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Abstract
Neuron-specific characteristics of miR135b- and miR137-mediated
translational regulation — Karishma Joshi

microRNAs are small, non-coding post-transcriptional regulators of gene expression that
target specific mRNAs, typically effecting translational repression coupled to
degradation. In contrast, previous work within the Luthi-Carter laboratory has shown
that neuron-enriched microRNAs, including miR135b and miR137, co-exist with their

targets, many of which encode proteins with important synaptic functions.

Neurons are highly polarised, interconnecting cells that form complex brain networks.
The site of neurotransmission, the synapse, allows the directional flow of electrical and
chemical signals via specialised neuronal subdomains, i.e. from the axon to dendritic
fields. mRNA transport and local translation is one of several mechanisms modulating

synaptic strength, in a phenomenon known as neuronal plasticity.

In this thesis, | test the hypothesis that neuronal microRNAs, miR135b and miR137,
operate via non-degrading target interactions. In addition, | explore a related hypothesis
and demonstrate that miR135b- and miR137-target interactions display characteristics
consistent with a role in RNA transport to synapses, including their interaction with

relevant RNA binding proteins.

My analyses provide strong evidence for non-degrading miR135b- and miR137-target
interactions, by demonstrating that both microRNAs co-exist with, and in some cases
positively modulate the levels of, their target mRNAs. Moreover, under the conditions
of my experiments, overexpression of miR137 led to an increase, rather than a decrease,
in the levels of its target proteins. Furthermore, | show that miR135b and miR137 and
their targets coexist in MOV 10-positive complexes, consistent with a role in translational
repression during mRNA transport to pre- or postsynaptic fields. Although not expressly
demonstrated, the association of miR135b and miR137 with MOV10 in this context
strongly implicates these complexes in signal-dependent modulation of local protein
translation to regulate synaptic and neuronal connectivity. The regulation of miR135b-
and miR137-target interactions may therefore explain their previous associations with
dysfunctional neuronal connectivity giving rise to human neurological and

neuropsychiatric conditions.
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1 Chapter 1: Introduction

1.1 Cellular organisation of the nervous system

The brain is made up of roughly 100 billion neurons, which are interconnected to form
an intricate network (Herculano-Houzel, 2009). Neurons are highly polarised cells that
connect electrically and chemically over relatively long distances. The structural wiring
of neuronal networks underlies brain function. Electrical conductivity occurs along
neuronal processes, the dendrites and axons. The contacts between neurons, called
synapses, act as the site of chemical communication between neuronal cells. Synapses
are intercellular junctions that connect the output field (axon) of one neuron to the
input field (dendrite or other postsynaptic membrane) of the next neuron in the series,
via the release of chemical messengers called neurotransmitters. Neurons differ in the
type of neurotransmitter they release; in the brain these are predominantly glutamate,
which is excitatory, or gamma-aminobutyric acid (GABA), which is inhibitory, thereby

governing the effect of that neuron in its circuit (Sidhof, 2018).

The polar organisation of neuronal subdomains with different functional roles is crucial
for the directional conveyance of information through the brain. Axons and their
presynaptic terminals must be specified to perform the vesicular release of
neurotransmitters, whilst postsynaptic fields e.g. along dendrites, require the correct
trafficking and anchoring of suitable neurotransmitter receptors (Takano et al., 2015).
Physical aspects of synaptic connections also require polar organisation and
maintenance, including the expression of cell adhesion molecules, such as presynaptic
neurexins and postsynaptic neuroligins, and components of the synaptic cytoskeleton,
which help govern synaptic morphology and strength (Poulopoulos et al., 2009, Stidhof,
2018).

The polar organisation of neurons therefore requires the differential synthesis and
trafficking of specialised macromolecules along axons and dendrites. This sometimes
demands transport of macromolecules over long intracellular distances. For example,
ATP-dependent transport of components required for the local synthesis and packaging
of neurotransmitters into vesicles, such as enzymes and vesicle proteins, must be
shuttled down long axonal processes to presynaptic terminals. Likewise, voltage gated
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calcium channels must be expressed at the presynapse to allow electrogenic signals to
be converted into calcium-dependent neurotransmitter release into the synaptic cleft
(Sudhof, 2012). This release occurs at presynaptic active zones composed of scaffold
proteins such as Bassoon (Bsn), Rab3-Interacting Molecules (RIMs) and Munc13, which
also require targeted biosynthesis and/or transport (Sudhof, 2012, Gundelfinger et al.,

2015).

In the recipient neuron neurotransmitters are received by postsynaptic fields.
Sometimes highly structured, dendrites receive input signals which are detected by the
presence of neurotransmitter receptors (Stdhof, 2018). In excitatory synapses,
ionotropic glutamate receptors (e.g. AMPA and NMDA receptors) are organised in
postsynaptic densities, which concentrate these receptors using a network of
scaffolding proteins (e.g. PSD95) and harbour other effectors necessary for subsequent
signals to be propagated (such as voltage-gated ion channels and kinases) (Feng and

Zhang, 2009, Sheng and Kim, 2011).

Inhibitory synapses contain different sets of adhesion and scaffolding proteins, such as
Neuroligin-2, which is thought to function in GABA-A receptor recruitment, and
gephyrin, which interacts with glycine receptors (Varoqueaux et al., 2004, Poulopoulos

et al., 2009, Sheng and Kim, 2011).

In either case, the receipt of a neurotransmitter triggers a voltage change in the
corresponding postsynaptic field — depolarisation at excitatory synapses or
hyperpolarisation in inhibitory synapses, respectively. There are also parallel activities
of other signalling cascades that reside in the postsynaptic membrane, such as kinases
(e.g. CAMKII) and small GTPases (Sheng and Kim, 2011). Specific combinations of
signalling activities and transient states of signalling events at a synapse govern the
amplitude of the corresponding response, otherwise known as synaptic strength. The
ability to regulate the synaptic strength over time is a phenomenon known as synaptic
plasticity. Synaptic plasticity can either strengthen or weaken the connection between
neurons; these two major forms of synaptic plasticity are known as long-term
potentiation (LTP) and long-term depression (LTD), respectively. In LTP, high-frequency

stimulation of the synapse increases synaptic strength whereas in LTD, low frequency



neuronal stimulation depresses synaptic strength (Malenka and Bear, 2004). Synaptic

plasticity is a key property of neuronal cells that underpins learning and memory.

1.2 Cell polarity-dependent regulation of neuronal gene and protein

expression

The majority of cellular DNA, and therefore largest number of genes, reside in the
nucleus. In neuronal cells the nucleus forms part of the cell body, which is situated
between the dendrite(s) and the axon(s). Messenger RNA (mRNA) is transported out of
the nucleus to direct the synthesis of proteins necessary for neuronal function. Pre-
mMRNA is transcribed from DNA by RNA polymerase Il, capped with 7-methylguanosine
at the 5" end (5’ m’G), spliced to remove intronic sequences and polyadenylated at the
3’ end to form the mature mRNA (Fong and Bentley, 2001). The mature mRNA is then
exported to the cytoplasm, where it is either translated, degraded or translationally

repressed to be transported (Martin and Ephrussi, 2009, Doyle and Kiebler, 2011).

Translation of the mRNA requires the 43S preinitiation complex, which consists of the
ternary complex (comprised of an initiator methionine tRNA, GTP, and eukaryotic
initiator factor 2 (elF2)), elF3, elF1, elF1A, elF5 and the 40S small ribosomal unit (Jackson
et al., 2010, Fukao et al., 2014). The 43S preinitiation complex attaches to the 5 m’G
cap, facilitated by the elF4F translation initiation complex consisting of elF4E, elF4A and
elF4G proteins (Jackson et al., 2010). elF4G is a scaffold protein that binds elF4A, elF4E,
Poly(A) Binding Protein (PABP) and elF43. PABP attaches to the polyadenylated 3’ end
of the mRNA and interacts directly at the 5’ end with the elF4G subunit of the elF4F
complex, whose elF4E subunit is bound directly to the 5’ cap, thereby circularising the
MmRNA (Wells et al.,, 1998). elF4A helicases, in combination with elF4B and elF4H,
facilitate unwinding of the 5’ secondary structure of the mRNA to be translated, which
enables ribosomal scanning. The preinitiation complex then scans the 5’ untranslated
region (UTR) until it locates the start codon, which leads to 48S preinitiation complex
formation and encourages recruitment of the 60S large ribosomal subunit, thereby
forming the translationally competent 80S ribosome complex (Wells et al., 1998, Jackson
et al., 2010). This is followed by the elongation phase of translation, where the nascent

polypeptide chain is extended until a stop codon is reached (King and Gerber, 2016,



Schuller and Green, 2018). A high fraction of neuronal mRNAs are translated within the

neuronal cell body.

Neuronal proteins synthesised within the cell body may subsequently be transported to
different cellular sub-compartments; this is governed by a process of protein sorting into
different cargo vesicles to be transported via the neuronal cytoskeleton (Burack et al.,
2000). Differential protein localisation is necessary to specify and maintain the dendritic
versus axonal properties required for the directionality of neuronal communication.
Experiments utilising heterologously expressed GFP fusion proteins have illustrated that
axonal and dendritic proteins can be sorted at the cell body or proximal dendrite into
distinct vesicles, to correctly target them to their respective sites of action (Bentley and
Banker, 2016). The correct targeting of synaptic proteins is crucial to neuronal function
and viability. For example, activation of synaptic NMDA receptors modulates synaptic
plasticity and neuroprotection, whereas activation of extrasynaptic NMDA receptors

causes neuronal cell death (Hardingham et al., 2002, Hardingham and Bading, 2010).

In addition to the directional transport of proteins, parallel machinery exists to
selectively target mRNAs to dendritic versus axonal compartments (Zappulo et al.,
2017). Upon their exit from the nucleus, mRNAs can be sorted and packaged into
specialised RNA granules that are selectively transported to axonal or dendritic
compartments. In neurons, a large fraction of axon- and dendrite-localised mRNAs can
be related to synaptic functions. Furthermore, mRNAs and ribosomes have been
observed to be localised in perisynaptic domains where they engage to fulfil local
protein synthesis (Buffington et al., 2014). Local translation of mRNAs encoding synaptic

proteins is believed to be a key component of signal-dependent neuronal plasticity.

1.3  Neuronal mRNA transport

As described above, maintenance of neuronal polarity requires differential distribution
of mRNAs and proteins. mRNA production is almost exclusively confined to the neuronal
cell body, as are the bulk population of translating ribosomes. Therefore, it is generally
believed that mRNA transport is reserved for special conditions in which protein
synthesis needs to be tightly controlled spatiotemporally. Synaptic plasticity, a

phenomenon involved in learning and memory, is believed to rely heavily on localised
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protein synthesis to modulate electrical or structural properties of neuronal connections

in a signal-dependent manner (Fernandez-Moya et al., 2014).

mMRNA targeting to neuronal subdomains has been shown to occur through cis- elements
or ‘zip-codes’ within their 3’ UTRs which are recognised by RNA binding proteins (RBPs)
that regulate transcript stability as well as localisation (Martin and Ephrussi, 2009, Doyle

and Kiebler, 2011).

RNA transport has been studied in a variety of model systems. In budding yeast,
Saccharomyces cerevisiae, the ASH1 mRNA is recruited into a transport granule through
a process that is dependent on sequences in the ASH1 3’ UTR and She RBPs (Bertrand et
al.,, 1998). ASH1 mRNA is transported to and restricted at the bud, to be selectively
expressed in daughter cells, which is crucial for mate type switching (Bertrand et al.,
1998). In Drosophila, mRNAs including bicoid and nanos are asymmetrically localised to
the anterior and posterior ends of the embryo, respectively, and are involved in

patterning this axis (Kiebler and Bassell, 2006).

Wilhelm and Vale (1993) proposed a model where RNAs and RBPs would be assembled
into ‘RNA transport particles’” which are anchored to the local cytoskeleton. Neuronal
RNA transport granules are thought to contain the cargo mRNA, RBPs and motor
proteins such as KIF5, the kinesin heavy chain (Krichevsky and Kosik, 2001, Kosik and
Krichevsky, 2002, Kanai et al., 2004, Bramham and Wells, 2007). The observed velocity
of RNA transport granules is also consistent with the movement being facilitated by

kinesin and dynein (Wilhelm and Vale, 1993).

Other identified components of RNA granules include Staufen and FMRP (Kanai et al.,
2004). Interestingly, in the process of characterising of neuronal RNA granules, Elvira
and colleagues identified an RBP they called Zipcode Binding Protein (ZBP1, now known
as IMP1) (Elvira et al., 2006). IMP1 translationally represses and regulates 8-actin mRNA
transport selectively along axons to neuronal growth cones, a process that is stimulated
by the neurotrophin NT-3 (Zhang et al., 2001, Kiebler and Bassell, 2006, Elvira et al.,
2006). Deletion of the IMP1-binding sequence in the 8-actin mRNA, which they called
the ‘zipcode’ sequence, impaired this transport. Also, Src mediated phosphorylation of

IMP1 allowed B-actin mRNA to be released, and translated near the growth cone



(Huttelmaier et al., 2005). Moreover, IMP1 protein expression was shown to be
necessary for NT-3-regulated neurite outgrowth, showing that 8-actin mRNA transport
and localised translation was crucial to this process (Hittelmaier et al., 2005). IMP1
further interacts with a microtubule molecular motor, KIF11, thus coupling 8-actin

mRNA transport along microtubules and its translational regulation (Song et al., 2015).

The Kiebler group discovered that dendritically localised CAMKlla, MAP2 and B8-actin
mRNAs are sorted into distinct populations of RNA granules, also supporting the
existence of sequence-specific targeting events (Tubing et al., 2010, Mikl et al., 2011).
Curiously only a small number of RNA molecules were detected per granule (Mikl et al.,
2011). This mechanism could also account for such mRNAs being needed for highly

specialised neuronal functions and thereby governed by different regulatory events.

A variety of different RBPs have been implicated in neuronal mRNA transport and signal-
dependent translation. Dysfunctions in some of these RBPs have been implicated in
human diseases. For example, mutations in FMRP and SMN cause Fragile-X Syndrome
and Spinal Muscular Atrophy (SMA), respectively, and manifest cellularly as defective
translational regulation and mRNA transport to dendritic and axonal subregions (Fallini
et al., 2012, Mazroui et al., 2002). TDP-43 has role in regulating RNA splicing and
neuronal RNA transport, and its malfunction is implicated in several interrelated
neuropathologies, including motor neuron disease and frontotemporal

dementia (Mackenzie and Rademakers, 2008, Alami et al., 2014, Prasad et al., 2019).

Moreover, a discrete network of RBPs appear to have interconnected roles in neuronal
mRNA transport and translation. For example, FMRP is known to be associated with
MOV10, which is involved in regulating signal-dependent translation in discrete
neuronal subdomains (Mazroui et al., 2002, Ashraf et al., 2006, Banerjee et al., 2009,
Fallini et al., 2012, Kenny et al., 2014, Kute et al., 2019). Moreover, SMN is known to
interact with both IMP1 and FMRP (Piazzon et al., 2008, Fallini et al., 2014, Khalil et al.,
2018).

1.4 What are microRNAs?

Small non-coding RNAs regulate post-transcriptional gene expression, giving rise to the
complexity of gene products differentially expressed throughout an organism. Included
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in this class of small non-coding RNAs are small interfering RNAs (siRNAs), PIWI
interacting RNAs (piRNAs) and microRNAs (Ha and Kim, 2014). This thesis will focus on
microRNAs, a distinct subset of small non-coding RNAs which regulate gene expression

through post-transcriptional mechanisms.

Neurons express a set of microRNAs that are believed to regulate and maintain their
post-mitotic differentiation (Johnston and Hobert, 2003, Yoo et al., 2011, He et al., 2012,
Jovici¢ et al., 2013). microRNAs are also implicated in local regulation of mRNAs at
neuronal synapses to modulate synaptic plasticity (Schratt et al., 2006, Banerjee et al.,
2009). This thesis follows on from previous work by the Luthi-Carter lab that examines
unique aspects of microRNA mediated gene regulation in neuronal cells and considers

how these may promote specialised neuronal functions.

The first 21 nucleotide microRNA to be discovered was lin-4 in C. elegans (Lee et al.,
1993, Wightman et al., 1993). Lin-4 was shown to negatively regulate the expression of
lin-14 protein by complementary base pairing to the 3’ UTR of /in-14 mRNA
(subsequently defined as its mRNA ‘target’). lin-4 was determined to serve a crucial
regulatory step in early larval development. A second C. elegans microRNA, let-7 and its
target lin-41 were subsequently shown to regulate the transition from larval to adult
states (Reinhart et al., 2000). It was then proposed that lin-4 and let-7 RNAs be referred
to as small temporal RNAs (stRNAs) due to their roles in developmental timing

(Pasquinelli et al., 2000).

The regulation afforded by lin-4 and let-7 was observed to depend on their base-pairing
to complementary sequences within the 3’ UTRs of their mRNA targets. At this point let-
7 and its interaction with lin-41 were determined to be conserved in Drosophila
melanogaster, Danio rerio and in humans in a variety of different tissues (Pasquinelli et
al., 2000). The evolutionarily conserved sequences and functions of let-7 microRNA and
its targets led to further investigation of the extent to which small non-coding RNAs

might represent an important undocumented aspect of eukaryotic gene regulation.

Soon after, it was discovered by three groups simultaneously that a large class of small
non-coding RNAs resembling lin-4 and let-7 existed, and were given the name

microRNAs owing to their small size (Lau et al., 2001, Lee and Ambros, 2001, Lagos-



Quintana et al., 2001). These studies employed cDNA cloning to identify many additional
microRNAs in C.elegans. These new data identified that the microRNAs derived from
longer RNA stem-loop precursors of around ~70 nucleotides, and other characteristics
that indicated that they were products of Dicer (~21 — 24 nucleotides in length and
containing a 5° monophosphate and a 3’ hydroxyl group) (Lau et al.,, 2001, Lagos-
Quintana et al., 2001). These groups also showed that mature microRNAs could derive
from either the 5’ or 3’ arm of its stem-loop precursor (Lau et al., 2001, Lee and Ambros,
2001). Bioinformatic analyses further identified conserved microRNAs in a number of
other host genomes (Lagos-Quintana et al., 2001). These findings combined with earlier
evidence convinced the field that microRNAs served important functions as post-
transcriptional gene regulators (Lee et al., 1993, Reinhart et al., 2000, Pasquinelli et al.,

2000, Lee and Ambros, 2001, Lau et al., 2001, Lagos-Quintana et al., 2001).
1.4 microRNA biogenesis

microRNAs are encoded within introns of protein coding genes, within intergenic regions
or in an orientation which is anti-sense to protein-coding genes (Lau et al., 2001, Lee and
Ambros, 2001, Lagos-Quintana et al., 2001). microRNA precursors are transcribed by
RNA polymerase Il; these transcripts are called primary-microRNAs (pri-microRNAs) (Lee
et al., 2004, Filipowicz et al., 2008). microRNAs within introns can be transcribed
together with their host genes, whereas the other classes of microRNA would require
independent transcription (Lee et al., 2004). Some microRNA genes are clustered
together and are transcribed as a poly-cistronic precursor which is then further

processed (Bartel, 2004).

The pri-microRNA transcript is usually over 1-kilobases long and is structured into a
stem-loop with single-stranded flanking sequences (Ha and Kim, 2014) (Figure 1.1
displays a schematic of microRNA biogenesis). The microprocessor complex formed of
Drosha and DGCRS8 (Pasha in Drosophila) processes the pri-microRNA before it exits the
nucleus. DGCR8 recruits pri-microRNAs via specific RNA binding domains, to be
processed by Drosha, an RNAse lll-type endonuclease; the microprocessor complex
selectively cleaves pri-microRNAs in two places to produce a stem-loop with a 2

nucleotide 3’ overhang called the precursor microRNA (pre-microRNA) (Han et al., 2004,



Ha and Kim, 2014). Human and Drosophila pri-microRNAs contain conserved motifs that
govern their Drosha and DGCR8 processing. These motifs are not present in C. elegans
pri-microRNAs and thus they cannot be processed by human or Drosophila S2 cells

(Auyeung et al., 2013).

The resulting pre-microRNA is 70 — 100 nucleotides long and is exported out of the
nucleus to the cytoplasm via exportin5 and RAN-GTP which interact with the
microprocessor-generated 3’ overhang (Ha and Kim, 2014). In the cytoplasm, the pre-
microRNA is processed by Dicer, another RNAse IllI-type endonuclease, with assistance
from the Transactivation Response-Element RNA-Binding Protein (TRBP, loquacious in
Drosophila) (Ha and Kim, 2014). Dicer cleaves the pre-microRNA on both strands of its
stem to produce a microRNA duplex of ~21 nucleotides with a 2 nucleotide 3’ overhang

(Lau et al., 2001, Bartel, 2004).

With the aid of chaperone proteins, the microRNA duplex is loaded onto the RNA
induced silencing complex (RISC) (lwasaki et al., 2010). One of the two strands,
sometimes called the ‘passenger strand’ is degraded, whereas the other strand,
sometimes called the ‘guide strand’ remains associated to RISC. The strand with the least
thermodynamically stable 5’ end and/or containing a 5’ Uracil is usually selected to be
the ‘guide strand’ (Ha and Kim, 2014). However, there are instances where the guide
and passenger strands are present in equal numbers or which undergo ‘arm-switching’;
here the microRNA isoforms are denoted by -5p or -3p depending on which arm of the

microRNA duplex is present (Griffiths-Jones et al., 2011).

RISC is a multiprotein complex including Argonaute (Ago) proteins. There are 4 members
of the Ago protein family in humans, all of which are around ~100kDa in size and share
a common architecture (Kosik, 2006). Ago proteins have 4 domains: An N-terminal
domain, a PAZ domain, a MID domain and a PIWI domain; these together form two lobes
connected by linkers (Gebert and MacRae, 2019). The N-terminal and PAZ domains bind
the 3’ end of the microRNA, whilst the MID and PIWI domains hold the 5’ end. Agol -4
are involved in microRNA mediated mRNA regulation, though only Ago2 exhibits

nuclease activity (Liu et al., 2004, Kosik, 2006, Filipowicz et al., 2008).
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Figure 1.1: A schematic depicting the biogenesis of microRNAs. microRNAs are transcribed by RNA
polymerase Il either from their own promoters or within the introns of protein coding genes; the
resulting pri-microRNA transcript is processed into pre-microRNA by the microprocessor complex
consisting of Drosha and DCGR8. The 70 — 100 nucleotide pre-microRNA is exported out of the nucleus
into the cytoplasm by exportin5-RANeGTP, where it is further processed into the 21-nucleotide long
microRNA-microRNA duplex by Dicer and TRBP. One strand of which is degraded and the other is

loaded onto the RISC complex to direct target degradation or translational repression.

10



1.5 Mechanisms of microRNA mediated mRNA regulation

The microRNA-loaded RISC goes on to recruit mRNAs which contain complementary
‘target sequences’; the microRNA-mRNA binding subsequently translationally represses
and/or degrades the target mRNAs. Nucleotides 2 — 8 at the 5’ end of the microRNA
make up the seed sequence that is crucial for target recognition (Bartel, 2009). Seed
sequences are complementary to a ~7 nucleotide target sequence in the mRNA, which
is typically, but not always, located in its 3" UTR (Bartel, 2009). It has been suggested
that Ago binding exposes nucleotides 2 — 4 of the microRNA seed to the cytosol in a
helical conformation, to create an transient association with mRNAs harbouring a
complementary sequence; the association is stabilised if the mRNA contains a full target

sequence (Chandradoss et al., 2015).

microRNAs exhibit a heterogeneous range of observed target pairings. The
thermodynamic stabilities of these variable pairings are generally believed to correlate
with the strengths of their effects on mRNA regulation. According to this convention,
the rank order of complementary pairings occur between: i) nucleotides 2 — 8 with an
additional adenosine opposite nucleotide 1, ii) nucleotides 2 — 8 only, iii) nucleotides 2
— 7 with the adenosine opposite nucleotide 1, and iv) nucleotides 2 — 7 only (Lewis et al.,
2005). The additional adenosine is recognised by a binding site on Ago via hydrogen
bonding to water (Schirle et al., 2015). No further sequence complementarity between
the microRNA and its mRNA target is typically required (Lewis, et al., 2005). Despite this,
complementarity to the microRNA nucleotides 13 — 16 has been noted (Grimson et al.,
2007). Other factors have also been identified to govern target recognition, for example,
the distance of the seed region from the 3’UTR, the proximity of the target sequence to
the stop codon and whether there are multiple of the same microRNA’s binding sites in
proximity to each other (Grimson et al., 2007). A single microRNA-charged RISC can
undertake many rounds of mRNA targeting; therefore, one microRNA molecule can have
a large impact on the stability of its target mRNA population. Non-canonical sites, which
are not matched to the microRNA seed, are reported to exist but the functionality of

these sites has been debated (Agarwal et al., 2015).

