2 and FGFR2 in serum-starved HEK293T
cells

(A) HEK293T (293T) and HEK293T with stable FGFR2 expression (F1) cells were
incubated in starvation media for 16 hours (16 h) before stimulation with FGF9. Cells
were lysed and pERK1/2 expression analysed by western blotting (IB). (B) Lysates
from serum-starved HEK293T and F1 cells were incubated with purified GST proteins
before washing and analysis of bound proteins by western blotting.
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4.3 Overexpression of FGFR2 results in tyrosine

phosphorylation of AGO2

To test if Y393 was phosphorylated in lysates from HEK293T cells expressing
FGFR2, a mass spectrometry approach was adopted, which provides a
sensitive detection of post-translational modification through measuring
molecular mass change. Three conditions were analysed. First was EGF-
stimulated parental HEK293T cells transiently overexpressing GFP-EGFR. EGF
acts as a positive control because stimulation of the receptor is known to result
in phosphorylated Y393 (pY393) (Shen et al., 2013). Second was HEK293T
with stable FGFR2 expression (F1), stimulated with FGF2/9 (cocktail of FGF2
and FGF9), and third, FGF2/9-stimulated GRB2-depleted HEK293T (G1;
Chapter 3, 3.2) transiently overexpressing FGFR2. In all cell lines, GFP-AGO2
was overexpressed. Cells were serum-starved and then stimulated with growth
factor (10 ng/ml EGF; or 20 ng/ml FGF2/9). FGF2 and FGF9 preferentially
activate the FGFR2llIc isoform which was used in this study. Both growth
factors were selected since it was not known which was more efficient in
stimulating AGO2 phosphorylation. GFP-AGO2 was purified using GFP-Trap
and run on an SDS PAGE gel. The band corresponding to GFP-AGO2 was
excised and trypsin digested before peptides were subjected to MALDI-ToF-
MS/MS analysis (see Chapter 2, 2.11). Successful cell stimulation and protein

expression was confirmed by western blotting (Figure 4.3.1).
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Figure 4.3.1 Lysates used in mass spectrometry analysis of GFP-AGO2

(A) HEK293T cells overexpressing GFP-EGFR, HEK293T cells stably expressing
FGFR2 (F1) cells and (B) GRB2-depleted HEK293T (G1) cells overexpressing FGFR2,
all overexpressing GFP-AGO2, were stimulated with the indicated growth factor.
Protein expression was analysed by western blotting (1B).
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Four peptides containing sequences including Y393 were identified, but none
showed phosphorylation of this residue under any condition (Table 4.3.1). The
number of times each peptide was detected is referred to as a count and
represents the abundance of that peptide in each sample. Serine 387 (S387)
was phosphorylated in a small number of peptides in all three conditions, as has
been previously observed (Zeng et al., 2008). Coverage rates of 92.88%,
87.57% and 82.70% were obtained for GFP-AGO2 from EGF-stimulated cells,
FGF-stimulated F1 cells and FGF-stimulated G1 cells respectively. Since no
evidence of pY393 was observed in the EGF-stimulated positive control, it is

possible that Y393 was phosphorylated but that it was not detected.



- 124 -

Table 4.3.1 Sequences and counts of peptides spanning Y393 identified in
mass spectrometry analysis of GFP-AGO2

GFP-AGO2 was purified from EGF-stimulated HEK293T cells overexpressing GFP-
EGFR (293T+EGF); FGF2/9-stimulated HEK293T stably expressing FGFR2 (F1+FGF);
and FGF2/9-stimulated, GRB2-depleted HEK293T overexpressing FGFR2 (G1+FGF).
Bound protein was analysed by SDS PAGE and the band corresponding to GFP-AGO2
trypsin digested before being subject to MALDI-ToF-MS/MS. Capital letters indicate
non-phosphorylated residues whereas lowercase letters indicate phosphorylated
residues. Y393 is highlighted.

Sequence 203T+EGF F1+FGF G1+FGF
SAsFNTDPYVR 3 2 5
SASFNTDPYVR 14 18 18
SASFNTDPYVREFGIMVK 1 0 0

SASFNTDPYVREFGIMVKDEMTDVTGR 2 0 0




- 125 -
Interestingly, phosphorylation of additional tyrosine residues (Y322, Y529,
Y804/805) was observed in GFP-AGO2 purified from FGF-stimulated G1 cells
compared to FGF-stimulated parental HEK293T cells (Table 4.3.2). However,
the G1 cells transiently overexpressed FGFR2, from a plasmid, whereas the
HEK293T cells had stable FGFR2 expression, from a gene inserted into the cell
genome. Therefore, it is not clear whether the increase in tyrosine
phosphorylation in G1 cells was due to the lack of GRB2 or the higher levels of

FGFR2 resulting from transient expression as opposed to stable expression.
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Table 4.3.2 AGO2 phosphorylation sites and peptide counts identified in
mass spectrometry analysis of GFP-AGO2

GFP-AGO2 was purified from EGF-stimulated HEK293T cells overexpressing GFP-
EGFR; FGF2/9-stimulated HEK293T with stable FGFR2 (F1); and FGF2/9-stimulated,
GRB2-depleted HEK293T (G1) overexpressing FGFR2. MALDI-ToF-MS/MS analysis
of GFP-AGO?2 identified peptides with phosphorylated residues. The number of
peptides spanning each site, either phosphorylated or unmaodified, is listed. Bracketed
numbers indicate the probability that the correct phosphorylated residue was identified.
Only sites with probabilities over 50% have been included. If the probability varied with
different peptides this is presented as a range.

Phospho site HEK293T+EGF F1+FGF G1+FGF
Phosphorylated Unmodified Phosphorylated Unmodified Phosphorylated Unmedified

Y393 0 20 0 20 0 23
S189 0 38 1(100%) 45 1(97.2%) 50
S253 1 (99.9%) 24 0 22 0 50
T307 1(99.2%) 34 1(95.5%) 18 0 30
Y322 0 34 0 24 4 (100%) 38
T338 0 56 0 55 5(87.1%) 68
S387 3 (100%) 17 2 (100%) 18 5 (96.8%) 18
Y529 0 22 0 13 3 (100%) 11
S727 0 17 1 (100%) 18 0 24

Y804 or Y805 0 40 0 35 6 (50:50) 40
S824 5 (100%) 31 9 (97.1-100%) 20 7 (89.2-100%) 67
T830 2 (54.5-70%) 34 3 (80.5%) 30 2 (54.6-70%) 72
S831 4 (83.2-87.9%) 32 0 33 1(54.6-70%) 73

S834 4 (97.6-99.9%) 32 4 (90.2-99.8%) 29 2(90.1-96.7%) 72
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To test if the increase in AGO2 phosphorylation of tyrosines Y322, Y529,
Y804/805 seen in G1 cells was due to the knockdown of GRB2 or transient
overexpression of FGFR2, AGO2 phosphorylation status was analysed using a
general pY antibody (pY99). FLAG-FGFR2 was transfected into both parental
HEK293T and G1 cells. Cells were then serum-starved overnight, before being
stimulated with FGF2/9. Endogenous AGO2 was immunoprecipitated using a
high stringency buffer (1% Tween-20) and general tyrosine phosphorylation
analysed by western blotting with pY99. In both cell lines, overexpression of
FGFR2 resulted in tyrosine phosphorylation of AGO2 under both starved and
stimulated conditions (black arrow, Figure 4.3.2). AGO2 showed higher tyrosine
phosphorylation in unmodified HEK293T cells than the G1 cells. Thus, it
appeared that the increase in tyrosine phosphorylation observed by mass
spectrometry was due to the transient overexpression of FGFR2. Furthermore,
in HEK293T cells, stimulation enhanced AGO2 phosphorylation. Together,
these observations suggested that GRB2 may regulate AGO2 phosphorylation

both independently and cooperatively with FGFR2-stimulation.
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Figure 4.3.2 FGFR2 overexpression mediates tyrosine phosphorylation of

AGO2

FLAG-FGFR2 or the empty vector (EV) was transfected into parental HEK293T cells
(P) or G1 cells. Cells were either starved or stimulated with 20 ng/ml FGF2/9 and
AGO2 immunoprecipitated. Tyrosine phosphorylation (pY99) and presence of FLAG-
FGFR2 in immunoprecipitates (IPs) was analysed by western blotting (IB). Arrow
indicates AGO2. Long and short refer to length of exposure time.
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Interestingly, the pY99 blot also revealed bands at ~120 and ~140 kDa in the
AGO2 IPs (Figure 4.3.2). The molecular weight of 120 kDa corresponds to
FGFR2. A new blot was probed with FLAG antibody, to minimise bleed through
of old antibody signal. However, similar levels of FLAG-FGFR2 were pulled
down in both AGO2 and IgG IPs (Figure 4.3.2). The pY99 signal must therefore
have been due to pulldown of another tyrosine phosphorylated protein of this

size.

The data in Section 1.2 suggested FGFR2 may phosphorylate AGO2 in
HEK293T cells transiently overexpressing FGFR2. AGO2 phosphorylation was
enhanced by stimulation, but phosphorylation of AGO2 also was seen under
basal conditions. GRB2 augmented AGO2 phosphorylation (Figure 4.3.2).
However, pY393 could not be detected by mass spectrometry, as demonstrated
by the absence of pY393 identified in the positive control, EGF-stimulated cells
(Table 4.3.1). It therefore remained to be determined if FGFR2 could

phosphorylate Y393 in cells.

4.4 Interaction of DICER1 with AGO2 is not controlled by

FGFR2

Prior to this point, the data revealed that FGFR2 overexpression may enhance
tyrosine phosphorylation of AGOZ2. Previous reported data shows that
phosphorylation of Y393 results in inhibition of DICER1 binding to AGO2 (Shen
et al., 2013). Thus, the presence, or absence, of the AGO2-DICER1 complex

can give an indirect measure of pY393 on AGO?2.

To assess whether GRB2 would mediate, or inhibit, FGFR2-dependent Y393

phosphorylation, the DICER1-AGO2 interaction was examined in both
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HEK293T stably expressing FGFR2 (F1) and GRB2 knockdown cells stably
expressing FGFR2 (G3F1). Cells with stable FGFR2 expression were used to
simplify the experiment. The cells were starved overnight, before being
stimulated with FGF2/9. Endogenous AGO2 was then immunoprecipitated and
blotted for DICER1 pulldown. pY393 and pY99 were not probed as both
antibodies produced strong nonspecific bands in the IgG control at the expected
molecular weight of AGO2 (Figure 4.4.1). The appearance of a non-specific
band when blotting F1 IPs with the pY99 antibody, but not when blotting IPs
from HEK293T cells overexpressing FGFR2 (Figure 4.3.2), was likely to be a

result of the longer exposure required in this experiment.
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Figure 4.4.1 The pY393-specific and pY99 antibodies produce bands for
samples immunoprecipitated with IgG

Lysates from HEK293T cells with stable FGFR2 expression (F1) were taken, then
proteins were immunoprecipitated using AGO2 or IgG antibodies and analysed by
western blotting (IB) for phosphorylated tyrosine (pY99) and phosphorylated AGO2
Y393 (pY393). Outlines indicate cropping of blot to remove other lanes; all bands are
taken from the same blot and at the same length of exposure time. Long and short
refer to exposure time.
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The level of DICERL1 found in AGO2 immunoprecipitates was not significantly
changed upon stimulation with FGF2/9, in both G3F1 and F1 cells (Figure
4.4.2). G3F1 cells do not have GRB2 knockout but have reduced GRB2
compared to F1 (Figure 4.4.2, Figure 3.3.1). Additionally, non-specific binding of
this GRB2 antibody to a 25 kDa protein (Figure 3.2.1 A, Figure 3.2.2 B) and
over-exposure of the blot obscured the apparent extent of knockdown.
Stimulation of G3F1 did not result in upregulation of pERK1/2. Additionally, this
cell line had diminished FGFR2 phosphorylation compared to F1, under both
serum-starved and stimulated conditions. It therefore appeared that knockdown
of GRB2 hindered FGFR2 activation. GRB2 could not be observed in AGO2
immunoprecipitates, potentially due binding of the secondary antibody to IgG
upon the high exposure. Overall, these results indicated that stably expressed
FGFR2 did not regulate the AGO2-DICERL1 interaction in HEK293T cells.

Knockdown of GRB2 expression did not affect this.



- 133 -

Input IP: AGO2 IP: 1gG

250 kDa '
I |i I.I‘n,...‘.—: ‘.——4‘ ‘IB:DICER1
150 kDa

150 kDa
_— H ' IB: FGFR2

100 kDa PRE—— IB: AGO2
IB: ERK1/2

37 kDa
25 kDa

IB: GRB2 (short)

|
— o " “ IB: GAPDH

37 kDa

G3F1 F1 G3F1 F1

Figure 4.4.2 FGF-stimulation of GRB2-expressing and GRB2-knockdown
HEK?293T cells stably expressing FGFR2 does not reduce AGO2 binding
DICER1

Western blot (IB) of DICER1 associated with endogenous AGO2 which has been
immunoprecipitated (IP) from G3F1 (HEK293T with GRB2 knockdown and FGFR2
expression) and F1 (HEK293T with FGFR2 expression). Cells were starved (-) or
stimulated with FGF2/9 for 15 minutes (+). N = 2. Long and short refer to exposure
time.
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To evaluate whether high, as opposed to endogenous, expression of GRB2
resulted in FGFR2 regulation of the interaction between AGO2 and DICER1,
the appearance of the AGO2-DICER1 complex was examined in cells
overexpressing GRB2. The empty vector (EV) was used as a control. GRB2 or
EV were transfected into F1 cells, which were then serum-starved before
stimulation with FGF2/9. In this experiment, serum starvation was completed in
the presence or absence of an FGFR2 kinase inhibitor (SU5402, 30 nM), to
allow comparison of basally activated, monophosphorylated FGFR2 and
inactive FGFR2. Thus, FGFR2-inhibited cells act as a negative control for
phosphorylation of AGO2 by FGFR2 in both serum-starved and FGF-stimulated
cells. Endogenous AGO2 was immunoprecipitated and analysed by western
blotting. As before, the level of DICER1 bound to AGO2 was not changed upon
FGFR2 stimulation, nor upon FGFR inhibition (Figure 4.4.3 A, B). No changes
were observed in both EV and GRB2-transfected cells. Therefore, it seemed
that elevated GRB2 expression did not regulate AGO2 binding to DICERL1 in
cells in the presence of basally activated FGFR2 kinase, nor in the presence of

FGF2/9-stimulated FGFR2 kinase.
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Figure 4.4.3 AGO2 binding DICERL1 is not regulated by FGFR2 in HEK293T
cells stably expressing FGFR2 and with GRB2-overexpression

(A) Western blot (IB) and (B) quantification of DICER1 associated with endogenous
AGO2 in HEK293T stably expressing FGFR2 (F1) with and without GRB2
overexpression. DICER1 was normalised against AGO2. Cells were cultured in
starvation media containing either DMSO or FGFR2 inhibitor (i) before being stimulated
with FGF2/9 and used to immunoprecipitate (IP) AGO2. N = 3. Error bars show
standard error of mean. EV = empty vector. ns = not significant by Student’s t-test.
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pY393 is dephosphorylated by PTP1B (Yang et al., 2014). Therefore, it was
possible that PTP1B dephosphorylation of Y393 masked changes in AGO2
binding DICERL1. To determine this, AGO2 was immunoprecipitated in cells
which had been cultured in presence and absence of PTP1B inhibitor
(CinnGEL-2me, 10 uM). F1 cells were incubated under serum-starved
conditions in the presence, and absence, of FGFR2 and PTP1B inhibitors,
before being stimulated with FGF2/9. Endogenous AGO2 was
immunoprecipitated and analysed by western blotting. However, the level of
DICERL1 associated with AGO2 was not significantly reduced upon FGF
stimulation in PTP1B-inhibited cells, nor in DMSO-treated control cells (Figure
4.4.4). Consequently, it seemed AGO2 was not regulated by FGFR2, nor
PTP1B, in serum-starved and FGF-stimulated HEK293T cells stably expressing
FGFR2. It should be noted that, although the PTP1B inhibitor was used as
previously described (Vota et al., 2013; Chamorro et al., 2015), PTP1B
inhibition by CinnGEL-2me should be confirmed by western blotting of EGF-

induced signalling, so could not be analysed in these cells.
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Figure 4.4.4 FGFR2 does not regulate the interaction between AGO2 and
DICERL1 in PTP1B-inhibited HEK293T cells stably expressing FGFR2

Western blot (IB) of DICER1 associated with endogenous AGO2 in F1 (HEK293T
stably expressing FGFR2) with and without PTP1B inhibition. Cells were cultured in
starvation media supplemented with FGFR2 inhibitor (i), PTP1B inhibitor (PTP1Bi) or
DMSO, before being stimulated with FGF2/9 and used to immunoprecipitate (IP)
AGO2. N = 2.
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Overall, these experiments indicated that stably expressed activated FGFR2 did
not regulate binding of AGO2 to DICER1 in HEK293T cells, regardless of GRB2
expression. Therefore, these results do not provide evidence for FGFR2-

phoshorylation of AGO2 Y393.

4.5 FGFR2 does not phosphorylate AGO2 in breast cancer cell

lines

The lack of FGFR2-dependent changes in DICER1-binding AGO2 in HEK293T
cells stably expressing FGFR2 (F1) suggested this cell line may be
inappropriate for studying FGFR2 regulation of AGO2. To explore if FGFR2
may phosphorylate Y393 in another system, AGO2 phosphorylation was
examined in MCF-7 and MDA-MB-231 breast cancer cell lines. Both express
the two main isoforms of FGFR2: FGFR2IllIb and FGFR2Illic (Nurcombe et al.,
2000). FGFR2IlIb is preferentially activated by FGF7 and 10, while activation of

FGFR2Ilic is favoured with FGF2 and 9 (Miki et al., 1992).

MDA-MB-231 and MCF-7 cells were serum-starved, in the presence or absence
of 30 nM SU5402. Cells were then stimulated with a panel of FGFs (2, 7, 9 and
10). Endogenous AGO2 was immunoprecipitated and blotted with pY393. The
AGO2 IP had been optimised to allow blotting with the pY393 antibody. It was
found that IP with IgG from a rabbit host produced a strong band at 90 kDa
upon blotting with pY393 but using IgG from a mouse host did not. The
reactions from each cell line were analysed on separate gels. It was previously
observed that running the reactions on a larger midi gel gave blurred AGO2
bands, which may make it harder to detect pY393 bands. Blots were probed
initially for pY393, then for pY99 to assess FGFR2 stimulation. In both cell lines,

FGFR2 expression was low, making it hard to detect phosphorylation of FGFR2
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activation loop (Y656/7; Figure 4.5.1 A, B; Figure 4.5.2 B). However, an
FGFR2-specific pY99 band was difficult to distinguish from the background due
to presentation of pY residues on other proteins in the cell lysate (Figure 4.5.1
A, B). Furthermore, pY393 demonstrated nonspecific binding in the input, which
may indicate binding to other pYs. Stripping these sites can result in reduced
antibody binding upon re-probing. Consequently, FGFR2 stimulation was
inferred from the downstream activation of ERK. In both cell lines, pERK was
reduced upon incubation with SU5402 and enhanced upon stimulation. The
increase in ERK phosphorylation was particularly apparent with FGF2, 7 and 10
in MCF-7 cells (Figure 4.5.1 A), and with FGF2 and 10 in MDA-MB-231 cells
(Figure 4.5.1 B). Thus, FGFR2 appeared to be properly inhibited and stimulated

under these conditions.