The expression levels of canonical microRNAs are anti-correlated to those of their target

mRNAs due to tight coupling of translational repression to target degradation (Baek et
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al., 2008, Guo et al., 2010, Eichhorn et al., 2014, Jin and Xiao, 2015). Both activities can
be ascribed to the microRNA-loaded RISC. Canonical microRNA mediated target
regulation occurs in two steps, where the mRNA must be translationally repressed to

subsequently allow mRNA degradation (Wilczynska and Bushell, 2015).

GW182 proteins are known to be important scaffolds in directing microRNA mediated
post-transcriptional regulation, bringing together Argonaute proteins and downstream
effectors to allow efficient coupling between deadenylation, decapping and degradation
(Jonas and Izaurralde, 2015). A microRNA-RISC complex typically leads to deadenylation
through recruitment of the PAN2-PAN3 and CCR4-NOT deadenylase complexes by
GW182 (Jonas and lzaurralde, 2015). GW182 binds PAN3 which mediates the further
recruitment of PAN2 and additionally interacts with the CCR4-NOT complex via two of
its subunits (NOT9 and NOT1) (Braun et al., 2013, Chen et al., 2014a, Wilczynska and
Bushell, 2015). The shortening of the poly(A) tail by deadenylases renders an mRNA
vulnerable to decay (Garneau et al.,, 2007). Hence, deadenylation is followed by
decapping by decapping protein 2 and its cofactors, finally leading to 5’ to 3 mRNA
degradation through the exoribonuclease, XRN1 (Fabian and Sonenberg, 2012, Jonas

and lzaurralde, 2015).

GW182 proteins also interact with PABP, a protein which usually protects the 3’ poly(A)
tail, to promote translational repression (Krol et al., 2010, Braun et al., 2013, Wilczynska
and Bushell, 2015). Though PABP predominantly protects mRNAs from deadenylation,
it can also be involved in recruiting the PAN2-PAN3 deadenylase to microRNA-RISC
complexes. One model shows that that PAN2-PAN3 deadenylation occurs to an extent
whereby PABP can no longer bind the poly(A) tail, leading to subsequent degradation by
CCR4-NOT (Wolf and Passmore, 2014). Another group showed that PABP facilitates the
interaction between a microRNA-loaded RISC complex and its mRNA target, after which
PABP may dissociate independently of deadenylation, thereby exposing the poly(A) tail
and allowing deadenylase binding (Moretti et al., 2012). Other evidence holds that
GW182-facilitated recruitment of CCR4-NOT decreases PABP association from the
poly(A) tail (Zekri et al., 2013). In addition, the RISC complex interacts with a variety of
RBPs and helicases which might work in conjunction to regulate mRNA translational

repression and/or mRNA degradation (Bartel, 2004, Kosik, 2006, Krol et al., 2010).
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There are contradictory findings in the literature as to whether microRNAs repress their
targets during translational initiation or elongation, as evidenced by a lack of mRNA
entering translation, or stalled polyribosomes, respectively (Pillai et al., 2005, Nottrott
et al., 2006, Petersen et al., 2006, Mathonnet et al., 2007, Gu and Kay, 2010). A very
significant paper by another Leicester group, Meijer et al., (2013), demonstrated that
microRNA mediated mRNA repression and degradation could only occur during
translation initiation and was reliant on the helicase elF4A2 of the elF4F translation
initiation complex. elF4F-independent reporter transcripts were neither translationally
repressed nor degraded — suggesting that mRNA degradation might be downstream
from translational repression. Moreover, Meijer et al. (2013) also showed that elF4A2
has a role distinct from translation initiation; immunoprecipitation of elF4A2
demonstrated association with the CCR4-NOT complex through its MIF4AG domain that
shares homology with translation initiation factor elF4G of the elF4F complex. This
suggested a mechanism by which elF4A2 itself might be involved in microRNA mediated

translational repression by blocking the binding of elF4G.

Though GW182 facilitates the coupling of a microRNA-loaded RISC to the deadenylation
and degradation machineries, this protein is also implicated in regulating microRNA
mediated translational repression. GW182’s interaction with PABP during microRNA
mediated translational repression has been shown to abrogate mRNA circularisation
and thereby prevent translation initiation (Wolf and Passmore, 2014). In agreement with
this, there is further evidence to suggest that GW182 also interferes with translation
initiation by decreasing target mRNA associations with PABP and translation initiation
factors elF4G and elF4E (Zekri et al., 2013). However microRNA mediated translational
repression can also occur independently of PABP (Fukaya and Tomari, 2011). This
suggests that there may be multiple protein-protein interactions involved in microRNA

mediated translational repression (lwakawa and Tomari, 2015).

To date, microRNAs have been primarily observed to direct both the translational
repression and consequent degradation of most of their targets, whilst only a small
proportion of mRNAs are thought to be translationally repressed only (Larsson and
Nadon, 2013, Eichhorn et al., 2014). The balance of regulation a microRNA imparts on

its target mRNA, e.g. coupled repression and degradation versus repression only, may
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be due to multiple different factors, and may be adapted to the requirements of a cell
at a given time. Importantly, it has been shown that microRNA mediated translational
repression of mRNA targets can be reversed to allow regulated protein translation, in

which case repression must necessarily be uncoupled from mRNA degradation.

1.6 Neuronal microRNAs and targets demonstrate unique expression

characteristics

microRNAs are essential for neuronal function, from regulating brain development
through to synaptic plasticity (Schratt et al., 2006, Kosik, 2006). Conditional deletion of
Dicer in the CNS during neural development has consequent effects on neuronal
differentiation and brain architecture. These perturbations of brain structure result in
phenocopies of human neurological and/or psychiatric disorders (Sakamoto and
Crowley, 2018). Moreover, some human brain diseases have been linked genetically to

microRNA-producing loci.

The Luthi-Carter group has previously shown that brain microRNAs are expressed in a
highly cell-type specific manner. microRNAs restricted to neural cell subtypes have been
shown to have roles in neural cell specification, particularly among neurons, astrocytes
and oligodendrocytes, which all arise from a common stem cell precursor (Jovicic et al.,
2013). The Luthi-Carter lab’s data have also suggested that the continued cell-type-
specific production of microRNAs following developmental milestones plays a role in
maintaining neural cell identity. This mechanism is proposed to ensure that each

specialised neural cell type only expresses proteins appropriate to its functions.

An additional line of evidence from the Luthi-Carter laboratory also underpins the
hypotheses that | pursued in my project. In contrast to the canonical model which
suggests that microRNAs and their mRNA targets demonstrate reciprocal patterns of
expression, our lab’s previous results have shown that the levels of the majority of
neuronal microRNAs positively correlate with their mRNA targets (Jovici¢, 2011). These
analyses were conducted in primary cortical neuronal cultures. First, separate mRNA
and microRNA profiles were collected for neurons, astrocytes, oligodendrocytes and
microglia. Then mRNA targets of neuronal- or glial-enriched microRNAs were predicted

using Ago CLIP-Seq data combined with four microRNA-target prediction algorithms.
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Jovici¢ (2011) found that 38 of 53 neuronal microRNAs were positively correlated to
their mRNA targets in neurons versus astrocytes. Of these, 26 microRNAs also showed
a significant positive correlation with their targets in neurons versus oligodendrocytes
(Jovici¢, 2011). In contrast, only one microRNA, miR124, showed a significant negative
correlation with its targets in the same comparisons. The microRNAs with neuron-
expressed targets included miR135b and miR137. Overexpression of miR135b and
miR137 further confirmed that their presence did not lead to the degradation of their
mRNA targets (Jovi¢i¢, 2011). Instead, ribosome immunoprecipitations demonstrated
that miR135b and miR137 targets were significantly less associated with translating
ribosomes (Jovici¢, 2011). This indicates that these neuron-enriched microRNAs are
sequestering their targets in a translationally arrested state without diminishing target

mRNA abundance.

Jovici¢’s results (2011) suggest the existence of a class of neuronal microRNAs that
primarily operate through translational repression in the absence of mMRNA degradation.
| further postulate that this regime supports reversible inhibition suitable for the

facilitation of mRNA transport and/or signal-dependent protein translation.

1.7 A possible role for microRNAs in mRNA transport

RBPs can act either cooperatively with microRNAs, facilitating their interaction with
targets, or competitively, by binding in close proximity and obscuring each other’s
recognition sites (Ciafre and Galardi, 2013). Several groups have identified differential
distributions of mMRNAs, microRNAs and RBPs in neuronal soma and neurites (Kye et al.,
2007, Zappulo et al., 2017, Khalil et al., 2018). Moreover, there is an enrichment of RBPs
within neurites which may interact with cis-elements within the UTRs of mRNAs to be
transported (Zappulo et al., 2017). microRNAs and their precursors have also been
shown to be present in neurites (Schratt, 2009, Sambandan et al., 2017). However, the
extent to which microRNAs might systematically play a role in RNA transport is far less

studied.
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1.8 microRNAs as possible regulators of synaptic plasticity

microRNA mediated mRNA degradation has also been shown to be involved in
modulating synaptic plasticity. Brain microRNA expression profiles have been reported
to change following learning and behaviour paradigms and brain epileptiform activity
(Jimenez-Mateos et al., 2011, Thomas et al., 2018). microRNAs have also been observed
to degrade specific mRNAs encoding neurotransmitter receptors and ion channel
proteins known to regulate neuronal excitability and thereby modulating the strength

and connectivity of neuronal circuits (Saba et al., 2012, Gross et al., 2016).

Another line of evidence shows that signal-dependent microRNA induction can be a
crucial facet of the regulation of neuronal plasticity. For example, the neural activity-
dependent transcription factor CREB is implicated in synaptic facilitation by inducing the
transcription of the pri-miR212/132 microRNA cluster following synaptic stimulation
and regulating mRNA targets including MeCP2, an activity-dependent repressor of
transcription (Vo et al.,, 2005, Remenyi et al., 2010, Tognini and Pizzorusso, 2012).
Furthermore, the neurotrophin BDNF both relieves miR134 repression of Limk1 whilst
increasing transcription of pri-miR134 following the activation of transcription factor

Mef2 (Fiore et al., 2009).

Signal-dependent translational regulation is known to result in long lasting changes in
synaptic morphology and excitability. Evidence to support microRNA mediated
translational repression in synaptic plasticity is more limited, however. | postulated that
microRNA-operated regimes of translational repression might be more prevalent than
previously appreciated. | considered the examples below to explore possible
mechanisms of microRNA mediated effects on synaptic strength via the translational

regulation of proteins involved in synaptic signalling.

miR134 is a brain specific microRNA that targets Limk1 mRNA to regulate synaptic actin
polymerisation and modulate dendritic spine volume (Schratt et al. 2006).
Overexpression of miR134 increases Limk1-mediated translational repression which
consequently decreases dendritic spine volume. Conversely, this translational

repression is reversed upon BDNF treatment through its canonical TrkB and mTOR
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signalling pathway, suggesting a specific signal-dependent microRNA mediated

mechanism for modulating synaptic structure (Schratt et al., 2006).

Armitage, the Drosophila orthologue of MOV10, has been associated with microRNA-
regulated memory formation (Ashraf et al., 2006). Acetylcholinergic activity in the
Drosophila memory centre causes proteasome-mediated degradation of Armitage and
simultaneously releases CAMKII from microRNA mediated repression. The increased
translation of CAMKII facilitates future activity at the corresponding synapse (Ashraf et
al., 2006). Subsequent experiments in rat hippocampal neurons also uncovered an
analogous NMDA receptor-mediated degradation of RISC-associated MOV10 and relief
from microRNA mediated inhibition of translation of CAMKII (Schratt et al., 2006,
Banerjee et al., 2009). A similar effect was described for miR138, which targets a
depalmitoylating enzyme (Lyplal) to regulate Rho-dependent signalling pathways
(Banerjee et al., 2009). The work by Ashraf et al., (2006) and Banerjee et al., (2009)
provide clear evidence that microRNAs may work in conjunction with RBPs to regulate
translational repression and de-repression. The reversal of translational repression of
microRNA targets might be especially important in neurons where the target proteins
might be needed in a specific cellular sub-compartment, such as dendritic spines, to

modulate synaptic plasticity (Schratt, 2009).

1.9 Current understanding of the neurobiologies of miR135b and miR137

in neural tissues

1.9.1 miR135b

miR135b is encoded in the first intron of the LEMD1 gene on chromosome 1 region
1932.1, a susceptibility locus for bipolar disorder (Khatri and Subramanian, 2013, Issler
et al,, 2014).

Though the majority of research on miR135b is focused on its roles as an oncogenic
microRNA, it does also have known roles in the brain. miR135b is reported to influence
neuronal morphology and is particularly implicated in axonal growth and regeneration
(van Battum et al., 2018). miR135b expression decreases throughout the process of

cortical development but increases again in the adult (van Battum et al., 2018).
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Overexpression of miR135b significantly increases neurite outgrowth and branching, an
effect attributed to the negative regulation of its target KLF4 which otherwise inhibits

axon growth and regeneration (van Battum et al., 2018).

miR135b has been shown to have links to several neuropsychiatric and
neurodegenerative disorders. In addition to being genomically associated with bipolar
disorder, overexpression of miR135b has been shown to reduce depression-like
phenotypes by increasing synaptic serotoninergic signalling by downregulating both a
serotonin transporter (Slc6a4) and a serotonin receptor (Htrla) in the raphe nucleus
(Issler et al., 2014). Increasing the level of miR135b increased the level of serotonin the
synaptic cleft, implicating this microRNA as an endogenous serotonin reuptake inhibitor

(Issler et al., 2014).

More recently, miR135b has been shown to modulate fear memory expression in stress-
resilient animals in @ model of post-traumatic stress disorder (Sillivan et al., 2019).
miR135b has also been shown to regulate DISC1, variants of which comprise risk factors
for neuropsychiatric diseases including schizophrenia and mood disorders (Rossi et al.,
2014); miR135b is unable to target the 3’"UTR of the rs11122396 G allele of DISC1, which

might explain the functional deficit associated with this variant (Rossi et al., 2014).

Differential expression of miR135b has been described in iPSC-derived neurons from
Parkinson’s disease patients (Tolosa et al., 2018). Further investigation into this
expression might provide interesting insights into miR135b’s role within this

neurodegenerative condition.

miR135b has also been shown to be neuroprotective in Alzheimer’'s disease by
regulating BACE1, a protein involved in the formation of brain B-amyloid (Zhang et al.,
2016); miR135b was reduced in Alzheimer’s disease versus control blood samples,
whereas miR135b overexpression had positive effects on the proliferation on
hippocampal stem cells, and resulted in increased performance in learning and memory

tasks in rodents (Zhang et al., 2016).
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1.9.2 miR137

miR137 is highly expressed in early brain development. The miR137 host gene
(MIR137HG) is located within an intergenic region on chromosome 1, 1p21.3 (Sakamoto
and Crowley, 2018). Microdeletions and single nucleotide polymorphisms (SNPs) in the
MIR137HG have been associated with autism spectrum disorder (ASD), intellectual
disability (ID) and schizophrenia (Thomas et al., 2018). Therefore, the potential to
modulate the activities of miR137 could be a useful therapeutic in these disorders

(Sakamoto and Crowley, 2018).

In mouse models, knock-out of miR137 is embryonic lethal between E4.5 and 11.5. A
conditional knock-out of miR137 that decreases its expression to 50% in mice presents
with ASD-like behaviours (Cheng et al.,, 2018). miR137 regulates neuronal gene
expression during embryonic stem cell differentiation; it is present in high levels in the
rat brain during later developmental stages and plays a role in adult neurogenesis and

neuronal maturation (Sakamoto and Crowley, 2018).

Patients presenting with ID with features of ASD with additional speech delay harbour a
hemizygous microdeletion at 1p21.3, which results in decreased levels of pre- and
mature miR137 and an accompanied increase in miR137’s mRNA targets (Willemsen et
al., 2011). The microdeletions which lead to ASD and ID phenotypes are distinct from

the SNPs observed giving rise to schizophrenia, however (Thomas et al., 2018).

Ripke et al., (2011) demonstrated a SNP in the MIR137HG (rs1625579) and 4 other loci
containing predicted miR137 targets to have a significant associations with
schizophrenia. Rs1625579 decreases the abundance of miR137 in the brain, and
experimental deficits in miR137 and its targets show defective neuronal morphology and
connectivity (Sakamoto and Crowley, 2018). While the major allele (T) at the
schizophrenia risk loci rs1625579 decreases miR137 levels, the minor allele (G) is
protective against schizophrenia relative to the major allele and increases miR137 levels

(Thomas et al., 2018).

Surprisingly, however, transgenic mice that overexpress miR137 in neurons under the
Thy-1 promoter also displayed schizophrenia-associated phenotypes, including social
and cognitive deficits and altered pathways (Arakawa et al., 2019). Overexpression of
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miR137 in the dentate gyrus of mice via lentiviral transduction led to a consequent
downregulation of its mRNA and protein targets, including Sytl, Nsf and Cplx1, all of
which regulate presynaptic vesicle release. These targets were also reported to be
downregulated in schizophrenia brains post-mortem (Siegert et al., 2015). Consistent
with this finding, miR137 overexpression leads to presynaptic deficits manifesting as
decreased vesicle density, LTP, and hippocampal learned behaviours (Siegert et al.,
2015). These phenotypes were predicted to be a result of mRNA target dysfunction,
where they showed Syt1 overexpression was able to rescue the phenotypes caused by

miR137 overexpression (Siegert et al., 2015).

In contrast, He et al., (2018a) showed miR137 overexpression to impair synapse
formation and synaptic transmission in cultured rat hippocampal neurons without
affecting Sytl or Cplx1l protein expression. Moreover, Sytl overexpression did not
rescue the detrimental effects of miR137 overexpression in the hippocampus (He et al.,

2018a).

Taken together, these results suggest that miR137 requires tight temporal and spatial

regulation and may regulate synaptic transmission through several different targets.

1.10 Rationale and Statement of Aims

miR135b and miR137 are neuron-enriched microRNAs with links to neurological and
psychiatric conditions. In addition to their human genetic associations, many of the
validated targets of miR135b and miR137 have important synaptic functions. However,
much of the evidence to date suggests that these microRNAs carry out their roles by
negatively regulating the expression of their mRNA targets. This contrasts with data
from our lab showing that a large number of neuron-enriched microRNAs, including

miR135b and miR137, co-exist with their mRNA targets (Jovici¢, 2011).

Previous work in the Luthi-Carter laboratory by Jovici¢ (2011) highlighted that neuronal
microRNAs 135b and 137 were positively correlated with their neuronal mRNA targets
via bioinformatic analyses, which is contrary to the widely reported mechanism of
microRNA action. Moreover, Jovici¢ (2011) demonstrated that these mRNA targets were

sequestered away from translating ribosomes. However, neither the direct interactions
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nor the function(s) of this potential co-existence between neuronal microRNAs and their

targets were explored in previous work.

In this thesis | will further explore the unique microRNA-mRNA expression relationships
of miR135b and miR137 in order to elucidate possible functions of these microRNAs

involving facilitatory regulation of their targets.

Hypothesis 1: A specialised group of neuronal microRNAs, exemplified by miR135b and

miR137, mediate non-degrading microRNA-target interactions.

| examined the effects of lentiviral mediated overexpression of microRNAs 135b and 137
in neuronal cultures to determine the consequences on the abundances of their target
mRNA and/or protein levels. This provided further proof of non-degrading microRNA-
target interactions. Furthermore, target protein levels remained unchanged, or in some

cases increased.

Hypothesis 2: microRNA-mRNA target interactions of miR135b and miR137 display

characteristics consistent with their transport to synapses in RNA granules.

These studies elucidated specific microRNA-target-RBP interactions in cellular fractions
consistent with localisation to RNA granules. Moreover, the specific RBPs associated
with miR135b- and 137-target complexes are known to fulfil roles in RNA transport and

neuronal signal-dependent translational regulation.
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2 Chapter 2: Materials and Methods

2.1  Neuronal cell culture

2.1.1 Coating plates with poly-L-lysine hydrobromide and poly-D-lysine hydrobromide

100 x 15 mm culture dishes (Nunclon™ Delta, Cat No. 150350) were each coated with 5
ml of a 0.1 mg/ml solution of Poly-L-Lysine Hydrobromide (Sigma-Aldrich®, Cat No P274-
100 mg) in distilled water. 24 well plates (Thermo Scientific™ Nunc™ Cell-Culture
Treated Multidish, Cat No. 142475) containing coverslips (13 mm No. 1.5, VWR™ Cat No.
631-0150) were coated with 300 pl per well of 0.1 mg/ml Poly-D-Lysine Hydrobromide
(Sigma-Aldrich®, Cat No. P0899-10 mg) in Boric Acid Buffer. 24 well plates without
coverslips were coated with 300 pl per well of 0.1 mg/ml Poly-L-Lysine Hydrobromide in
Boric Acid Buffer. Culture dishes were left to coat overnight at room temperature in a
tissue culture hood. The following day the Poly-L-Lysine Hydrobromide or Poly-D-Lysine
Hydrobromide solutions were removed from the plates, before washing plates twice in

distilled water and leaving to air dry at room temperature in a tissue culture hood.

2.1.2 Dissection of cortical neurons from E16 Sprague-Dawley embryonic pups

An embryonic day 10 (E10) timed pregnant Sprague-Dawley rat dam was obtained from
Charles River Laboratories. The dam was euthanised by Schedule 1 procedure at E16.5
by isoflurane anaesthesia followed by cervical dislocation and severing of the femoral
artery. The uterus of the dam was removed from the abdomen and placed in ice cold
DMX buffer (Dulbecco’s Phosphate Buffered Saline (PBS) supplemented with 100 U/ml
Penicillin-Streptomycin (Gibco®, Cat No. 15140122), 10 mM HEPES (Gibco®, Cat No.
11560496) and 2% Glucose). The embryos were removed from the embryonic sac and
culled by schedule 1 procedure where they were decapitated, and their heads placed in
ice cold DMX buffer. Within a laminar flow hood, the embryonic brains were removed
from the skull, detached from the brainstem and the hemispheres separated. Meninges
were removed from the hemispheres. The cortices and hippocampi were separated
from the rest of the brain and collected in separate dishes containing DMX buffer. After
collecting cortical and hippocampal tissue from all dissected embryos, the total tissue

collected was transferred into a 50 ml falcon tube. The DMX buffer was aspirated, and
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the tissue was digested with 0.025% Trypsin in PBS at 37°C for 10 minutes with agitation
every 2-3 minutes. The trypsin solution was removed, and the tissue was washed once
with Neurobasal Medium (Gibco®, Cat No. 21103049) supplemented with 10% Horse
Serum to stop the enzymatic digestion of the tissue. The tissue was mechanically
dissociated in 5 ml Neurobasal Medium with 10% Horse Serum followed by
centrifugation at 300 G for 5 minutes to pellet the cells. The supernatant was removed,
and the cell pellet was resuspended in an appropriate volume of Neurobasal Medium
supplemented with 2% B27 (Gibco® Cat No. 17504044), 100 U/ml Penicillin-
Streptomycin (Gibco®, Cat No. 15140122) and 0.5 mM L-Glutamine (Gibco®, Cat No.
25030081). The resulting cell suspension was passed through a cell strainer

(Fisherbrand, Cat No. 22363549) to remove any debris.

2.1.3 Cell counting

A 1:10 cell suspension was used to count cells, i.e. 10 pl of cell suspension was added to
80 ul of medium and 10pul of Trypan Blue solution. 10 ul of this was pipetted into a
haemocytometer, and the cells were counted at a 10x magnification using a light
microscope. Live, unstained cells contained fully within 4 x 16 square corner grids were
counted and an average was calculated. This was multiplied by the dilution factor and

10000 to give the number of cells/ml.

2.1.4 Plating neuronal cells

Cortical neurons were plated at a density of 5x10° cells/10 ml in a 100 mm dish, and
3x10° cells/ml in a final volume of 600 pl per well in a 24 well plate (both with and
without coverslips) all in Neurobasal Medium supplemented with 2% B27, 100 U/ml
Penicillin-Streptomycin and 0.5 mM L-Glutamine. Hippocampal neurons were plated at
a density of 3x10° cells/ml in a final volume of 600 pl per well in a 24 well plate in
Neurobasal Medium supplemented with 2% B27, 100 U/ml Penicillin-Streptomycin, 0.5
mM L-Glutamine and 25 uM Glutamate. After 48 hours in culture, the media was
removed from the hippocampal cells and replaced with supplanted Neurobasal Medium
without additional Glutamate supplementation. Cells were incubated at 37°C and 5%

CO,, with half of their media changed on a weekly basis.
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2.1.5 Plating low-density neuronal cultures

Cortical neuronal cell suspensions were plated in Neurobasal Medium supplemented
with 2% B27, 0.5 mM Penicillin-Streptomycin and 0.5 mM L-Glutamine and 10% heat-
inactivated horse serum to stimulate glial cell growth to support the low-density
cultures. Low density cortical neurons were plated at a density of 1x10* cells/ml in a final
volume of 600 ul per well in a 24 well plate (both with and without coverslips). Cells
were incubated at 37°C and 5% CO;, with a complete media change at DIV7 to
supplemented Neurobasal Medium without heat-inactivated horse serum, and half the

media changed on a weekly basis thereafter.

2.2 Lentiviral vector production and lentiviral transduction of neuronal

cells

2.2.1 Plasmid preparation

XL-10-Gold Ultracompetent bacterial cells (Stratagene, Cat No. 200314) were thawed on
ice. 25 ul of bacterial cells were incubated with 1 pl of B-Mercaptoethanol for 10 minutes
on ice and mixed every 2 minutes. 50 ng of DNA (either SIN-PGK-miR124, SIN-PGK-
miR135b, SIN-PGK-miR137) was added to the cells, followed by a 30-minute incubation
on ice. The bacterial cells were then subject to heat shock in a water bath for 30 seconds
at 42°C, then placed on ice for 2 minutes. 225 ul of Luria-Bertani (LB) broth pre-heated
to 42°C was added to the cells, before incubation for 1 hour at 37°C with 300 RPM
shaking. Transformed bacteria were streaked onto LB + Ampicillin plates and incubated
at 37°C. A colony was picked from each plate to inoculate 300 ml LB broth + Ampicillin.
Plasmids were purified using Macherey-Nagel NucleoBond® PC500 Maxiprep Kit (Cat
No. 740574.50).

2.2.2 Lentiviral vector production using HEK293FT cells

HEK293FT cells were cultured in 175 cm?flasks (Corning, Cat No. 431080) in Dulbecco’s
Modified Eagle Medium (DMEM) (Biowest, Cat No. L0106-500) supplemented with 10%
Foetal Bovine Serum (FBS), 1 mM Sodium Pyruvate (Gibco®, Cat No. 11360070), 0.1 mM
Non-Essential Amino Acids (Gibco®, Cat No. 11140050), 2 mM L-Glutamine (Gibco®, Cat
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No. 25030081), 100 U/ml Penicillin-Streptomycin (Gibco®, Cat No. 15140122) and 500
ug/ml Geneticin (G418) (Sigma-Aldrich®, Cat No. A1720-5G). Cells were cultured at 37°C
and 5% CO.

Lentiviral vectors were produced using a 4-plasmid transfection system (the plasmid of
interest, pPCMV DR, pMDG and pRSV-Rev). Prior to transfection, the HEK293FT cells were
seeded at a density of 3 x 10° cells into 100 x 17 mm culture dishes. The following day,
the cells were transfected in a 3:1 ratio of Polyethylenimine (PEl) to DNA. For 20 x 100
mm dishes 750 pg of PEl was added to a final volume of 10 ml in serum free DMEM in a
50 ml falcon tube. Alongside, 250 pg of DNA containing: 99 ug Plasmid of Interest, 99 ug
pCMV DR, 29 pg pMDG and 23 pg pRSV-Rev was added to serum free DMEM in another
falcon tube to a final volume of 10 ml. Both tubes were incubated at room temperature
for 5 minutes, the contents of both tubes were then combined with each other, vortexed
for 10 seconds, and incubated for a further 15 minutes at room temperature. 1 ml of
PEI/DNA mixture was added to one plate in a dropwise manner and incubated for a
minimum of 6 hours prior to a complete media change. The plates were then incubated

for 48 hours at 37°C and 5% CO., prior to harvesting the virus.

2.2.3 Harvesting virus

Beckman ultracentrifuge tubes and pots were washed with 75% ethanol and distilled
water then left to dry. The media was collected from the cells (containing the lentiviral
vector) and centrifuged at 1000 RPM for 10 minutes to remove cell debris. The resulting
supernatant was subjected to ultracentrifugation at 19000 RPM for 90 minutes at 4°C.
Viral pellets were resuspended in 300 pl 1% Bovine Serum Albumin (BSA) in PBS and

stored at -80°C until use.

2.2.4 Quantification of lentiviral concentration

RETROtek HIV-1 p24 Antigen ELISA (Zeptometrix, Cat No. 0801111), an immunobased
assay, was used to detect and quantify the amount of HIV-1 p24 antigen within the

resulting sample.
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2.2.5 Lentiviral mediated transduction of microRNAs in cortical neuronal cells

At DIV14, cortical and hippocampal cell cultures were transduced with lentiviral vectors
to overexpress microRNAs of interest (miR124, miR135b or miR137) at a concentration
of 25 ng p24 antigen/ml in supplemented Neurobasal Medium. Half of the culture
medium was replaced with fresh culture medium at 24 hours post-transduction.
Previous work in the Luthi-Carter lab has shown microRNA overexpression via lentiviral

transduction to be at its optimum at 14 days post-lentiviral transduction (Jovicic, 2011).

2.3 RNA extraction from cortical neuronal cultures overexpressing

microRNAs of interest

At DIV28 (14 days after lentiviral transduction) RNA was extracted from cortical neurons
overexpressing microRNAs of interest within 24 well plates. All steps were carried out
within a fume cupboard. Firstly, media was removed from each well and 500 pl of TRI
Reagent® (Sigma-Aldrich®, Cat No. 93289) was added to the well, cells were scraped
using a pipette tip. TRI Reagent® containing cell lysate was transferred into an Eppendorf
tube. This was repeated for all wells. Samples were left at room temperature for a
minimum of 5 minutes. 100 pl of chloroform (Honeywell™, Cat No. C2432-25ML) was
added to each tube, prior to shaking for 15 seconds. Samples were left to equilibrate for
2 — 15 minutes at room temperature, followed by centrifugation at 12000 G for 15
minutes at 4°C. The agueous phase was transferred into a new Eppendorf tube, and 250
ul of isopropanol was added. The tubes were inverted to mix and left to equilibrate for
5 — 10 minutes at room temperature. Samples were centrifuged again at 12000 G for 10
minutes at 4°C. The supernatant was removed, and the resultant RNA pellet was washed
with 500 ul of 75% ethanol and vortexed. Samples were centrifuged at 7500 G for 5
minutes at 4°C. The ethanol was aspirated from the samples, and the RNA pellets were
left to dry at room temperature for 10 minutes. This was followed by resuspension in 20
ul of molecular biology grade water (Sigma-Aldrich®, Cat No. W4502-1L). The samples
were left to shake at 55°C for 10 minutes and stored at -80°C. RNA yield, 260:230 and
260:280 were read on Thermo Scientific™ Nanodrop™ 8000.

If RNA quality was poor (260:230 and 260:280 < 1), samples were subject to ethanol
precipitation (1 volume of molecular biology grade water, 1/10t volume of 3 M sodium
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acetate pH 5.2 (Sigma-Aldrich®, Cat No. $2889-250G), 2.5 volume of 100% ethanol and
1 pl of GlycoBlue Co-precipitant (Thermo Scientific™, Cat No. AM9515)) overnight at -
20°C. The following day, the samples were centrifuged at 14000 RPM for 30 minutes at
4°C, the supernatant was removed, and the pellet washed with 800 pl 75% ethanol and
vortexed to detach the pellet from the tube wall. This was followed by centrifugation,
again, at 14000 RPM for 10 minutes at 4°C. The supernatant was removed, and the
residual ethanol was aspirated off before resuspending the pellet in 20 ul of molecular

biology grade water.

2.4  Sucrose gradient fractionation of cortical neuronal cells

2.4.1 Preparing sucrose gradients

10% — 50% w/v sucrose solutions (in 5% increments) were prepared in 1x sucrose
gradient buffer (0.3 M NaCl, 15 mM MgCl;, 15 mM Tris-HCI pH 7.5, 0.1 mg/ml
cycloheximide, 1 mg/ml heparin and 2mM DTT). 1.1 ml of sucrose (highest density first)
was layered into a 12 ml Polyallomer tubes (Thermo Scientific™, Cat No. 03699), frozen
on dry ice, before adding the subsequent layer. This was repeated until all layers were
added. Gradients were stored at -80°C. Prior to use, gradients were kept at 4°C overnight

to thaw and equilibrate.

2.4.2 Harvesting cells

At DIV28 (14 days after lentiviral transduction) cortical neuronal cells were treated with
100 pl cycloheximide (Sigma-Aldrich®, Cat No. C1988) (10 mg/ml stock solution in PBS)
to achieve a final concentration of 0.1 mg/ml cycloheximide. The cells were incubated
at 37°C for 3 minutes to arrest translation. From this point onwards, the cells were kept
on ice. The media was removed, and cells were washed with cold 0.1 mg/ml
cycloheximide in PBS. Cells were lysed with lysis buffer (1% Triton X-100, 500 U/ml
Ribolock RNAse Inhibitor, 0.3 M NaCl, 15 mM MgCl,, 15 mM Tris-HCl pH 7.5, 0.1 mg/ml
cycloheximide, 1 mg/ml heparin and 2 mM DTT), and gently scraped. 1 ml of lysis buffer
was used per 10 x 100 mm culture dishes. The cell lysate was transferred into an

Eppendorf and incubated on ice for 10 minutes, before being transferred to a
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microcentrifuge and centrifuged at 10000 G for 10 minutes at 4°C. The supernatant was

collected in a separate Eppendorf.

2.4.3 Ultracentrifugation

The cleared lysate was applied to the top of a thawed sucrose gradient and the tubes
were balanced to 0.01 g. The gradients were placed in pre-cooled ultracentrifuge
buckets, sealed and attached to a SWA40Ti rotor. The gradients were subject to

ultracentrifugation at 36000 RPM for 2 hours at 4°C (Beckman Coulter, Optima XPN).

2.4.4 Polyribosome profiling on Foxy Jr fractionation system

The sucrose gradients were fractionated with continuous monitoring with a 254 nm UV
spectrophotometer (Teledyne Isco). Samples were passed through the
spectrophotometer. This was facilitated by a pump adding a solution of 60% sucrose
stained with bromophenol blue at a rate of 1.1 ml/minute to the bottom of the tube,
corresponding to each 5% step in the gradient. A polyribosome profile was generated

for each gradient.

For RNA extraction, equal fractions of 1.1 ml were collected in 3 parts 7.7 M Guanidine

HCI (Sigma), mixed thoroughly, before adding 4 parts 100% ethanol and mixing again.

For protein extraction, 1.1 ml fractions were manually collected from the top of the

gradient into individual 15 ml falcon tubes and kept on ice.

2.5 RNA extraction from sucrose gradient fractionation

RNA samples were kept precipitating at -20°C in 7.7 M Guanidine HCl and ethanol until
required (minimum overnight). The samples were centrifuged at 3500 G for 50 minutes
at 4°C. The supernatant was carefully discarded. The resulting pellet was resuspended
in molecular biology grade water, and ethanol precipitated (1 volume of molecular
biology grade water, 1/10%" volume of 3 M sodium acetate pH 5.2, 2.5 volume of 100%
ethanol and 1 ul of GlycoBlue co-precipitant) overnight at -20°C. The following day, the
samples were centrifuged at 14000 RPM for 30 minutes at 4°C. The supernatant was
removed, the pellet washed with 800 ul of 75% ethanol and vortexed to detach the
pellet from the tube wall. This was followed by centrifugation at 14000 RPM for 10
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minutes at 4°C. The supernatant was removed, and residual ethanol was aspirated. The
pellet was resuspended in 1.5 M lithium chloride and 1 ul of GlycoBlue co-precipitant

and allowed to precipitate overnight at 4°C.

The following day, the samples were centrifuged at 14000 RPM for 30 minutes at 4°C,
the supernatant was removed, and the pellet washed with 800 ul 75% ethanol and
vortexed as done previously. The RNA pellet was ethanol precipitated as above,

overnight at -20°C.

The following day, the samples were centrifuged at 14000 RPM for 30 minutes at 4°C,
the supernatant was removed, and the pellet washed twice with 800 ul 75% ethanol, as
previously described. The supernatant was removed, the samples were briefly subject
to centrifugation again and any residual ethanol was aspirated. Samples were left to air
dry for 10 minutes prior to resuspending in 20 pl molecular biology grade water. The
samples were shaken at 300 RPM for 10 minutes at 55°C. RNA vyield, 260:230 and
260:280 were read on Thermo Scientific™ Nanodrop™ 8000.

2.6  Reverse transcription

cDNA for the quantification of the microRNAs of interest was synthesised using
TagMan™ MicroRNA Reverse Transcription Kit (Applied Biosystems™, Cat No. 4366596)

containing MultiScribe™ Reverse Transcriptase. microRNA specific primers were utilised

Volume per Reaction (pl)

dNTPs (100 mM) 0.15
10x RT Buffer 1.5
RNase Inhibitor 20 U/pl) 0.19
MultiScribe™ Reverse Transcriptase 0.75
Molecular Biology Grade H.O 441
RNA sample (150 ng) 5

5x RT primer 3

Table 2.1: TagMan™ MicroRNA Reverse Transcription components per reaction
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for miR124 (Thermo Scientific™, mmu-miR-124, Assay ID: 001182), miR135b (Thermo
Scientific™, hsa-miR-135b, Assay ID: 002261, Cat No. 4427975) and miR137 (Thermo
Scientific™, mmu-miR137, Assay ID: 001129, Cat No. 4427975).

Temperature Time
16°C 30 minutes
42°C 30 minutes
85°C 5 minutes
4°C Hold

Table 2.2: TagMan™ microRNA Reverse Transcription cycling conditions in SensoQuest LabCycler

Volume per Reaction (pl)

dNTPs (100 mM) 0.8
10x Random Primers 2
10x RT Buffer 2
MultiScribe™ Reverse Transcriptase 0.75
Molecular Biology Grade H.O 9.45
RNA (100 - 300 ng) 5

Table 2.3: High Capacity cDNA Reverse Transcription components per reaction

cDNA to detect microRNA target mRNAs was synthesised by utilising the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems™, Cat No. 4368814) containing
MultiScribe™ Reverse Transcriptase. 100 — 300 ng of RNA was used per reverse

transcription in a 20 pl reaction.

Temperature Time
25°C 10 minutes
37°C 120 minutes
85°C 5 minutes
4°C Hold

Table 2.4: High Capacity cDNA Reverse Transcription cycling conditions in SensoQuest LabCycler
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Temperature Time
95°C 10 minutes
95°C 15 seconds Cycles
60°C 60 seconds (50 Cycles)

Table 2.5: microRNA TagMan™ gPCR reaction composition

2.7 QPCR

To quantitate the abundance of mature microRNAs of interest, TagMan™ Universal
MasterMix I, no UNG (Applied Biosystems™, Cat No. 4440040) was utilised with cDNA
from the TagMan™ RT reaction and microRNA specific primers for miR124, miR135b and

miR137. The quantitative-PCR was carried out using the using the Roche LightCycler®

480.
gPCR Volume for Single | Volume for Triplicate
Well (ul) (w)
TagMan™ Universal MasterMix I, 10 36
no UNG
H20 7.67 27.61
cDNA 1.33 4.8
TagMan™ Small RNA assay (20x) 1 1 pl/well

Table 2.6: TagMan™ Universal MasterMix Il, no UNG gPCR cycling conditions in Roche LightCycler®
480

cDNA produced from the high capacity reverse transcription was used to carry out
quantitative-PCR to detect for microRNA target mRNAs, using the Roche LightCycler®
480. To quantitate the microRNA targets, Power SYBR Green PCR Master Mix (Applied
Biosystems™, Cat No. 4367659) was utilised. Primers were designed according to mRNA
sequences (Table 2.9). A master mix containing 5 pl SYBR Green, 2 ul forward and 2 pl
reverse primer per well was prepared, 9 ul of master mix was added to each well

followed by 1 pl of cDNA (1 ng) (Table 2.7).
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LightCycler® 480 white 384 well plates were used to run gPCR reactions (Roche,
04729749001). The plates were briefly subject to centrifugation before sealing with
Absolute qPCR Plate Seals (Thermo Scientific, Cat No. AB-1170) prior to loading into the
Roche LightCycler® 480.

Volume for Single Well (ul)
SYBR Green 5
Forward Primer (1 pM) 2
Reverse Primer (1 uM) 2
cDNA (1 ng) 1

Table 2.7: SYBR green qPCR reaction composition

Temperature Time
95°C 10 minutes
95°C 15 seconds Cycles
60°C 60 seconds (50 Cycles)

Table 2.8: SYBR green gPCR cycling conditions in Roche LightCycler® 480

mRNA target Forward Primer Reverse Primer
miR124 Early Growth Response | TTA TCC CAGCCA | ACA AGG CCA CTG
1 AACTACCC ACT AGG C
(Egr1)
Nuclear Receptor GCC TCC TCC ACA | ACA GGG TCT CGT
Subfamily 4 Group A TCTTCTTC CTA ATG GG
Member 1
(Nrda1)
miR135b ATPase Na+/K+ GGC ATC TTC ATC GGG TCA TTA GGA
Transporting Subunit GGG ACCAT CGG AAG GAAA
Beta 1l
(Atp1b1)
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miR137

Bassoon

(Bsn)

Neuronal Vesicle
Trafficking Associated 1
(Nsg1)

Signal Sequence
Receptor 2

(Ssr2)

(Vesicle Associated
Membrane Protein 2
(Vamp2)

Ankyrin Repeat Domain
12

(Ankrd12)
Neuronal-specific Septin
3

(Sept3)

Leucine-rich Repeat
Neuronal Protein 3
(Lrrn3)

Synaptotagmin 1

(Syt1)

Protein Tyrosine
Phosphatase Non-
Receptor Type 5
(Ptpn5)

Solute Carrier Family 6
Member 1

(Slc6al)

33

CCG AGG AGT CTG
CCAAAG AGAG
GAC ACC ATT CCT
CTGATGACGC

CCT CCA GAA GAC
TTCGGCATTG

GAC AAA ACA GAA
TCCCCCTAATTC

CAG AGA CAG AGG
AGT TGG AGT TGC
T

AAG CGA TTG GGC
ATG TGA TAG

GAT TCT CTG TTC
TGT GTG GACC

GCT TTG AAG TTC
CGT TCG AG
CAC TGT TCC CCG
ATCATT GTT

GTC AAG GTG CAG
AAG AAG GCT G

GGC AGT GTC CGC
TTCACCTTG

ATG CTG ACG GTG
AACTCG GCT A

AGT AAC CAG CTT
TGA GAG GACG

AGT CGA ACC TCT
AGC AAG GAT GA

AGG CTT TGG CTT
CCA CAG ACG

GCC TGG CGT GTC
GAT GA

TAA GAG GGA GGC
AGATTTCCAT

CAA CGA AGA CTT
TGCCGATG

TGG CGA TGA AGC
ACCCG

AAC CTC CAT ACA
TTG CCC AGG



Housekeeping

Gamma-Aminobutyric
Acid Type A Receptor
Subunit Alpha 1
(Gabral)

Family with Sequence
Similarity 126 Member B
(Fam126b)
BlII-Tubulin

(TuBB3)

B-Actin

(ACTB)

Fox3

(RBFOX3)

ATT CTC TCC CAA
GTCTCCTTCTG

ACT CCA ACA GTG
CCG AGA ATC

GTC ATC AGT GAC
GAG CAT GG
TCT CAG CTG TGG
TGG TGA AG
TCC CAA CTT ACG
GAG CGG CA

GGC ACT GAT ACT
CAA GGT TGT CAT

GGA CTC CTC TCC
TCCATT TAG ACC

GGC CTG AAT AGG
TGT CCA AA

AGC CAT GTA CGT
AGCCATC

CAA GAG AGT GGT
GGG AACGC

Table 2.9: Primer sequences to detect mRNA targets in SYBR Green qPCR

2.8 Protein extraction

2.8.1 Protein extraction from sucrose gradient fractionation

9 volumes of 100% methanol were added to each of the 1.1 ml fractions collected from
the sucrose gradient fractionation. Samples were left to precipitate overnight at -20°C.
The following day, samples were centrifuged at 4400 RPM for 1 hour at 4°C. The
supernatant was aspirated. Protein pellets were resuspended in 80 ul of 1x SDS-PAGE
(SDS Polyacrylamide Gel Electrophoresis) Loading Buffer (0.25 M Tris-HCl pH 6.8, 0.5 M
DTT, 10% Sodium Dodecy! Sulphate (SDS), 50% Glycerol and 0.5% Bromophenol Blue).

Samples were heated to 75°C for 10 minutes before storing at -20°C prior to SDS-PAGE.

2.8.2 Protein Extraction from Cortical Neurons Cultured on 100 mm dishes

Media was removed from each 100 mm dish, and cells were gently washed once with
PBS. Cells were kept on ice. Residual PBS was removed from each of the plates. 500 pl
of 1x SDS-PAGE loading buffer was added to each 100 mm culture dish, the cells were

gently scraped and transferred to an Eppendorf on ice. The protein lysate was sonicated
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for 10 — 15 seconds. Samples were heated to 75°C for 10 minutes, before storing at -

20°C.
2.8.3 Protein extraction from hippocampal neurons cultured on 24 well plates

Media was removed from the cells, and PBS was added to each well to wash the cells.
PBS was removed from two wells at a time to prevent drying. 100 pul of 1x SDS-PAGE
loading buffer was added to one well, cells were scraped using a pipette tip and the 100
pl of 1x SDS-PAGE loading buffer was transferred to the second well. The cells were
scraped again, before transferring the full 100 pl to a fresh Eppendorf on ice. This was
repeated for all wells. The protein lysate was sonicated for 10 — 15 seconds. Samples

were heated to 75°C for 10 minutes, before storing at -20°C.

2.9 Western blotting

2.9.1 Preparing gels

Gels were prepared and run utilising the BioRad Mini-PROTEAN® 3 cell system. The glass
plates (short plate and spacer plate) were rinsed in 1% SDS to remove any residual gel
and/or dirt, then rinsed with distilled water. A 7.5% gel was utilised for proteins with a
large molecular weight and a 10% gel for proteins with a smaller molecular weight (this
was empirically determined, stacking and separating gel compositions shown in Table
2.10 and 2.11). The separating gel was poured first and overlaid with isopropanol whilst
the gel was polymerising. After polymerisation, the isopropanol was removed, the gel
rinsed generously with double distilled water and the stacking gel poured on top, with
the addition of the comb. If gels weren’t to be used imminently, they were wrapped in
blue paper roll soaked in running buffer and sealed in a plastic bag to prevent

dehydration. Gels were used within 48 hours of preparation.

2.9.2 Running gels and transferring proteins to a nitrocellulose membrane

Protein samples were thawed and heated to 75°C for 10 minutes and vortexed. Protein
samples were run on the gel for the appropriate length of time (considering the
molecular weight of the protein of interest) along with a pre-stained protein ladder

(Precision Plus Dual Colour Standards, Bio-Rad, Cat No. 1610374) at 100 V in 1x SDS-
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PAGE running buffer. Proteins were transferred onto a nitrocellulose membrane using
the Bio-Rad Criterion Blotter for 20 or 30 minutes in ice cold CAPs buffer, pH 11, 20%

methanol.

2.9.3 Confirmation of transfer and blocking

To validate protein transfer, the membrane was incubated with Ponceau-S for 5
minutes, then rinsed with distilled water. The membrane was de-stained with TBS-T. To
quantitate the total protein which had been transferred, the membrane was incubated
with REVERT Total Protein Stain (LI-COR®) for 5 minutes at room temperature. The
membrane was rinsed twice for 30 seconds with REVERT Wash Buffer (LI-COR®, 6.7%
v/v Glacial Acetic Acid, 30% v/v Methanol in water) then scanned in the 700 nm channel
with the LI-COR® Odyssey Infrared Imager, prior to destaining with REVERT reversal
solution (LI-COR®, 0.1 M NaOH, 30% v/v Methanol in water) for a maximum of 10
minutes. Total protein was quantified using LI-COR® Image Studio™ Lite. The
membranes were blocked in 0.2 um filtered 5% BSA TBS-T for a minimum time of 1 hour

at room temperature.

Stacking Gel 4 gels, 1.5 mm spacer
Buffer (Tris 0.5 M pH 6.8, 0.4% SDS) 5ml

Acrylamide (30%) 2.7 ml

Water 12 ml

Ammonium Persulfate (10% w/v) 200 pl

TEMED 20 ul

Table 2.10: Composition of stacking gels for SDS-PAGE.