AGO2 phosphorylation was assessed by blotting for pY393. Bands in the IP
samples at ~90 kDa could be observed upon a very long exposure of pY393
blots. However, a band also appeared in the IgG control (Figure 4.5.1). It was
therefore concluded that phosphorylation of Y393 could not be detected on

endogenous AGO2 under these conditions.
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Figure 4.5.1 Y393 is not phosphorylated on endogenous AGO2 in breast
cancer cells expressing endogenous FGFR2IIIb and FGFR2IlIc

(A) MCF-7 and (B) MDA-MB-231 cells were incubated in serum-free media containing
FGFR2 inhibitor (i) or DMSO 18 h before stimulation with indicated FGF (+2, +7, +9,
+10) or cells were left unstimulated (-). Lysates were used to immunoprecipitate (IP)
AGO2 and Y393 phosphorylation (pY393) was analysed by western blotting (IB). Long
and short refer to exposure time.



- 141 -
Previous studies have identified AGO2 phosphorylation (Shen et al., 2013; T.
Liu et al., 2020). Therefore, to test if FGFR2 may phosphorylate Y393 when
AGO?2 is overexpressed, cells were transfected with GFP-AGO2. As the pY393
antibody appeared to not be specific for AGO2 pY393 in cell lysates (Figure
4.5.1 A, B), it was possible it also bound other sites on AGO2. Therefore, a
mutant of AGO2 was used with the two previously described phosphotyrosyl
sites on AGO2, Y529 and Y322, mutated to phenylalanine (GFP-AGO2 2YF).

The mutant AGO2 was transfected into MDA-MB-231 and MCEF-7 cells.

Cells were serum-starved in the presence, or absence, of FGFR2 inhibitor.
They were then stimulated with a panel of FGFs. GFP proteins were pulled
down and blotted for pY393. As with the previous experiment, FGFR2 activation
could not be assessed by blotting pY99 and pY656/7 (the activation loop
tyrosine), so instead ERK phosphorylation was examined (Figure 4.5.2 A, B).
pPERK was only slightly reduced upon incubation of MCF-7 cells with SU5402,
when compared with serum-starved cells (Figure 4.5.2 B). Therefore, the
FGFR2 inhibitor therefore may not have completely abrogated FGFR2 kinase
activity in this cell line. However, a decrease in pERK was observed upon
incubation of the inhibitor with MDA-MB-231 cells, suggesting that FGFR2 was
inhibited in this cell line (Figure 4.5.2 A). Additionally, both cell lines showed
increased ERK activation in response to stimulation with growth factor when
compared to serum-starved cells (Figure 4.5.2 A, B), suggesting that FGFR2
was appropriately activated under these conditions. pERK was consistently
higher in MCF-7 cells stimulated with FGF2, 7 and 10, whereas MDA-MB-231
cells displayed increased pERK upon stimulation with only FGF2 and 10 (Figure
4.5.1, Figure 4.5.2). Potentially these growth factors preferentially activate

MAPK signalling, rather than other downstream pathways.
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Figure 4.5.2 Y393 is phosphorylated on GFP-AGO2 but is not regulated by
FGFR2 in cells with endogenous and stable FGFR2 expression

(A) MDA-MB-231 and (B) MCF-7 cells were transfected with GFP-AGO2 or GFP
plasmids. Cells were incubated in serum-free media containing FGFR2 inhibitor (i) or
DMSO 18 h before stimulation with indicated FGF (+2, +7, +9, +10) or were left
unstimulated (-). Lysates were used to pulldown GFP proteins and Y393
phosphorylation (pY393) was analysed by western blotting (IB). a-Tubulin (TUBA) was
used as the loading control.
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Y393 phosphorylation could be observed on GFP-AGO2 2YF at similar levels in
every condition, in both cell lines (Figure 4.5.2 A, B). The pY393 antibody did
not pick up phosphorylation on GFP, suggesting it was specific for AGO2.
Similarly, blotting with pY99 revealed phosphorylation of GFP-AGO2 2YF in
MDA-MB-231 cells (Figure 4.5.2 A). However, unlike the pY393 antibody, the
antibody for pY99 also detected phosphorylation on GFP, so only the pY393
antibody was valid in this experiment. It therefore appeared that Y393 was
phosphorylated on GFP-AGO2 2YF in both breast cancer cell lines. However,
there did not appear to be any FGFR2-dependent changes in Y393
phosphorylation; consequently, it was unlikely that the kinase responsible for
this was FGFR2. Overall, both breast cancer cell lines demonstrate that FGFR2
stimulation does not regulate AGO2 pY393. MDA-MB-231 cells additionally

show that Y393 phosphorylation is not mediated by basal activation of FGFR2.

To rule out the possibility that the lack of Y393 phosphorylation observed on
endogenous AGO2 was due to poor binding of the antibody, new antibodies
were generated (pY393 #1 and pY393 #2). The antibodies were tested using a
range of in vitro and cell-based methods. Data suggested they were able to
differentiate between phosphorylated and non-phosphorylated Y393 (data not
shown). However, the antibodies also bound many other phospho-sites,
including sites on FGFR2 (data not shown). Re-purification of the antibodies

resulted in an extremely low yield (<4%, data not shown).
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Crucially, the antibodies needed to be able to differentiate between non-
phosphorylated and phosphorylated Y393 in the context of the full-length
protein. To test this, an AGO2 construct was made with Y393 mutated to
phenylalanine (GFP-AGO2 Y393F). GFP-AGO2 Y393F was transfected into
HEK293T cells, which express EGFR. The cells were stimulated with EGF,
which has previously been shown to result in phosphorylation of Y393 (Shen et
al., 2013). A band at the expected molecular weight of GFP-AGO2 was
observed for both wild type (WT) and Y393F mutant AGO2 (Figure 4.5.3).
However, for both pY393 #1 and 2, this band was stronger for the mutant. It is
therefore likely that the antibodies recognised phosphorylation on another
protein of a similar molecular weight. Alternatively, they may have bound

another phosphorylated residue on AGO2.
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Figure 4.5.3 Custom generated antibodies are not specific for pY393

pY393 #1 and pY393 #2 were generated by GenScript. HEK293T cells overexpressing
wild type GFP-AGO2 (WT), GFP-AGO2 Y393F (YF) and GFP were stimulated with
EGF and GFP proteins were pulled down. pY393 #1 and 2 were then used to western
blot (IB) both inputs and bound proteins. a-Tubulin (TUBA) was used as a loading
control. Long and short refer to exposure time.
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4.6 Discussion

4.6.1 Phosphorylation of Y393

GRB2 associated with both FGFR2 and AGO?2 in unstimulated HEK293T cells
(Figure 4.2.1 B). It was therefore proposed that GRB2 may recruit AGO2 to
FGFR2 to allow FGFR2 to phosphorylate AGO2 Y393 under basal conditions.
However, FGFR2-phosphorylation of AGO2 Y393 was not identified. Attempts
to detect pY393 on GFP-AGO?2 purified from stimulated HEK293T cells using
mass spectrometry failed. Peptides containing pY393 were not identified for the
EGF-stimulated positive control (Table 4.3.1), so the experimental procedure
was likely to be at fault. To mimic the conditions in which EGFR-phosphorylated
AGO2 Y393 was originally detected, both EGFR and AGO2 were
overexpressed in HEK293T cells (Shen et al., 2013). Potentially the ratios of
plasmids transfected needed optimising to ensure the corrected protein
concentrations for phosphorylation. Additionally, several steps which have
previously been described to assist visualisation of AGO2 phospho-sites were
not completed (Ridel et al., 2011). Although phosphatase inhibitors were
included in the lysis buffer, cells were not treated with pervanadate prior to lysis.

Additionally, phosphopeptides were not enriched by TiO:2 affinity purification.

The lack of FGFR2-mediated phosphorylation of AGO2 Y393 detected by
western blotting may be more convincing. Y393 could not be detected by IP of
endogenous AGO2 from breast cancer cell lines expressing endogenous
FGFR2 (Figure 4.5.1 A, B). Similarly, no FGFR2-dependent changes in AGO2
Y393 phosphorylation were seen by pulldown of GFP-AGO2 2YF from the
breast cancer cells (Figure 4.5.2 A, B). However, a background level of Y393

phosphorylation was observed in this experiment, suggesting these cells
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express another kinase for Y393. MDA-MB-231 cells and MCF-7 cells both
express EGFR (Osborne et al., 1981, Fitzpatrick et al., 1984) and c-SRC
(Biscardi et al., 1998; Uhlén et al., 2015). Although EGFR and c-SRC require
activation by growth factor, it is likely that some molecules remained active even
in serum-starved cells. As a demonstration of this, pERK1/2 in serum-starved
cells was reduced but not abrogated (Figure 4.5.1, Figure 4.5.2). Therefore, it is
likely that EGFR or c-SRC was responsible for the phosphorylation of Y393

observed here (Shen et al., 2013; T. Liu et al., 2020).

Several possible explanations may exist for why the FGFR2-independent Y393
phosphorylation was seen by GFP pulldown but not endogenous AGO2 IP.
Possibly the commercial pY393 antibody used here was not sensitive enough to
detect low levels of pY393. Alternatively, AGO2 Y393 may not normally be
phosphorylated in these cells, but overexpression of AGO2 may allow it to
become phosphorylated. Y393 phosphorylation may therefore be more relevant
in tumours where AGO?2 is overexpressed, as has been shown for head and
neck, colon, ovarian, bladder and gastric cancers (Chang et al., 2010; Li et al.,
2010; Papachristou et al., 2011; Vaksman et al., 2012; Zhang et al., 2013; Yang
et al., 2013). This is consistent with the previously identified roles for pY393 in

promoting cancer pathogenesis (Shen et al., 2013; T. Liu et al., 2020).

On the other hand, the presence of Y393 phosphorylation on GFP-AGO2 2YF,
where pY322 was inhibited, suggests phosphorylation of AGO2 Y322 may
inhibit phosphorylation of Y393. In support of this, Y322 was phosphorylated by
mass spectrometry (Table 4.3.2). Y322 is surface exposed (Figure 4.6.6 A), so
protein binding the phosphorylated residue may restrict kinase access to Y393.

It may therefore be interesting to 1) repeat the mass spectrometry experiment



- 148 -
with GFP-AGO2 2YF, and, 2) simultaneously blot pY393 on GFP-AGO2 WT

and 2YF.
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Figure 4.6.6 Positioning of AGO2 Y322, Y529 and Y804

Crystal structure of AGO2 (green) bound to a guide RNA (orange), with residues

highlighted: (A) Y322 (blue), (B) Y529 (purple) and Y804 (yellow) (4W5N, Schirle &
MacRae, 2012).
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Y322 has previously been identified by mass spectrometry (Quévillon
Huberdeau et al., 2017), although a role for it has not been characterised. Of
the other two pY sites detected by mass spectrometry, Y529 has widely been
reported to inhibit miRNA binding AGO2 through electrostatic repulsion (Rudel
et al., 2011; Mazumder et al., 2013; Patranabis and Bhattacharyya, 2016).
Y804, as far as we know, has not before been identified. Both Y529 and Y804
point towards the miRNA (Figure 4.6.6 B). Therefore, Y804 may also preclude

mMiRNA binding via steric hinderance.

4.6.2 DICER1 binding AGO2

Phosphorylation of Y393 inhibits DICER1 binding AGO2 (Shen et al., 2013).
Consistent with the lack of FGFR2-dependent phosphorylation of Y393, no
changes in the association of DICER1 with AGO2 were seen upon FGFR2-
inhibition nor stimulation in HEK293T cells stably expressing FGFR2 (Figure
4.4.2, Figure 4.4.3, Figure 4.4.4). GRB2 been suggested to recruit PTP1B to
AGO2 in T. annulata-infected macrophages, which express high levels of GRB2
(Haidar et al., 2018). If GRB2-overexpression is required to mediate FGFR2-
phosphorylation of AGO2, simultaneous dephosphorylation of Y393 by PTP1B
may explain the lack of changes in AGO2 binding DICER1 in these cells (Figure
4.4.3). Therefore, it may be interesting to assess the AGO2-DICERL1 interaction

in cells with both GRB2-overexpression and PTP1B-inhibition.
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Chapter 5: GRB2 binds AGO2 directly to complex AGO2

and DICER1

In the previous Chapter it was demonstrated that GRB2 was associated with
AGO2 in HEK293T cells (Figure 4.2.1 B). Therefore, GRB2 may bind AGO2

directly to regulate miRNA biogenesis.

This Chapter focuses on characterising the interaction mechanism between
GRB2 and AGO2. The consequent effect of GRB2 on RLC assembly,
independent of AGO2 phosphorylation, is also investigated. In the canonical
pathway of miRNA biogenesis, the miRISC is formed via loading of a miRNA
onto AGO2 by the enzyme DICER1 (Grishok et al., 2001). DICERL1 processes
the pre-miRNA to remove the hairpin loop, resulting in a 21-nucleotide miRNA
duplex. DICER1 binds AGO2 directly through an interaction between DICER1
RNase Ill domain and AGO2 PIWI domain (Bernstein et al., 2001; Tahbaz et al.,
2004). In this complex, DICER1 loads the miRNA onto AGO2 (Chapter 1,

Figure 1.3.1).

While AGO2 and DICER1 form the core machinery for RISC-loading, other
proteins bind the RLC to guide this process. Examples of such proteins include
the DICERL1 cofactors, TRBP and PACT (Chendrimada et al., 2005; Lee et al.,
2006), as well as the DICER1-binding proteins ADAR1 and TDP43 (Kawahara
and Mieda-Sato, 2012; Ota et al., 2013). Additionally, the HSC70/HSP90
chaperone systems stabilise AGO2 prior to miRNA-binding (Iwasaki et al.,
2010; Iwasaki et al., 2015; Naruse et al., 2018; Tsuboyama et al., 2018; Park et
al., 2019). ESR2 has also been demonstrated to associate with the RLC
(Tarallo et al., 2017) Aside from these examples, few binding partners of AGO2

in the RLC have been identified. It is likely that other proteins which associated
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with the RLC also regulate loading, such as via stabilisation of the complex or
by protein recruitment. This Chapter reports an investigation into whether GRB2

can perform such a role.

5.1 GRB2 binds AGO2 under non-stimulated conditions

Preliminary work using GST-pulldown suggested GRB2 binds endogenous
AGO?2 in both unstimulated HEK293T cells and unstimulated HEK293T with
stable FGFR2 expression (F1) (Figure 4.2.1). To assess whether this interaction
occurs in multiple cell types, a GST-pulldown experiment was completed using
HEK293T, NIH3T3 (mouse embryonic fibroblast) and PC3 (human prostate) cell
lines. Cells were serum-starved before lysates were taken and incubated with
GST-GRB2. Consistent with the results obtained using HEK293T cells, in both
NIH3T3 and PC3 cell lines GST-GRB2 bound AGO2 while GST alone did not,
or bound only a negligible amount (Figure 5.1.1 A). It is therefore likely that the
GRB2-AGO2 interaction occurs ubiquitously and is not cell-type specific. As
relatively little AGO2 was pulled down compared to the amount of GST-GRB2 it

appears that the interaction is weak.
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Figure 5.1.1 GRB2 complexes with AGO2 under basal conditions

(A) GST-GRB2 pulldown of AGO?2 in three cell lines under non-stimulated conditions.
Purified GST proteins were immobilised on beads and incubated with lysate from
serum-starved cells. Bound proteins were analysed by western blotting (IB). (B)
Fluorescence and Forster resonance energy transfer signals of RFP-tagged GRB2 and
GFP-tagged AGO2. HEK293T cells overexpressing fluorescent proteins were serum-
starved before imaging. N = 3. Scale bars are 5 um.
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Next, to demonstrate that GRB2 and AGOZ2 associate in a cellular environment,
a FRET experiment was used. HEK293T cells were transfected with plasmids
expressing GFP-tagged AGO2 and RFP-tagged GRB2 (or GFP and RFP as
controls). The cells were then serum-starved and fixed onto coverslips. Finally,
cells were imaged for GFP, RFP and FRET signal. As expected, GFP-AGO2
could be seen throughout the cell cytoplasm but not in the nucleus (Figure 5.1.1
B). RFP-GRB2, GFP and RFP were expressed in both the cytoplasm and the
nucleus. Cells expressing both GFP-AGO2 and RFP-GRB2 had a greater FRET
signal than the controls (Figure 5.1.1 B). Thus, these proteins are within close
proximity (~10 nm) of each other and are likely to form part of the same
complex. The HEK293T cell line used did not express FGFR2, confirming that
GRB2 and AGO2 associated independently of this receptor. In fact, the FRET
signal was observed throughout the cell cytoplasm, rather than only at the cell
membrane. Therefore, it seemed the two proteins were able to form a complex

which did not contain any membrane-bound receptor.

5.2 GRB2 directly binds AGO2 323pHLP32¢

To ascertain if binding of GRB2 to AGO2 is direct, ITC was used. GRB2 bound
AGO2 under basal conditions (Figure 5.1.1 A, B), when there are only low
levels of tyrosine phosphorylation. Consequently, it is probable the interaction is
via GRB2 SH3 domain binding AGO2 proline-rich motif. AGO2 has 3 regions
containing canonical PxxP motifs (Figure 5.2.1 A). Therefore, three peptides
spanning each motif were used (AGO2 #1, #2 and #3, see Table 5.2.1 for
sequences). 1.2 mM peptide was titrated into a solution of recombinant purified
80 uM GRB2. Only peptide AGO2 #3, spanning residues 317-333 and located

in the PAZ domain of AGO2, showed binding to GRB2 (Figure 5.2.1 B-D, Table
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5.2.1). A symmetrical binding curve was produced, indicating binding of the
peptide to a single site on GRB2. The curve was therefore fitted with a 1:1
binding model. However, a stoichiometry of 1.48 +0.04 sites was produced. It is
likely that this stoichiometry reflected a lower real concentration of peptide than
was input in the analysis software. Degradation of the peptide may have
occurred through repeated freeze-thawing, exposure to oxygen and storage in
solutions above pH 8. Consequently, the binding curve was refitted with manual
adjustments in peptide concentration until a stoichiometry of n = 1 was reached.
The final peptide concentration was 800 uM. A Kp of 4.27 £ 1.17 uM was
produced, which is characteristic of SH3 domain interactions (Yu et al., 1994). It
is important to note that at 80 uM GRB2 was a dimer, so a complex was formed
consisting of two GRB2 proteins each bound to a peptide on the same site (2:2
binding). From the crystal structure of AGO2 it is clear that the 323PHLP326 motif
is surface exposed (Figure 5.2.1 E) (Schirle, Sheu-Gruttadauria, & MacRae,
2014) . Therefore, in the context of the entire protein, this motif is available to

bind GRB2.