Separating Gel 7.5% Gel (2 gels, 1.5 mm  10% Gel (2 gels, 1.5 mm
spacer) spacer)

Buffer (Tris 1.5 M pH 8.8, | 5 ml 5mil

0.4% SDS)

Acrylamide (40%) 3.75 ml 5 ml
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Water 11.05 ml 9.8 ml

Ammonium Persulfate ' 200 pl 200 pl
(10% w/v)
TEMED 20 ul 20 ul

Table 2.11: Composition of separating gels for SDS-PAGE

1 L w/v 10x SDS-PAGE Running Buffer

144.1 g Glycine
100 ml 10% SDS
30.3 g Tris Base
(1x SDS-PAGE Running Buffer: 1-part 10x SDS-PAGE Running Buffer with 9 parts H,0)

Table 2.12: Composition of SDS-PAGE running buffer

2.9.4 Antibody staining

The membrane was incubated with the appropriate primary antibody (concentration
according to the manufacturer or empirically determined — Table 2.14) in blocking
solution at 4°C with gentle agitation overnight. The following day, the membranes were
washed 3 x 5 minutes in TBS-T, prior to incubation with the appropriate LI-COR® IRDye
secondary antibody, IR800 or IR680 (Table 2.15), in 5% BSA-TBS-T for 1 hour at room
temperature whilst protected from light. The membranes were washed 3 x 5 minutes in
TBS-T prior to being scanned with the LI-COR® Odyssey Infrared Imager. Western blot

bands were quantified using LI-COR® Image Studio™ Lite.

1 L w/v 10x Tris-Buffered Saline (TBS)

24 g Tris Base
88 g NaCl
Adjust to pH 7.6 with HCI
(1x TBS-T: 1-part 10x TBS with 9 parts H,0 + 0.1% Tween-20)

Table 2.13: Composition of 10x TBS for blocking and antibody incubation
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2.10 Immunocytochemistry

2.10.1 Cell fixation

Culture medium was removed from the neuronal cells. Cells were fixed in 4%
Paraformaldehyde (PFA)/PBS for 5 minutes at room temperature in a fume cupboard.
4% PFA/PBS was removed from the cells and they were washed 3x in PBS prior to
blocking and antibody staining. If cells were not to be stained imminently, they were

stored in PBS with 0.02% Sodium Azide at 4°C.

2.10.2 Staining

Cells were blocked and permeabilised for 20 minutes at room temperature in a solution
of 4% Goat Serum, 0.3% Triton X-100 in PBS. Cells were incubated with the primary
antibody at the appropriate concentration (Table 2.14) overnight in blocking solution.
The following day, cells were washed and incubated with the secondary antibody at the
appropriate concentration (Table 2.15) (with 1:10000 Hoescht, with cells in plates
without coverslips) in 2% Goat Serum in PBS for 90 minutes at room temperature.
Coverslips were mounted onto slides with Fluromount-G with DAPI, firstly at room

temperature for a minimum of 2 hours prior to transferring to 4°C in the dark.

Company Antibody Catalogue Host Dilution
Number

abcam® BlI-Tubulin ab18207 Rabbit 1:1000

abcam® elF4A1 ab31217 Rabbit 1:500

abcam® elF4A2 ab31218 Rabbit 1:1000

Cell Signalling  elF4G #2498S Rabbit 1:500

Technology®

abcam® FMRP ab191411 Rabbit 1:10000
Cell Signalling | IMP1 #D33A2 Rabbit 1:1000
Technology®

Cell Signalling | PABP #4992S Rabbit 1:1000

Technology®
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Cell Signalling
Technology®
Proteintech®
BD Biosciences
abcam®
Proteintech®
Proteintech®
abcam®
Proteintech®
Proteintech®
abcam®
Sigma-Aldrich®
Agilent Dako
Sigma-Aldrich®
abcam®

Sigma-Aldrich®

SOD2

MOV10
SMN
Sytl
Gabral
Ptpn5
Vamp?2
Atplbl
Bsn
Nrdal
Egrl
GFAP
NeuN
Tau

MAP2

#D9VIC

10370-1-AP

610646
ab13259

12410-1-AP

14515-1-AP

ab185966

15192-1-AP

2777-1-AP
ab109180
AV31141
20334
MAB377
ab80579
ab5543

Rabbit

Rabbit
Mouse
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse

Mouse

Chicken

1:1000

1:1000/1:500
1:5000/1:250
1:500

1:1000

1:500

1:1000
1:3000

1:500

1:1000

1 pg/ul

1:400

1:100

1:500

1:5000

Table 2.14: Primary antibodies utilised for western blotting and immunocytochemistry.

Company Antibody Catalogue Host Target Dilution
Number

Invitrogen™ | AlexaFluor A21244 Goat Rabbit 1:1000
647

Invitrogen™ | AlexaFluor A21235 Goat Mouse 1:1000
647

Invitrogen™ | AlexaFluor A11042 Goat Chicken 1:1000
594

Invitrogen™ | AlexaFluor A11035 Goat Rabbit 1:1000
564

Invitrogen™ | AlexaFluor A11029 Goat Mouse 1:1000
488

39



Invitrogen™ | AlexaFluor A11008 Goat Rabbit 1:1000

488
LI-COR® IRDye 800 92532211 Goat Rabbit 1:10000
LI-COR® IRDye 800 92532210 Goat Mouse 1:10000
LI-COR® IRDye 680 92668073 Donkey Rabbit 1:5000
LI-COR® IRDye 680 92668079 Goat Mouse 1:10000

Table 2.15: Secondary antibodies utilised for immunocytochemistry and western blotting

2.11 Combined Fluorescence In-Situ Hybridisation and

Immunocytochemistry (FISH/ICC)

In order to simultaneously detect our microRNAs of interest, their mRNA targets and
potential RNA binding proteins of interest, the ViewRNA® Cell Plus Assay (Thermo
Scientific™, Cat No. 88-190000-99) was utilised.

2.11.1 Temperature validation

The ViewRNA® Temperature Validation Kit (Thermo Scientific™, Cat No. QVC0523) was
used to validate the temperature of the humidifying incubator to be used for the
experiment. A hydrophobic barrier was created on a glass slide using a hydrophobic
barrier pen. A Type-K beaded probe was secured over the hydrophobic barrier and
plugged into the digital thermometer. The region within the hydrophobic barrier was
filled with water, and the slide with attached Type-K probe placed onto a rack inside the
incubator set at 40°C. 30 minutes later the temperature was recorded. This was
repeated in 3 additional locations within the incubator. The temperature was adjusted
according to the recorded temperatures to maintain the temperature in the incubator
at 40 + 1°C. Prior to each FISH/ICC experiment the temperature in the incubator was

validated.

2.11.2 Immunocytochemistry

Low density cortical neurons cultured on coverslips were removed from incubation at
37°C and 5% CO; and transferred to a new 24 well plate. Coverslips were fixed and

permeabilised using the ViewRNA® Fixation/Permeabilisation Solution for 30 minutes at
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room temperature. The Fixation/Permeabilisation solution was prepared by combining
equal parts of component A and component B. Following this, cells were washed 3 times
with PBS Wash Buffer (PBS and 1:100 100x RNAse Inhibitor) prior to blocking with
ViewRNA® Blocking/Antibody Diluent and 1:100 RNAse Inhibitor for 20 minutes at room

temperature in a humidified tray.

Primary antibodies (MOV10 1:500 and SMN 1:250, Table 2.14) were diluted in 400 pl
ViewRNA® Blocking/Antibody Diluent and 1:100 RNAse Inhibitor and incubated with the
cells for 1 hour at room temperature in a humidified staining tray. The cells were washed
three times in PBS Wash Buffer before incubation for 1 hour at room temperature in a
humidified staining tray with the appropriate AlexaFluor 647 secondary antibodies
(Table 2.15) diluted 1:1000 in 400 pl ViewRNA® Blocking/Antibody Diluent and 1:100
RNAse Inhibitor.

2.11.3 Fixation and FISH

Cells were washed three times with PBS Wash Buffer, then fixed with ViewRNA® Fixation
Solution (1-part solution B: 7 parts solution A) for 1 hour at room temperature in a

humidified staining tray.

Cells were washed again with PBS Wash Buffer. Cells were maintained in the last wash
whilst preparing the ViewRNA® probe sets specific to the microRNAs (miR135b or
miR137) and mRNAs of interest (Vamp2, Bsn or Syt1) (see Table 2.16 for details). The
RNA probe-sets hybridise to their targets by ~20 oligonucleotide pairs. Moreover,
microRNA probe-sets are designed to have an increased melting temperature to

increase the specificity of their binding (Manufacturer’s Protocol).

ViewRNA® probe sets were thawed at room temperature, then kept on ice. The
ViewRNA® Cell Plus Probe Set Diluent was equilibrated to 40°C in a temperature
equilibrated incubator. Probe sets were diluted 1:100 in a final volume of 400 ul per
coverslip in the pre-warmed Probe Set Diluent. The last PBS wash was removed, and the
coverslips were overlaid with 400 ul of the diluted probe sets. The coverslips were

hybridised with probe sets for 2 hours at 40°C in a humidified staining tray.
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Company

Target

Type

Catalogue Number

Thermo Scientific™
Thermo Scientific™
Thermo Scientific™
Thermo Scientific™

Thermo Scientific™

hsa-miR135b-5p
hsa-miR137-3p
Vamp2 (Rat)
Bsn (Rat)

Syt1 (Rat)

1 (AlexaFluor 546)
1 (AlexaFluor 546)
4 (AlexaFluor 488)
4 (AlexaFluor 488)
4 (AlexaFluor 488)

VM1-10075-VCP
VM1-10522-VCP
VC4-3145095
VC4-3144301
VC4-3145689

Table 2.16: Probe Sets for ViewRNA® Cell Plus Assay

Coverslips were washed 5 times in ViewRNA® Cell Plus Wash Buffer Solution (1:333
Wash Component 1 and 1:200 Wash Component 2 in distilled water) prior to overlaying
with 800 pl of the wash buffer solution and storing in a humidified staining tray in the

dark at 4°C overnight.

2.11.4 Branched DNA (bDNA) amplification

The following day, all samples were pre-warmed to room temperature from storing at
4°C. ViewRNA® Cell Plus Amplifier Diluent and ViewRNA® Cell Plus Label Probe Diluent
were equilibrated to 40°C in a temperature equilibrated incubator for 30 minutes.
Simultaneously, the ViewRNA® Cell Plus PreAmplifier Mix, ViewRNA® Cell Plus Amplifier
Mix, and ViewRNA® Cell Plus Label Probe Mix were thawed at room temperature, before

placing on ice until use.

The ViewRNA® Cell Plus PreAmplifier Mix was diluted 1:25 in 400 ul per coverslip of
ViewRNA® Cell Plus Amplifier Diluent and incubated on coverslips for 1 hour at 40°C in
a humidified staining tray. Cells were washed 5 times in ViewRNA® Cell Plus Wash Buffer
Solution. Then, ViewRNA® Cell Plus Amplifier Mix was diluted 1:25 in 400ul per coverslip
of ViewRNA® Cell Plus Amplifier Diluent and incubated on coverslips for 1 hour at 40°C
in a humidified staining tray. Cells were again washed 5 times in ViewRNA® Cell Plus
Wash Buffer Solution. Finally, ViewRNA® Cell Plus Label Probe Mix was diluted 1:25 in
400 pl per coverslip of ViewRNA® Cell Plus Label Probe Diluent and incubated on
coverslips for 1 hour at 40°C in a humidified staining tray. Cells were again washed 5
times in ViewRNA® Cell Plus Wash Buffer Solution. Cells were incubated for 10 minutes

in the final wash step.
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Cells were washed once in PBS. Coverslips were kept submerged in PBS to avoid drying
out whilst mounting. Coverslips were mounted onto glass slides with a drop of
Fluoromount-G with DAPI. Slides were left to mount for at least 2 hours at room
temperature, prior to transferring to 4°C. All slides were imaged within 2 days after

mounting.

2.11.5 Microscopy and image analysis

Before imaging, slides were equilibrated to room temperature. Slides were imaged on
Nikon Eclipse Ti inverted microscope with LED light source for wavelengths 365 nm, 490
nm, 565 nm and 635 nm. The mRNA targets were detectable at 488 nm, the microRNAs

were detectable at 488 nm and the RNA binding proteins at 647 nm.

._._._..._.-. Z Complimentary Target Probe Set
YYYYY Y L preamotter
— Amplifier
Y vy o Label Probe
RNA

Figure 2.1: Schematic of bDNA amplification. A gene complementary probe set hybridises specifically
to the target RNA (either the microRNA or its target mRNAs). Sequentially, pre-amplifier, amplifier
and fluorochrome conjugated label probes hybridise to each other. This leads to signal amplification

through construction of a tree-like structure to achieve bDNA amplification.

Coverslips were imaged using a Plan Apo TIRF 100x oil objective (NA: 1.49, WD: 0.12

mm, cover glass correction 0.13 — 0.2).

Images were analysed on ImagelJ (FIJI) in order to identify individual microRNA, mRNA
and RBP puncta and assess the extent of their overlap with each other. Firstly, the macro

(Appendix 1) prompts the user to set the puncta processing parameters and threshold
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Image Processing Parameters x
Puncta Parameters
Puncta diameter
Minimum (um) [0.200
Maximum (um) [3
Filter radius (um) |9
Threshold Parameters
Bins [100 Max % change [0.100
Tick box to include channel
¥ Channel 1
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Figure 2.2: Imagel/FlJI Puncta Analysis Macro Input and Output. A The user sets ‘Image Processing
Parameters’: minimum and maximum puncta diameters (in um), a filter radius which is used in the
Convoluted Background Subtraction (BioVoxxel Update Site). ‘Threshold Parameters’: bins through
which a maximum % change occurs (0.2% between 100 bins) where puncta are easily identified without
being eroded. There is an option for the user to select which channels should be included in the
analyses, corresponding to channels in which the microRNA, mRNA and protein are imaged in,
respectively (R, G, B, Cy5). A median filter is applied prior to thresholding and background subtraction.
Finally, a watershed function was applied, and each channel was converted to binary. B An example
showing the resultant composite image output containing the binary masks of the detected puncta in
each channel. C The macro produces a summary table that outlines the count, area, average size, %
area and mean value of the detected pixels. The first three rows outline the results for each individual
channel, the subsequent rows outline the overlapping particles in any of the 4 channels combinations.
D An example showing the resultant image titled ‘Coloc’ that combines and codes the binary masks for

each channel in a single image.

parameters (Figure 2.2A). A convoluted background subtraction was applied via the
BioVoxxel Update Site; the filter radius was set by determining the point where
background subtraction allowed detection of individual puncta without eroding them.
Following this, a median filter was applied to the image prior to applying a threshold
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where there was a 0.2% change between 100 bins. Finally, a watershed function was
applied, and the identified puncta were analysed. Each of the channels (microRNA,
mRNA and RBP) were converted to binary. This allowed subsequent analysis of the
overlap in each of the possible combinations of microRNA, mRNA and RBP: number of
puncta, total area covered by the puncta, their average size, % area covered by the
puncta. The macro additionally produces a composite image output containing the
binary masks of the detected puncta in each channel (Figure 2.2B) and an image titled
‘Coloc’ which combines and codes the binary masks for each channel in a single image

(Figure 2.2D).

The ‘Summary’ table generated by the macro (Figure 2.2C) provides the information
whereby the number of individual puncta, potential overlap between microRNA, mRNA

and RBP of interest can be quantified and subsequently analysed.

2.12 Immunoprecipitation of RNA binding proteins

The Dynabeads Protein G Immunoprecipitation Kit (Thermo Scientific™, Cat No.
10007D) was utilised in order to immunoprecipitate complexes hypothesised to be
involved in RNA transport using antibodies against MOV10 and SMN. The

manufacturer’s protocol was altered slightly as detailed below.

2.12.1 Buffers

10x RPF buffer (3 M NaCl, 150 mM MgClz, 150 mM Tris-HCl, 1 mg/ml Cycloheximide, 10
mg/ml Heparin and 20 mM DTT) was diluted 1:10 with molecular biology grade water
and supplemented with 1% Triton X-100, 100 U/ml Ribolock RNAse Inhibitor in order to

make 1x Lysis Buffer.

10x dilution buffer (150 mM MgCl,, 850 mM Tris-HCI, 1 mg/ml Cycloheximide, 10 mg/ml
Heparin) was diluted 1:10 with molecular biology grade water and supplemented with

1% Triton X-100, 100 U/ml Ribolock RNAse Inhibitor in order to make 1x dilution buffer.

2.12.2 Cell lysis

Cortical neuronal cells were treated with 100 pl cycloheximide (10 mg/ml stock solution

in PBS) to achieve a final concentration of 0.1 mg/ml cycloheximide. Cells were
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incubated at 37°C for 3 minutes to arrest translation. From this point onwards the cells
were kept on ice. The media was removed, and cells were washed with cold 0.1 mg/ml
cycloheximide in PBS. Cells were lysed with lysis buffer and gently scraped. 3 x 100 mm

dishes were lysed with 300 ul of Lysis Buffer for 1 x immunoprecipitation experiment.

The cell lysate was transferred into an Eppendorf and incubated on ice for 10 minutes,
before being transferred to a microcentrifuge and centrifuged at 10000 G for 10 minutes
at 4°C. The supernatant was collected in a separate Eppendorf and diluted 1:2 with
Dilution Buffer (600 pl total volume). 1/10% of the lysate was saved as an input fraction

and stored at -20°C.

2.12.3 Binding of antibody to lysate

4 ug Antibody or 4 ug IgG Control Antibody (Mouse IgG: Sigma-Aldrich, Cat No. 15381,
Rabbit IgG: Sigma-Aldrich, Cat No. I5006) was added to the diluted lysate and subject to

inverting rotation at 4°C overnight.

2.12.4 Binding of antigen-antibody complex to Dynabeads Protein G

Dynabeads were completely resuspended by rotation for 5 minutes, then 150 pl of
beads were transferred to an Eppendorf, placed on the DynaMag™-2 and the
supernatant was removed. The Dynabeads were washed in 200 ul Ab Binding & Washing
Buffer. The Dynabeads were incubated for 2 hours with the Antibody-Antigen (Ab-Ag)
complex with inverting rotation at 4°C. Thereafter, the tubes containing the Dynabeads-
Ab-Ag complex was placed on the DynaMag™-2 and the supernatant was collected in a
separate tube. The Dynabeads-Ab-Ag complex was washed 3 times, using 600 pl

Washing Buffer for each wash.

2.12.5 Elution of antibody-antigen complex

For immunoprecipitated samples used for western blot the Dynabeads-Ab-Ag complex
was resuspended in 100 ul of 1x SDS-PAGE Loading Buffer, heated to 75°C for 10
minutes. The beads were removed by placing on the DynaMag™-2 prior to SDS-PAGE.

SDS-PAGE was carried out as outlined above.
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For RNA precipitation from the immunoprecipitated products, 3 volumes of 7.7 M
Guanidine HCl was added to the Dynabeads-Ab-Ag complex or input, mixed, then 4
volumes of 100% ethanol were added, and samples were thoroughly mixed again. The
samples were kept at -20°C (minimum overnight). Following this, the beads were
removed using the DynaMag™-2. Both input and immunoprecipitated samples were
subject to ethanol precipitation, lithium chloride precipitation and ethanol precipitation

again, as previously described, in order to precipitate the RNA.

2.12.6 Reverse transcription and gPCR to confirm microRNA and/or target mRNA

enrichment

RNA from input samples were diluted 1:10. 6 ul of RNA from input and 6 ul of RNA from
the immunoprecipitated product were subject to reverse transcription using the
microRNA Reverse Transcription kit using microRNA specific primers, as previously
described, to detect for enrichment of either miR135b and/or miR137. The resultant
cDNA was used to carry out a qPCR using TagMan™ Universal MasterMix Il, no UNG and
microRNA specific primers, as described above. If there was an enrichment of either
microRNA, 6 ul of RNA from input and 6 pl of RNA from the immunoprecipitated product
were subject to reverse transcription using the High Capacity Reverse Transcription Kit,
as previously described. The resultant cDNA was used to carry out a qPCR using Power
SYBR Green PCR Master Mix and mRNA specific primers. This was used to quantify an

enrichment, if at all, of mRNA targets of interest.

2.13 Data analysis

Data were analysed using Microsoft Excel and GraphPad Prism 7. Two-group
comparisons were conducted using Two-Way ANOVA and one-tailed or two-tailed (as
appropriate) Student’s t-tests or Mann-Whitney U-tests to determine statistical
significance. Bonferroni correction was utilised to correct for multiple testing.
Comparisons with p < 0.05 (95% threshold) were considered statistically significant. All

data are presented as mean * standard error of the mean (SEM).
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3 Chapter 3: Defining expression relationships between neuronal
microRNAs and their mRNA and protein targets

3.1 Introduction

microRNAs are important post-transcriptional regulators of gene expression. microRNAs
usually bind to and negatively regulate the stability of their mRNA targets and thereby
also decrease the levels of target proteins (Bartel, 2004, Eichhorn et al., 2014). The
mature microRNA is loaded onto the RISC complex where it exposes its ‘seed sequence’
to engage mRNA targets by complementary base pairing (Pratt and MacRae, 2009). The
prevalent model for microRNA mediated gene regulation invokes translational
repression closely coupled to mRNA degradation, with both activities being coordinated
by the RISC complex and its downstream effectors (Guo et al., 2010, Eichhorn et al.,
2014, Baek et al., 2008, Jin and Xiao, 2015). These include the GW182 scaffold protein,
which can bring together the necessary enzymes to catalyse deadenylation, decapping

and degradation of the mRNA (Braun et al., 2013).

Whereas in most contexts microRNA mediated mRNA targeting has been observed to
predominantly achieve mRNA target degradation, previous results from the Luthi-Carter
laboratory show that in neurons, a highly specialised, electrically active cell type,
microRNA levels positively correlate to those of their target mRNAs (Jovici¢, 2011).
These microRNAs included miR135b and miR137 (Jovici¢, 2011). When miR135b or
miR137 were overexpressed in neurons, there was no change in their target mRNAs’
overall abundance, but a significant decrease of their targets associated with translating
ribosomes was observed (Jovici¢, 2011). This would suggest that neuronal microRNAs
are sequestering their mRNA targets in a translationally arrested state without
degrading them. | set out to explore this possibility further, and to test whether the

microRNA would influence the level of the target protein.

| therefore analysed the effect of miR135b and miR137 overexpression on mRNA target
abundance for a wide selection of targets by qPCR and analysed the corresponding
effect of microRNA overexpression on levels of target proteins using western blotting.
Overexpression of miR124 was used as an example of a canonical microRNA for

comparison.
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Whilst mainly characterised as an oncogenic microRNA, miR135b is genomically
associated with bipolar disorder and is implicated in several neuropsychiatric and
neurodegenerative disorders. miR135b has previously been reported to mitigate
depression-like phenotypes (Issler et al., 2014). Moreover, miR135b has been shown to
be neuroprotective in Alzheimer’s disease by negatively regulating BACE1, a protein

involved in the accumulation of B-amyloid (Zhang et al., 2016).

miR137 is a brain-enriched microRNA, of which embryonic or early postnatal knockout
is lethal (Crowley et al., 2015). Several known miR137 targets have roles in regulating
pre- and postsynaptic activity (Thomas et al., 2018). Microdeletions and SNPs in the
miR137 host gene (MIR137HG) have known links to ASD, ID, and schizophrenia, primarily

through a decrease in miR137 expression (Thomas et al., 2018).

miR124 is also a brain-enriched microRNA, but one that has been shown in numerous
previous contexts to degrade its target mRNAs (Sun et al.,, 2015). miR124 is wholly
conserved between humans and animal models, including rats and mice (Sun et al.,
2015). miR124 is understood to fine-tune gene expression in the brain by targeting
mRNAs that promote a non-neuronal identity, therefore maintaining a neuronal

phenotype in the cells in which it is expressed (Neo et al., 2014).

In the following experiments, microRNAs were overexpressed in primary embryonic rat
neuronal cultures at DIV14 through transduction with lentiviral vectors at a
concentration of 25ng/ml. At DIV28 the cultured cells were harvested for either RNA or
protein (Materials and Methods). The resultant RNA was subject to reverse
transcription and qPCR analysis to quantify the microRNA abundance and target mRNA
abundance. The resultant protein lysate was subject to immunoblotting in order to

detect and quantify relative target protein levels.
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3.2 What are the effects of microRNA overexpression on target mRNA

levels in neurons?

3.2.1 Validation of lentiviral vectors to transduce neurons and overexpress microRNAs

of interest
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Figure 3.1: Effect of microRNA overexpression on TUBB3, ACTB and RBFOX3 mRNA abundance.
There was a significant decrease in TUBB3 mRNA abundance when normalised to the geometric
means of ACTB and RBFOX3 mRNA levels following A miR124 (p < 0.05), B miR135b (p < 0.01) and C
miR137 (p < 0.0001) lentiviral mediated overexpression compared to control untransduced cells
(Mann-Whitney U-Test). There was a significant increase in ACTB mRNA abundance when normalised
to the geometric means of TUBB3 and RBFOX3 following D miR124 (p < 0.05), E miR135b (p < 0.05)
and F miR137 (p < 0.05) lentiviral mediated overexpression compared to control untransduced cells
(unpaired two-tailed t-test). There was a significant decrease in RBFOX3 mRNA abundance when
normalised to the geometric means of TUBB3 and ACTB following G miR124 (p < 0.05) and I miR137
(p < 0.05) lentiviral mediated overexpression compared to control untranduced cells (unpaired two-
tailed t-test). There was no difference in H RBFOX3 mRNA abundance following miR135b
overexpression compared to control untransduced cells (Mann-Whitney U-Test). N = 10 replicates (5

technical replicates from 2 x E16 dissections). Graphs show mean + SEM.
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Firstly, | aimed to quantify the extent of microRNA overexpression after the lentiviral
transductions of primary cortical neurons. Lentiviral vectors expressed primary
microRNAs, whereas the TagMan™ assays used to reverse transcribe and quantify
microRNAs selectively detected the mature microRNAs (Materials and Methods). This
allowed us to evaluate whether the neurons not only took up the transgene, but also

processed the pri-microRNA and loaded it onto the RISC complex.

The microRNA abundances were normalised to the geometric means of the levels of
TUBB3, ACTB and RBFOX3 to control for any potential effect of microRNA
overexpression on the abundance of these genes. As highlighted in Figure 3.1, lentiviral
mediated microRNA overexpression has variable effects on the expression of TUBB3,

ACTB and RBFOX3 when compared to control untransduced cortical neuronal cells.
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Figure 3.2: Lentiviral transduction of vectors encoding miR124, miR135b and miR137 cause a
significant overexpression of all microRNAs in neuronal cultures. Transduction of lentiviral vectors
encoding microRNAs in cortical neuronal cultures led to: A 3.6-fold enrichment of miR124 (p < 0.05,
unpaired two tailed t-test) B 6.1-fold enrichment in miR135b (p < 0.001, Mann-Whitney U Test) and C
9.2-fold enrichmentin miR137 (p < 0.01, unpaired two-tailed t-test). microRNA levels were normalised
to the geometric means of the levels of TUBB3, ACTB and RBFOX3 mRNAs. Fold enrichment was
calculated by comparison to untransduced control cells. N = 10 replicates (5 technical replicates each
from 2 x E16 dissections). Graphs show mean + SEM.

Figure 3.2 shows that transductions of all three lentiviral vectors resulted in significant

increases in mature miR124, miR135b and miR137 levels in cultured cortical neurons to

3.6-, 6.1-, and 9.2-fold of their basal levels compared to uninfected controls,

respectively. This showed that the lentiviral transduction worked as expected (Figure

3.2).
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3.2.2 The effect of miR124 overexpression on target mRNA abundance
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Figure 3.3: Overexpression of miR124 significantly decreases the abundance of its target mRNAs,
Egrl and Nrdal. Transduction of lentiviral vectors encoding miR124 in cortical neuronal cultures led
to a significant decrease in the abundance of miR124 neuronal targets. Two-way ANOVA identified a
statistically significant effect of microRNA overexpression on the overall result (F = 204.49, p < 0.0001).
miR124 overexpression led to a statistically significant decrease in A Egrl (p < 0.0001, unpaired two-
tailed t-test with Bonferroni correction) and B Nrdal (p < 0.0001, unpaired two-tailed t-test with
Bonferroni correction) to 7.6% and 8.4% of control, respectively. mRNA levels were normalised to the
geometric means of the levels of TUBB3, ACTB and RBFOX3. Fold enrichment was calculated by
comparison to untransduced control cells. N = 10 replicates (5 technical replicates each from 2 x E16
dissections). Graphs show mean = SEM.
Since miR124 is known to behave according to the canonical paradigm of negatively
regulating its mRNA targets by directing their degradation, we employed this microRNA
as a reference in these experiments. We chose to investigate the effect of miR124
overexpression on the corresponding levels of two of its target mRNAs: Egr1 and Nr4al.
Both mRNAs behave as immediate-early genes which are quick to respond to incoming
cellular signals by serving as transcription factors that further regulate programmed
cellular responses (Bahrami and Drablgs, 2016, Duclot and Kabbaj, 2017). In neurons,
this typically comprises a response to excitatory neurotransmission or positive
neuromodulation. Egrl has roles in NMDA-mediated LTP (Duclot and Kabbaj, 2017).
Previous studies report this effect is dampened by miR124’s downregulation of both the
protein and mRNA abundance of Egrl, and inhibiting spatial learning (Duclot and Kabbaj,
2017, Yanget al., 2012b). Nrdal is a constitutively active orphan nuclear receptor whose
expression is induced by signals such as stress and growth factors known to regulate

cellular functions including apoptosis, DNA repair and inflammation by modulating
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genes involved in these processes (Tenga et al., 2016, Jeanneteau et al., 2018). Nrdal is
also induced by NMDA receptor activation and can regulate synaptic plasticity by
negatively regulating genes that govern dendritic spine morphology (Chen et al., 2014b).
A previous study has shown that miR124 overexpression leads to a decrease in Nr4al
MRNA expression levels compared to a vector control in Daoy cells (a primary

medulloblastoma cell line) (Tenga et al., 2016).

Two-Way ANOVA identified a statistically significant effect of miR124 overexpression (F
=204.49, p < 0.0001). However, the interaction between microRNA overexpression and
the mRNA targets was not significant (F = 0.000323, p > 0.05). As expected,
overexpression of miR124 caused a significant decrease of both Egrl (Figure 3.3A, p <
0.0001) and Nr4al (Figure 3.3B, p < 0.0001) mRNA levels by post-hoc t-test with
Bonferroni correction. The mRNA levels of Egrl and Nr4al are reduced by more than
ten-fold, to 7.6% and 8.4% of control, respectively. These data therefore confirm that
miR124 acts in the ‘standard’ paradigm of primarily degrading its mRNA targets in our

experimental system (Bartel, 2004).

3.2.3 The effect of miR135b overexpression on target mMRNA abundance

miR135b is one of the microRNAs previously shown by the Luthi-Carter group to
positively correlate with its targets rather than degrading them in neurons (Jovicic,
2011). | tested the effects of microRNA overexpression on five miR135b targets: Atp1b1,
Bsn, Nsgl, Ssr2 and Vamp2. Four of these targets have important roles in regulating

synaptic function.

Atp1b1 codes for the B1 subunit of Na*/K* ATPase within neurons; its role is to create
and maintain an electrochemical gradient across the plasma membrane of cells in order
to restore the resting neuronal membrane potential following depolarisation (Johar et

al., 2012, Johar et al., 2014).

Bsn is a presynaptic scaffolding protein that regulates neurotransmitter release through
the delineation of synaptic active zone release sites (Gundelfinger, Reissner, & Garner,
2015). Bsn might also be directly involved in recruitment of the synaptic vesicles to be
released (Hallermann et al., 2010). Mice lacking Bsn show impaired synaptic plasticity

along with sensory deficits in hearing and vision (Annamneedi et al., 2018).
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Nsgl (commonly referred to as NEEP21) regulates the trafficking and endocytic recycling
of neuronal transferrin and glutamate (GluR2) receptors within dendrites (Steiner et al.,

2002, Yap et al., 2017).

The signal sequence receptor, Ssr2 has a general role in protein translocation in the
endoplasmic reticulum, including the correct processing of plasma membrane proteins;
it is not known to have a specialised neuronal function, but has been previously

implicated as a miR135b target (Chinen et al., 1995, Ho et al., 2016, van Battum et al.,
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Figure 3.4: Overexpression of miR135b maintains or increases the abundance of its target mRNAs.
Two-way ANOVA identified a statistically significant effect of lentiviral mediated miR135b
overexpression (F = 9.44, p < 0.01) and the mRNA targets (F = 7.61, p < 0.0001) on the overall result.
The interaction between miR135b overexpression and the mRNA targets was significant (F = 7.6, p <
0.0001). Overexpression of miR135b in cortical neuronal cultures had no significant effect (p > 0.05)
on the mRNA abundance of its targets A Atp1bl, C Nsgl and E Vamp2 compared to an uninfected
control (two-tailed unpaired t-test with Bonferroni correction). However, overexpressing miR135b led
to a causal increase of the mRNA abundance of B Bsn (p < 0.01) and D Ssr2 (p < 0.05) (two-tailed
unpaired t-test with Bonferroni correction). These results show that miR135b does not operate by
degrading its mRNA targets, rather it either maintains mRNA abundance or promotes the creation of
mMRNA pools to be readily translated. mRNA levels were normalised to the geometric means of the
levels of TUBB3, ACTB and RBFOX3. Fold enrichment was calculated by comparison to untransduced
control cells. N = 10 replicates (5 technical replicates each from 2 x E16 dissections). Graphs show

mean + SEM.
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Vamp2 (also known as Synaptobrevin-2) has a crucial, well-defined role in the brain as a
presynaptic protein which controls synaptic vesicle fusion to the presynaptic membrane
in conjunction with Syntaxinla and SNAP25 (Salpietro et al., 2019). Vamp2 is
proteolysed by tetanus toxin, which inhibits neurotransmitter release, further

highlighting its role in synaptic connectivity (Schiavo et al., 1992).

In accord with the non-degrading microRNA-target interactions observed by Jovicié
(2011), overexpression of miR135b in cortical neurons did not negatively regulate the
levels of any of its target mRNAs tested (Figure 3.4). This provides additional evidence
that miR135b does not degrade its target mRNAs via the canonical paradigm but may
regulate their expression in some other manner. In fact, the mean levels of all five of the
target mRNAs tested showed increases, and in three of these, the increases were
statistically significant when compared to control. These results provided additional

evidence that miR135b has a unique relationship with its targets.

Two-Way ANOVA identified a statistically significant effect of miR135b overexpression
(F = 9.44, p < 0.01) and mRNA target (F = 7.61, p < 0.0001) on the overall result.
Moreover, the interaction between microRNA overexpression and the mRNA target was

significant (F = 7.6, p < 0.0001).

There was no change in Atp1b1, Nsg1 or Vamp2 mRNA abundance following miR135b
overexpression (Figure 3.4A and 3.4E p > 0.05). These results may nonetheless be

considered evidence for non-degrading miR135b-target relationships.

The mRNA levels of miR135b targets Bsn (p < 0.01, Figure 3.4B) and Ssr2 (p < 0.05, Figure
3.4D) were significantly increased upon miR135b overexpression post-hoc t-test with
Bonferroni correction. These findings are surprising given a lack of precedent for
microRNA mediated target protection, rather than degradation. Nonetheless, they are

consistent with previous results from our lab (Jovicic 2011).

Taken together, these results are consistent with my hypothesis that miR135b does not
direct the degradation of its targets. Two targets showed no significant change in mRNA
abundance upon microRNA overexpression, and the other three display a significant
increase. This would be consistent with miR135b’s holding its targets in a translationally

repressed state. Given the synaptic roles of some of these mRNA targets, one scenario
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might be the sequestration of these mRNAs into RNA granules to regulate RNA
transport; alternatively, this could represent a possible role in creating a synaptic

reserve pool of mRNAs for future translation.

3.2.4 The effect of miR137 overexpression on target mMRNA abundance

miR137 is another microRNA shown by our group to co-exist with its targets rather than
directing their degradation (Jovic¢i¢, 2011). To further evaluate miR137-target
interactions, target mRNA levels were measured after miR137 overexpression. The
mRNA targets investigated were Ankrd12, Sept3, Lrrn3, Syt1, Ptpn5, Slc6al, Gabral and
Fam126b, most of which are involved in known synaptic functions. Of these, only Syt1

has previously been investigated as a miR137 target.

Ankrd12 is an ankyrin repeat domain-containing protein whose specific functions have
not yet been elucidated (Bai et al., 2013, Smirnova et al., 2019). Nevertheless, Ankrd12
protein is elevated in the sera of patients suffering from schizophrenia and bipolar
disorder and is genetically linked to childhood apraxia of speech (Peter et al., 2016,

Smirnova et al., 2019)

The remaining targets have defined roles within the brain. Sept3 is a presynaptic GTPase
that regulates neurite outgrowth and the trafficking of synaptic vesicles (Takehashi et
al., 2004, Tsang et al., 2008). Lrrn3 encodes a brain localised leucine-rich-repeat protein
whose expression is increased after injury to the cerebral cortex, thereby implicating it
in neuroprotection (Ishii et al., 1996, Haines et al., 2005). The target Fam126b is a
paralogue of the leukodystrophy protein Fam126a, mutations in which lead to the
defective formation of the myelin sheath; Fam126b, however, shows a higher
expression in neurons compared to oligodendrocytes (Gazzerro et al., 2012, Baskin et

al., 2016).

Syt1 protein is a presynaptic calcium sensor that coordinates synaptic vesicle fusion and

permits fast neurotransmitter release (Xu et al., 2009, Sudhof, 2013, Baker et al., 2018).

Ptpn5 is a tyrosine kinase that modulates neurotransmission by regulating AMPA and
NMDA receptor endocytosis via direct phosphorylation (Lombroso et al.,, 1991,

Boulanger et al., 1995, Yang et al., 2012a). Slc6al encodes the voltage dependent GABA
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Transporter 1 (GAT-1) which mediates GABA re-uptake from the synaptic cleft (Carvill et
al., 2015, Cai et al., 2019). Mutations in Slc6al can lead to epilepsy and ID (Cai et al.,
2019, Jin et al., 2011). Gabral, encoding the alpha-1 subunit of the GABA-A receptor,
comprises an additional miR137 target involved in GABAergic neurotransmission which

may be mutated in patients with epilepsy (Hernandez et al., 2019).

Consistent with the results obtained by Jovici¢ (2011), miR137 overexpression did not
decrease the levels of any of its target mRNAs investigated (Figure 3.5), thereby showing
a pattern similar to miR135b, but different from miR124. This result corroborates our

hypothesis that this microRNA coexists with its targets without degrading them.

Two-Way ANOVA identified a statistically significant effect of miR137 overexpression (F
= 31.28, p < 0.0001) and the mRNA targets (F = 2.51, p < 0.05) on the overall result.
Moreover, the interaction between miR137 overexpression and the mRNA targets was
significant (F = 2.46, p < 0.05). T-test with Bonferroni correction showed that
overexpressing miR137 had no significant effect (p > 0.05) on the mRNA levels of its
targets Sept3, Lrrn3, Ptpn5, Slc6al and Gabral and Fam126b (Figure 3.5B, C, E, F, G and
H). The remaining mRNAs showed significant increases upon miR137 overexpression.

These comprise Ankrd12 (Figure 3.5A, p < 0.05) and Syt1 (Figure 3.5D, p < 0.01).

Together, these results provide a direct indication that miR137 does not negatively
regulate its mRNA targets utilising the canonical microRNA pathway of directing mRNA
degradation. The fact that the levels of miR137 are positively correlated with those of
its targets instead suggests an interrelated function. Given the known roles of the
proteins encoded by miR137’s targets (i.e. in neurotransmitter-mediated signalling), we

postulate that miR137 might positively regulate synaptic connectivity.

Given the positive regulatory relationships of both miR135b and miR137 to their target
mRNAs, | was intrigued to determine what their relationship(s) might be to their target

proteins.
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Figure 3.5: Overexpression of miR137 maintains or increases the abundance of its target mRNAs.
Two-way ANOVA identified a statistically significant effect of lentiviral mediated miR137
overexpression (F =31.28, p < 0.0001) and the mRNA targets (F = 2.51, p < 0.05) on the overall result.
The interaction between miR137 overexpression and the mRNA targets was significant (F = 2.46, p <
0.05). Overexpression of miR137 in cortical neuronal cultures had no significant effect (p > 0.05) on
the mRNA abundance of its targets B Sept3, C Lrrn3, E Ptpn5, F Slc6al, G Gabral and H Fam126b
compared to an uninfected control (two-tailed unpaired t-test with Bonferroni correction). However,
overexpressing miR137 led to an increase of the mRNA abundance of A Ankrd12 (p < 0.05), D Syt1 (p
< 0.01) (two-tailed unpaired t-test with Bonferroni correction). This result suggests that miR137 does
not degrade its MRNA targets, rather it either maintains mRNA abundance or promotes the creation
of mRNA pools to be readily translated. mRNA levels were normalised to the geometric means of the
levels of TUBB3, ACTB and RBFOX3. Fold enrichment was calculated by comparison to untransduced
control cells. N = 10 replicates (5 technical replicates each from 2 x E16 dissections). Graphs show

mean + SEM.
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3.3 What are the effects of microRNA overexpression on the levels of

target proteins in neurons?

The mRNA data presented above suggested that miR135b and miR137 had the potential
to increase the abundances of their target mRNAs, for which there is little or no
precedent in the literature. Therefore, | relied on generating new experimental evidence
to further characterise these unique microRNA-target relationships at the level of their
encoded proteins. Once again, | compared the regulatory activities of miR135b and
miR137 to that of the previously characterised ‘canonical’ neuronal microRNA, miR124,
which is known to decrease the abundance of its targets at both the mRNA and protein

level.

3.3.1 The effect of miR124 overexpression on target protein abundance

We have established that in our system, overexpression of miR124 in cortical neuronal
cells via lentiviral transduction caused a decrease in the mRNA levels of two of its
targets, Nrd4al and Egrl, both of which are immediate-early genes with roles in NMDA
mediated synaptic plasticity (Duclot and Kabbaj, 2017, Chen et al., 2014b). Therefore, |
subsequently assessed the effect of miR124 overexpression in this system on the levels

of the corresponding proteins.

Consistent with the negative regulation of its target mRNAs (Figure 3.3), overexpression
of miR124 decreased the abundance of its target proteins, Egrl (Figure 3.6A, p < 0.05)
and Nr4al (Figure 3.6B, p <0.0001). Compared to the miR124-induced decreases of Egrl
and Nr4al mRNAs, the fold-changes of the corresponding proteins are notably lower.

These results are nonetheless consistent with the previous literature on the behaviour
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of miR124 (Tenga et al., 2016, Stark et al., 2005, Duclot and Kabbaj, 2017, He et al.,
2018b).
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Figure 3.6: miR124 overexpression significantly decreases its targets at the protein level. Cortical
neuronal cell cultures overexpressing miR124 were harvested for protein and subject to western blot.
Immunoblots were scanned at multiple intensities with the LI-COR Odyssey Infrared Imager. The signal
per band was analysed in Image Studio Lite and quantified as a ratio to Blll-tubulin. Overexpression of
miR124 significantly decreased the protein abundance of its targets A Nr4al (p < 0.0001, Mann
Whitney U test) and B Egrl (p < 0.05, unpaired two-tailed t-test). This result shows that miR124
degrades its targets at both the mRNA and protein level. Relative protein abundance was calculated
as a difference from untransduced controls. N = 13 from 3 x E16 dissections, data are displayed as

mean + SEM.

3.3.2 The effect of miR135b overexpression on target protein abundance

Having established that miR135b overexpression does not decrease the abundance of
several of its mRNA targets (Figure 3.4), | wanted to investigate what effect miR135b

would have on the corresponding target protein levels.

Interestingly overexpression of miR135b had no significant effect on the abundance of
Atplb1 protein (Figure 3.7A, p > 0.05); this target had also shown no significant change
at the mRNA level. Similarly, the abundance of Vamp2 protein showed no significant
difference after miR135b overexpression compared to untransduced controls (Figure
3.7C, p > 0.05), which paralleled its effect on Vamp2 mRNA (Figure 3.4E). These results
suggest that miR135b overexpression does not negatively regulate Atplb1 and Vamp2

protein abundance by a selective effect on mRNA translation.
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miR135b overexpression had no effect on Bsn protein abundance (Figure 3.7B, p > 0.05);
this contrasts with the significant increase which was observed in Bsn mRNA after
miR135b overexpression (Figure 3.4B). Taken together, these findings suggest that
overexpression of miR135b may result in an increased pool of Bsn mRNA that might not
be available for translation; in other words, miR135b does not degrade Bsn mRNA but

instead might maintain it in a translationally repressed state.
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Figure 3.7: Overexpression of miR135b has no significant effect on the protein levels of its targets.
Cortical neuronal cell cultures overexpressing miR135b were harvested for protein and subject to
western blot. Immunoblots were scanned at multiple intensities with the LI-COR Odyssey Infrared
Imager. The signal per band was analysed in Image Studio Lite and quantified as a ratio to BllI-tubulin.
Overexpression of miR135b had no significant effect on the abundance of its targets at the protein
level A Atplb1 (p > 0.05, unpaired two-tailed t-test), B Bsn (p > 0.05, unpaired two-tailed t-test) and C
Vamp2 (p > 0.05, unpaired two-tailed t-test). This provides further evidence for non-degrading
relationships between miR135b and its targets. Relative protein abundance was calculated as a
difference from untransduced controls. N = 13 (except for B Bsn where n = 8), from 3 x E16 dissections,

data are displayed as mean + SEM.
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It was also observed that overexpression of miR135b increased the variation in target
protein expression compared to untransduced controls, i.e. increased the standard
deviation and standard error of mean: for Atplb1 (F Test, p < 0.01), Bsn (F Test, p < 0.05)
and Vamp?2 (F Test, p < 0.01). This could be due to the state of the neurons after lentiviral
transduction. Nonetheless, there was no trend in the means to suggest that miR135b

overexpression led to decreased target protein abundance.

3.3.3 The effect of miR137 overexpression on target protein abundance

The effect of miR137 overexpression on target protein abundance was also investigated.
In this case, we wanted to analyse what effect, if any, an increase in target mRNA
abundance might have on target protein abundance upon miR137 overexpression. One
possibility that | wished to understand was whether the increase in miR137 mRNA
targets represented its ability to translationally repress these mRNAs without degrading
them. To this end, miR137 targets Syt1, Ptpn5 and Gabral were investigated, all of which

have important synaptic functions (Figure 3.8).

miR137 overexpression had no significant effect on the protein abundance of either
Ptpn5 or Gabral (Figure 3.5). These results do not support a hypothesis of negative
regulation of miR137 target protein expression but remain consistent with the

hypothesis that miR137 creates translationally repressed pools of target mRNA:s.

Investigation of a third target shows that an overexpression of miR137 increased the
abundance of Syt1 at both the mRNA (Figure 3.5) and the protein levels (Figure 3.8C, p
< 0.001). This finding contrasts some previously published results in other experimental
systems which observed that overexpression of miR137 had either no effect or
significantly decreased Syt1 protein abundance in the hippocampus (He et al., 20183,
Siegert et al., 2015). These results might be reconciled by a region-specific effect in the
brain, with different regulatory mechanisms in cortical neurons versus hippocampal
neurons. Nonetheless, the increase of SytI mRNA and protein observed here suggests
that overexpression of miR137 could directly modulate synaptic transmission by

stabilising Syt1 mRNA and facilitating Syt1 protein synthesis.
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Whilst overexpression of miR137 did not affect the variability of the data when
compared to an uninfected control when investigating the protein abundances of Ptpn5
and Gabral, there was increased variability when investigating the protein abundance

of Syt1 (F test, p < 0.0001).
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Figure 3.8: Overexpression of miR137 has no effect on the protein abundance of Gabral and Ptpn5,
whilst significantly increasing the protein abundance of Sytl. Cortical neuronal cell cultures
overexpressing miR137 were harvested for protein and subject to western blot. Immunoblots were
scanned at multiple intensities with the LI-COR Odyssey Infrared Imager. The signal per band was
analysed in Image Studio Lite and quantified as a ratio to Blll-tubulin. Overexpression of miR137 had
no significant effect on the abundance of its targets A Gabral (p > 0.05, unpaired two-tailed t-test)
and B Ptpn5 (p > 0.05, unpaired two-tailed t-test) at the protein level. C Syt1 protein was significantly
increased with miR137 overexpression (p < 0.001, unpaired two-tailed t-test). This result provides
further evidence for non-degrading relationships between miR137 and its targets. miR137
overexpression increases the protein abundance of the presynaptic calcium sensor Sytl, perhaps to
modulate neuronal connectivity. Relative protein abundance was calculated as a difference from

control. N = 13, from 3 x E16 dissections, data are displayed as mean + SEM.
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Taken together, these results suggest miR135b and miR137 do not degrade their targets
at the mRNA level and do not negatively regulate protein expression in cortical neurons.
These contrast with the results obtained for the canonical microRNA, miR124, in the
same system, indicating microRNA (rather than cell) specificity of this mode of
operation. This provides further evidence that some neuron-enriched microRNAs

operate in a unique paradigm in regulating the expression of their targets.

3.4 Comparing the regulatory effects of miR137 in cortical versus in

hippocampal neurons.