- 156 -

A +
AGO2 N+ N-terminal § PAZ MID I PIWI - C
B AGO2 #1 c AGO2 #2
Time (min) Time (min)
0 10 20 0 10 20
0.40 T T T 0.40 T T T
030 o 1 0.30 4 B
IANARAREA
0.20 ) A 4 020 | Peptide ( ( ( ]
Peptide ¥ into ¥
° 0.10 1 into Buffer 1 o 010 1 Buffer B
& 000+ Yy vy vrvrrvore & 000 ( d
= ] =
g-o1e ¥ Ppeptide into §'°'1° ] v ]
-0.20 GRB2 8 -0.20 - Peptide N
030 ] ] into 1
37 GRB2
-0.40 - B -0.40 i
-050 T T T T T T T -0.80
0.00 - 4 .
€ 2 110 4 i
©
g.um- u ..-.--.I..-- ,g -
= [} 2 1.20 = B
- C
5 020 4 = = a®
o
— < -1.30 4 n N _
S [
£ 030 I g " .
© = -1.40 4
£ J040 i § L
-1.50 H .
-050 T T T T T T T T T T T T T T
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Molar Ratio Molar Ratio
D AGO?2 #3
Time (min .
, w( ) 2 N-terminal
0.40 T T T
0.30 ]
020 4 Peptide i
010 into o b
Q ' Buffer
9 0.004
g ] \( ([ (}( “ q u ]
3
-0.20 4 g
-0.30 J
v\Peptide into
-040 GRB2 7]
-0.50 T T T T T
0.00 [
E -0.10 4 e
E -0.20 4 4
=
— -0.30 4 4
© (]
T -0.40 J
o
£ -050 4 B
S 060 ]
X
-0.70 4 L] 4
-0.80 ; T T T T
0.0 05 1.0 15 2.0 2.5
Molar Ratio

Figure 5.2.1 A peptide spanning a proline-rich region in the PAZ domain of

AGO2 binds GRB2 by ITC

(A) Domain structure of AGOZ2. Proline rich regions containing canonical PxxP motifs
are indicated by red arrows. (B-D) Isothermal titration calorimetry isotherms of GRB2
with three peptides spanning each of AGO2 proline-rich regions. Titration of peptide
AGO2 #3 into GRB2 gives a measured affinity of 4.27 + 1.17 uM. A solution containing
1.2 mM peptide was titrated into an 80 uM solution of GRB2 or buffer alone as a
control. Peaks were integrated to give a Wiseman curve which was fitted using a 1:1
binding model to yield the binding affinity, Kp, and stoichiometry, n. (E) The crystal
structure of AGO2 (PDB: 4W5N, Schirle et al., 2014). 32PHLP3?% is indicated inside the

red box.
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Table 5.2.1 AGO2 peptides tested for binding to GRB2

Sequences, locations in AGO2 and measured constants of peptides used in isothermal
titration calorimetry with GRB2. Prolines with the PxxP consensus are highlighted in
red.

Peptide Residues  Domain Sequence Affinity Stochiometry
AGO2#1 1-20 N-terminal MYSGAGPALAPPAPPPPIQG - -

AGO2 #2  21-40 N-terminal YAFKPPPRPDFGTSGRTIKL - -

AGO2 #3  317-333 PAZ KLVLRYPHLPCLQVGQE 427 uM £ 1.00 £0.03 sites

1.17 uM
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To confirm that GRB2 binding AGO2 is mediated by the PAZ domain, ITC was
used to probe the interaction of GRB2 with isolated MBP-tagged AGO2
domains. 500 yM MBP-tagged AGO2 domains were titrated into a solution of 20
MM GRB2, or buffer alone as a control. MBP alone, the N-terminal domain, the
MID domain and the PIWI domain, did not produce any evidence of binding at
25°C (Figure 5.2.2 A-D). Conversely, a binding curve was observed upon
titration of AGO2 PAZ domain into GRB2 (Figure 5.2.2 E). The higher heat
produced by titration of MBP-PIWI into GRB2 than of any other domain may
have indicated binding of this domain as well. However, a control titration of
MBP-PIWI into buffer also produced peaks of this magnitude (Figure 5.2.2 D),
indicating that the heat did not represent a GRB2-PIWI interaction. The binding
curve produced upon titration of the PAZ domain was symmetrical, suggesting it
bound one site on GRB2. The curve was therefore fitted with a 1:1 binding
model. A stoichiometry of 2.39 +0.02 was produced, indicating that two PAZ
domains bound each GRB2 protein. However, it was unlikely that there were
two binding events as the binding curve was not biphasic. As the PAZ protein
preparation was not nuclease-treated, it is possible that the presence of RNA
affected the concentration of free PAZ domain. For example, two PAZ domains
could be bound to the same piece of RNA or DNA. The curve was therefore
refitted with 212 uM PAZ at which n = 1. The resulting Ko of 585 nM +61 nM
was similar to that measured with the PAZ domain peptide. Consequently, this
provided stronger evidence that it is this domain which binds, and that binding is

via an SH3 domain interacting with a proline-rich motif.
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Figure 5.2.2 Only the PAZ domain of AGO2 interacts with GRB2

(A-F) Isothermal titration calorimetry isotherms of MBP-tagged AGO2 domains titrated
into GRB2. An affinity of 585 +61 nM was measured for MBP-PAZ. A solution
containing 500 uM AGO2 domain was titrated into a 20 uM solution of GRB2 or buffer
alone as a control. Peaks were integrated to give a Wiseman curve which was fitted
using a 1:1 binding model to yield the binding affinity, Ko, and stoichiometry, n.
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In an attempt to analyse the make-up of PAZ-GRB2 complexes, GRB2 and PAZ
were crosslinked. His-tagged PAZ was RNase-treated to eliminate any effect of
RNA on PAZ-binding GRB2. RNase catalyses the hydrolysis of phosphodiester
bonds in the RNA backbone, thus removing RNA from the protein preparation.
Purified GRB2 and His-PAZ, both at 250 uM, were incubated in a 10-fold
excess of disuccinimidyl tartrate (DST) and resulting complexes analysed by
SDS-PAGE. Two crosslinked products were immediately visible, corresponding
to: 1) a complex ~40 kDa, probably one GRB2 bound to one PAZ domain, and
2) a complex ~55 kDa, either GRB2 dimer (GRB2-GRB2) or one GRB2 bound
to two PAZ domains (PAZ-GRB2-PAZ, Table 5.2.2, Figure 5.2.3 A). However,
the ~55 kDa complex was unlikely to be PAZ-GRB2-PAZ, as a single binding
event between PAZ and GRB2 was observed by ITC (Figure 5.2.1 D, Figure
5.2.2 D). Separation of the complexes by SEC and analysis by SDS-PAGE also
revealed higher order complexes. In addition to the complexes at ~40 kDa and
~55 kDa, a complex at ~80 kDa was observed, corresponding to GRB2 dimer
bound to two PAZ domains in an overall ratio of 1:1 (PAZ-GRB2-GRB2-PAZ,
Figure 5.2.3 B). Overall, this data suggested that PAZ and GRB2 form a GRB2-
PAZ complex via a single binding surface, but further work is required to
conclusively determine if, in vitro, PAZ can also bind another site on GRB2,

allowing GRB2 to interact with two PAZ domains at once.
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Table 5.2.2 Predicted molecular weights of possible complexes containing
GRB2 and PAZ

Molecular weights were calculated from the sequence of each recombinant protein.

Complex Molecular Weight (kDa)
PAZ 16.0
GRB2 26.2
GRB2-PAZ 42.2
GRB2-GRB2 52.5
PAZ-GRB2-PAZ 58.2
GRB2-GRB2-PAZ 68.5

PAZ-GRB2-GRB2-PAZ 84.5
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Figure 5.2.3 Crosslinking of GRB2 and PAZ suggest multiple complexes
may form in vitro

(A) Pure GRB2 and PAZ proteins before and after crosslinking and (B) after size
exclusion chromatography to separate crosslinked proteins. 250 uM GRB2/His-PAZ
was crosslinked using 2.5 nM DST before analysis by SDS PAGE. Uncrosslinked PAZ
and GRB2 and crosslinked complexes are indicated.
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To determine if binding of the PAZ domain to GRB2 was dependent on the
323PHLP326 motif, ITC was again used. Residues 323-326 of MBP-tagged AGO2
were mutated to four alanines (MBP-PAZ 4A). 500 uM MBP-PAZ 4A was
titrated into a solution of 20 uM GRB2. Mutation abrogated PAZ binding GRB2

(Figure 5.2.4 A), confirming that these residues were essential for the

interaction.



- 164 -

A B
MBP-PAZ 4A + GRB2 20
Time (min)
0 10 20 30 40
0.16 — 10
0.12-: — @
©
0.08 1 1 é 0
o . ] =) 1 210 2 250
E 0.00 1 @] 10
3 .0.04 -
-0.08 - i
] ] -20
-012 - . Wavelength (nm)
_015 ] T T T T T T T T T T T ]
050 - . —WT —4A
‘%’ -0.55 | . " i
E-o.so-_ - " ] C
;-g -0.55_- " - ] “‘“\
Al L] L] ]
5 -0.70 1 - - L
E 1 L] m n 4
T 075 - u - &
* 080 - ]
-0.85

T 7177 T T T T 71T
0.0 05 1.0 15 2.0 25 30 35 40 45 50 55
Molar Ratio

Figure 5.2.4 Mutation of 32°PHLP3%¢ abrogates PAZ binding GRB2

(A) Isothermal titration calorimetry isotherm of MBP-PAZ with 32PHLP32¢ mutated to
four alanine residues (4A) with GRB2. A solution containing 500 yM MBP-protein was
titrated into a 20 yM solution of GRB2. (B) Far-UV circular dichroism spectra of wild
type (WT) and 4A MBP-PAZ secondary structure. Measurements were made at pH 7.5
and 20°C. (C) Crystal structure of AGO2 containing *°PHLP3?® (magenta). Hydrogen
bonds with interacting residues (red) are indicated. (PDB: 4W5N, Schirle et al., 2014).
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The lack of binding to MBP-PAZ 4A may have been due to mutation of
S23PHLP32%, or alternatively could have been a result of destabilisation of the
overall protein structure. To test this, the circular dichroism (CD) spectra of wild
type (WT) MBP-PAZ and MBP-PAZ 4A was measured. Spectra were recorded
at 190-260 nm to investigate secondary structure. Changes in protein structure
can be identified by a shift in the CD spectra. However, the spectra were almost
identical (Figure 5.2.4 B). It should be noted that the presence of the MBP-tag
would have contributed to the observed spectra. As both proteins had this tag,
the chance of seeing smaller changes in PAZ domain structure may have been
reduced. Both spectra had a high alpha helical content, as shown by minima at
210 and 221 nm. There was a very small shift in the point at which each
ellipticity = 0 mdeg (WT = 202.0, 4A = 202.3). However, this may have been
expected as the replacement of histidine 324 with an alanine residue may
disrupt hydrogen bonding with glutamine 247 to slightly destabilise the
surrounding region (Figure 5.2.4 C). The changes in peak size between the two
spectra were the result of small differences in protein concentration.
Additionally, the noise observed before 200 nm was due to presence of glycerol
in the buffer, which absorbs light below this wavelength. Overall, this data
suggested that the 4A mutation did not result in PAZ unfolding. This was

consistent with the location of 32*PHLP3?6 in a loop region (Figure 5.2.1 E).

As all ITC experiments had been completed with PAZ domain which had not
been RNase treated, it was possible that residual RNA was bound to the
domain in these experiments. To assess whether RNA binding to PAZ could
have had an impact on the GRB2-PAZ interaction, AGO2 PAZ domain was pre-
treated with RNase prior to binding analysis with MST. A dilution series of

unlabelled His-PAZ was set up and mixed 1:1 with labelled GRB2 to final
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concentrations 0.02-653 uM PAZ and 100 nM GRB2. Importantly, GRB2 is a
monomer at 100 nM. Binding curves were produced by both PAZ preparations.
Curves were fitted according to the Kp fit model, which assumes one to one
binding. Use of PAZ domain which had not been treated with RNase gave a
dissociation constant of 17.80 +0.95 uM (Figure 5.2.5 A) and RNase-treated
PAZ domain bound GRB2 with a similar affinity: Ko 6.14 +0.31 uM (Figure 5.2.5

B).

Interestingly, the change in normalised fluorescence for RNase-treated PAZ
domain was half that of the untreated protein. A smaller change in fluorescence
is indicative of formation of a smaller complex. Consequently, this data was
consistent with the hypothesis that presence of RNA dimerised PAZ and
allowed two PAZ domains to simultaneously bind to GRB2, thus helping to
explain the initial stoichiometry of n ~2 by ITC (Figure 5.2.2 D). RNase
treatment destroyed the PAZ dimers and reduced the size of the final GRB2-
PAZ complex. However, the similar Kos in both experiments indicated that the
presence of RNA did not significantly affect the affinity of GRB2 for AGO2 PAZ

domain.
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Figure 5.2.5 Treatment of His-PAZ with RNase does not affect GRB2-
binding
(A, B) Microscale thermophoresis of GRB2 with His-tagged PAZ domain which had or

had not been treated with RNase. A dilution series of 20-653,000 nM unlabelled PAZ
and 100 nM labelled GRB2 was used. Reactions were performed in triplicate.
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5.3 GRB2 NSH3 domain binds AGO2 under non-stimulated

conditions

Biophysical studies indicated that AGO2 PAZ domain binds a single site on
GRB2 via a PxxP motif. GRB2 has two SH3 domains (Figure 5.3.1 A).
Therefore, to ascertain which domain AGO2 bound a GST-pulldown experiment
was used to determine which GRB2 domain bound AGO2. GST-tagged GRB2
domains were purified and immobilised on beads. HEK293T cells were serum-
starved and lysates incubated with the GST-beads, before bound proteins were
analysed by western blotting. Binding of AGO2 to the N-terminal SH3 domain
(NSH3) was apparent, suggesting this domain binds AGO2 (Figure 5.3.1 B, C).
In some replicates of the experiment limited binding was observed for the C-
terminal SH3 domain (CSH3). Negligible binding was observed to the SRC
homology 2 (SH2) domain (Figure 5.3.1 B, C). It therefore appeared that AGO2
primarily binds NSH3. However, potentially through use of high protein
concentrations and due to the promiscuous nature of SH3 domain interactions,

AGO2 may also weakly bind CSH3 in these experiments.
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Figure 5.3.1 GRB2 N-terminal SH3 domain associates with AGO2 under
non-stimulated conditions

(A) Domain structure of GRB2. Indicated residues can be mutated to knock out
function of each domain. (B) Western blot (IB) and (C) quantification of AGO2
associated with GST-tagged GRB2 domains, normalised to GST. Purified GST-
proteins were immobilised on beads and incubated with lysate from serum-starved
HEK293T cells. N = 3. *p < 0.05. ns = not significant by Student’s t-test. (D) Forster
resonance energy transfer between wild type (WT) and mutant RFP-tagged GRB2 and
GFP-tagged AGO2 proteins expressed in serum-starved HEK293T cells. Scale bars
are 5 ym.
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To confirm the domain(s) of GRB2 which bind AGO2, FRET was used. Three
GRB2 constructs were made with a single point mutation in each, to knockout
the function of each domain individually. Mutation only of the domain(s) which
bound AGO2 would result in a decrease in FRET, compared to WT GRB2. The
pY-binding deficient SH2 domain mutant (GRB2 R86A, Huang & Sorkin, 2005)
and the PxxP-binding incompetent NSH3 and CSH3 domain mutants (GRB2
W36K and GRB2 W193K respectively, Bisson et al., 2011) were selected
(Figure 5.3.1 A). Cells were transfected with the appropriate RFP-GRB2
plasmid along with GFP-AGO2. After serum starvation, the cells were fixed and
imaged for FRET. FRET signal was reduced with the W36K mutant but not with
the R86A or W193K mutants. (Figure 5.3.1 D). Therefore, mutation of the SH2
and CSH3 domains did not appear to inhibit GRB2 binding AGO2. In contrast,
mutation of NSH3 diminished the GRB2-AGO?2 interaction. Therefore, this data
supported the conclusion that it was only this domain which bound GRB2 in

cells.

MST was performed to further elucidate which domain of GRB2 binds AGO2. A
dilution of unlabelled His-PAZ was set up and mixed 1:1 with labelled GRB2,
resulting in final concentrations 0.02-653 uM PAZ and 100 nM GRB2. Mutations
were introduced into GRB2 to knockout the binding capacities of: 1) NSH3 only
(W36K), 2) CSH3 only (W193K), and, 3) both N and CSH3 (W36/193K). MST of
GRB2W19K with PAZ produced a binding curve. Fitting the curve gave a
measured Kp of 13.10 £1.61 uM (Figure 5.3.2 B). The Kp s similar to that
reported for wild type GRB2 (Figure 5.2.5), suggesting that CSH3 is

dispensable for binding.
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Figure 5.3.2 Mutation of GRB2 NSH3, but not CSH3, reduces binding to
PAZ

Microscale thermophoresis of (A) GRB2 W36K (inhibits NSH3 binding), (B) W193K
(inhibits CSH3 binding) and (C) W36/193K with His-tagged PAZ domain which had not
been treated with RNase. A dilution series of 20-653,000 nM unlabelled PAZ and 100
nM labelled GRB2 was used. Reactions were performed in triplicate.
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For the W36K and W36/193K mutant GRB2 proteins an initial increase in
normalised fluorescence indicated binding to PAZ. At high concentrations of
PAZ fluorescence decreased (Figure 5.3.2 A, C). Therefore, it is likely that in
these reactions, self-association of PAZ disrupted the GRB2-PAZ complex. As
this occurred only with the W36K-containing mutants, it appeared that mutation

of NSH3 reduced the affinity of GRB2 for PAZ.

Having demonstrated that AGO2-PAZ binds to the NSH3 of GRB2, the
structural basis of the interaction was investigated. To model how GRB2 may
bind AGO2 PAZ domain, an in silico docking experiment was performed using
the HADDOCK?2.2 web server (van Zundert et al., 2016). HADDOCK uses an
information-driven approach to determine protein-protein interactions,
employing experimental and predicted data to determine the structure of the
protein complex. It consistently performs well in Critical Assessment of
PRedicted Interactions (CAPRI) experiments (Janin, 2005; Lensink and Wodak,
2013). However, it should be acknowledged that some structures may be hard
to predict in a docking experiment, for example if the two interacting proteins

exist as part of a multicomponent assembly.