My results demonstrate that overexpression of miR137 causes a significant increase in
its target Sytl at both the mRNA (Figure 3.5D) and protein levels (Figure 3.8C) within
cortical neuronal cultures. The upregulation in Sytl mRNA and protein upon miR137
overexpression contrast with results from another study (Siegert et al., 2015). However,
a different report found no change in Sytl protein upon miR137 overexpression (He et
al., 2018a). These previous experiments were carried out using hippocampal slices or
hippocampal neurons in culture; therefore, | wished to determine whether my distinct
results might be explained by having studied neurons from another brain region,
particularly since cortical and hippocampal neurons have inherent molecular and

circuitry differences.

In order to conduct the experiments as similarly to my previous experiments as possible,
| examined Sytl, Gabral and Ptpn5 protein levels after miR137 overexpression in E16
rat hippocampal neurons. There was no observed difference in the protein expression
of Gabral upon miR137 overexpression compared to uninfected controls within
hippocampal neurons (Figure 3.9, p > 0.05). This is consistent with the results observed

in cortical neuronal cultures (Figure 3.8A).

Contrary to the results obtained in cortical neuronal samples, there was no significant
increase in the abundance of Sytl protein in hippocampal cultures overexpressing
miR137 compared to untransduced controls (p > 0.05, Figure 3.9). These results are in
line with those found by He et al., (2018a), in mouse hippocampal cultures but distinct

from miR137 overexpression in the hippocampus in vivo (Siegert et al., 2015).
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Surprisingly, Ptpn5 protein was significantly increased in hippocampal cultures upon
overexpression of miR137 compared to untransduced controls (Figure 3.9B, p < 0.05).
There was no significant effect on miR137 overexpression on Ptpn5 mRNA or protein in

cortical neurons (Figure 3.8B).
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Figure 3.9: Overexpression of miR137 has no effect on the protein abundance of Gabral and Syt1,
whilst significantly increasing the protein abundance of Ptpn5 in hippocampal neurons. Hippocampal
neuronal cell cultures overexpressing miR137 were harvested for protein and subject to western blot.
Immunoblots were scanned at multiple intensities with the LI-COR Odyssey Infrared Imager. The signal
per band was analysed in Image Studio Lite and quantified as a ratio to B-llI-tubulin. Overexpression of
miR137 had no significant effect on the abundance of its targets A Gabral (p > 0.05, Mann-Whitney
test) and C Sytl (p > 0.05, Mann-Whitney test), which contrasts with the results obtained in cortical
neuronal cells. B Ptpn5 protein abundance was significantly elevated compared to uninfected control
(p < 0.05, unpaired two-tailed t-test). These results provide evidence for non-degrading relationships
between miR137 and its targets in hippocampal neurons, and potential neuronal subtype and/or brain
region specific mechanisms of miR137 gene regulation. Relative protein abundance was calculated as a

difference from control. N = 18 (except Ptpn5, where N = 14), data are displayed as mean + SEM.
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These results suggest that miR137 overexpression has subtle differential effects on its
target protein levels in hippocampal neurons compared to cortical neurons. This might
reflect specific aspects of neuronal subtype and/or brain region-specific miR137

regulation.

3.5 Discussion

The results obtained demonstrate that miR135b and miR137 do not decrease the levels
of their target mRNAs in our isolated neuronal system. We interpret these results to
indicate that miR135b and miR137 may not operate through the canonical microRNA

mediated pathway to induce target mRNA degradation.

3.5.1 miR135b and miR137 co-exist with or positively regulate the levels of their mRNA

targets

The effects of miR135b and miR137 differed from that of the canonical microRNA,
miR124 whose overexpression degraded its mRNA targets, Egrl and Nr4al, and
decreased the corresponding levels of protein (albeit to a lesser extent) (Figure 3.3 and
3.6). This was consistent with the literature, where miR124 has been shown in many
contexts to degrade its mMRNA targets to maintain neuronal cell identity. For example,
miR124 inhibits the gene PTBP1, whose role is to inhibit neuronal differentiation (Yeom
et al., 2018). Moreover, during neuronal maturation the expression of miR124 as
controlled by REST, a transcriptional repressor, is increased to prevent the accumulation
of non-neuronal mRNAs (Conaco et al., 2006). REST and miR124 act in a feedback loop,
whereby REST inhibits the expression of miR124 in non-neuronal cells but permits its

expression in neuronal cells (Conaco et al., 2006).

Within the literature, other groups have reported miR135b and miR137 to negatively
regulate their targets, with the dysregulation of these microRNAs leading to cancers,
and neuropsychiatric and neurodegenerative diseases. To the contrary, my results
highlight the potential for these microRNAs to maintain or increase their target mRNA
and/or protein levels. Below | consider the potential functional implications of the

positive regulation of these targets.
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3.5.1.1 miR135b

Overexpression of miR135b had no effect on the mRNA or protein abundances of its
targets Atplb1, Nsg1 and Vamp2 (Figure 3.4). These results suggest that miR135b co-
exists with these targets, and potentially maintaining their levels of expression.
Interestingly, another recent study has shown that an anti-inflammatory compound,
Sulforaphane, increases the level of miR135b and the levels of some of its targets
including Atp1b1 in PC-3 cells (Yin et al., 2019). Atplb1 is one subunit which makes up
the heteromeric Na*/K* ATPase in neurons, which is crucial in regulating the
electrochemical gradient across the membrane and maintaining the resting membrane
potential (Li and Langhans, 2015). This is important in neurons where the influx of
sodium is necessary to drive an action potential. A significant decrease in Atplbl
expression could have large consequences in neuronal cell excitability, which could
explain why miR135b might have a role in maintaining the levels of its expression. A
maintenance in NsgI mRNA by miR135b overexpression could perhaps provide a
mechanism to modulate neuronal capacity for dendritic receptor trafficking and
recycling with a concomitant or signal-dependent increase in Nsgl protein synthesis

(Steiner et al., 2002).

miR135b overexpression maintained the levels of Vamp2 mRNA and protein compared
to untransduced controls (Figure 3.4E and 3.7C). Although miR135b overexpression may
not increase the capacity of synaptic vesicle fusion by increasing the abundance of
Vamp2 mRNA or protein, it might regulate Vamp2 translation in a more discrete fashion
(Salpietro et al., 2019). In corroboration with the result shown in Figure 3.4E, Vamp2
MRNA expression has previously been shown by another group to be unaffected by

miR135b transfection into C2C12 cells (myoblast cell line) (Honardoost et al., 2016).

miR135b overexpression significantly increased the expression of Bsn, Nsg1 and Ssr2
mRNAs (Figure 3.4). None of these genes have been previously investigated as miR135b

targets.

Alongside other signal sequence receptor proteins, Ssr2 forms the translocon-associated
protein (TRAP) complex (Russo, 2020). The TRAP complex associates with Sec61 to

regulate in co-translational translocation to the ER membrane; this process is crucial in
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regulating neuronal protein trafficking (Nyathi et al., 2013). The functions of Ssr2 in the
endoplasmic reticulum have not been elucidated in context of the brain, therefore the
increase in mRNA shown in Figure 3.4D upon miR135b overexpression highlight Ssr2 as

an interesting candidate protein to investigate further.

The increase in Bsn mRNA upon miR135b overexpression could raise the potential for
the definition of presynaptic active zones, which would in turn increase presynaptic
capacity for synaptic vesicle recruitment, leading to consequences in synaptic
connectivity (Gundelfinger et al., 2015). Curiously there was no significant effect of
miR135b overexpression on Bsn protein abundance compared to an uninfected control
(Figure 3.7). Taken together, the combined mRNA and protein data suggest that
miR135b overexpression facilitates an increase in Bsn mRNA abundance which is not
uniformly translated into protein. This indicates that miR135b might be maintaining the
translational silence of Bsn mRNA, perhaps during RNA transport. An increase of Bsn
mRNA by miR135b could alternatively increase the potential for synaptogenesis

selectively during neurodevelopment.

3.5.1.2 miR137

My results demonstrated that miR137 overexpression had no significant effect on its
targets Sept3, Lrrn3, Ptpn5, Slc6al, Gabral and Fam126b mRNA abundances compared
to untransduced controls (Figure 3.5). However, miR137 overexpression caused an

increase in the mRNA levels of its targets: Ankrd12 and Syt1 (Figure 3.5).

miR137 may have functional consequences for GABA-ergic neurotransmission through
maintenance of SIlc6al and Gabral mRNAs. Mutations in Slc6al, encoding a protein with
roles in GABA re-uptake, are shown to cause phenotypes including epilepsy and ID,
perhaps through excitotoxicity (Cai et al., 2019). miR137, moreover, has known effects
in intellectual disability, and Slc6al could be one effector through which this may be
mediated (Willemsen et al., 2011). miR137 overexpression maintained the levels of
Gabral mRNA with no changes in its protein abundance, perhaps maintaining its
translational repression (Figure 3.5 and 3.8). Moreover, Gabral mRNA is reported to be

decreased in the prefrontal cortex schizophrenic patients, which could correlate with
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the presence of SNPs in the MIR137HG known to decrease miR137 levels (Ripke et al.,
2011, Hoftman et al., 2015).

miR137 overexpression had a similar effect on Ptpn5 mRNA and protein, consistent with
maintaining the translational repression of this mRNA (Figure 3.5 and 3.8). Reversal of
this translational repression could modulate glutamatergic neurotransmission by
increasing AMPA and NMDA receptor endocytosis (Yang et al., 2012a). Extrasynaptic
NMDA receptor activation promotes Ptpn5 cleavage to trigger neuronal death,
suggesting the regulation of Ptpn5 expression, perhaps by miR137, could be beneficial

for neuronal survival (Hardingham and Bading, 2010).

Though its functional roles in the brain are unclear, Ankrd12 is known be increased in
the serum of schizophrenic patients (Smirnova et al., 2019). Further investigating the
association of miR137 and Ankrd12 could be an important step in defining schizophrenic

biomarkers (Thomas et al., 2018, Smirnova et al., 2019).

In contrast with other targets and the surrounding literature, miR137 overexpression
increased both the mRNA abundance and subsequent protein translation of its target
Syt1 within cortical neuron cultures (Figure 3.5 and 3.8). This suggests that there may
be a target specific miR137-mechanism of action. Sytl is a presynaptic calcium sensor
involved in coordinated neurotransmission; this result suggests that miR137 might
directly modulate synaptic plasticity via modulation of Syt1 gene expression in cortical
neurons (Xu et al., 2009). SNPs disrupting Syt1 function have implications in synaptic
vesicle fusion, thus impairing presynaptic transmission; this could have implications for
neurodevelopment leading to neurological disorders including schizophrenia (Baker et

al., 2018).

3.5.1.2.1 miR137 may regulate target expression in a brain region specific manner

Siegert et al., (2015) overexpressed miR137 in the dorsal dentate gyrus of C57BL/6 mice
and observed a decrease in mRNA and protein expression of miR137 targets, including
Sytl (Siegert et al., 2015). He et al., (2018a), overexpressed miR137 in cultured
hippocampal neurons from E18 C57BL/6 embryonic mice, however, with no change in
Sytl protein. Siegert et al., (2015) demonstrated that miR137 overexpression caused

synaptic deficits, including decreased vesicle number and reduced LTP, however these
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phenotypes were rescued by overexpressing miR137-resistant Sytl1. He et al., (2018a),
were unable to replicate these results in cultured hippocampal neurons suggesting that
miR137 might not exercise its synaptic effects by regulation of Syt1 mRNA alone. These
studies highlight that there is minimal overlap in the consensus in literature thus far
when exploring miR137 targets which may be differentially regulated by changes in

microRNA expression (He et al., 2018a).

In contrast to the results obtained in cortical neurons, miR137 overexpression within
cultured hippocampal cells had no significant effect on the abundance of Syt1 protein
(Figure 3.9C), perhaps suggesting neuronal cell type specific functions. These results
recapitulated that shown by He et al., (2018), but were in contrast to Siegert et al.,
(2015). However, model and age specific molecular mechanisms may have an impact on
the results obtained both by myself and the two other studies (Siegert et al., 2015, He
et al., 2018a).

Surprisingly, overexpression of miR137 significantly increased the protein abundance of
Ptpn5 in hippocampal neurons (Figure 3.9B), an effect which was not observed in
cortical neuronal cultures. Ptpn5 regulates NMDA and AMPA receptor endocytosis and
ERK activation post-NMDA receptor activation; this suggests a potential mechanism for
the direct modulation of hippocampal synaptic activity by miR137 overexpression (Yang

et al., 2012a).

3.5.2 Unique regulatory roles of miR135b and miR137 on target expression

The results in this chapter suggest that there are three potential outcomes of non-
degrading microRNA-target interactions. Firstly, neuronal microRNAs might
translationally repress their targets to create a reserve pool of mRNAs to be translated
when and where required (an increase in mRNA with no increase in protein upon
microRNA overexpression). Secondly, neuronal microRNAs might positively correlate
with and facilitate the translation of its targets (an increase in mRNA and protein upon
microRNA overexpression). Thirdly, neuronal microRNAs might transiently regulate the
translation of certain targets, without affecting their global abundances (no change in
mRNA or protein abundances upon microRNA overexpression). We postulate that these

microRNA-mRNA interactions might be dependent on the type of neuron or synapse,
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the subcellular context and the mRNA target itself. These results provide a basis for
further understanding the complexities in the mechanisms of microRNA interactions

with their targets.

As one facet of the above, we hypothesise that non-degrading microRNA-target
interactions facilitate mRNA transport to sites remote from the cell body within
translationally arrested RNA granules. These targets could then be locally translated or
held in a translationally repressed pool to modulate signal-dependent translation.
Investigating the potential colocalisation of microRNA-mRNA pairs in potential RNA

granules, both biochemically and visually, will be crucial in investigating this hypothesis.
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4 Chapter 4: Do neuronal microRNAs co-exist with their target

MRNAs within distinct neuronal sub-fractions?

4.1 Introduction

My results show that, unlike most previously described microRNAs, miR135b and
miR137 do not decrease the levels of their target mRNAs but may instead form non-
degrading target interactions. | next sought to establish whether these microRNAs co-
exist with their targets within the same neuronal cellular sub-compartments. The co-
existence of microRNA-mRNA pairs could represent regulation of mRNA translation
during neuritic transport. To achieve this regulation, the pairs would need to be

packaged into RNA granules.

mRNA translation requires recruitment of the 40S ribosomal subunit which scans for the
start codon; then the 60S ribosomal subunit joins the complex, forming the 80S subunit
(Liu and Qian, 2016, King and Gerber, 2016). This is followed by the elongation phase of
translation, where the peptide chain is extended until the stop codon is reached, after
which the newly formed peptide is released (King and Gerber, 2016, Schuller and Green,
2018). Multiple ribosomes can be arranged on one mRNA facilitating its mass translation
into protein, this arrangement of multiple ribosomes on a single mRNA strand is referred

to as a polysome.

Sucrose density fractionation of cell lysates separates constituent organelles and other
sub-compartments according to their relative density (Raschke et al., 2009). Within a
linear gradient of 10 — 50% sucrose, ribosomes can be separated from other cellular
components and their associated mRNAs, which are presumably undergoing translation,
can be captured. Monitoring the translational ribosome profiles of neuronal cells allows
determination of whether microRNAs 135b and 137 and their targets were present in
the same cellular sub-fractions and the extent to which they associate with translating
ribosomes or other sub-compartments. This permits inferences to whether the
microRNA-mRNA pairs might be in physical proximity to each other, and if so, in which

compartment they reside.
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Within polysome profiles, free ribosomes and the 80S monosome are observed at lower
densities of sucrose. Polysomal association with an mRNA increases its density.
Therefore mRNAs which are being actively translated will sediment in denser fractions

of the sucrose gradient (Liang et al., 2018, Pringle et al., 2019).

RNA granules are reported to be large macromolecular structures in neurons;
microRNAs and their targets could be packaged into these translationally silent granules
to be transported to sites remote from the cell body i.e. pre- or postsynapse (Krichevsky
and Kosik, 2001). This phenomenon could also couple transport and signal-dependent
translation, which can be controlled both spatially and temporally (Krichevsky and Kosik,

2001, Schratt et al., 2006).

Early studies investigating neuronal RNA granules elucidated that the granules bore
resemblance to aggregated ribosomal clusters, furthermore, these granules colocalised
with ribosomal proteins and many different mRNAs (Knowles et al., 1996). Krichevsky
and Kosik (2001), using E18 cultured neurons from the rat forebrain, identified that
sucrose gradient fractionation showed characteristic RNA peaks corresponding to free

ribosomes and polysomes, but additionally showed a heavy peak which sedimented
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Figure 4.1: lllustration of sucrose gradient fractionation of neuronal cell lysate. Cortical neuronal cell
lysate was loaded atop a gradient from 10 — 50% sucrose, and subject to ultracentrifugation. The
fractions from the gradient was subject to continuous profiling for UV absorbance at 254 nm to
generate a translational profile of the cells. Fractions were collected from the top of the gradient
(Materials and Methods). Monosomes are present in fractions 0 — 3 (0 - 20% sucrose), polysomes in
fractions 3 — 7 (20% - 40% sucrose) and we are considering fractions 7 onwards to be dense (40% -

50% sucrose).
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below polysomes. The elements of this heavy peak resembled membrane-less granules
made up of tightly packed ribosomes, whose structure was loosened upon
depolarisation with KCI, with a concurrent shift in RNA targets to translating fractions
(Krichevsky and Kosik, 2001). Krichevsky and Kosik (2001) postulated based on this
evidence that RNA granules were translationally silent until their cargoes were released

in a signal-dependent manner into translationally competent fractions.

We reasoned that microRNA-mRNA pairs which co-exist within denser fractions of the
sucrose gradient could be inferred to exist together within putative RNA granules. This
would provide preliminary evidence to suggest that non-degrading microRNA-target
interactions might be regulating mRNA stability during transport. We also postulated
that translational silencing of mMRNAs by microRNAs in RNA granules would limit protein
translation to the appropriate time and place in order to serve the specialisation of

neuronal sub-compartments and to regulate neuronal connectivity.

4.2 Does miR135b co-exist with its neuronal targets sub-cellularly?

miR135b was shown in our previous experiments to increase the abundances of most of
its target mRNAs tested with no consequent effect on the abundances of their encoded
proteins. This suggests a protective relationship between miR135b and its mRNA
targets, where the microRNA does not direct target degradation. Instead, we
hypothesised that this microRNA might be facilitating translational repression during
transport and/or creating a reserve pool of mRNA at sites remote from the cell body. In
the following experiments, it was evaluated whether microRNA-target pairs might
associate with each other in specific cellular sub-compartments. Within the translational
profiles, monosomes are present in fractions 0 — 3 shown by a large peak (0 - 20%
sucrose), polysomes in fractions 3 — 7 (20% - 40% sucrose) and we are considering

fractions 7 onwards to be dense (40% - 50% sucrose) (Figure 4.2A, 4.2B and 4.2C).

In control gradients, with no lentiviral transduction, the monosomal peak is on average
slightly higher compared to the miR135b overexpressing gradient (Figure 4.2A, 4.2B and
4.2C); this could potentially be explained by a relative decrease in translation initiation
upon microRNA overexpression. To this end, Meijer et al., (2013) demonstrated that

microRNA mediated translational repression of its mRNA targets could only occur during
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translation initiation. Consequently, there would be a decrease in 80S (translationally
competent) ribosomes upon microRNA overexpression (Chendrimada et al., 2007).
Unlike Krichevsky and Kosik (2001), we were unable to see a large peak of UV
fluorescence in the denser fractions of the gradient which they identified as the RNA
granule fractions; nevertheless, we have made inferences according to distribution in

the 40%, 45% and 50% sucrose fractions.

| first examined the distribution of miR135b, both endogenous and following microRNA
overexpression (Figure 4.2). Endogenous miR135b was present in all fractions from 25
— 50%, with a peak at 40% (Figure 4.2D). Therefore, suggesting miR135b is associated
with actively translating mRNAs as well as being present in denser fractions which
should contain RNA granules. Upon miR135b overexpression, there is a significantly
increased abundance of miR135b between control and microRNA overexpressing
gradients at both 40% (p < 0.01) and 45% (p < 0.05). The extent of microRNA
overexpression is most evident when comparing both conditions plotted on the same
scale (Figure 4.2F). There is no change in the abundance of miR135b associated with
actively translating fractions, therefore suggesting that microRNA-mRNA interactions
within these fractions are similar with and without miR135b overexpression. However,
the expression of miR135b after overexpression is consistent with there being a

sequestration into RNA granules (Krichevsky and Kosik, 2001).

Despite this, when comparing the proportion of overall miR135b in each fraction in both
control and overexpressing gradients, | found no significant differences (p > 0.05) in the
proportion of the miR135b present in any fraction of the sucrose gradient (Figure 4.2G,
4.2H and 4.2I). This suggests that microRNA overexpression does not alter the fractions

which miR135b most preferentially associates with.

In order to test our hypothesis that stable microRNA-mRNA pairs exist in neurons, it was
then necessary to examine the localisation of miR135b target mRNAs after sucrose
fractionation. Any change in polysome profiles or the distribution of endogenously
expressed miR135b and its mRNA targets observed after miR135b overexpression was
assessed. This would provide evidence as to whether the microRNA influences the
subcellular localisation of its mRNA targets. Conversely, if the main mode of microRNA-
mRNA interaction is via degradation as suggested in the literature, then their mRNA
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targets might be absent from the fractions in which the microRNAs are strongly
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Figure 4.2: Polysome profiles and pattern of sucrose gradient distribution of miR135b in cortical
neurons. Cortical neuronal cell cultures were transduced with lentiviral vectors to overexpress
miR135b at DIV14, following translational arrest by 100 pug/ml cycloheximide at DIV28, neurons were
harvested. Neuronal cell lysate was subject to sucrose density fractionation down a gradient from 10
—50% sucrose. The fractions from the gradient was subject to continuous profiling for UV absorbance
at 254 nm to generate a translational profile of the cells. A — C Graphs depict polysome profiles with
and without miR135b overexpression, each fraction from 1 - 10 corresponds to each 5% step in the
gradient (10 — 50%). D — F RNA was extracted from each fraction and reverse transcribed (Materials
and Methods), microRNA levels were first normalised to total RNA extracted from each fraction, then
normalised to the average total sum of expression in endogenous gradients. D Shows the endogenous
expression level of miR135b after sucrose gradient fractionation in each 5% step in the gradient. E
Shows the expression of miR135b with overexpression after sucrose gradient fractionation F
Highlights the effect of miR135b overexpression within the sucrose gradient between endogenous
and overexpressing conditions on the same scale. The level of miR135b overexpression is significant
between endogenous and overexpression conditions at 40% (p < 0.01) and 45% (p < 0.05) sucrose
(unpaired two-tailed t-test). G — | microRNA overexpression does not change the proportion of
miR135b present in any fraction of the sucrose gradient (unpaired two-tailed t-test). Data is pooled

from 4 biological replicates from 4 x E16 dissections. Graphs show mean + SEM.

76



enriched, in this case 40 and 45% sucrose (Figure 4.2) (Guo et al., 2010, Eichhorn et al.,
2014). However, consistent with my previous results and hypothesis, miR135b’s targets
are also present at 40% and 45% sucrose fractions after miR135b overexpression (Figure

4.284.3).

In both control and overexpressing conditions, Atp1b1 is localised across 30% — 50%
sucrose fractions, suggesting localisation in both actively translating and granule
fractions. Upon miR135b overexpression, there is an overall increase in the abundance
of this mRNA, which is statistically significant at 45% sucrose (p < 0.05) (Figure 4.3A).
Bsn is predominantly localised in 40 — 45% sucrose fractions in endogenous conditions.
Like Atp1b1, Bsn was increased in denser fractions after miR135b overexpression and

showed a statistically significant increase in the 45% fraction (p < 0.05) (Figure 4.3B).

Ssr2 is present in 25% — 45% sucrose fractions in control conditions, with highest
localisation in 40% sucrose. This distribution is shifted towards denser fractions after
miR135b overexpression where Ssr2 mRNA is distributed primarily between the 30% —
50% fractions, with the greatest concentration at 40%. Though Ssr2 is predominantly
localised at 40% with and without miR135b overexpression, there is a statistically
significant increase of mRNA present in this fraction upon microRNA overexpression (p

< 0.05) (Figure 4.3D).

These results further highlight a positive, non-degrading relationship between miR135b
and its targets, where Atplbl1, Bsn and Ssr2 are predominantly present and enriched in

fractions where the microRNA itself is compartmentalised in overexpression conditions.

Nsgl mRNA is distributed throughout translating and dense fractions between 25% —
50% sucrose in both endogenous and miR135b overexpressing conditions (Figure 4.3C).
Although miR135b overexpression did not lead to a significant change in Nsg1 mRNA
abundance, a qualitative shift of this mRNA towards denser fractions can be observed

(Figure 4.3C).