To facilitate docking of GRB2 NSH3 to AGO2 PAZ, specific residues were
selected as the active residues involved in binding. The hydrophilic binding
pocket of GRB2 was defined by residues Y7, F9, W36, F47, P49, and Y52
(Vidal et al., 1999). The 322PHLP3?6 motif was selected for PAZ. A model of
GRB2 bound to PAZ was successfully produced (Figure 5.3.3). A large binding
interface across GRB2 NSH3 could be seen, with W36 clearly interacting with
323pHLP3?6 (Figure 5.3.3). In addition to the residues used to define GRB2
NSH3, F9, T12, D15, Q34, N35, F47, N51 and Y52 potentially contributed to the

interaction (Figure 5.3.3).
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Figure 5.3.3 In silico modelling of AGO2 PAZ domain bound to GRB2
NSH3

Crystal structure of AGO2 PAZ domain (PDB: 6RA4; Greenidge et al., 2019; blue))
docked to GRB2 (PDB: 1GRI; Maignan et al., 1995; green) via an interaction between
GRB2 W36 (purple) and *2PHLP32?¢ (yellow). Other residues which may contribute
towards the interaction are shown in orange. Docking was performed using
HADDOCK2.2 (van Zundert et al., 2016). Data contributed by Chi-Chuan Lin,
University of Leeds.
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As it appears that many residues may mediate association of GRB2 to AGO2,
mutation of W36 alone may have been insufficient to completely inhibit the
interaction in MST experiments (Figure 5.3.2). Therefore, mutation of W36 may
have reduced the affinity, but could not abrogate binding. Overall, both the
biophysical and cell-based experiments indicated that only the N-terminal SH3

domain of GRB2 binds AGO2 PAZ domain.

5.4 GRB2 binds AGO2-DICERL1 to form a trimeric complex

The data presented thus far suggest that under non-stimulated conditions
GRB2 NSH3 binds AGO2 323PHLP?3?6, To determine if GRB2 forms a larger
complex containing both AGO2 and DICER1, GST-pulldown was used.
HEK293T cells were deprived of growth factor and lysates were taken. Lysates
were incubated with recombinant GST-tagged GRB2 and bound proteins were
analysed by western blotting. GRB2 associated with both AGO2 and DICER1
(Figure 5.4.1 A). The presence of GRB2 in a complex with the RNA-processing
proteins AGO2 and DICER1 might suggest a miRNA-loading regulatory role for

the adaptor protein.
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Figure 5.4.1 GRB2 may slightly stabilise AGO2 binding DICER1 under non-
stimulated conditions

(A) Western blot of AGO2 and DICERL1 pulldown by GST-GRB2 in HEK293T cells.
HEK293T cells were starved before lysis. (B) Western blot (IB) and (C) quantification of
DICER1 pulled down by RFP-AGO2 in cells with and without GRB2 expression. G1
cells were transfected with RFP proteins and either GRB2 or the empty vector (EV),
then serum-starved before lysis. DICER1 was normalised to RFP. N = 3. Error bars
show standard error of mean. *p < 0.05. ns = not significant by Student’s t-test. Long
and short refer to exposure time.
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To investigate if GRB2 regulated the interaction between AGO2 and DICER1,
an RFP-pulldown experiment was utilised. RFP-AGO2, or RFP alone as a
control, was transfected into GRB2-depleted G1 cells (Chapter 3, 3.2), along
with GRB2, or the empty vector (EV) as a control. Cells were serum-starved
before lysates were taken. Lysates were incubated with RFP-trap beads and
bound proteins analysed by western blotting. RFP-AGO2 bound more DICER1
in G1 cells overexpressing GRB2 (Figure 5.4.1 B, C). Quantification of the level
of DICER1 bound showed an increase of ~40% from G1 cells to GRB2-
overexpressing cells (Figure 5.4.1 C). Therefore, presence of GRB2 appeared
to promote AGO2 binding DICER1. It should be noted that a band can be
observed at the expected molecular weight of GRB2 in the input for G1 cells
expressing EV (Figure 5.4.1 B). A different GRB2 antibody did not produce this
band (Figure 3.2.2 B); therefore, it appeared to be a non-specific band

produced by this GRB2 antibody.

GRB2 may promote the AGO2-DICERL1 interaction in two ways; 1) it may bind
both AGO2 and DICERL1 directly and recruit DICER1 to AGOZ2, or 2) it may bind
AGO2 and induce a conformational change that enhances the ability of AGO2
to form a stable tertiary complex, strengthening the association of DICER1 with
AGO2 (Figure 5.4.2 A). While experiments presented here reveal GRB2 has a
direct interaction with AGO2, it is not known if GRB2 also binds DICER1
directly. To investigate this, MST was performed using GRB2 and DICERL1.
Recombinant DICER1CT was expressed and purified from bacterial cells. A
truncated DICERL protein was used as expression and purification of this
protein gives much higher yields than the full-length protein. DICER1CT contains
both RNase Il domains, which bind AGO2, as well as the dsRBD. The protein

preparation was incubated with RNase to remove contaminating RNA which
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may be bound to DICER1C". To perform MST experiments, 100 nM labelled
DICER1 was mixed with a dilution series of 6.33 to 120,000 nM unlabelled
GRB2. A binding curve was not produced, suggesting that the two proteins did
not interact (Figure 5.4.2 B). Therefore, it appeared that GRB2 did not directly

bind DICERL1 to recruit it to AGO2 (Figure 5.4.2 A).
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Figure 5.4.2 GRB2 does not bind DICER1 by MST

(A) Schematic of possible mechanisms by which GRB2 may interact with both AGO2
and DICERL. The data reported herein suggest that the likely combination is the
ternary complex. Created with BioRender.com. (B) A dilution series of 3.66 to 120,000
nM unlabelled GRB2 was set up with 100 nM labelled DICER1°". Data contributed by
Chi-Chuan Lin.
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To investigate if complexing of GRB2 and AGO2 promoted AGO2 binding
DICER1, the AGO2-DICERL1 interaction was analysed by MST. Full-length
AGO2 and DICER1¢T were expressed in E. coli. During purification both
proteins were treated with RNase to eliminate RNA. To set up MST
experiments, labelled AGO2 was combined with a dilution series of DICER1
from 3.66 to 120,000 nM. MST of full length AGO2 and DICERL1 produced a
binding curve that could be fitted. A measured dissociation constant of 17.60
+1.67 uM was produced (Figure 5.4.3, Table 5.4.1). Upon preincubation of
AGO2 with increasing concentrations of GRB2, a slight dose increase in affinity
of AGO2 for DICER1 was recorded. At 50 uM GRB2, AGO2 bound DICER1 with
Kb 4.58 £0.63 uM (Figure 5.4.3, Table 5.4.1). While it appears that GRB2 only
very slightly promotes AGO2 binding DICER1, the change in affinity may
indicate that GRB2, AGO2 and DICER1 form a complex with AGO2 bridging the
other two proteins (Figure 5.4.2 A). However, this limited change in affinity is

unlikely to have physiological relevance.
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Table 5.4.1 Measured dissociation constants for DICER1 binding AGO2
with preincubation in increasing concentrations of GRB2

100 nM labelled AGO2 was preincubated with GRB2, before a dilution series of 3.66 to
120,000 nM unlabelled DICER1 was set up and used in microscale thermophoresis
with AGO2. Data contributed by Chi-Chuan-Lin.

GRB2 concentration  Affinity

0 uM 17.60 +/-1.67 uM
25 uM 7.86 +/-1.32 uM
50 pM 4.58 +/-0.63 uM
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Figure 5.4.3 GRB2 may slightly stabilise AGO2-DICERL via formation of a
tertiary GRB2-AGO2-DICER1 complex

Microscale thermophoresis of DICER1 with AGO2 which has been preincubated with
increasing concentrations of GRB2. A dilution series of 3.66 to 120,000 nM unlabelled
DICER1 was set up with 100 nM labelled AGO2, which had been preincubated with O,
25 and 50 uM GRB2. Arrows indicate Kp. Data contributed by Chi-Chuan Lin.
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5.5 Discussion

The work reported in this Chapter represents the first demonstration of: 1) direct
interaction between GRB2 and AGO2, and 2) direct binding of any protein to
AGO2 PAZ domain. GRB2 has previously been suggested to recruit PTP1B to
AGO2 (Haidar et al., 2018), although a direct interaction was not shown.
Mapping of the GRB2 interactome has revealed association with both miRNA
biogenesis factors and mediators of gene silencing, under both starved and
EGF-stimulated conditions (Duggal et al., 2019). GRB2 may therefore play a
larger role in miRNA biogenesis and function than has previously been
identified.

The major function of PAZ domains is to bind small RNAs (Yan et al., 2003).
The only reported protein-protein interaction mediated by a PAZ domain is
between DICER1 and Flock house virus B2 (FHVBZ2) protein (Singh et al.,
2009). However, this interaction involved FHVB2 protein C-terminus, which has
no sequence similarity to that of an SH3 domain. Furthermore, DICER1 PAZ
domain does not contain a PxxP motif. AGO2 PAZ domain has been
demonstrated to recruit RAD51 to DNA double-strand breaks, although the
interaction was not confirmed to be direct (Wang and Goldstein, 2016). RAD51
does not possess an SH3 domain capable of binding 323PHLP32%, Originally, it
was thought that PAZ-PAZ domain interactions mediated DICER1 binding PAZ-
PIWI domain (PPD) proteins, such as AGO2. However it has now been shown
binding occurs via the RNase Il domain of DICER1 and the PIWI domain of the
PPD protein (Tahbaz et al., 2004). In fact, many AGO2 interactors bind this
domain, such as the GW182 proteins which recruit effectors of mMRNA

repression to the miRISC (Behm-Ansmant et al., 2006).
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Slightly different binding constants were produced when the affinity of GRB2 for
AGO2 was measured in different experiments. Use of AGO2 PAZ domain
demonstrated approximately 5-fold higher affinity than that to a peptide
spanning 32*PHLP3?6 (Figure 5.2.1 D, Figure 5.2.2 D). The change in Ko may be
expected due to stabilisation of the interaction by flanking sequences in the full
domain. However, the 20-fold weaker binding of PAZ domain to GRB2 by MST
is more surprising (Figure 5.2.5 A). Potentially, addition of the MBP-tag
stabilised folding of PAZ used in ITC. Alternatively, GRB2 dimer may bind PAZ
with a higher affinity. Dimerisation of GRB2 involves a large change in
conformation (Schiering et al., 2000; McDonald et al., 2008) and affects binding
of NSH3 to SOS (Ahmed et al., 2015).
One limitation of the data presented thus far is the lack of binding demonstrated
for endogenous GRB2 to endogenous AGO2. Pulldown of GRB2 was not
observed in an IP of endogenous AGO?2 (Figure 4.4.2). Antibody binding AGO2
may disrupt the GRB2-AGO2 interaction; the AGO2 antibody used in these
experiments binds a sequence between 350 - 450 and therefore adjacent to the
323pHLP3?6 motif. IP of endogenous GRB2, using an antibody which binds
GRB2 SH2 or CSHS3, and blotting for endogenous AGO2 may be more
successful.
Another limitation the work presented here may be that further experiments are
required to fully elucidate how a trimeric GRB2-AGO2-DICER1 complex is
formed. GST-GRB2 pulldown suggests the three proteins form a complex
together (Figure 5.4.1 A). However, it does not clarify which interactions are
indirect and what other proteins may be involved in a functional complex. While
MST experiments indicate GRB2 does not bind DICER1 RNase Ill and dsRBD

domains (Figure 5.4.3, Table 5.4.1), the helicase, DUF283, platform and PAZ
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domains were not tested. Similarly, although MST suggests preincubation of
AGO2 with GRB2 may slightly promote DICER1-binding AGO2 (Figure 5.4.3), it
does not directly show that stabilisation is through formation of a complex
involving all three proteins. Further investigation is required to confirm that the
three proteins form a complex with AGO2 bridging GRB2 and DICERL. In vitro
experiments such as SPR, or in cell techniques, e.g. three molecule FRET, may

determine this.
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Chapter 6: Specific microRNAs are regulated by GRB2

In the previous Chapter it was demonstrated that GRB2 binds AGO2 directly,
via an interaction between GRB2 N-terminal SH3 domain and AGO2 PAZ
domain (Figure 5.2.2, Figure 5.3.1). GRB2 was also found to be included in a
heterotrimeric complex with AGO2 and DICER1 (Figure 5.4.1), and therefore
appeared to be able to integrate into the RLC. However, the interaction with
DICERL1 did not appear to be direct: instead, it appeared that a complex was

formed with AGO2 bridging GRB2 and DICERL1.

This Chapter will examine whether the formation of a GRB2-AGO2-DICER1
complex leads to regulation of DICER1-loading miRNAs onto AGO2 by GRB2.
It will also investigate the role of this mechanism in cancer. DICER1-mediated
processing of pre-miRNA and subsequent loading of mature miRNA onto AGO2
is the last stage in the canonical pathway of miRNA biogenesis (Chapter 1,
Figure 1.3.1). Consequently, this process directly produces the active miRISC
and must be tightly controlled. miRNAs may act as oncomiRs and tumour
suppressor miRNAs. Therefore, dysregulated loading of these miRNAs can

regulate cancer pathogenesis.

A well-known example of how loading is perturbed in cancer is through
phosphorylation of AGO2 Y393 by EGFR and c-SRC, which inhibits DICER1
loading pro-tumorigenic miRNAs onto AGO2 (Shen et al., 2013; T. Liu et al.,
2020). Additionally, ESR2 associates with the RLC to regulate loading of
specific miRNAs and may mediate the better prognosis in ESR2+ breast
cancers. However, the detailed molecular mechanism for this was not
elucidated (Tarallo et al., 2017). Finally, in response to DNA damage, TP53

binds AGO2 to modulate its association with miRNA, but this mechanism is
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thought to be uncoupled from classical loading as it does not affect overall
mMiRNA biogenesis. TP53 mutants differentially regulate binding of tumour
suppressor miRNAs to AGO2 (Krell et al., 2016). In this Chapter, it is proposed
that GRB2 specifically regulates loading of let-7 family miRNAs and additionally
controls expression of the mir-221 and mir-17~92 clusters by a different
mechanism. The potential for GRB2-regulation of miRNA to contribute to

tumorigenesis is explored.

6.1 GRB2 regulates two groups of miRNAs by different

mechanisms

Direct binding of GRB2 to AGO2 and complexing with DICER1 suggested that
GRB2 may moderate miRNA-loading (Figure 5.4.1 A). To determine if the
presence of GRB2 affected miRNA expression, small-RNA sequencing was
performed in G1 (Chapter 3, 3.2) and parental HEK293T cells. Two G1 clones
were used to distinguish GRB2-dependent changes in miRNA expression and
random effects of CRISPR/Cas9 mutagenesis; of note, while clone 1 had
complete knockout of GRB2, clone 2 had low expression of a NSH3-mutated
GRB2 protein. G1 and HEK293T cells were serum-starved and total RNA was
purified. Libraries were prepared, using size selection for RNA ~20 nt, and
sequenced, before reads were aligned to the human genome and differential
expression analysed (Chapter 2, 2.14). Three comparisons of differentially
expressed miRNAs were then performed: 1) clone 1 vs HEK293T, 2) clone 2 vs
HEK293T, and, 3) clone 1 vs clone 2. In the third comparison, miRNAs which
were significantly dysregulated in the same direction were retained. Thus,

mMiRNAs were identified which were deregulated in both clones compared to
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HEK293T, but not to each other. A cohort of miRNAs were identified with both

enhanced and diminished expression (Figure 6.1.1).
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Figure 6.1.1 miRNAs are up and downregulated in G1 cells

Small RNA sequencing of two G1 clones revealed increased (blue) and decreased
(red) miRNA expression. N = 2. p < 0.05 (Benjamini-Hochberg-adjusted). Library
preparation and sequencing was performed by Ragini Medhi (University of Cambridge,
UK). Sequencing analysis was done by Dapeng Wang (University of Leeds, UK) and
heat map generation by Kin Man-Suen (University of Leeds, UK).
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It was immediately apparent that miRNAs of the same family were deregulated
in a similar manner. Members of the mir-17 (miR-18a-3p, miR-20a-5p, miR-17-
5p, miR-106a-5p); mir-19 (miR-19a-3p, miR-19b-3p); the mir-221 (miR-222-3p,
miR-222-5p, miR-221-3p, miR-221-5p) families were all significantly diminished,
whereas the let-7 (let-7i-3p, let-7d-5p, let-7d-3p, let-7b-3p, let-7b-5p, miR-98-5p,
let-7i-5p, let-7f-5p, let-7a-5p, let-7a-3p and let-7g-5p) and the mir-181 (miR-
181a-3p, miR-181c-5p) families were significantly enhanced in the absence of
GRB2 (Figure 6.1.1, p < 0.05). The most strongly downregulated were the mir-
221 family. For example, expression of miR-221-5p was reduced 12.7- and
22.6-fold in clones 1 and 2 respectively. In contrast, let-7b-5p and 3p had the
greatest increase in expression, with levels of let-7b-5p enhanced 8.7- and 8.9-

fold in each clone.

As GRB2 both positively and negatively regulated miRNA expression it was
unlikely that expression of both groups of miRNAs were controlled by the same
mechanism. To investigate if any miRNAs were regulated by GRB2 at the stage
of miRNA-loading onto AGO2, expression of both precursor and mature
mMiRNAs was measured. Parental HEK293T and G1 cells were serum-starved,
before total RNA was isolated. As similar dysregulation of miRNA expression
was seen in each of the clones, both were used in this and all following
experiments. Expression of several GRB2-regulated miRNAs, and their relative
precursors, were then quantified by g°PCR. The miRNAs downregulated in G1
(mDGSs): miR-19b-3p, miR-17-5p, miR-20a-5p, miR-221-5p; and the miRNAs
upregulated in G1 (mUGSs): miR-181c-5p, let-7a-5p and let-7g-5p were selected.
For all miRNAs, mature transcripts were significantly differentially expressed in
a manner that matched results from the small RNA sequencing (Figure 6.1.2 A,

p < 0.05). It should be noted that these p values were not adjusted to account
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for multiple significance testing as only miRNAs which had already been

identified as dysregulated in HEK293T cells were analysed (Figure 6.1.1).
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Like their mature counterparts, mDG precursor transcripts were consistently
diminished in G1 cells. The decrease in precursor expression was significant for
all except pre-mir-17 due to variation in the measured levels of this transcript
(Figure 6.1.2 A, p < 0.05). It is possible that the lack of significance for pre-mir-
17 was due to less accurate measurement of precursor miRNAs, which are
expressed at lower levels than mature miRNA. For all miRNAs, the reduction in
pre-mir was similar or greater than for mature. For example, pre-mir-221 was
reduced 53.2-fold whereas miR-221-5p was downregulated 31.1-fold. Both
primary and precursor miRNA transcripts were bound by the ‘precursor’ primer
(Chapter 1, Figure 1.3.1). Consequently, it was likely that both the pri- and pre-
miRNA were diminished and that regulation occurred before DROSHA-

mediated processing of pri-miRNA.

In contrast to the mDG, for all tested mUG, precursor transcripts were not
significantly deregulated (Figure 6.1.2 A, p < 0.05). Pre-mir-181c, pre-let-7a-1
and pre-let-7g displayed fold changes of 1.0, 0.9 and 0.7 respectively in G1
cells compared to HEK293T. However, it should be noted that pre-mir-181c
showed fluctuations in the measured levels of this transcript. miR-181c-5p is
expressed at much lower levels than the let-7 miRNAs, so measurements of its
precursor are less likely to be accurate. An increase in mature but not precursor

mMiRNA may have indicated changes in loading or turnover.

To determine if increased cellular mUG expression correlated with an increase
in the level of mMiIRNA which was loaded onto AGO2, expression of AGO2-
associated let-7 was quantified. AGO2 was immunoprecipitated from serum-
starved HEK293T and G1 cells. Co-precipitated RNA was extracted and
pulldown of mature let-7a-5p was quantified by gPCR. AGO2-associated let-7a-

5p was consistently increased upon GRB2 depletion (1.5-fold, Figure 6.1.2 B).
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However, high variation in the measured levels of this transcript meant it did not
reach significance. It was likely that further optimising of the washing steps was
required to ensure more consistent pulldown of RNA. Overall, these results

suggested that GRB2 inhibited loading of let-7 family miRNAs onto AGO2.

Expression levels of precursor and mature transcripts suggested that GRB2
regulated miRNA biogenesis by two mechanisms: 1) GRB2 hindered loading of
let-7 onto AGO2, and 2) GRB2 promoted expression of mir-17, mir-19 and mir-

221 prior to DROSHA-mediated pri-miRNA processing.

Of the entire let-7 family, only group Il let-7 miRNAs were significantly
overexpressed in both G1 cell lines (Figure 6.1.1). Group Il pre-let-7 require 3’
mono-uridylation by a terminal uridylyl transferase (TUT4, TUT7 or TUT2) in
order to be bound and processed by DICER1 (Heo et al., 2012). Therefore, it
could be argued that increased miRNA loading onto AGO?2 is likely to be due to
more efficient TUT processing, rather than through GRB2 binding AGO2. To
determine if TUT is dysregulated in G1 cells, TUT4 expression was blotted in
both G1 and HEK293T cells. TUT4 was selected as it has the highest
expression in HEK293T cells (Uhlén et al., 2015; Protein Atlas, 2020). As with
previous experiments, cells were serum-starved before lysis. TUT4 expression
was unchanged between G1 and HEK293T cells (Figure 6.1.3). Therefore, it is
unlikely that GRB2 regulates TUT protein levels to mediate changes in miRNA-

loading.
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Figure 6.1.3 TUT4 expression is not dysregulated in G1 cells

(A) Western blot and (B) quantification of TUT4 expression in HEK293T cells. Cells
were deprived of growth factor before lysis. Quantification of TUT4 was relative to a-
Tubulin (TUBA). N = 3. Error bars show standard error of mean. ns = not significant at
p < 0.05, Student’s t-test.
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Parental HEK293T cells were used as the control for miRNA expression in G1
cells instead of Scr cells (generated by CRISPR/Cas9 modification of HEK293T
cells using a gRNA with a scrambled sequence, see Chapter 3, 3.1). HEK293T
cells were selected as the Scr cell genome was modified by random insertion of
a puromycin resistance gene. Consequently, expression of some miRNAs may
have been altered in Scr cells, which would result as their being recorded as
differentially regulated in G1 cells. However, the parental HEK293T cells
express neither GFP, nor N-acetyl transferase which confers puromycin
resistance. To confirm that the measured changes in miRNA were not mediated
by either protein, miRNA expression in Scr cells was compared to HEK293T
cells. Cells were serum-starved, before total cell RNA was isolated and miRNA
expression measured by gPCR. Expression of one mUG, let-7a-5p, and one
mDG, miR-221-5p, was examined. Neither miRNA was significantly or
consistently differentially expressed in Scr compared to HEK293T (Figure
6.1.4). let-7a-5p and miR-221-5p displayed mean fold changes of 1.0 and 1.1
respectively. Therefore, these data demonstrate that the changes in miRNA
expression seen in G1 cells were not an effect of puromycin treatment nor of

GFP expression.
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Figure 6.1.4 let-7a-5p and miR-221-5p expression is unchanged between
HEK?293T and Scr control cells

Cells were serum-starved and then RNA was extracted. Expression of let-7a-5p and
miR-221-5p was quantified by qPCR. Fold change in miRNA expression from
HEK293T to Scr cells was calculated. Error bars indicate standard error of mean. N =
3. ns = not significant at p < 0.05, by Student’s t-test.
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6.2 GRB2 moderation of let-7 controls expression of the miRNA

targets

Increased let-7 loading onto AGO?2 in the absence of GRB2 suggested
augmented activity of these miRNAs. Consequently, cells depleted of GRB2
should have reduced expression of let-7 family target oncogenes. To test this,
the expression of let-7 targets was quantified alongside let-7g-5p. HEK293T
and G1 cells were serum-starved and total cell RNA extracted. RNA expression
was then quantified by gPCR. As before, let-7g-5p expression was enhanced
3.0-fold in G1 cells compared to HEK293T (Figure 6.1.2 A, Figure 6.2.1 A).
Expression of NRAS, LIN28B, HMGA1 and HMGA2 mRNAs were significantly
decreased 1.4-, 5.0-, 1.9- and 6.1- fold respectively in the G1 cells (Figure 6.2.1
A, p <0.05) (Bos et al., 1985; Tamimi et al., 1993; Cooper, 1996; Guo et al.,
2006). As only these validated let-7 targets were tested it is possible that all
could be dysregulated as a result of let-7 overexpression, so p values were not

adjusted to account for multiple comparisons.

Protein expression of the let-7 targets was also examined. HEK293T and G1
cells were deprived of FBS, then cells were lysed and protein levels were
examined by western blotting. LIN28B and HMGAZ2 protein expression were
significantly diminished 4.6- and 6.5-fold in G1 cells (Figure 6.2.1 B, C; p <
0.05). Therefore, GRB2 appeared to inversely regulate expression of let-7

mMiRNAs and their target mRNAs.
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Figure 6.2.1 Upregulation of let-7 miRNA correlates with downregulation
of let-7 target oncogenes in G1 cells

(A) Fold change in let-7 miRNA and target mRNAs in HEK293T and G1 cells. Total cell
RNA was extracted from serum-starved cells and all RNAs quantified by gPCR. let-7g-
5p was normalised against RNU6-6P whereas mRNAs were relative to GAPDH. N = 3.
(B) Western blot (IB) and (C) quantification of let-7 target protein expression in
HEK293T and G1 cells. Expression was normalised against the housekeeping gene
GAPDH or a-Tubulin (TUBA). N = 3. Error bars indicate standard error of mean (SEM).
p values are shown if p < 0.05, by Student’s t-test.
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To determine if the reduced expression of let-7 target genes in G1 was
facilitated by increased let-7 activity, a rescue experiment was performed. If
high let-7 silenced these genes, sponge-mediated inhibition of let-7 would
release suppression. However, if another mechanism dictated expression of
these targets in G1, then their expression would remain unchanged. G1 and
HEK293T cells were transfected with a let-7 sponge or the empty vector as a
negative control. The cells were serum-starved overnight before total cell RNA
was extracted and quantified by gPCR. In both cell lines, expression of the
sponge resulted in a slight increase of all three targets (Figure 6.2.2). LIN28B
and HMGAZ2 and were significantly increased in G1 cells but not HEK293T, with
fold changes of 1.2 and 1.7. Conversely, DICER1 showed significant
upregulation in only the parental HEK293T cells (1.3-fold, p < 0.05). As before,
only these three genes were assessed and raw p values were used. The small
changes in gene expression in both cell lines suggested that the experiment
needed optimising to completely rescue expression. However, as LIN28B,
HMGAZ2 and DICERL1 expression in G1 was consistently rescued by the

sponge, it is likely that their downregulation in G1 was a result of let-7 activity.
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Figure 6.2.2 Transfection of a let-7 sponge rescues target expression in
G1 cells

Fold change in mMRNA expression in HEK293T and G1 cells expressing a let-7 sponge.
Cells were transfected with a let-7 sponge or the empty vector as a negative control
(NC) and serum-starved. Total cell RNA was extracted and all RNAs quantified by
gPCR with normalisation to GAPDH. N = 3. Error bars indicate standard error of mean.
p values are shown if p < 0.05. ns = not significant by Student’s t-test.
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6.3 Investigation of mMiIRNA expression in colorectal cancer

patient samples

Many of the mDGs are may function as oncomirs (i.e. miRNAs whose modified
expression leads to oncogenesis), including the mir-17, mir-19 and mir-221
families (Ciafre et al., 2005; Dews et al., 2006; Hayashita et al., 2005; H. He et
al., 2005a; L. He et al., 2005b; E. J. Lee et al., 2007; Sylvestre et al., 2007).
Conversely, the mUGs, predominantly the let-7 family, are normally reported as
tumour suppressors (Takamizawa et al., 2004; Johnson et al., 2005; Akao et al.,
2006; Mayr et al., 2007; Shell et al., 2007; Yu et al., 2007). Therefore, GRB2

may mediate a pro-tumorigenic miRNA profile in human cells.

To test this observation, expression data for the mDGs and mUGs in human
cancers was extracted using the online database OncomiR (Wong et al., 2017).
mMiRNAs were selected with log2(fold change in mean expression) = 0.5-25.0
and displayed in a heatmap with agglomerative hierarchical clustering. mDGs
were more likely to be overexpressed (Figure 6.3.1 A) whereas mUGs were
more likely to be downregulated (Figure 6.3.1 B). This was particularly evident
for cancers derived from epithelial cells, such as colon, rectal, stomach and, to
a lesser extent, lung adenocarcinomas. For example, colon adenocarcinoma
showed enhanced expression of mDGs: miR-17-5p, miR-20a-5p, miR-19a-3p,
miR-19b-3p, miR-18a-5p, miR-106a-5p, miR-222-3p, miR-222-5p and miR-221-
5p. Equally, expression of mUGs was reduced: miR-181-3p, let-7i-5p, miR-204-
5p, let-7g-5p, let-7f-5p, MiR-98-5p, miR-181c-5p, let-7d-5p, let-7a-5p and let-7b-
5p. These data demonstrated that GRB2 may facilitate expression of a pro-

tumorigenic miRNA signature.
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To explore if GRB2 did indeed regulate miRNA expression in colorectal cancer,
a detailed analysis of patient samples was completed. Normalised expression
data from the colorectal carcinoma cohort in The Cancer Genome Atlas (TCGA)
was analysed (TCGA_Research_Network, 2020). The cohort contained 448
primary tumour samples with miRNA, mRNA and clinal data, eight of which also
had data from matched normal tissue. GRB2 expression (fragments per
kilobase of transcript per million mapped reads upper quartile, FPKM-UQ) was
correlated to miRNA level (reads per million) throughout the group of primary
tumour samples. The Bonferroni correction was used to account for multiple
significance testing. Significant negative correlations were found between let-
7d, miR-106a, miR-181a-2, miR-19a, miR-19b (-1 and -2), and miR-95 with
GRB2 (Figure 6.3.2 A, C-G; p < 0.05). Conversely, let-7f (-1 and -2) was the

only miRNA which was positively associated with GRB2 (Figure 6.3.2 B).
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Figure 6.3.2 Associations of GRB2-regulated miRNAs with GRB2 in
colorectal cancer patients

Scatter diagrams showing significant correlations between expression of GRB2 and
indicated miRNA in primary colorectal tumour samples taken from The Cancer
Genome Atlas. Pearson correlation coefficients (r) were calculated and considered
significant at p < 0.05 with Bonferroni-adjustment. N = 448.
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Filtering the data according to prior radiation and chemotherapy, as well as for
tumour subtype, overall American Joint Committee for Cancer (AJCC) stage
and lymph node (N) staging did not reveal any other correlations to GRB2.
When only primary tumour samples at metastasis stage MO were considered,
miR-17, miR-18a and miR-181c showed significant negative associations with
GRB2, in addition to all those reported for the entire primary tumour cohort (N =
323, data not shown). The M1 sample size was much smaller (N = 63), which
may explain the lack of significant correlations in this group. miR-181c was also
negatively correlated with GRB2 in primary tumours at tumour stage T2, along
with miR-181a-2 (N = 74). Selection for T3 tumours demonstrated negative
correlations between both let-7g and let-7d and GRB2, as well the previously
described associations with let-7f (1 and 2), miR-106a, miR-181a-2 and miR-
19a (N = 304, data not shown). Again, sample sizes for TL (N =12)and T4 (N =

56) were smaller.

Overall, these data suggested that some miRNAs in this cohort of colorectal
cancer patients may be associated with GRB2. However, they generally do not
seem to be regulated by GRB2 in the same manner as in HEK293T cells. Two

exceptions may be let-7d and let-7g.

It is possible that specific regulation of miRNA by GRB2 occurs only when
GRB2 is particularly enhanced or diminished. Consequently, patient samples
were sorted according to GRB2 level and miRNA expression in the top and
bottom 10% compared. let-7d, miR-106a and miR-181a-2 were significantly
differentially expressed between the two groups (Figure 6.3.3, p < 0.05). All
were reduced in the ‘GRB2 high’ samples and therefore matched the

correlations found for all primary tumour samples (Figure 6.3.2).
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Figure 6.3.3 Expression of GRB2-regulated miRNAs in colorectal cancer
patients with high and low GRB2

Colorectal primary tumour samples with the highest and lowest GRB2 expression were
compared in box plots. Data from The Human Cancer Genome Atlas. N =45, *p <
0.05, ***p < 0.001, by Student’s t-test (Bonferroni-corrected).
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Overall, correlations between GRB2 and miRNA in primary colorectal tumours
did not reproduce those seen in G1 cells. However, GRB2 regulation of miRNA
may occur early in the tumorigenesis process before other mechanisms take
over. Thus, changes in GRB2 and miRNA may be observed between normal
and tumour tissue, but not across tissue samples. Expression of GRB2 and the
mMiRNAs was compared in eight matched tumour and normal tissue samples.
GRB2 was significantly diminished in tumour cells (Figure 6.3.4 A, p < 0.05). let-
7a (-1, -2 and -3), let-7b and let-7d were all decreased, while a fourth let-7
family member, miR-98, was enhanced (Figure 6.3.4 B, C, D, H). miR-181a-2
also had reduced expression in tumour tissue (Figure 6.3.4 E). Finally, miR-19a
and miR-19b (-1 and -2) were upregulated (Figure 6.3.4 F, G). miR-19a was not

detected in any of the normal samples but had low expression in tumour tissue.

The reduction in both GRB2 and mUG (let-7a, let-7b, let-7d, miR-181a-2) from
normal to tumour tissue suggests that GRB2 did not inhibit their expression in
the early stages of colorectal tumorigenesis. Equally, the increase in mDG
(miR-19a and miR-19b) indicates that GRB2 did not enhance their expression in
this system. However, it is possible that early events leading to tumorigenesis

were masked by continued development of the cancers.
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Figure 6.3.4 Expression of GRB2 and the GRB2-regulated miRNAS in
matched normal and colorectal cancer tissue

Box plots showing RNA expression in matched normal and primary colorectal tumour
samples. Data is from The Cancer Genome Atlas. N = 8. *p < 0.05, **p < 0.01, ***p <
0.001, *****p < 0.00001 by Student’s t-test (Bonferroni-adjusted).
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6.4 Screen for GRB2-dependent miRNA expression in cancer

cell lines

Up to this point, it appeared that the GRB2-regulated miRNAs may form a pro-
tumorigenic signature which could be induced by high GRB2 (Figure 6.3.1).
However, analysis of a cohort of colorectal cancer patient samples from the
TCGA did not reveal the expected miRNA profile when correlated with GRB2
expression. In an attempt to find cancers which mimicked dysregulation of
mMiRNAs seen in G1 cells, a screen was completed. GRB2 was knocked down
in four cancer cell lines and miRNA expression was examined. Stable cell lines
were generated by CRISPR/Cas9-mediated genome editing. Cells were
transduced with lentivirus expressing Cas9 and gRNAs targeted to GRB2
(Chapter 2, 2.6.5) and then selected with puromycin. Successful GRB2
knockdown was obtained in H520 lung squamous cell carcinoma, A498 kidney
carcinoma, MDA-MB-231 breast adenocarcinoma and Caco2 colorectal
adenocarcinoma cells (Figure 6.4.1). All knockdown cell lines expressed varying
levels of GRB2 as determined by western blot. Two A498 knockdown cell lines
were produced, with one showing a greater reduction in GRB2 (hereon in

referred to as kd 1).
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Figure 6.4.1 Stable knockdown of GRB2 in various cancer cell lines

Western blots (IB) showing GRB2 expression in (A) H520, (B) A498, (C) MDA-MB-231
and (D) Caco2 wild type (WT) and knockdown (kd) cell lines. Parental cells were
transduced with lentivirus expressing Cas9 and gRNAs targeting GRB2. GRB2 kd cells
were selected with puromycin.
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To determine if the miRNA expression profiles of any GRB2 kd cancer cell lines
reflected that of G1 cells, mMUG and mDG levels were examined. Parental and
knockdown cells were serum-starved and then total RNA was isolated. miRNA
expression was quantified by gPCR against RNU6-6P. Importantly, only two
repeats were completed for Caco2, H520 and A498 cells and therefore the data
presented for these cell lines represent preliminary results only. For all cell
lines, miRNAs from the same family were similarly dysregulated (Figure 6.4.2).
H520 kd cells showed a general decrease in expression of the let-7, mir-19 and
mir-17 families: for example, let-7a-5p was diminished 2.1-fold, miR-19-3p was
reduced 1.6-fold and miR-17-5p was suppressed 1.7- fold (Figure 6.4.2 A).
Expression of miR-181c-5p and miR-221-5p were similar in parental and

knockdown H520 cells.
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Figure 6.4.2 Expression of mUG and mDG in GRB2-knockdown cancer cell

lines

Fold change in mUG and mDG in (A) H520, (B) A498, (C) MDA-MB-231 and (D)
Caco?2 wild type (WT) and knockdown (kd) cell lines. Cells were starved of FBS prior to
RNA extraction. miRNA expression was quantified by gPCR with normalisation to
RNUG6-6P. For H520, A498 and Caco2 N = 2; for MDA-MB-231 N = 3. Error bars
indicate standard error of mean. *p < 0.05 by Student’s t-test (Bonferroni-corrected).
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GRB2 knockdown in both A498 and MDA-MB-231 cells resulted in a general
increase in MiIRNA expression (Figure 6.4.2 B, C). Significant upregulation of
miR-221-5p was observed for the MDA-MB-231 cell line (1.5-fold, Figure 6.4.2
C, p <0.05). The Bonferroni adjustment was applied to account for multiple
significance testing of the GRB2-regulated miRNAs in new cell lines. miR-181c-
5p was expressed similarly in both WT and kd MDA-MB-231. The other
MiRNAs tested were augmented to a similar extent as each other: for example,

let-7a-5p was upregulated 1.6-fold (Figure 6.4.2 C).

MiRNA expression was similar in both A498 knockdown cell lines (Figure 6.4.2
B). In general, let-7 family miRNAs showed the greatest amplification (let-7a-5p
kd 1=1.9, kd 2 = 2.6), along with miR-181c-5p (kd 1 = 2.5, kd 2 = 3.4). miR-

19b-3p was also enhanced (kd 1 = 1.5, kd 2 = 1.8), whereas miR-221-5p, miR-

17-5p and miR-20a-5p were not consistently dysregulated.

Caco2 GRB2 knockdown cells exhibited a possible 1.6-fold increase in let-7d-
5p compared to parental cells (Figure 6.4.2 D). However, let-7a-5p, let-7g-5p,
miR-181c-5p and miR-221-5p did not appear to be differentially expressed.

miR-19b-3p, MmiR-17-5p and miR-20a-5p were each diminished 2.0-, 1.5- and

2.0-fold.