Vamp?2 differed the most in its density fractionation profile compared to the other
miR135b targets analysed. Vamp2 mRNA is distributed across translating and dense
fractions, between 25% — 50% sucrose, with peak localisation at 30%, suggesting this

mMRNA is largely associated with translating ribosomes (Figure 4.3E). miR135b is also
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Figure 4.3: The effect of miR135b overexpression on the localisation and abundance of its target
mRNAs after sucrose density fractionation. Cortical neuronal cell cultures were transduced with
lentiviral vectors to overexpress miR135b at DIV14, following translational arrest by 100 pg/ml
cycloheximide at DIV28, neurons were harvested. Neuronal cell lysate was subject to sucrose density
fractionation down a gradient from 10 — 50% sucrose. The fractions from the gradient was subject to
continuous profiling for UV absorbance at 254 nm to generate a translational profile of the cells. RNA
was extracted from each fraction and reverse transcribed (Materials and Methods), miR135b target
MRNA levels were first normalised to total RNA extracted from each fraction, then normalised to the
average total sum of expression in endogenous gradients. Graphs show the expression of miR135b
targets within the sucrose gradient with and without miR135b overexpression, within each 5% step
in the gradient (15% — 50%). All targets show an average increased abundance and an increased
sequestration into denser fractions of the gradient upon miR135b overexpression. A There is a
significant increase in the abundance of Atplbl at 45% upon miR135b overexpression (p < 0.05,
unpaired two-tailed t-test) B There is a significant difference in the abundance of Bsn at 45% upon
miR135b overexpression (p < 0.05, unpaired two-tailed t-test). D There is a significant difference in
the abundance of Ssr2 at 40% upon miR135b overexpression (p < 0.05, unpaired two-tailed t-test). C
& E There is no significant difference (p > 0.05, unpaired two-tailed t-test) in the abundance of mRNA
targets Nsgl and Vamp2 across the gradient after miR135b overexpression. Data is pooled from 4

biological replicates from 4 x E16 dissections. Graphs show mean + SEM.

present at 30% sucrose but is not enriched in this fraction in native or overexpressing
conditions (Figure 4.2). There is no difference in the abundance of Vamp2 at 30%
between with or without miR135b overexpression, suggesting that this mRNA is
constitutively actively translated. There is a general trend toward increase in Vamp2

abundance in denser fractions of the sucrose gradient upon miR135b overexpression,
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but this was not statistically significant (Figure 4.3E). Since miR135b overexpression also
had no effect on the translation of Vamp2 protein (Figure 6), it may be inferred that

miR135b does not target a large fraction of Vamp2 mRNA in cortical cells.

Overall, these results strongly suggest that all miR135b targets are actively translated
with and without miR135b overexpression, as we observe their localisation in 25% —40%
sucrose fractions and their protein levels are maintained, if not increased (Figure 4.3).
Together with this, miR135b overexpression led to an increased sequestration of targets
into denser fractions, which may represent the paired association of miR135b and its

mRNA targets in RNA granules.

As observed from the error bars present in the graphs describing these data (Figure 4.2
and 4.3), there is substantial variation from experiment to experiment. In order to
achieve a better resolution of microRNA and mRNA distributions, more experiments

might be performed.

4.3 Does miR137 co-exist with its targets sub-cellularly?

Our experiments have shown that an overexpression of miR137 largely directs non-
degrading relationships with its targets, unlike miR124 which degrades its target mRNAs.
We additionally observed that miR137 overexpression increased the protein abundance
of two of its targets: Sytl in cortical neurons and Ptpn5 in hippocampal neurons. These
results highlight that this microRNA co-exists with its mRNA targets, which might serve
a role in mRNA transport and furthermore positively influence its targets’ translation
into protein. This unique relationship between miR137 and its targets could also be
creating a translationally repressed pool of mRNA targets upon being transported to be
translated in a signal-dependent manner. We have already highlighted that many of

miR137’s targets have important synaptic functions.

To elucidate the localisation of non-degrading microRNA-target interactions we
employed sucrose gradient fractionation and polysome profiling. This allowed analysis
of the translational profile of the cells along with the localisation of both the microRNA
and its targets with and without miR137 overexpression. It would be interesting to
elucidate whether the expression profiles of miR137 and its targets are consistent with
their potential localisation within RNA granules. Furthermore, the elucidation of any
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changes in the localisation of the microRNA and its mRNA targets within the

translational profile upon miR137 overexpression may suggest a functional relationship
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Figure 4.4: Polysome profiles and pattern of sucrose gradient distribution of miR137 in cortical
neurons. Cortical neuronal cell cultures were transduced with lentiviral vectors to overexpress
miR135b at DIV14, following translational arrest by 100 pug/ml cycloheximide at DIV28, neurons were
harvested. Neuronal cell lysate was subject to sucrose density fractionation down a gradient from 10
—50% sucrose. The fractions from the gradient was subject to continuous profiling for UV absorbance
at 254 nm to generate a translational profile of the cells. A — C Graphs depicting the polysome profile
with and without miR137 overexpression, each fraction from 1 - 10 corresponds to each 5% step in
the gradient (10 — 50%). D — F RNA was extracted from each fraction and reverse transcribed
(Materials and Methods), microRNA levels were first normalised to total RNA extracted from each
fraction, then normalised to the average total sum of expression in endogenous gradients. D Graph
shows the basal expression of miR137 after sucrose gradient fractionation. E Shows the expression of
miR137 with overexpression after sucrose gradient fractionation F Highlights the effect of miR137
overexpression within the sucrose gradient between endogenous and overexpressing conditions. The
level of miR137 overexpression is significant between endogenous and overexpressing conditions at
45% (p < 0.05, unpaired two-tailed t-test). G — I microRNA overexpression does not alter the overall
proportion of miR137 present in any fraction of the sucrose gradient (unpaired two-tailed t-test). Data

is pooled from 5 biological replicates from 4 x E16 dissections. Graphs show mean + SEM.
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between them. Monosomes are present in fractions 0 — 3 shown by a large peak (0% -
20% sucrose), polysomes in fractions 3 —7 (20% - 40% sucrose) and dense fractions from

7+ (40% - 50% sucrose) (Figure 4.4A, 4.4B and 4.4C).

There are differences in the polysome profiles observed between neuronal cells with
and without miR137 overexpression. In control gradients, the 80S monosomal peak is
more pronounced. This suggests increased translation initiation in control neuronal cells
as opposed those overexpressing miR137 (Figure 4.4C). Meijer et al., (2013) showed that
microRNA mediated translational repression occurs only during the translation initiation
phase, which could explain the observed decrease in 80S ribosome formation upon

miR137 overexpression (Chendrimada et al., 2007).

In contrast to Krichevsky and Kosik (2001), we were unable to identify a large peak of
absorbance in the denser fractions of the gradient which they identified as the RNA
granule peak; we have nonetheless made inferences according to the sucrose density

(Figure 4.4A, 4.4B and 4.4C).

miR137 is most strongly represented within 15%, 30% and 35% sucrose fractions, but is
also present in the denser fractions at 40% — 45% sucrose (Figure 4.4D). The peak at 15%
could imply that miR137 is exerting its effect on mRNA targets whilst they are
undergoing translation initiation, perhaps interfering with elF4A2 function via the
microRNA-loaded RISC complex and associated proteins (Meijer et al., 2013). miR137’s
distribution upon its own overexpression caused a relatively selective enrichment in the
40% and 45% sucrose fractions (Figure 4.4E); the increase of miR137 at 45% compared
to the endogenous expression of the microRNA is statistically significant (p < 0.05). The
profile of miR137 within sucrose gradient fractions after its overexpression is consistent
with its localisation in RNA granules (Krichevsky and Kosik, 2001). There is no difference
in the abundance of miR137 at any other point in the gradient in control and microRNA

overexpressing conditions (Figure 4.4F).

Overexpression of miR137 has no significant effect on the proportion of the microRNA
present in any fraction of the sucrose gradient following fractionation (Figure 4.4G, 4.4H
and 4.41). This suggests that microRNA overexpression leads to an increase in miR137

without affecting the overall proportion of the microRNA present within neuronal
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subfractions. From these comparisons it is evident that the largest proportion of miR137
is localised in denser fractions of the sucrose gradient both with and without

overexpression (Figure 4.41).

Both with and without microRNA overexpression, miR137 targets are most abundantly
localised within denser fractions at 40% — 45% sucrose (Figure 4.5). However,
qualitatively, all miR137 targets demonstrate a shift towards polysomal (translating)
fractions upon miR137 overexpression. Interestingly, this is more similar to the
localisation of miR137 under control conditions, suggesting that miR137 has a strong
influence on target mRNA translation (Figure 4.4D and 4.5). The colocalisation of
miR137 and its target mRNAs at 40% — 45% increases upon miR137 overexpression
(Figure 4.5), consistent with compartmentalisation in RNA granules. There is an overlap
between the localisation of miR137 and its targets, but this is less pronounced than for
miR135b. On the other hand, one might consider that miR137 and its targets have

reciprocal influences on each other’s compartmentalisation.

Ankrd12 showed a largely similar profile of distribution between control and miR137
overexpressing conditions, where it is primarily localised within denser fractions
between 40 — 45% (Figure 4.5A). There is no significant difference in the abundance of
Ankrd12 mRNA between any fractions in endogenous and miR137 overexpressing

conditions (p > 0.05).

Sept3 and Ptpn5 mRNAs behave quite similarly in their profiles of localisation.
Endogenously, these mRNAs are localised throughout the polysomal and dense fractions
between 30% — 50% sucrose and are most abundant at 45% (Figure 4.5B and 4.5E). After
miR137 overexpression there is a leftward shift such that Sept3 and Ptpn5 are present
in fractions between 25% — 50% sucrose and most abundant at 40% sucrose (Figure 4.5B
and 4.5E). However, quantitatively, there is no significant difference in the abundance
of either mRNA in any fraction in either endogenous or microRNA overexpressing

conditions (p > 0.05).

Lrrn3 is localised in 30% — 45% sucrose fractions in both endogenous and miR137
overexpressing conditions with a maximum at 45% (Figure 4.5C). Whilst there is no

significant difference between the abundance of Lrrn3 mRNA in any fraction with our
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Figure 4.5: The effect of miR137 overexpression on the localisation and abundance of its target
mRNAs after sucrose density fractionation. Cortical neuronal cell cultures were transduced with
lentiviral vectors to overexpress miR135b at DIV14, following translational arrest by 100 pg/ml
cycloheximide at DIV28, neurons were harvested. Neuronal cell lysate was subject to sucrose density
fractionation down a gradient from 10 — 50% sucrose. The fractions from the gradient was subject to
continuous profiling for UV absorbance at 254 nm to generate a translational profile of the cells. RNA
was extracted from each fraction and reverse transcribed (Materials and Methods), miR137 target
mRNA levels were first normalised to total RNA extracted from each fraction, then normalised to the
average total sum of expression in endogenous gradients. Graphs show the expression of miR137
targets within the sucrose gradient with and without miR137 overexpression within each 5% step in
the gradient. A= C, E — F There is generally an observed leftwards shift in the expression profiles of
miR137 targets upon overexpression in the sucrose gradient, with no significant difference within any
of the fractions between endogenous and miR137 overexpressing conditions. This could suggest a
shift towards actively translating fractions. There is a significant decrease of D Syt1 at 45% (p < 0.05,
unpaired two-tailed t-test) and H Fam126b at 45% (p < 0.05, unpaired two-tailed t-test) upon miR137
overexpression. G Gabral is significantly increased on miR137 overexpression at 40% (p > 0.05,

unpaired two-tailed t-test). There is a consequential leftward shift in the distribution of these mRNAs

upon miR137 overexpression, suggesting a redistribution towards translating fractions. Data is pooled

from 5 biological replicates from 4 x E16 dissections. Graphs show mean + SEM.

without miR137 overexpression (p > 0.05), miR137 overexpressing gradients showed

83



increased Lrrn3 mRNA at 35% sucrose (Figure 4.5C), again following a trend in

redistribution towards less dense fractions.

Slc6al mRNA is present mainly at 40 — 45% sucrose both with and without miR137
overexpression (Figure 4.4E). Though S/lc6al mRNA abundance is not significantly
different in any fraction between the two conditions, there is a general decrease in
mRNA abundance in denser fractions and a slight shift where the mRNA is more
abundantly expressed at 40% upon miR137 overexpression compared to 45% in

endogenous conditions (p > 0.05) (Figure 4.5F).

Syt1 (Figure 4.5D) and Fam126b (Figure 4.5H) behave in a similar manner with and
without miR137 overexpression. Both mRNAs are largely localised to fractions between
40 — 45% sucrose under endogenous conditions, with a significant decrease of these
MRNAs at 45% (p < 0.05) with a concurrent shift in mMRNA abundance towards polysomal

fractions after miR137 overexpression.

Gabral is localised in fractions between 30% — 45% sucrose in both overexpressing and
endogenous conditions; however upon miR137 overexpression we observe a significant
increase in the amount of Gabral mRNA at 40% (p < 0.01), with an observed shift in the
peak of localisation from 45% to 40% (Figure 4.5G). Again, this result highlights a
redistribution of miR137 mRNA targets away from translationally silent fractions and
towards polyribosomal fractions. Interestingly, Gabral is the only miR137 mRNA target

to display a significant increase in denser sucrose fractions upon miR137 overexpression.

Overall, miR137 is present in the same fractions as its targets, but this is more
pronounced upon its overexpression. Furthermore, overexpression of miR137 increases
the propensity of mRNA targets to be expressed within less dense fractions. One
possibility is that miR137 increases the fraction of its targets available to be translated
into protein. This could indicate a scenario where miR137 triggers a pathway which leads
to the movement of its targets out of translationally repressed state to an actively
translating state, consistent with the increases in Syt1 and Ptpn5 proteins in cortical and

hippocampal cultures, respectively.

As observed from the error bars present in the graphs describing these data (Figure 4.4

and 4.5), there is substantial variation from experiment to experiment. In order to
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achieve a better resolution of microRNA and mRNA distributions, more experiments

might be performed.

4.4 Discussion

Polysome profiling provided a method to analyse the distribution of microRNAs and
their mRNA targets in comparison to translating ribosomes. We were able to identify
the localisation of miR135b and miR137 and their respective targets in both translating
and dense fractions. Furthermore, this methodology permitted analysis of whether
microRNAs and their targets were present within the same fractions, providing a proxy
for their spatial co-existence, thus their non-degrading relationships. The results
obtained show a potential difference in the actions of miR135b versus miR137 based on

the observed effects on their target mRNASs’ localisation.

Both endogenously and following their overexpression, both miR135b and miR137 were
present in low density sucrose fractions, consistent with the inhibition of translation
initiation (Figure 4.2 and 4.3). Overexpression of both miR135b and miR137 instigated
similar observed changes in the overall polysome profiles of the cortical neuronal cells
in that both microRNAs caused a decrease in the 80S monosomal peak in the observed
polysome profiles (Figure 4.2 and 4.3). Previous research has demonstrated that
microRNA mediated translational repression occurs during translation initiation. One
mechanism by which this occurs is the microRNA directed recruitment of elF6, which
prevents the formation of the 80S initiation complex by inhibiting the binding between
the 60S and 40S ribosomal subunits (Chendrimada et al., 2007). Another line of evidence
has alternatively inferred that Argonaute proteins, through sequence similarity, might
compete with elF4E for binding to the mRNA cap to initiate translation (Kiriakidou et al.,
2007). In an additional study, Meijer et al., (2013) identified a role for the translation
initiation factor elF4A2 in the regime of microRNA mediated translational repression by
demonstrating that elF4A2 could interact with the CCR4-NOT deadenylation complex to
the exclusion of binding to elF4G, thereby inhibiting formation of the elF4F translation

initiation complex (Meijer et al., 2013).

A recent study has shown that neurons have a limited capacity for local protein synthesis

within neuronal processes that might be fulfilled by monosome-directed translation to
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cater for local protein translation at sites remote from the cell body (Biever et al., 2020).
Monosome-directed translation is limited to a single mRNA with a single ribosome,
thereby achieving translational flexibility and conservation of the translational
machinery. This is consistent with the relatively low abundance of ribosomes in neurites
and synapses. Biever et al., (2020) additionally showed that Bsn, a miR135b target,
undergoes monosome-directed translation (Biever et al., 2020). This group further
speculated that the recruitment of local ribosomes was scalable in a signal-dependent
manner to modulate synaptic plasticity (Biever et al., 2020). It would therefore be
interesting in future studies to determine whether the 80S peak can be modulated by
application of a cue to stimulate the reversal of microRNA mediated translational
repression. This would permit elucidation of targets favouring monosomal over

polysomal translation.

miR135b and its targets are localised throughout the gradient within the same ribosomal
and dense fractions (Figure 4.2 and 4.3). miR135b overexpression caused an increased
sequestration of both the microRNA itself and its targets into the denser fractions of the
gradient (Figure 4.2 and 4.3). Moreover, there is a general increase in the abundance of
all miR135b targets upon its overexpression (Figure 4.3), particularly in 40 — 45%,
fractions where the microRNA itself was also enriched (Figure 4.2 and 4.3). This could
be indicative of a sequestration into RNA granules (Figure 4.3). Nonetheless, all targets
were still present within ribosomal fractions. miR135b overexpression might maintain
constitutive translation, whilst increasing the recruitment of mRNA into translationally
silent RNA granules. This is consistent with my results in the previous chapter showing
that miR135b overexpression did not have a significant effect on protein abundance
(Figure 3.7). These results provide further evidence for a cooperative, rather than

antagonistic relationship between this microRNA and its targets.

miR137 was endogenously expressed within monosomal and polysomal fractions but
showed a selective enrichment into dense fractions upon its overexpression (Figure 4.4).
However, the proportion of microRNA present in any fraction was unchanged between
control and overexpressing gradients (Figure 4.4). In contrast, its targets were enriched
within denser fractions of the gradient in control conditions and shifted to lighter

fractions after miR137 overexpression (Figure 4.5). Although somewhat surprising, this
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could be considered evidence of a reciprocal effect of miR137 and its targets on each

other’s localisation.

Combined with the observation of miR137’s targets being compartmentalised into
dense fractions containing RNA granules, many of these targets have important synaptic
functions e.g. Syt1, Slc6al, Ptpn5, Gabral. It is therefore extremely plausible that these

mRNAs are transported to be translated in synaptic terminals.

With miR137 overexpression, its targets were still enriched at 40 — 45%, but the peak of
MRNA localisation was shifted leftwards, towards ribosomal fractions (Figure 4.5). This
observation could perhaps suggest a facilitation of mRNA translation with miR137

overexpression, consistent with an increased abundance of its target proteins.

The differences identified between the behaviours of miR135b and miR137 and their
targets in this paradigm might relate to differences in their cellular roles or mechanisms
of action. These results suggest that miR135b overexpression both increases the
abundance of its mRNA targets and encourages their sequestration into RNA granule
containing fractions. This strongly suggests a role for miR135b in facilitating its targets’
neuritic transport. The miR135b-target relationship might maintain mRNA silence during
transport and could create a pool of translationally repressed mRNA within the correct
cellular sub-compartment upon being transported, to be translated in a signal-
dependent manner. Perhaps even more surprisingly, however, it also highlights a novel
mechanism by which microRNAs can prevent (rather than facilitate) mRNA target

degradation.

The results for miR137 reveal an equally interesting and surprising potential mechanism
whereby a microRNA might positively (rather than negatively) regulate the translation
of its target mRNAs. This is further corroborated by observing that cortical neuron
overexpression of miR137 leads to an increase in Sytl protein cortical neurons (Figure

3.8) and an increase in Ptpn5 protein in hippocampal neurons (Figure 3.9).

There are slight discrepancies observed between RNA detection in whole cortical neuron
lysates (Chapter 3) and their recovery from sucrose density fractions with and without

microRNA overexpression. These could result from the different collection and
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extraction conditions, particularly considering potential differences in RNA stability and

treatment with chemical translation inhibitors.

Taken together, these results provide us with further evidence that microRNAs miR135b
and miR137 co-exist together with their mRNA targets, as well as preserving rather than
preventing their translation. This motivates further exploration of the potential
function(s) of this co-existence, particularly with respect to regulating mRNA transport

and local translation to modulate neuronal polarity and synaptic connectivity.
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5 Chapter 5: Are the effects of neuronal microRNAs miR135b and

miR137 specific to their own targets?

5.1 Introduction

Thus far we have established that miR135b and miR137 partake in non-degrading
relationships with their mRNA targets in neuronal cells, whereby microRNA
overexpression does not decrease the levels of their mRNA targets but might regulate

their translation in some other way.

This chapter aims to clarify whether the effects we have observed on mRNA abundance
and distribution within sucrose gradients upon miR135b and miR137 overexpression are
specific to their own targets. We therefore examined whether miR135b and miR137
overexpression had any effect on the levels of mRNAs that do not contain their

respective target sequences.

By way of reminder, target sequences refer to complementarity of the mRNA to
nucleotides 2 — 8 of a microRNA, which are designated as its seed sequence. This
complementary sequence usually resides in the 3 UTR of the mRNA target, and is
sometimes coupled with additional pairing to an adenosine opposite nucleotide 1 (Lewis
et al., 2005). mRNA targeting by microRNAs is facilitated by the RISC complex and its
associated proteins, such as GW182, to direct microRNA-mRNA interactions and
downstream translational repression which may or may not be coupled to mRNA
degradation (Liu et al., 2005). Therefore, we would expect miR135b and miR137 not to

impart any effect on targets which do not contain a complementary seed sequence.

miR124 was the only neuronal microRNA identified by Jovici¢ (2011) to uniformly direct
degrading microRNA-target interactions. In agreeance with this, my experiments
validated that miR124 overexpression directed the degradation of its targets Egrl and
Nr4al. Egrl and Nr4al are both transcription factors, often behaving as immediate-
early genes (Duclot and Kabbaj, 2017, Jeanneteau et al., 2018). The mRNA and protein
levels of these targets were significantly decreased after miR124 overexpression
compared to untransduced controls in my experiments (Figure 3.3 and 3.6), which was

consistent with other evidence in the literature (Duclot and Kabbaj, 2017, Tenga et al.,
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2016). Egr1 and Nr4al do not contain the seed sequences necessary for targeting by
either miR135b or miR137, however, as manually validated on Ensembl, an online
vertebrate genome browser. | specifically verified that the sequences of rat Egr1 and
Nr4al did not contain motifs complementary to the microRNA seed sequence of either

miR135b (TATGGCTT) or miR137 (TATTGCT) (Yates et al., 2019).

A lack of effect imparted by miR135b and miR137 on either Nr4al or Egr1 mRNA levels
was further validated using ENCORI (known previously as starBase), an online platform
which compiles the data from various different microRNA-target prediction algorithms
(including: PITA, RNA22, Diana-microT, miRanda, Pictar and TargetScan) alongside
experimental data from Ago CLIP-Seq and degradome sequencing (Li et al., 2014b). Ago
CLIP-Seq is achieved by crosslinking argonaute proteins to any bound RNAs,
immunoprecipitating these complexes, and subsequently using RNAseq data to map
microRNA and mRNA binding sites to define relevant interactions (Chi et al., 2009). In
contrast, degradome sequencing detects microRNA target mRNAs which have been
cleaved by parallel analysis of RNA ends (German et al., 2009). One caveat of the present
analyses is that ENCORI only identifies sequences within the mouse and human
genomes, not the rat genome, therefore, there might be slight discrepancies in
microRNA-target predictions due to the use of my experimental model. Nonetheless, a
high fraction of conserved mouse-human interactions are also observed in rat (Nilsson

et al., 2001).

ENCORI predicted hsa-miR135b (human) (PITA and miRanda — 14 Ago CLIP-Seq
experiments) and mmu-miR135b (mouse) (PITA and miRanda — 1 Ago CLIP-Seq
experiment), to target Egrl but neither were predicted to target Nr4al. PITA, RNA22
and PicTar do not consider the rat genome, however further investigation on the
microRNA-target prediction algorithms miRanda, Diana-microT and TargetScan did not
identify rno-miR135b (rat) to target either Egrl or Nr4al (Reczko et al., 2012, John et
al., 2004, Agarwal et al., 2015).

With regards to miR137, ENCORI predicted that neither hsa-miR137 (human) and mmu-
miR137 (mouse) to target Nrd4al or Egrl. This was corroborated with manual

investigation using miRanda, Diana-microT and TargetScan algorithms to assess any
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effect of rno-miR137 (rat) on either Nr4al or Egrl (Reczko et al., 2012, John et al., 2004,
Agarwal et al., 2015).

To this end, the total cellular abundance of Egrl and Nr4al mRNAs following
overexpression of either miR135b or miR137 via lentiviral transduction was measured.
In addition to this, it was analysed if there were any changes to the distribution of Egrl
and Nr4al within translational profiles after sucrose density fractionation when
comparing untransduced controls and microRNA overexpressing conditions. Should the
mRNA abundances and translational profiles of Egrl and Nr4al be unaffected by
microRNA overexpression, this would suggest that there are no off-target effects of
miR135b and/or miR137, and their mechanisms of action are specific to their own mRNA

targets harbouring a complementary seed sequence.