Overall, these cell lines show different miRNA signatures in response to GRB2
knockdown, both to each other and to HEK293T cells. However, like G1, A498,
MDA-MB-231 and to a lesser extent Caco?2 kd cells all showed some
upregulation of let-7. CacoZ2 kd cells also behaved similarly to G1 as they

showed diminished mir-17 (miR-17-5p and miR-20a-5p) and miR-19b-3p.

To determine if the increase in let-7 seen in A498 and MDA-MB-231 kd cells

was a result of enhanced loading on AGO2, let-7 precursor transcripts were
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examined. Cells were incubated in serum-free media before total cell RNA was
isolated. Precursor and mature let-7 transcripts were quantified by gPCR. While
let-7a-5p and let-7g-5p were upregulated in A498 kd compared to parental, on
average precursor let-7 transcripts were similar in all three cell lines (Figure
6.4.3 A). In both replicates, pre-let-7a-1 levels remained around 1 (kd 1 = 1.1;
kd 2 = 1.3). Some variation was seen in the measured fold change was
recorded for pre-let-7g (kd 1 = 1.2; kd 2 = 1.5). More replicates are required to
determine conclusively if let-7 precursor transcripts are expressed at similar
levels in both WT and GRB2 kd cells, while mature miRNA is augmented.
However, the data available so far suggest that GRB2 knockdown in A498 cells

may increase let-7 expression at the point of loading onto AGO?2.

In MDA-MB-231 GRB2 kd cells, pre-let-7a-1 was significantly enhanced on
average 1.5-fold and all repeats showed upregulation compared to WT cells
(Figure 6.4.3 B, p < 0.05). Two out of three experimental replicates
demonstrated similar increases in pre-let-7g. 1.5-fold amplification of precursor
let-7 is similar to the increases of 1.6- and 1.8-fold of let-7a-5p and let-7g-5p.
Overall, these data suggest that overexpression of let-7 in this MDA-MB-231

occurs prior to loading.
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Figure 6.4.3 Expression of precursor and mature let-7 in GRB2-
knockdown cancer cell lines

Fold change in precursor (lined) and mature (plain) let-7 miRNA in (A) A498 and (B)
MDA-MB-231 wild type (WT) and knockdown (kd) cell lines. Cells were serum-starved,
before total cell RNA was isolated. miRNA was quantified by gPCR with normalisation
to RNU6-6P. For MDA-MB-231 N = 3, for A498 N = 2. *p < 0.05 (Bonferroni-corrected).
Error bars indicate standard error of mean.
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6.5 miR-221-5p targets GRB2

Feedback loops are a common feature of miRNA regulation and may mediate
either amplification or downregulation of the miRNA or protein in question
(Tsang et al., 2007). Therefore, to establish if this happened with GRB2, it was
necessary to determine if any of the miRNAs dysregulated upon GRB2
depletion in turn targeted GRB2. Although miRNAs usually bind sequences in
the 3’ UTR, there are several accounts of miRNA-targeting of 3' UTR and
coding sequences. Therefore, the full length GRB2 transcript was searched for
potential MiRNA targeting sites (TS) using Targetscan 7.2 (Lewis et al., 2005;
TargetScan, 2020). Of the GRB2-regulated miRNAs, miR-17-5p, miR-20a-5p,
miR-106a-5p, miR-105-5p, miR-221-3p, miR-222-3p and miR-221-5p were
predicted to target GRB2. An 8mer and two 7mer-Al TS were identified for miR-
221-5p (Figure 6.5.1 A). One 7mer-A1 TS (7mer-Al_1) was located at the start
of the 5’UTR, whereas the second (7mer-Al_2) and the 8mer were in the

J'UTR.
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Figure 6.5.1 miR-221-5p targets GRB2

(A) Alignment of miR-221-5p and potential targeting sites in GRB2. (B) Luciferase
assay of a miR-221-5p mimic with each of the three predicted targeting sites in GRB2
MRNA and the full length GRB2 transcript. Luciferase activity was measured in
HEK293T cells expressing a miRNA mimics (miR-221-5p, mimic; negative control, NC)
along with a control renilla luciferase plasmid and plasmids containing the firefly
luciferase gene fused to wild type (WT) or mutant GRB2 targeting sites, or a sequence

spanning the full length GRB2 transcript (FL). N = 3.
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Luciferase assays were used to determine if any of the miRNAs could repress
GRB2 expression. An approach was adopted where isolated 63 nt sequences
spanning the predicted TS were fused to the 3’ end of a luciferase reporter (luc).
In these constructs, the seed sequence of each TS was either WT or mutated to
a stretch of adenosines. A construct was also used which contained the full
length GRB2 transcript (GRB2FL) downstream of luc. However, these
experiments are limited as use of both incomplete 3'UTRs and a full transcript
downstream of another coding sequence does not mimic physiological miRNA
targeting of a 3'UTR. The luciferase reporter construct was transfected into
HEK293T cells along with the appropriate miRNA mimic (Chapter 2, 2.17). A
scrambled miRNA mimic was also used as a negative control (NC). For each

condition, luciferase activity was measured.

Significantly reduced luciferase activity was recorded upon transfection of a
miR-221-5p mimic along with the 8mer, 7mer-Al1_1 and GRB2FL constructs,
when compared to the negative control mimic (Figure 6.5.1 B). Luciferase
activity was not significantly diminished for any of the seed-mutated constructs.
The miR-221-5p mimic suppressed luciferase activity by 50% when luc was
fused to the 8mer TS, and 70% when luc was fused to both 7mer-A1_1 and
GRBZ2FL. As the reduction in luciferase activity was not any more pronounced
with GRB2FL, it was likely that the miR-221-5p mimic did not target multiple sites
in the GRB2 transcript. Therefore, the 8mer TS was probably the site of miR-

221-5p targeting.

To investigate if miR-221-5p could regulate GRB2, GRB2 expression was
guantified in cells treated with the miR-221-5p mimic. A mixture containing 125
nM mimic was used to transfect HEK293T cells. The cells were serum-starved,

before GRB2 expression was analysed (48 h post-transfection). Expression of
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GRB2 mRNA and protein levels were examined by gPCR and western blotting.
Transfection of the miR-221-5p mimic reduced expression of GRB2 mRNA by
16% (Figure 6.5.2 A) and GRB2 protein by 17% (Figure 6.5.2 B, C), compared
to transfection of a negative control (NC). Consequently, expression of the miR-

221-5p mimic resulted in a small decrease in GRB2.
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Figure 6.5.2 GRB2 expression is dysregulated by miR-221-5p
overexpression

(A) Fold change in GRB2 mRNA expression upon transfection of miR-221-5p. Total
cell RNA was extracted from serum-starved HEK293T cells expressing miR-221-5p or
NC mimics and GRB2 expression quantified by gPCR against GAPDH. N = 3. (B)
Western blot and (C) quantification of GRB2 protein expression upon transfection of
mMiR-221-5p, normalised to GAPDH. HEK293T cells overexpressing miR-221-5p or NC
mimics were serum-starved before lysis. N = 3.
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6.6 Discussion

Data presented in this Chapter suggest a novel role for GRB2 in regulation of
MIRNA expression. GRB2 depletion in HEK293T cells promoted loading of let-7
family miRNAs onto AGO2 (Figure 6.1.2 A, B) and suppressed expression of
let-7 targets such as HMGA2 (Figure 6.2.1). Therefore, a model may be
proposed whereby GRB2 inhibits miRNA-loading and consequently releases

miRNA-mediated translational silencing (Figure 6.1.1).
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Figure 6.6.1 Model of GRB2-mediated let-7 regulation

GRB2 hinders loading of let-7 onto AGO2. Reduced let-7 activity releases repression of
targets such as HMGAZ2. Created with BioRender.com.
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While it was evident that upregulation of let-7 in G1 cells happened at the point
loading, the stage at which miR-181c expression was augmented was less
certain (Figure 6.1.2 A). Importantly, pre-mir-181c was expressed at much lower
levels than either of the pre-let-7 transcripts, which made quantification less
reliable. More repeats of this experiment may be required to reduce variation
and thus ascertain if both the mir-181 family and the let-7 family are regulated

by loading.

Analysis of let-7 target expression demonstrated that, of all those tested,
LIN28B and HMGAZ2 were downregulated to the greatest extent in G1 cells
(Figure 6.2.1). Sponge-mediated rescue of these targets was slightly more
significant in G1 than in HEK293T (Figure 6.2.1) but did not match the level of
repression observed upon GRB2 depletion. Generation of G1 cells which stably
express the let-7 sponge may achieve better rescue (Y.T. Lee et al., 2013;

Wang et al., 2015; Rowe et al., 2016).

HMGAZ2 is a transcription factor which is widely reported to promote cancer
progression both independently (Cooper, 1996) and as a result of regulation by
let-7 (Mayr et al., 2007). LIN28B is also frequently described as an oncogene,
mainly attributed to its control of let-7 (Guo et al., 2006; Viswanathan et al.,
2008; Newman et al., 2008; Heo et al., 2008). However, LIN28B is may
additionally have pro-tumour effects independent of let-7 and has been

suggested as a biomarker for chemosensitivity in colon cancer (Ma et al., 2018).

Specific regulation let-7 and their oncogenic targets intimated involvement of
the GRB2-let-7 axis in tumour development (Figure 6.2.1). However, analysis of
patient data from the TCGA suggested that this does not occur in colorectal
cancer (Figure 6.3.2). Significant downregulation of GRB2 in tumour samples

may preclude initiation of this mechanism (Figure 6.3.4). Indeed, cancer cell



- 224 -
lines displayed differing miRNA profiles in response to GRB2 knockdown
(Figure 6.4.2), demonstrating context-specific control of miRNA expression. Cell
type may be an important determinant of this; the most unique expression
signature was shown in H520 squamous carcinoma cells (Figure 6.4.2 A). By
contrast, miRNA profiles of A498, MDA-MB-231 and Caco2 adenocarcinoma
cells were more similar (Figure 6.4.2 B-D). For example, while H520 kd
exhibited downregulation of let-7, all adenocarcinoma cell lines showed some
enhancement of this family, albeit to different extents. Varying GRB2-dependent
control on let-7 in different cancer cell lines may be unsurprising. let-7
expression may be dysregulated by numerous mechanisms (Viswanathan et al.,
2008; Heo et al., 2008; Michlewski and Caceres, 2010; Wang et al., 2011).
Therefore, these may dominate over the GRB2-repression of let-7-loading.
Furthermore, it is possible that GRB2 knockdown dysregulates miRNA
expression in ways not observed in HEK293T, due to the involvement of GRB2

in multiple signalling pathways.

It should be noted that measurements of miRNA expression in cancer cell lines
represent preliminary results only, with only two replicates done for H520, A498
and Caco?2 cells. Furthermore, all miRNAs but one showed no statistical
significance. However, application of the Bonferroni correction may cause
significant results to be recorded as non-significant (Perneger, 1998). Instead,
miRNAs which consistently showed dysregulation in the same way may
represent true changes in expression and provide avenues for further
investigation. Of all the cancer cell lines, only A498 GRB2 kd cells showed
increased let-7 expression which could be mediated at the stage of miRNA-
loading (Figure 6.4.3). Potentially, this feature is specific to the kidney, as it was

also observed in G1 human embryonic kidney cells.
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Analysis of miRNA expression in colorectal cancer patient samples and cell
lines highlighted potential areas for further study. In the TGCA dataset let-7d
was significantly correlated with GRB2 (Figure 6.3.2, Figure 6.3.3).
Furthermore, let-7d-5p was enhanced upon GRB2 knockdown in Caco2 cells
(Figure 6.4.2 D), suggesting that the correlation shown in tissue samples may
represent regulation of let-7d by GRB2. Neither analyses revealed similar
changes of the other members of the let-7 family; thus it appears GRB2 may

exert specific control over let-7d expression.

Of the miRNAs which were predicted to bind GRB2, in these luciferase assays,
miR-221-5p targeted GRB2 directly through binding an 8mer TS in the GRB2 3’
UTR (Figure 6.5.1). However, the luc reporter constructs used contained either
63 nt sequences corresponding to only a small part of the 3'UTR, or the entire
GRB2 transcript downstream of luc. Thus, neither mimicked a normal mRNA
transcript. Structural features of the miRNA TS are integral to targeting
efficiency (Long et al., 2007) and were unlikely to be properly replicated here.
To obtain more meaningful results, the experiment should be completed using

only the full 3'UTR.

Downregulation of GRB2 was demonstrated upon transfection of a miR-221-5p
mimic (Figure 6.5.2). However, a small decrease in expression was recorded
despite the high concentration of mimic (125 nM). Furthermore, miR-221-5p is
the less dominant arm of miR-221 and is less likely to be expressed at high
enough levels to target GRB2. Transfection of a miRNA inhibitor is required to
determine if endogenous miR-221-5p targets GRB2. If endogenous miR-221-5p
does target GRB2, it may be hypothesised that a negative feedback loop could

be formed by which GRB2 maintains its own expression (Figure 6.6.2).
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Figure 6.6.2 Potential model of feedback loop regulating GRB2 expression

High levels of GRB2 increase expression of pri-mir-221. If endogenous miR-221-5p
targets GRB2, increased miR-221-5p could mediate translational silencing of GRB2.
Created with BioRender.com.



- 227 -
Chapter 7: Discussion

In this study, two potential mechanisms of miRNA regulation were investigated:
firstly, mediated by FGFR2, and secondly, by GRB2 and independent of
FGFR2. Although FGFR2-control of miRNA biogenesis was not identified,
GRB2 was found to control miRNA expression in two ways: 1) GRB2 inhibited
loading of mMiIRNAs onto AGO2, and 2) GRB2 augmented miRNA biogenesis

before the stage of DROSHA-mediated pri-miRNA processing.

7.1 FGFR2 regulation of AGO2

FGFR2 does not appear to phosphorylate AGO2 Y393 and consequently does
not regulate AGO2 binding DICERL1 in non-stimulated and stimulated HEK293T
cells stably expressing FGFR2 (Figure 4.4.2, Figure 4.4.3), nor in MDA-MB-231
and MCF-7 breast cancer cell lines (Figure 4.5.1, Figure 4.5.2). However,
FGFR2 overexpression in HEK293T cells mediates phosphorylation of Y322,
Y529 and Y804/805 upon stimulation with FGF2/9 (Table 4.3.2, Figure 4.3.2).
Further work to examine phosphorylation of these residues may determine if
this mechanism occurs in cancers with amplified FGFR2 expression.
Additionally, in vitro phosphorylation assays may determine if FGFR2 is the

direct kinase for these residues.

FGFR2-independent Y393 phosphorylation was detected upon exogenous
expression of AGO2 in MCF-7 and MDA-MB-231 cells (Figure 4.5.2). AGO2 is
upregulated in more severe breast cancer subtypes (Kulkarni et al., 2019) and
at more advanced stages (Zhou et al., 2019). Therefore, it may be interesting to
investigate other kinases which mediate changes miRNA-loading in these

cancers.
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7.2 GRB2 binding AGO2 hinders miRNA-loading

GRB2 directly binds AGO2 PAZ domain to incorporate itself in the RLC
(Chapter 5, Figure 5.2.2, Figure 5.4.1 A). Additionally, GRB2 inhibits miRNA-
loading onto AGO2 (Chapter 6, Figure 6.1.2). The GRB2-binding 32*PHLP326
motif forms the pocket in which the 3’ end of the miRNA is docked (Figure
7.2.1). Consequently, GRB2 binding may alter AGO2 structure in this region, to
hinder loading of let-7 miRNAs. Reduced loading of let-7 results in a decrease
in their activity, as seen by an increase in targets such as HMGAZ2 (Figure

7.2.2).
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Figure 7.2.1 GRB2 binding AGO2 32PHLP32¢ may inhibit miRNA-loading

(A) Crystal structural model of AGO2 (dark blue) bound to a miRNA (red). AGO2 PAZ
domain shown in cyan. 32PHLP32¢ in yellow. (PDB: 4W5N. Schirle, Sheu-Gruttadauria,
& MacRae, 2014).
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Figure 7.2.2 Model of GRB2 regulation of oncogene expression

Binding of GRB2 to AGO2 in the miRISC-loading complex (RLC) inhibits let-7 loading
onto AGO2. let-7-bound AGO?2 is reduced. The expression of oncogenic targets, such

as HMGAZ2, is increased.
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Typically, proteins which associate with the RLC promote loading of miRNAs
(Chendrimada et al., 2005; Lee et al., 2006; lwasaki et al., 2010). As GRB2
precludes loading, it appears the RLC may consist of many proteins with
different functions and which may be required to fine-tune loading. While GRB2
inhibited miRNA-loading, it did not hinder AGO2 binding DICER1. In fact, it may
have slightly stabilised the interaction (Figure 5.4.1, Figure 5.4.3).
Consequently, GRB2 binding AGO2 may act to pause miRNA-loading at this
point. Interestingly, GRB2 bound AGO2 PAZ domain when it was in both its
monomer and dimer forms (Figure 5.2.2, Figure 5.2.5). It remains to be
determined which of these complexes exist in vivo, raising the question of
whether, through dimerization, GRB2 may bring together two RLCs. Formation
of higher order RISC structures is observed in miRNA-mediated gene silencing:
cooperative targeting by multiple AGO2-miRNA complexes results in enhanced
targeting (Saetrom et al., 2007; Grimson et al., 2007) and can be mediated by
TNRCE6 (Elkayam et al., 2017; Briskin et al., 2020). Furthermore, AGO2-TNRC6
may form phase separated droplets with augmented deadenylation activity
(Sheu-Gruttadauria and MacRae, 2018).
Other features of the GRB2-AGO?2 interaction support the theory that miRNA-
loading is the stage at which miRNA biogenesis is affected. Binding was
observed in the cell cytoplasm (Figure 5.1.1 B), the same location as miRNA-
loading (Gagnon et al., 2014). Furthermore, FRET was not observed in P-
bodies and GRB2 did not localise to these regions, suggesting GRB2 does not
form part of the mature miRISC.
GRB2 has previously been suggested to recruit PTP1B to AGO2 to allow AGO2
dephosphorylation (Haidar et al., 2018). Therefore, if GRB2 complexes AGO2,

DICER1 and PTP1B, it appears the adaptor may play opposing roles in the
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control of MiIRNA expression. However, the two mechanisms may not occur
simultaneously; GRB2 binding AGO2-DICERL1 is via AGO2 PxxP motif and
occurs under growth factor deprivation. In contrast, GRB2 recruitment of PTP1B
was recorded with cells in media supplemented with 10% FBS and therefore

may be phosphorylation-dependent (Haidar et al., 2018).

An important question is why the loading of only some miRNAs was
upregulated upon GRB2 knockdown. Phosphorylation of AGO2 Y393
suppresses loading of a subset of miRNAs with a long-loop structure in their
precursor transcript (Shen et al., 2013). DICER1 has preference for binding
these miRNAs (Tsutsumi et al., 2011). Thus, inhibition of DICER1 loading
mMiRNAs onto AGO2 particularly affects these miRNAs. Interestingly, most of the
mMiRNAs enhanced in G1 cells also have a long loop structure in their precursor
transcript (eight or more nucleotides, nt > 8) (Table 7.2.1). Pre-mir-95 and pre-
mir-181a-1 have medium length loops (8 > nt > 6) and pre-let-7g has a short
loop (6 > nt) (Table 7.2.1). It should be noted that let-7a and let-7f have multiple
precursors leading to the production of identical mature miRNAs (pre-let-7a-1, -
2 and -3; pre-let-7f-1 and -2, respectively). However, the identical nature of the
mature forms meant that the precursors responsible for upregulated let-7a-5p,
let-7a-3p and let-7f-5p could not be differentiated in the small-RNA sequencing

experiment or by gPCR.

Additionally, of the let-7 family, only group Il miRNAs (let-7a-1, let-7a-3, let-7b,
let-7d, let-7f-1, let-7f-2, let-7g, let-7i, and miR-98) were regulated by GRB2.
Mono-uridylation at the 3’ end of these miRNAs generates the 2 nt overhang,
required for processing by DICER1 (Heo et al., 2012). Consequently, while
group | miRNAs have a 3’ overhang of two cytosines (CC), group Il miRNAs

have a cytosine followed by a uridine (CU). miRNAs with the CU overhang are
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better substrates for DICER1 (Vermeulen et al., 2005). Thus, loading these
group Il let-7 miRNAs may be particularly affected by GRB2 knockdown, due to
both their overhang sequence and long loop structure, which make them ideal

substrates for DICERL1.
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Table 7.2.1 Loop length and 3’ overhang sequences of the precursors for
mUGs and other let-7 family members

Pre-miRNA loop length in nucleotides. Mature 5p and 3p miRNAs which were
enhanced in G1 cells are identified. For some mature miRNAs, several precursors exist
(denoted with numbered suffixes). 3’ overhangs are taken from Heo et al., 2012 and
miRbase (Kozomara and Griffiths-Jones, 2011).

miRNA Loop length (nt) 3’ Overhang Regulation by Grb2

let-7a-1 27 CuU S5p & 3p
let-7a-2 5 CcC 5p
let-7a-3 3 CuU S5p & 3p
let-7b 30 Cu 5p & 3p
let-7¢c 5 CcC -
let-7d 30 Cu 5p & 3p
let-7e 4 CcC -
let-7f-1 5 Cu 5p
let-7f-2 26 Cu 5p
let-7g 4 CuU S5p
let-7i 9 CuU S5p & 3p
mir-98 11 CcuU S5p
mir-181c 11 C S5p
mir-181a-1 7 CcC 3p
mir-181a-2 11 CcC 3p
mir-204 15 GU 5p

mir-95 6 GCA 3p
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Alternatively, the conformation adopted by GRB2-bound AGO2 may specifically
preclude loading of let-7 family miRNAs. A similar mechanism was suggested to
explain regulation of let-7 association with AGO2 by TP53 (Krell et al., 2016)
and structural adjustments in AGO2 are central to the loading process
(Tsuboyama et al., 2018). Crystallisation of the AGO2-GRB2 structure may

reveal if this is the case.

While binding of GRB2 to AGO2 seems the most likely explanation for how let-
7-loading is regulated, the specific regulation of all group Il let-7 miRNAs may
suggest the possibility that GRB2 may inhibit mono-uridylation of the pre-
mMiRNAs by TUT. GRB2 does not regulate TUT4 expression (Figure 6.1.3).
However, expression of TUT2 and TUT7 were not tested. Alternatively, it is
possible GRB2 may inhibit uridylation by a different mechanism, such as by
sequestering TUT from let-7. In vitro loading assays using purified AGO2,
DICER1 and GRB2 may be required to demonstrate that GRB2 autonomously

modulates let-7-loading.

Specific deregulation of the let-7 family may indicate GRB2-mediated control of
embryonic development and differentiation of embryonic stem cells (ESCs)
(Pasquinelli et al., 2000; Reinhart et al., 2000). GRB2 plays a vital role in early
embryonic development and knocking it out in ESCs produces defects in
differentiation (Cheng et al., 1998). Furthermore, suppression of let-7 in ESCs is
attributed partly to extensive post-transcriptional control (Bracht et al., 2004;
Thomson et al., 2006; Viswanathan et al., 2008; Heo et al., 2008). In mouse
ESCs, it has been shown that a reduction in AGO2 expression specifically
diminishes let-7 and let-7 silencing is enhanced by reciprocal feedback by
LIN28A (Liu et al., 2021). It is possible that in this study reduced inhibition by

LIN28B further augmented let-7 in G1 cells (Figure 6.2.1). Like let-7, loading of
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the mir-181 family may be also regulated by GRB2 (Figure 6.1.2 A); mir-181
regulates both embryonic implantation (Chu et al., 2015) and later prenatal
development (Garcia-Riart et al., 2017). Therefore, it may be interesting to

examine miRNA expression upon GRB2 knockdown in ESCs.

GRB2-mediated inhibition of let-7 loading in AGO2 may also be of importance in
kidney cancer (Figure 6.4.2 B, Figure 6.4.3 A). Further work is required to
determine if correlations between GRB2 and let-7 exist in patients. GRB2 has
been identified as a potential driver in renal clear cell carcinoma (RCC) (Zhang
and Zhang, 2017). Furthermore, the let-7 family have been suggested as
biomarkers for detection of patients with RCC (Fedorko et al., 2017) and
reduced let-7b and ¢ has been may mediate chemoresistance in RCC (Peng et
al., 2015). Additionally, both let-7 and LIN28B are implicated in the development

of Wilms tumour (Urbach et al., 2014).

If GRB2-regulation of miRNA-loading does contribute to tumorigenesis,

targeting the GRB2-AGO2 interaction may not present a likely strategy for
therapeutic intervention, due to the low affinity of SH3 domain interactions
(Chen et al., 1993; Yu et al., 1994). Instead, it is possible that detection of

changes in miRNA expression could aid cancer diagnosis or prognosis.

7.3 GRB2-mediated suppression of miRNA expression

While let-7 miRNAs appear to be regulated by loading onto AGO2, it is less
clear how expression of the mDGs is controlled. As several members of the
same cluster are affected (miR-17, miR-19a, miR-18a, miR-20a and miR-19b-1
of the mir-17~92 cluster; and miR-221 and miR-222 of the mir-221 cluster) it

seems likely that transcription of these miRNAs is altered. Transcription of both



- 237 -
these clusters is activated by nuclear factor kB (NF-kB) and STAT3 (R. Zhou et
al., 2010; Liu et al., 2014; Spaccarotella et al., 2014). Both TFs are activated by
signalling pathways which are initiated by cytokines, growth factors and
hormones. Consequently, it is difficult to postulate how NF-kB and STAT3 are
regulated in the serum-starved cells. However, considering the involvement of
GRB2 in these pathways (Zhang et al., 2003; Shostak and Chariot, 2015), it is
possible that altered GRB2 expression could disrupt the mechanisms that
regulate these TFs. Locus-specific chromatin IP followed by MS may identify
changes TFs associated with the mir-17~19 and mir-221 clusters upon GRB2
depletion. Furthermore, mass spectrometry analysis and reverse phase protein
array (RPPA) of protein expression and modification may help determine

upstream changes in cell signalling pathways which regulate these TFs.

Alternatively, if GRB2 does not regulate mDG transcription, it is possible that it
affects other biogenesis steps which occur before pri-miRNA cleavage by
DROSHA. For example, DROSHA processing of mir-17~92 can only occur after
removal of an inhibitor domain in the polycistronic pri-miRNA transcript (Du et

al., 2015).

More work is required to determine the biological significance of GRB2-
modulation of mDGs. Repression of mir-17 and mir-19 family mDGs was
implicated in GRB2-diminished Caco?2 cells (Figure 6.4.2 D), but not in analysis
of the TCGA colorectal cancer cohort (Figure 6.3.2, Figure 6.3.3, Figure 6.3.4),
nor in any of the other GRB2-depleted cancer cell lines (Figure 6.4.2 A-C).
While GRB2 depletion diminished miR-221-5p in HEK293T (Figure 6.1.1, Figure
6.1.2 A), miR-221-5p was significantly upregulated upon GRB2 knockdown in
MDA-MB-231 cells (Figure 6.4.2 C). It is therefore possible that upon

tumorigenesis, other mechanisms prevail to control expression of mUG.
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If miR-221-5p directly targets GRB2, suppression of GRB2 may reflect
previously reported physiological roles of the miRNA. miR-221 functions in
normal cells to control vascular processes, including angiogenesis and wound
healing (Poliseno et al., 2006; Yajaira et al., 2007; Nam et al., 2008; Davis et
al., 2009; Xiaojun et al., 2009; Mujahid et al., 2013). Although miR-221-5p is far
less studied than the 3p arm, miR-221-5p has been suggested to protect
against inflammation in colitis (Fang et al., 2015) and acute gouty arthritis (Li et
al., 2021). Considering the role of GRB2 in transducing MAPK signalling
downstream of cytokine receptors (Hibi and Hirano, 1998; Heinrich et al., 2003),
as well as the RTKs vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR), miR-221-5p targeting GRB2
may help the miRNA to both mediate an anti-inflammatory response and

regulate vascular processes.

While miR-221-3p is commonly cited as an oncomir (Tao et al., 2014; Shi et al.,
2017; Wei et al., 2017; Li et al., 2018; Dong et al., 2019), the role of miR-221-5p
is less clear. miR-221-5p is downregulated in prostate cancer (Taylor et al.,
2010; Kiener et al., 2019) and colorectal cancer (Yuan et al., 2013), but
upregulated in RCC (Liu et al., 2019). miR-221-5p targets the transcriptional
regulator Smad family member 3 (SMAD3) in multiple myeloma (Fan et al.,
2019) and suppressor of cytokine signalling 1 (SOCS1) in prostate cancer
(Shao et al., 2018) to promote disease pathogenesis. However, miR-221-5p
also silences disc domain receptor 1 (DDR1) (Jiang et al., 2020) and methyl-
CpG-binding protein (MBD2) (Liu et al., 2014) to reduce cell proliferation and
metastasis in gastric and colorectal carcinoma respectively. Consequently, if
targeting of GRB2 is also considered, it is possible that miR-221-5p acts as a

tumour suppressor, in contrast with the 3p arm. Opposing functions of -5p and -
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3p arms has previously been described for miR-28 in nasopharyngeal cancer
(Lv et al., 2019), miR-574 in gastric cancer (Z. Zhang et al., 2019) and miR-
193a in both breast and gastric cancer (Tsai et al., 2016; Chou et al., 2018). It
may therefore be interesting to explore if arm switching of miR-221 has clinical

relevance.

7.4 Summary

Data presented in this thesis demonstrate a previously unreported role for
GRB2 in the regulation of miRNA biogenesis. GRB2 binds AGO2 directly, via an
interaction mediated by GRB2 NSH3 and AGO2 PAZ domain. In this way,

GRB2 is incorporated into the RLC to hinder loading of let-7 miRNAs.
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cDNA complementary DNA
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ERK1/2 extracellular-regulated kinase 1/2
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FGF fibroblast growth factor

FGFR fibroblast growth factor receptor
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SiRNA small interfering RNA
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Appendix A:

Genotyping of GRB2-knockdown cell lines

Cell lines were produced using CRISPR/Cas9 knockdown of GRB2 in HEK293T
cells. A system was used whereby GFP and PuroR genes were inserted into the
start of the GRB2 gene, thus knocking out GRB2. Polyclonal cell lines, pG1 and
pG2, were generated through use of gRNAs which targeted different sequences
at the start of GRB2 (Chapter 3, 3.1). Monoclonal cell lines, G1, were then
selected (Chapter 3, 3.2). A Scr control cell line was made using a scrambled

gRNA which should not target any region of the human genome.

A.1 Sequencing of GRB2 knockdown cell lines

pG1l, pG2, Scr and G1 genomes were sequenced to check for a) correct
insertion of GFP-PuroR genes into the start of GRB2, and, b) mutations near the
gRNA targeting site. To confirm insertion of GFP-PuroR, PCR fragments
spanning the RHA and LHA were generated. Sequences were then aligned to
the human genome or to GRB2 with the expected insert, using Blast (Altschul et
al., 1990; Blast, 2020). Mutations near the gRNA target site were identified by

sequencing of PCR products spanning this region and alignment to WT GRB2.
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PGl - GRBZ EU332843.1

GIZn 337 TTTARAAATAGCATTTTTTAAAAAGACCCANACCTGAAGTATTTATGTAAMAGCATTCAG 137
Frerrrrrerrreeerrrreerrerrrert rrererrr e et rr e

i+t 447 TTTARARATAGCATTTTTTAAAAAGACCCAGACCTGAAGTATTTATGTAAAAGCATTCAG |4°¢

GIZEA Ji. TTAGICTTACTTTGTATAGCCAAAGGATTTTGCGTTCTGGAATATGATTTIGGTAGGTTA &».
Frerrrrrerrre et e e errrer et et e ettt

CEBI liI: TTAGICTTACTTTGTATAGCCAAAGGATTTTGCGTTCTGGAATATGATTTTGGTAGGITA 1470

CIZEA 43, GAAATTAATTTTCCCAGTTTAGAGAGGTTGTTAGAAGTACATACCAAAACTCATTAMAGA -.:
Frerrrrrerrre et e e errrer et et e ettt

CEBI 1270 GAATTAATTTTCCCAGTTTAGAGAGGTTGITAGAAGTACATACCAAAACTCATTARAGA 147C.

CIZEA sli ACCTCAGTGTATTTTTATTCTTTGTGAARAAACAAATGGAGTTCTAMATAATAAGGTGCA '
Frerrrrrerrre et e e errrer et et e ettt

GEBI L1000 ACCTCAGTGTATTTITATTCTTTGIGAAAAAACAAATGGAGTTCTAMATAATAAGGTGCA 1470

Gl ¥, ACCTGCTATTGTACAAGTCAGATTTCGACTTTCTTAARAGABACTTGAGGAGCAATTACC 1

LUCEE D EEEEEEEE L
3222 14722 ACCTGCTATTGTACAAGTCAGATTTCGACTTTCTTAAAAGAAACTTGAGGAGCAATTACC 1471

climn e3¢ [OOSR AOOEONERHE T 1\AAA ATCAGCTICTA 695
Prerrrrrerrreerrrrreer e rer ettt e ettt
cre2 14702 (N COR SRR GARAOGGONGRGRE T 17.\AA ATCAGCTTCTA 14841

GILHA €96 TACCATGTGCAGCTTATT TTGAGCCCCACTAT TTATGTGAGGAT TCGCT CTCCCCCAGCA 755
FEErrrrrerrre e et et e e e et e e e e e e e e e e e
GRB2 14842 TACCATGTGCAGCTTATTTTGAGCCCCACTATTTATGTGAGGATTCGCTCTCCCCCAGCA 14901

GILHA 756 CATGTTAATTATGTTGTTTACCCAATTG 783
FEEEEEEE e et e rrend
GRB2 14902 CATGTTAATTATGTTGTTTACCCAATTG 14929

Figure A.1.1 Alignment of the right and left homologous arms of modified
GRB2 in pG1 cells with GRB2 in the human genome

The pG1 genome was extracted and the homologous arms adjacent to the GFP-PuroR
insert were amplified by PCR. PCR fragments were sequenced and aligned to human
nucleotide sequences using Blast (Altschul et al., 1990; Blast, 2020). Alignments were
produced against GRB2. Cyan and purple highlights indicate RHA and LHA
respectively. Green highlight denotes sequencing matching the GFP-PuroR insert.
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Frrrrrrrrererrrrer et rerrrrrrrrererrere rr ot rrer rrrd
GRBZ 13564 CCAGGGTGAGGCCTTCCTTTCAGTGGACCGTATTTGGTGCTGGAGAAGAGCCTGTGAGGA 13623

G2RHA 224 GTAAAGGANGAAAGGCNNANACT GANNGNGACTCCCGCCGENTCCTGCNCNCNNTGNNCN 283
I T T O U T I U e e O I I I I
GRBZ 13624 GTAARGGAGGAAAGGCGGAGACTGAGTGGGACTCCAGCCGGTTCCTGCACGCAGTGCACA 13683

G2RHA 284 CCCANCGGGAAGGAANAGGAAGTGTGTT CAGGAATAGCT CANGCACCTGTGCCATTGGCC 343
FEEr trrrrrer et e et ere et e et e et rer trrrrr e
GRBZ 13684 CCCAGCGGGAAGGAAGAGGARGTGTGTTCAGGAATAGCTCAGGCAGCTGTGCCATTGGCC 13743

G2RHA 344 GGCAGGCCTGTCAGTCNCCTGEGGGCCGAGGCTGANARGAGGAANAANTCNGCGGNGGG 402
FEErrerrrerer et rerrreerererrrre et reeerere et reer 1l
GRBZ 13744 GGCAGGCCTGTCAGTCGCCTGGGGGCCGAGGCTGAAMAGAGGAAGAAGTCGGCGGGEEG 13802

pG2 LHA — PNMAS XM 01702%253.1

G2ZLHA 49 GGGGGCCGGGCCCATAGCCCCTANCNGGTACAGGANAC-NNNNCGNNNANNCNCTANNCT 107

Crrerrrreerrerrrrrrrr et o rrererrer I [ R
PNMAS 1944 GGGGGCCGGGCCCATAGCCCCTAACAGGTACAGGAGACACAAGCGGGGAACCACTACACT 2003

G2ZLHA 108 TNNNNCATGNGGNGCCNGGNCTTCNNATGGGGACCCCNNCNAANCNNGANCTGAANAANG 167

| T T I I I O O Y
PNMAS 2004 TAGCACATGGGGTGCCTGGGCTTCAGATGGGGACCCCAGCGARAGCAGGGGCTGRAGAAGG 2063

GZLHA 1le8 TGTGGCTGGGGEGCTCTGGCCTGGTCCTCT GGACNCCCCCNAATATCTACCCTGTGNACTT 227

Frrerrrreerrerrrrrrerrrrrerre et reeer rerrrrerrerrrer el
PNMAS 2064 TGTGGCTGGGGGCTCTGGCCTGGTCCTCTGGACACCCCCARATATCTACCCTGTGGACTT 2123

G2ZLHA 228 TGANCTGANCATGCCCNCT GGNACCCANGCCACNNGNGACCTGGAGGAGCCTGCCTGGNG 2387

FEr e rreerrr e et et b rrrrrrrrrerr e e e rrrr
PNMAS 2124 TGAGCTGAGCATGCCCACTGGCACCCAGGCCACGTGGGACCTGGAGGAGCCTGCCTGGGG 2183

G2ZLHA 288 CCTGCCTCTGCCNNAANGAGCCAGGGCTGCTGAGGAAGANCTGTGGGGCAGAANTGAANC 347

Frrererreerr e rrerrrrrerre e e e e rerrrrerreerr rertl
PNMAS 2184 CCTGCCTCTGCCAGAAGGAGCCAGGGCTGCTGAGGAAGAGCTGTGGGGCAGAAGTGAAGC 2243

GZLHA 348 CCCGCANGGGAGGCCNCNNGGTCCAGCCTGNCTTTANGAT CATCTACACTGCATGAGGGG 407

Freere reereerr o rrrrrrerrer rrerr rrrrrrrr e e e e e
PNMAS 2244 CCCGCAGGGGAGGCCACAGGGTCCAGCCTGTCTTTAGGATCATCTACACTGCATGAGGGG 2303

G2ZLHA 408 AGCCCCANGAAGGCAGCATTCATANNCCCCTGCACCAGTGAGGAANANAAAGAGGANGAN 467

Frrerer eereererrerrrert o rrereererrrerr et e rrrrer
PNMAS 2304 AGCCCCAGGAAGGCAGCATTCATAAGCCCCTGCACCAGTGAGGAAGAGAAAGAGGAGGAG 2363

GILHA 468 AATTAANAANANGATGATCNGNAGGANGARANAGCANAATAANGANGAGCANGA 520

R N R R e R N R N A RN
PNMAS 2364 AATTAAGAAGCAGGATGATCGGGCAGGAGGAAGAGCAGAATAAGGAGGAGCAGGA 2416

Figure A.1.2 Alignment of the left and right homologous arms of pG2 cells
to the human genome

The homologous arms flanking inserted DNA in pG2 cells were amplified by PCR and
sequenced. Sequences were aligned against human nucleotide sequences using Blast
(Altschul et al., 1990; Blast, 2020). The RHA (cyan) aligned to the expected region at
the start of GRB2, whereas the product generated by the LHA primers matched
PNMAS.
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Scr RHA - Chromosome 5 AC237231.4

ScrRHA 40

Chr.5 29996

ScrRHA 100

Chr.5 30056

GANGAANACACTGGCGGTTGGACTTCTAGAGGAAAGCACCGACAGGCACGGGCACACCAN

et e rrrrrrrere e et er e e e e e e e e e e
GAGGRAACACACAGGCGGTTGGACTTCTAGAGGARAGCACCGACAGGCACGGGCACACCAG

CAGGCCACCRACTGGCAGRACGGCGTGGAGTT 131

Frrrrrererrrrrerrerrer rrerrrend
CAGGCCACCAACTGGCAGAACGACGTGGAGTT 30087

Scr LHA - PNMAS XM 017029253.1

ScrLHA 569

PNMAS 2018

ScrLHRA 629

PNMAS 1958

ScrLHA &89

PNMAS 1898

GCACCCCATGTGCTAAGTGTANTGGTTCCCCGCTTGTGTCTCCTGTACCTGTTAGGGGCT

trerrrererrrrrerrerrr erreeeerrrererrererrrrrrrr e e e e e
GCACCCCATGTGCTAAGTGTAGTGGTTCCCCGCTTGTGTCTCCTGTACCTGTTAGGGGCT

ATGGGCCCGGCCCCCACTGAACCAGATGCTATTTGGTCTTGGT TGGTGAAGTCCCTTCCA

FEEEEEr e et et ettt e e e e e e e e e e e e ey
ATGGGCCCGGCCCCCACTGRACCAGAT GCTATT TGGTCTTGGT TGGTGAAGTCCCTTCCA

GCTGGTGGARAGTAAGGGGGCTTGATCTCGACC 721

FEEEEEEr ettt e e e et ey
GCTGGTGGARAGTAAGGGGGCTTGATCTCGACC 1866

99

30055

628

1959

€388

1898

Figure A.1.3 Alignment of DNA from Scr cells against the human genome

Genomic DNA from Scr cells was amplified using primers designed to amplify the
homologous arms flanking GFP-PuroR inserted into the start of GRB2. PCR fragments
were sequenced and aligned to human nucleotide sequences using Blast (Altschul et
al., 1990; Blast, 2020). Alignments of the RHA were made against chromosome 5 and
the LHA to PNMAS.
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Gl - GRB2Z EU332843.1

G1RHA

GEB2

GlRHA

GEB2

G1RHA

GEB2

GlRHA

GEB2

G1RHA

GEB2

GlRHA

GEB2

G1RHA

GEB2

GlRHA

GEB2

G1RHA

GEB2

GlRHA

GEB2

G1RHA

GEB2

GlRHA

GEB2

1

13421

el

13481

121

13541

13601

241

1366l

301

13721

36l

13781

420

13841

480

13901

540

13961

600

14021

6&e0

14081

AGCAGCT CGAGANCAMAGAGTTTTGCT TTGCTT GCTCT TGACT GTGCAGTAGGGARGCCA
PEEEEEEr e ter et e e e e e e e e e e e e e el
AGCAGCTCGAGACCARAGAGTTTTGCT TTGCTTGCTCTTGACT GTGCAGTAGGGARGCCA

fererrrrrerrrrerrerrrr et e et e e e e e el

(22}
&
o

14081

Gl - aligned to expected sequence

GlRHA
Expect
G1RHA
Expect
GlRHA
Expect
G1RHA

Expect

1

3332

el

3272

121

3212

181

3152

213

FLEEEErr e et
3120

el

13480

120

13540

180

13600

240

13660

13720

360

13780

13840

479

13800

539

13960

€0

3273

120

3213

3153

Figure A.1.4 Alignments of the RHA of modified GRB2 in G1 cells

The RHA flanking the GFP-PuroR insert in the G1 cell genome was amplified by PCR.
Alignment of PCR fragments against human nucleotides sequences and the expected
sequence were produced using Blast (Altschul et al., 1990; Blast, 2020). Cyan

highlights indicates the RHA whereas green denotes inserted DNA.
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Gl - GRBZ EU332843.1

GIEE 1 GGCCCTGATTACACACARAGAAGCTGTGITTTTCATTGTACACTTTTAACATTTACCATC 1.
PEEEErr e et e ettt bbb

TTT 4077 GGCCCTGATTACACACARAGAAGCTGTGTTTTTCATTGTACACTITTAACATTTACCATC  477°

GITFR S0 ATATTTGTTCTGGAGAGCTTTAGATGCTGAGTAGAATATTARATATGACTTAAGTGAGTT | -
Prrrrerrrrerrrrrrrerrererrrrr e rrrr e e e e rrrrrn

S 4200 ATATTTGTTCTGGAGAGCTTTAGATGCTGAGTAGAATATTAAATATGACTTAAGTGAGTT —411°

Jls STl GGTGCGATGTGTGGIGTTTAACTGCCTTIGIGIGAATGCCTCATTTGICTGITGATACTG <°
PPt et et r b e e

41T 4730 GGTGTGATGIGIGETGTTTAACTGCCTTIGTGIGAATGCCICATTTGICIGITGATACIE 4710

GIEE i GTAATATTTCAAGTAAAGTCAAAGTAATGTGATTGTAGAAAGGAAGTATATGAGTAGATT ..
PEEEErr e et e ettt bbb

TTC 207 GTAMTATTTCAAGTAMAGTCAAAGTAATGTGATTGTAGAAAGGAAGTATATGAGTAGATT 447"

GITFR 1 GATTTGCCCTGTAGAGTTTTATTTTAARRATAGCATTTTTTARAAAGACCCAGACCTGAA -
Prrrrerrrrerrrrrrrerrererrrrr e rrrr e e e e rrrrrn

S 2400 GATTTGCCCTGTAGAGTTTTATTTTAARRATAGCATTTTTTARAAAGACCCAGACCTGRA 4710

GI6A 71 GIATTTATGTARAAGCATTCAGTTAGTCITACTTTGTATAGCCAAAGGATTTTGCGTTCT 4@

GRB2 14520 14579

=
[e5]
o

G1LHA 421
trerreerrrerrrrerrrrr e e et e e e e e e e e e e

. 1. GGAATATGATTTTGGTAGGTTAGAAATTAATTTTCCCAGTTTAGAGAGGTTGTTAGAAGT 1:¢ ).

SIUFS 401 ACATACCARAACTCATTARAGAACCTCAGTGTATTTTTATTCTTTGTGAAAAAACABATG : &'
FELTEEEEEEErEe e e e e e e b e e e

SBL 401 ACATACCAAAACTCATTARAGAACCTCAGTGTATTTTTATTCTTTGTGAAMAAACAAATG 11:%

SISk %l GAGTTCTAAATAATAAGGTGCAACCTGCTATTGTACAAGTCAGATTICGACTTTCTTARA <.
FELTEEE T EEE e e e e bbb b e

=8l 4700 GAGTTCTARATAATAAGGTGCAACCTGCTATTGTACAAGICAGATTTCGACTTTCTTAAA 147%:

G2 ©1l AGAAACTTGAGGAGCAATTACCCCATATTAAACTCTAATTGCACGAAAAGAAACCTGCTG -
CELTEEEEEEErrrr e e e e e e e b e e

. 470 AGAAACTTGAGGAGCAATTACCCCATATTAAACTCTAATTGCACGAARAGAAACCTGCTG 1< L.

GILHA €61 BEEETTTAAAAATCAGCTTCTATACCATGTGCAGCTTATT 700
FELTEEEEETE e e bbb e e e

GRB2 14820 EEEETTTAAARATCAGCTTCTATACCATGTGCAGCTTATT 14859

Gl - aligned to expected sequence

GIZEn 3 ACTTCGTAT-ATGTATGCTATACGAAGTTATTAGGTCCCTCGAAGAGGTTCACTAGGCGC ¢l
R R RN NN RN NN RN RN

Frpecl 733 ACTTCGTATAATGTATGCTATACGAAGTTATTAGGTCCCTCGAAGAGGTTCACTAGGCGE 74

SISEE ¢4 GCCCTGATTACACACAAAGAAGCTGTGTTTTTCATTGTACACTTTTAACATITACCATCA 1.
CEEEEEE e e e e e bbb b e

EApECT ¢0: GCCCTGATTACACACAAAGRAGCTGTGTTTTTCATTGTACACTTTTAACATITACCATCA - 14

cliea 122 [EECENSISCACEGENE 14!
FELTELE il

Expect 613  [NEIICIICICSACREEN 59!

Figure A.1.5 Alignhments of the LHA of modified GRB2 in G1 cells

The LHA adjacent to inserted GFP-Puro® DNA was amplified from the G1 genome by
PCR. DNA fragments were sequenced and aligned both to human nucleotide
sequences and to the expected sequence using Blast (Altschul et al., 1990; Blast,
2020). The LHA is highlighted in purple and inserted GFP-PuroR in green.
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Clone A - aligned to expected sequence

Clone A 20

Expect 48

Clone A 79

Expect 108
Clone A 139
Expect 168
Clone A 199
Expect 228
Clone A 254
Expect 288
Clone A 314
Expect 348
Clone A 374

Expect 408

78

107

GGCGAAAGAAGGTGGGTGAGCACAGGGAGAGCGA 138
CEErerrrrrrrr et et et ettt et et et er et et ettt et et e e
GGCGRAAGAAGGTGGGTGAGCACAGGGAGAGCGA 167

TCTCAGCATTGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGRAGCTCA 198

Frrrrrrrrrrererrrererere et et et er et e et et e et e e
TCTCAGCAT TGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGAAGCTCA 227

GCTCGTCGTCTGCAGTAGCTTTGAAGTCATATTTGGC——-T-G——-TCCATTCTGAGCGCTG 253

Frerrrrrrrrrrerrrerererrrereeereere et e e e e
GCTCGTCGT CTGCAGTAGCTTTGAAGTCATATTTGGCGATGGCTTCCATTCTGAGCGCTE 287

CTCAGTGCTCAGCAGCCTGAAGCAGGGGGAAGGGAGTCTTCCCTGCTGAAGCAACCCAGC 313

FErrrrrrrrrrrerrrer et et et et e er et et et r et
CTCAGTGCT CAGCAGCCTGAAGCAGGGGGAAGGGAGTCTTCCCTGCTGAAGCAACCCAGC 347

GCTCTGGGCTTAGCCTCGCCTCTCTTCTGGGACTCGCTCCGGCACTCTGGGACACACRAAT 373

FErrrrrrrrrrrerrrer et et et e et et er et et et ettt
GCTCTGGGCTTAGCCTCGCCTCTCTTCTGGGACTCGCTCCGGCACTCTGGGACACACAAT 407

GCCACCCTGAAGCAGGAGAGGGACGATTAAGAGNAGTGGCCA 415

CEEErrrrrrrrr et et ettt et e et et
GCCACCCTGAAGCAGGAGAGGGACGATTARGAGCAGTGGCCA 449

Figure A.1.6 Alignment of GRB2 without GFP-PuroR insert in the G1 clone
A against wild type GRB2

Clone A was generated from pG1 cells. Genomic DNA was extracted and the region at
the start of GRB2 was amplified by PCR using two primers targeted against wild type
GRB2. The PCR fragment was sequenced and Blast was used to align it against wild
type GRB2 (Altschul et al., 1990; Blast, 2020). Purple and cyan highlights indicate the
left and right homologous arms. Grey highlights the sequence targeted by gRNA1.
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Clone G 1 — aligned to expected sequence

1ot 24 TAAAGCTCTCCNGAACARATATGATGGTARATGITAAAAGTGTACAATGAAMAACACAGC ::
Prrrrrerrrr rerrrrrerrrrrrr et e e e e
Bl T TARAGCTCICCAGAACARATATGATGETAAATGTTARAAGTGTACAATGAAMACACAGC 1.7

Clone G 84 [ICHIICHETCIAMIERECCCAAAGAAGGTGEGT GAGCACAGGGAGAGCGATCTCAGCA 143
RN N R R N RN R R R R R
Expect 116 [HICHIICHEICHIAMIERE:CCCAMAGAAGGTGEET GAGCACAGGGAGAGCGATCTCAGCA 175

Clone G 144 TTGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGAAGCTCAGCTCGTCG 203
Frerrrrrerrrrerrerrrrrer e e e e e e e e e e e
Expect 176 TTGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGAAGCTCAGCTCGTCG 235

Clone G 204 TCTGCAGTAGCTITGAAGGTCAGGGCECCTTTGETGCTCTTCATCTTGTTGGTCATGCGE 263
FEEEEEEEE et e s 1
Expect 236 TCTGCAGTAGCTITGAAG-TCA—— 256

Clone G 284 CCCTGCTCGGGGGTGCCCTCTCCGCCGCCCACCANCTCGAACTCCACGCCGTTCAGGGTG 323
Clone G 324 CCGGTGATGCGGCACTCGATCTCCATGGCGGGCAGGCCGCTCTCGTCGCTCTCCATGCTA 363

Clone G 384 GTTCTGAGCGCTGCTCAGTGCTCANCANCCTGAAGCAGGGGGRAAGGGAGTCTTCCCTGCT 443
Frerrrrrrerrerrrer et re e e e et e e e e e
Expect 276 -TTCTGAGCGCTGCTCAGTGCTCAGCAGCCTGAAGCAGGGGGAAGGGAGTCTTCCCTGCT 335

Clons G 444 GAARGCAACCCAGCGCTCTGGGCTTAGCCTCGCCTCTCTTCTGGGACTCGCTCCGGCACTC 503
FEErrrrrerr e e e et e e e e e
Expect 336 GRAGCAACCCAGCGCTCTGGGCTTAGCCTCGCCTCTCTTCTGGGACTCGCTCCGGCACTC 395

Clone G 504 TGGGACACACAATGCCACCCTGAAGCAGGAGAGGGACGATTARGAGCAGTGGCCA 558
FEEEEEE et e ettt r et e e e b e ety
Expect 3%6 TGGGACACACAATGCCACCCTGAAGCAGGAGAGGGACGATTARGAGCAGTGGCCA 449

Clone G 2 - aligned to expected sequence

Clits - i ATCTARAGCTCTCCNGAACAMATATGATGGTAMATGITAAMAGTGTACAATGAAAMACAC !

e e et et e e e e
brpsil 33 ATCTAMAGCTCICCAGAACAMATATGATGGTAMATGITAMMAGTGTACAATGAAAMACAC L

Clons G 80 HECTICTINCICHENMRTEHNECGCCGARAGAAGETGGETGAGCACAGGGAGAGCGATCTCA 139

FLrrererrr et et et er et rer e et e et el
Expect 113 HECHICHINCHCHEIMRTENECGCCGARAGAAGGTGGGTGAGCACAGGGAGAGCGATCTCA 172

Clone G 140 GCATTGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGRAAGCTCAGCTCG 199

Frerrrrrerrrrerrerrrrrer e e e e e e e e e e e
Expect 173 GCATTGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGAAGCTCAGCTCG 232

Clone G 200 TCGTCTGCAGTAGCTTTGAAGTCATAT----CGATGGCTTCCATTCTGAGCGCTGCTCAG 255

FEEEEEEEE e ettt (AR RN RN RN RN RN
Expect 233 TCGTCTGCAGTAGCTTTGAAGTCATATTTGGCGATGGCTTCCATTCTGAGCGCTGCTCAG 292

Clone G 25& TGCTCAGCAGCCTGAAGCAGGGGGAAGGGAGTCTTCCCTGCTGAAGCAACCCAGCGCTCT 315

FEEEEErrrrr e e et e e e
Expect 293 TGCTCAGCAGCCTGAAGCAGGGGGAAGGGAGTCTTCCCTGCTGAAGCAACCCAGCGCTCT 352

Clone G 3le GGGCTTAGCCTCGCCTCTCTTCTGGGACTCGCTCCGGCACTCTGGGACACACAATGCCAC 375

FEEEEErrrrr e e et e e e
Expect 353 GGGCTTAGCCTCGCCTCTCTTCTGGGACTCGCTCCGGCACTCTGGGACACACARTGCCAC 412

Clone G 37¢ CCTGAAGCAGGAGAGGGACGATTAAGAGCAGTGGCCA 412

FECEEEEEE e e el
Expect 413 CCTGAAGCAGGAGAGGGACGATTAAGAGCAGTGGCCA 44%

Figure A.1.7 Alignment of the start of GRB2 without GFP-PuroRinsert from
the Gl clone G

Clone G was selected from pG1 cells. Genomic DNA was extracted and the region at
the start of GRB2 was amplified by PCR. DNA fragments were sequenced and
sequences aligned against expected wild type GRB2 DNA using Blast (Altschul et al.,
1990; Blast, 2020). RHA and LHA are each highlighted in cyan and purple, the gRNA1
sequence in grey, and a large DNA insert in orange.
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A.2 Expected amino acid sequence of the GRB2 mutant

expressed by G1 clone G

Clone G of the G1 cell line had low expression of a mutant GRB2 protein

(Chapter 3, 3.2).

MESDESGLPAMETECRITGTLNGVEFELVGGGEGTPEQGRMTNKMKSTKG
ALTFKATADDELSFKRGDILKVLNEECDONWYKAELNGKDGEIPKNYIEM
KPHPWEFFGKIPRAKAEEMLSKORHDGAFLIRESESAPGDESLSVKEGNDV
QHFKVLRDGAGKYFLWVVKENSLNELVDYHRSTSVSRNQQIFLRDIEQVP
QOPTYVQALFDFDPQEDGELGFRRGDFITHVMDN SDPNWWKGACHGQTGME
PRNYVTPVNRNV

Figure A.2.1 Expected sequence of the mutant GRB2 protein expressed in
the Gl clone G

DNA which had been inserted into the start of GRB2 in clone G was translated along
with the rest of the gene using ExXPASYy (Gasteiger et al., 2003). Underlined residues
are encoded by inserted DNA.