5.2 What are the effects of miR135b and miR137 on non-targeted
mMRNAs?

We had already established that miR135b does not degrade its target mRNAs.
Overexpression of miR135b in cortical neuronal cultures significantly increased or had
no effect on the abundances of its target mRNAs, with no consequent effect on protein
abundance. However, miR135b should have no effect on the levels of either Egrl or

Nr4al, neither of which contain a complementary seed sequence.

As predicted, overexpression of miR135b had no effect on the level of Egrl or Nrdal
mRNA (Figure 5.1, p > 0.05). These results suggest that overexpression of miR135b has
no effect on the abundance of either of these targets which do not bear a

complementary seed sequence.

Likewise, we predicted that miR137 overexpression would not influence the mRNA
levels of miR124 targets, Egrl and Nr4al. This is not what was observed, however. There
was a significant effect of microRNA overexpression on the overall result (Figure 5.2,
Two-way ANOVA F = 38.4, p < 0.0001). In contrast to what was observed for its own

targets (Figure 3.5), overexpression of miR137 significantly decreased the mRNA
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Figure 5.1: Overexpression of miR135b has no significant effect on miR124 target mRNAs Egrl and
Nr4al. Two-way ANOVA identified that there was no significant effect on miR135b overexpression (F
= 0.75, p > 0.05) or mRNA target on the overall result (F = 2.15, p > 0.05). There was no interaction
between miR135b overexpression and mRNA target (F = 2.02, p > 0.05). Transduction of lentiviral
vectors encoding miR135b in cortical neurons had no effect on miR124 mRNA target abundance of A
Egrl (p > 0.05, unpaired two-tailed t-test with Bonferroni correction) and B Nr4al (p > 0.05, unpaired
two-tailed t-test with Bonferroni correction). This suggests no off-target effects. microRNA levels were
normalised to the geometric means of the levels of TUBB3, ACTB and RBFOX3 mRNAs. Fold enrichment
was calculated by normalising data to control. N = 10 replicates (5 technical replicates each from 2 x

E16 dissections). Graphs show mean + SEM.
abundances of both Egrl (p <0.01) and Nr4al (p <0.001) (Figure 5.2). In order to further
evaluate the apparent regulation of miR137 on these two targets, the sequences of Egrl
and Nr4al (in rat) were analysed for complementarity to the rno-miR137 (rat) sequence
using Ensembl (Hubbard et al., 2002). Egr1 was found to contain two 5-base sequences
complementary to the miR137 seed sequence (positions 2 — 8) and one 8-base, two 6-
base and one 5-base sequence matches that extended (partially or entirely) beyond the
seed sequence. Nr4al was found not to contain any matches wholly within the seed
sequence and three 5-base and one 6-base match only partially within the canonical

seed sequence of miR137 (Table 5.1).

Previous groups have implemented a technique called CLASH (cross linking, ligation and
sequencing of hybrids) to identify a microRNA, its target and their binding site sequences
(Helwak et al., 2013). This technique has detected microRNA binding events directed by
base-pairing outside the canonical seed region. This non-canonical targeting did not lead
to the degradation of the target at either the mRNA or protein levels (Wang, 2014). Non-

canonical sites have been postulated to act as microRNA-sponges by sequestering an
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microRNA away from its regulated targets (Wang, 2014). This model does not reconcile

the results observed with miR137 and Egrl or Nr4al, however.
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Figure 5.2: Overexpression of miR137 negatively regulates miR124 targets Egrl and Nr4al mRNA.
Two-way ANOVA identified a significant effect of miR137 overexpression on the overall result (F =
38.4, p < 0.0001). There was no effect of mMRNA target on the result (F = 0.06, p > 0.05), nor was there
a significant interaction between miR137 overexpression and miR124 mRNA targets (F = 0.03, p >
0.05). Transduction of lentiviral vectors encoding miR137 degraded the mRNA of miR124 targets A
Egrl (p <0.01, unpaired two-tailed t-test with Bonferroni correction) and B Nr4al (p < 0.001, unpaired
two-tailed t-test with Bonferroni correction). This shows that microRNAs are able to directly or
indirectly modulate the abundances of targets which do not bear a complementary seed sequence.
microRNA levels were normalised to the geometric means of the levels of TUBB3, ACTB and RBFOX3
mMRNAs. Fold enrichment was calculated by normalising data to control. N = 10 replicates (5 technical

replicates each from 2 x E16 dissections). Graphs show mean + SEM.
After elucidating that direct targeting by miR137 was unlikely to explain its apparent

diminution of Egrl and Nr4al mRNA levels (Figure 5.2), | explored the possibility of

miR137 targeting mRNAs that may be upstream regulators of Egrl1 or Nrdal.

Interestingly, the TargetScan algorithm predicts rno-miR137 to target NAB2, also known
as EGR1 binding protein 2. This was additionally corroborated by ENCORI where mmu-
miR137 (mouse) additionally targets NAB2. NAB2 functions as an endogenous repressor
of Egrl; Egrl acts in a negative feedback loop whereby it stimulates the expression of
NAB2 by activating the NAB2 promoter (Bhattacharyya et al., 2013, Kumbrink et al.,
2005). Therefore, if miR137 engages in non-degrading relationships with NAB2 mRNA,

perhaps promoting an increase in mRNA and protein, this could strengthen the negative
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regulation this protein imparts on Egrl1 mRNA. This could explain the mRNA degradation
observed (Figure 5.2A) (Bhattacharyya et al., 2013).

Nrd4al expression in the central nervous system is controlled by transcription factor

MEF2A. MEF2A induces Nr4al expression in mammals, which is reported to have

effects on synapse number and development (Chen et al., 2014b, Shalizi et al., 2006).
The drosophila orthologue of Nrd4al, Hr38, is also induced by MEF2A suggesting a
conserved relationship between the two (Adhikari et al., 2019). TargetScan identified
rno-miR137 to target MEF2A, whilst ENCORI identified both hsa-miR137 and mmu-
miR137 to target MEF2A, too. Should this be in the canonical manner of target

degradation, this could reconcile the decrease of Nr4al after overexpression of miR137.

An alternate explanation of these effects could be non-canonical targeting of these two

mRNAs by miR137 leading to their degradation. Moreover, the prolonged

Complementary Positions of potential

sequences (and lengths) hybridization to miR137

within the mRNA 3’UTR sequence
Egrl AAGCAA (6mer) 4-9
GTATTCTT (8mer) 10-17
CTTAAG (6mer) 7-12
TAAGC (5mer) 6—-10
GCAAT (5mer) 3-7
CAATA (5mer) 2-5
Nr4al ATTCT (5mer) 11-15
TTCTT (5mer) 10-14
TCTTA (5mer) 9-13
TTAAGC (6mer) 5-10

Table 5.1: Matching sequences within Egrl and Nr4al 3’UTRs complementary to miR137. Using
Ensembl, a genome database, the 3 UTR’s of both Egri (Ensembl, Egri-201,
ENSRNOT00000026303.4) and Nr4al (Ensembl, Nr4al-201, ENSRNOT00000010171.4) were checked
for sequences complementary to the miR137 seed sequence (miRbase, MIMAT0000843) all from the

rat genome. Sequences in bold represent complementarity to the canonical microRNA seed sequence.
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overexpression of microRNAs in neuronal cells may elicit multiple indirect effects. For
example, if prolonged miR137 overexpression is making neuronal cells less active there
may be a consequent decrease in immediate early gene activation. In any case, the
effect of miR137 on these two targets is different to its previously studied targets, which

remain stable or are increased after miR137 overexpression.

5.3 Do miR135b and miR137 alter the cellular distributions of non-

targeted mRNAs?

Next, the effect of miR135b overexpression on the cellular distributions of Egr1 or Nr4al
was examined by sucrose gradient fractionation of cortical neuronal lysates. Our
previous results have highlighted that miR135b overexpression generally caused an
increase of its target mRNAs in denser fractions (Figure 4.3), consistent with
colocalisation in RNA granules (Krichevsky and Kosik, 2001). We therefore sought to
elucidate whether this effect of miR135b effects was specific to its own targets or
instead potentially have a broader effect on mRNA transport and/or translational

regulation.

Egrl and Nrd4al mRNAs showed similar patterns of distribution across the density
fractionation gradients in control samples. Egrl and Nr4al are detected in 25 — 50%
sucrose fractions, showing enrichment at 45% (Figure 5.3). Therefore, whilst being
expressed in actively translating fractions, these mRNAs additionally display a
distribution within dense fractions consistent with their potential localisation in RNA

granules (Krichevsky and Kosik, 2001).

Qualitatively, overexpression of miR135b caused an increase in the abundance of Nr4al
mRNA in the 30 — 50% fractions without altering the overall distribution of the mRNA
throughout the gradient (Figure 5.3B). However, comparison of miR135b

overexpression to control lysates did not demonstrate differences (p > 0.05).

Though overexpression of miR135b did not change the abundance of EgrI mRNA in most
fractions, a significant decrease was observed at 45% (p > 0.01) (Figure 5.3A). This could
imply a redistribution of Egr1 mRNA into denser fractions of the gradient upon miR135b

overexpression.
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We also examined the effect of miR137 overexpression on the distribution of miR124
targets to compare against the shifts of its own targets towards translationally active

fractions (Figure 4.5).
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Figure 5.3: The effect of miR135b overexpression on the translational profile of miR124 targets, Egri
and Nrd4al. Neuronal cell cultures overexpressing miR135b were harvested at DIV28, following
translational arrest by 100 pg/ml cycloheximide. Neuronal cell lysate was fractionated through
sucrose density ultracentrifugation then subjected to continuous profiling for UV absorbance at 254
nm. RNA was extracted from each fraction and reverse transcribed (Materials and Methods), miR124
target mRNA levels were first normalised to total RNA extracted from each fraction, then normalised
to the average total sum of expression in endogenous gradients. Graphs show the expression of
miR124 targets within the sucrose gradient with and without miR135b overexpression, within each
5% step in the gradient (15% — 50%). A There is a significant decrease of Egrl at 45% sucrose upon
miR135b overexpression (p < 0.01, unpaired two-tailed t-test). There was no change in any other
fractions. B Nr4al is expressed in the same fractions with the same pattern of expression throughout
the gradient, there is no significant effect of miR135b overexpression in any fraction throughout the
gradient (p > 0.05, unpaired two-tailed t-test). Data is pooled from 4 biological replicates from 4 x E16

dissections. Graphs show mean + SEM.

As in the miR135b experiments, Egrl and Nr4al displayed similar distributions in
sucrose gradient fractionations with highest levels in the 45% fraction (Figure 5.4). As in
the previous experiments with whole cell lysates in Figure 5.2, miR137 overexpression
decreased the overall levels of both mRNAs and, moreover, led to a significant decrease

in both Egrl (p < 0.0001) and Nr4al (p < 0.05) in the 45% fraction (Figure 5.4).
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Figure 5.4: The effect of miR137 overexpression on the translational profile of miR124 targets, Egr1
and Nrdal. Neuronal cell cultures overexpressing miR137 were harvested at DIV28, following

translational arrest by 100 pg/ml cycloheximide. Neuronal cell lysate was fractionated through
sucrose density ultracentrifugation then subjected to continuous profiling for UV absorbance at 254
nm. RNA was extracted from each fraction and reverse transcribed (Materials and Methods), miR124
target mRNA levels were first normalised to total RNA extracted from each fraction, then normalised
to the average total sum of expression in endogenous gradients. Graphs show the expression of
miR124 targets within the sucrose gradient with and without miR137 overexpression, within each 5%
step in the gradient (15%-50%). A There is a significant decrease of Egr1 at 45% sucrose upon miR137
overexpression (p < 0.0001, unpaired two-tailed t-test), with no change in any other fraction. B Nrda1
was also significantly decreased at 45% upon miR137 overexpression (p < 0.05, unpaired two-tailed
t-test), with no change in any other fraction. Data is pooled from 4 biological replicates from 4 x E16

dissections. Graphs show mean + SEM.

5.4 Discussion

microRNAs typically exert their effects by binding mRNA targets within their 3’"UTRs via
their ‘seed sequence’; therefore, the canonical rule is that if an mRNA does not harbour
a sequence complementary to a microRNA’s seed sequence, it will not be targeted by
that microRNA. Employing this rule, | analysed the effects of miR135b and miR137 on

two mRNAs to which they should not bind.

miR135b overexpression had no significant effect on either Egrl or Nr4al mRNA
abundances (Figure 5.1). This result was as expected and was consistent with various
prediction algorithms (miRanda, Diana-microT and TargetScan) (Reczko et al., 2012,

John et al., 2004, Agarwal et al., 2015).
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Likewise, miR135b overexpression had no significant effect on the distribution of Nr4al
in sucrose density gradients (Figure 5.3B). This mRNA showed the same pattern of
expression throughout the gradient between 25 — 50% sucrose, suggesting a constant
association with translating ribosomes and with denser fractions associated with RNA
granules, with or without excess miR135b (Figure 5.3B). These results corroborate with
that seen in Figure 5.1B, suggesting that this microRNA has no off-target effect with

regards to Nr4al.

miR135b overexpression did change the profile of Egrl expression within the sucrose
gradient, this was shown by a significant decrease at 45% (p < 0.01) (Figure 5.3A). This

could suggest an indirect effect upon the distribution of some non-targeted mRNAs.

Overall, however, the present results suggest that miR135b does not have major off-

target effects, as exemplified by the levels and distributions of Egr1 and Nr4al mRNAs.

Unexpectedly, miR137 overexpression negatively regulated the cellular levels of both
Egrl (p <0.01) and Nr4al (p < 0.0001) mRNAs (Figure 5.2). Furthermore, this decrease
in both Egrl (p < 0.0001) and Nr4al (p < 0.05) was corroborated in the 45% sucrose
fraction in the sucrose density fractionation experiments (Figure 5.4). This is also the
fraction in which miR137 itself is enriched after overexpression, which suggests an anti-
correlation. There was also a trend toward an increase in less dense fractions, similar to

the qualitative redistribution of miR137’s known direct targets (Figure 4.5).

Given these results, | considered sequence evidence as to whether miR137 might target
Egrl and Nrd4al directly. Although the possibility of binding outside the miR137 seed
sequence cannot be completely excluded, | considered the evidence supporting direct
targeting to be weak. Instead | postulated that these effects might be imparted through
miR137 targeting mRNAs acting upstream of Egrl and Nr4al. miR137 targets NAB2, a
known endogenous repressor of Egrl transcription (Bhattacharyya et al., 2013).
Therefore, a facilitatory relationship between miR137 and NAB2 expression might
enhance its negative regulation upon Egrl and explain the change in Egrl mRNA
abundance. Furthermore, miR137 targets MEF2A, which positively regulates Nr4al
transcription (Adhikari et al., 2019, Chen et al., 2014b, Shalizi et al., 2006). A canonical

regulation of MEF2A mRNA by miR137 could therefore explain the decrease in Nrdal
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mRNA. Although different from the regulation of its known targets studied here, such
an effect would be consistent with previous reports of miR137-mediated target mRNA
degradation in other contexts (Siegert et al., 2015, Wang et al., 2018, lJia et al., 2016,
Cheng et al., 2018, He et al., 2018a).

There is also the possibility that prolonged microRNA overexpression may have
consequent effects on neuronal cellular activity. A decrease in activity may concurrently
lead to a decrease in immediate early gene (or other) gene expression. Genome wide

assessment of microRNA targeting specificity could clarify this going forward.

A broad interpretation of these data would suggest that miR137 can operate in both
canonical and non-degrading microRNA regimes. This possibility merits further

investigation.
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6 Chapter 6: miR135b and miR137 co-distribute with specific RNA

binding proteins in neuronal subfractions

6.1 Introduction

Prior biochemical investigations showed that miR135b and miR137 and their respective
targets were distributed within overlapping neuronal fractions, both with and without
microRNA overexpression. This provided support for my hypothesis that these
microRNAs served facilitatory rather than antagonistic activities toward the expression

of their targets.

Upon overexpression, both the microRNAs and their targets co-distributed to denser
cellular subfractions; this is consistent with their possible incorporation into RNA
granules (Krichevsky and Kosik, 2001). However, there were subtle differences in
miR135b’s and miR137’s distribution patterns relative to those of their targets. miR135b
overexpression generally increased the abundances of its mMRNA targets throughout the
gradient, whereas miR137 overexpression shifted the distributions of its targets towards

actively translating fractions.

In previous experiments (Chapter 4), | focused on describing the RNA components of
various neuronal subfractions using sucrose density gradients. In my next series of
experiments, | describe the proteins that are present in those same fractions of neuronal
cells. | set out to further explore the possible incorporation of miR135b and miR137 and
their targets into RNA granules by examining their biochemical co-fractionation with
RBPs known to be involved in translational regulation and mRNA transport (Krichevsky

and Kosik, 2001).

6.1.1 Proteins investigated to characterise sucrose gradients and to evaluate the

neuronal distribution of translational regulatory proteins

Analysing the distribution of various proteins allowed validation of the expected
distribution of cellular sub-components within the gradient and consideration of the
overall distribution of general translational regulatory proteins. To this end, | analysed

the distributions of elF4A1, elF4A2, PABP, L10 ribosomal protein and SOD2.
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elF4A1, elF4A2, PABP and L10 were chosen for their known roles in regulating protein
translation. Cap-dependent translation refers to the reliance on a 5 m’G mRNA cap
which protects the mRNA against exonuclease cleavage and serves to recruit and anchor
translation initiation factors (Ramanathan et al.,, 2016). 95 — 97% of mRNAs are
translated in a cap-dependent manner; this is mediated by the 43S preinitiation complex
made up of the 40S ribosomal unit, an initiator tRNA, GTP and the elF4F complex (Fukao
et al., 2014). The elF4F complex consists of elF4E, elF4AA1/4A2, elFAG and accessory
proteins (Malka-Mabhieu et al., 2017). elF4E binds the 5’ cap, elF4A proteins unwind the
5 end of the mRNA to facilitate 43S scanning, and elF4G acts as a scaffold and
circularises the mRNA through interactions with PABP at the 3’ poly-A tail (Wells et al.,
1998, Sonenberg and Hinnebusch, 2009, Fukao et al., 2014). mRNA circularisation
provides a quality control step in which only full and properly formed mRNAs are
translated. After the 43S preinitiation complex identifies the start codon, the initiator
tRNA is able to dock via complementary base pairing, followed by recruitment of the
large 60S ribosomal subunit (Sonenberg and Hinnebusch, 2009). L10 is a component of
the 60S ribosomal subunit, which is recruited to the 40S subunit to form the 80S complex
to initiate translation (Klauck et al., 2006). L10 is therefore expected to demarcate

translating ribosomal fractions.

elF4A1 and elF4A2 share 90% sequence homology, and function as ATP-dependent
DEAD box helicases to unwind secondary structures at the 5’ ends of mRNAs to facilitate
ribosome scanning during translation initiation (Lu et al., 2014). Though widely regarded
to act interchangeably, evidence suggests that elF4A1 and elF4A2 differ in their actions.
Whilst both proteins are involved in translation initiation, studies have shown that
elF4A1 might have a preferential role in this process. These proposed differential roles
are underpinned by recent evidence to show that elF4A1 and elF4A2 have different
binding affinities to elF4G (Wilczynska et al., 2019). EIF4A1 is thought to bind
preferentially to elF4G directly, whilst elF4A2 is recruited to and binds CNOT1 of the
CCR4-NOT deadenylation complex. Importantly, the latter event was further shown to
mediate microRNA mediated translational repression (Meijer et al., 2013, Lu et al., 2014,

Wilczynska et al., 2019).
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PABP functions in protecting the poly(A) tail from nuclease degradation, thereby
maintaining mRNA stability (Bernstein et al., 1989). As mentioned previously, PABP also
interacts with elF4G of the elF4F complex in order to mediate mRNA circularisation
during translation, and has been reported to promote 80S ribosome formation (Wells et
al., 1998, Kahvejian et al., 2001). A role for PABP has also been elucidated in translation
termination, where it helps to identify the stop codon and aids in the recruitment and
stabilisation of eukaryotic release factors (Ilvanov et al., 2016). Of particular importance
is that PABP has also been reported to promote mRNA binding to microRNA-loaded RISC
complexes (Moretti et al., 2012). The presence of PABP in dense cellular fractions could
further suggest localisation in RNA granules along with microRNAs and their targets to
regulate translational repression and mRNA transport, but evidence is scarce on this

point.

6.1.2 RBPs with specialised roles in neuronal RNA transport and/or translational

regulation

| also sought to investigate the localisation of RBPs that would both help us further
localise (or distinguish) RNA granule populations and determine which RBPs might be
associated with miR135b- or miR137-target complexes of interest. We focused on RBPs
with known associations with RNA granules and involvement in translational regulation

in neurons. The investigated proteins comprised IMP1, FMRP, SMN and MOV10.

6.1.2.1 IMP1

Established in regulating B-actin mRNA transport, IMP1 binds to a 54 nucleotide ‘zip-
code’ within B-actin’s 3’'UTR and maintains it in a translationally repressed state
(Kislauskis et al., 1994, Hittelmaier et al., 2005). When required, e.g. upon neuronal NT-
3 stimulation, B-actin mRNA is transported selectively down axons by association with
KIF11 (Zhang et al., 2001, Song et al., 2015). This translational repression is reversed
once the complex arrives at the neuronal growth cone (e.g. upon Src mediated
phosphorylation of IMP1), where B-actin translation and actin polymerisation supports
neurite outgrowth (Huttelmaier et al., 2005). IMP1 has been observed in the same

context to be associated with neuronal RNA granules (Elvira et al., 2006).
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6.1.2.2 FMRP

In Fragile X Syndrome (FXS), a hereditary intellectual disability disorder, there is silencing
of the protein coding gene FMR1, with a consequent a decrease in the amount of FMRP
protein (Mazroui et al., 2002). FMRP, like IMP1, has been shown to regulate the
localisation and translation of mRNAs (Sudhakaran et al., 2014, Wang et al., 2016). The
decrease in FMRP, both through mutation and through modelling this phenomenon
through null mutation in model systems has been associated with the loss of
translational regulation of the mRNAs with which it is associated. This has been observed
as both increased target protein levels and a decreased target mRNA association with

translating ribosomes (Thomson et al., 2017, Asiminas et al., 2019).

FMRP has also been implicated previously in microRNA mediated regulation of mRNA
targets, with one example being the regulation of CAMKII mRNA in the context of
synaptic plasticity and long-term memory formation (Sudhakaran et al., 2014, Wang et
al., 2016). Most studies characterising FMRP’s role in RNA targeting have focussed on
the postsynapse; nonetheless, there is some evidence that this RBP may regulate RNA

trafficking in the axon, also (Price et al., 2006, Wang et al., 2015).

6.1.3 SMN

SMN, mutations in which are involved in spinal muscular atrophy, has a known role in
the localisation and local translation of axonal mRNAs (Wang et al., 2016, Costa and
Willis, 2017, Khalil et al., 2018). SMN was originally thought not to bind RNAs directly,
due to the lack of a conventional ‘RNA interacting motif’; therefore, its mechanism of
action was proposed to be primarily through its interaction with other RBPs e.g. IMP1,
HuD, TDP-43, FUS and FMRP (Fallini et al., 2012, Khalil et al., 2018, Ottesen et al., 2018).
This suggested that the role of SMN was to bring together necessary components to
form RNA transport granules. However, recent evidence suggests that SMN may interact
with RNAs directly via lysine-rich motifs (Ottesen et al., 2018). A loss of SMN leads to a
decrease in axonally localised poly(A)-mRNAs, consistent with a defect in RNA transport
(Fallini et al., 2011, Fallini et al., 2012). This is also the mechanism proposed to underlie

functional defects in SMA (Khalil et al., 2018).
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6.1.4 MOV10

MOV10 is a RISC-associated and neurite-enriched RBP that has been suggested to be
involved in the local control of protein translation (Zappulo et al., 2017). The Drosophila
orthologue of MOV10 is known to aid RISC complex assembly and mRNA transport, and
in mammalian systems MOV10 has been shown to interact with Ago proteins to
participate in microRNA mediated translational repression (Tomari et al., 2004, Meister
et al., 2005, Ashraf et al., 2006). MOV10 has also been implicated in synaptic plasticity
and memory by regulating the translation of mMRNAs whose products modulate synaptic
facilitation (including CAMKII) in an signal-dependent manner; with neuronal activity
causing MOV10 degradation and a reversal of microRNA mediated translational

repression (Ashraf et al., 2006, Banerjee et al., 2009).

Characterisation of the sucrose gradient and exploration of the localisation of RBPs was
designed to produce further insight into the protein complexes with which miR135b-

mMRNA and miR137-mRNA pairs might interact.

6.2 Characterisation of general translation-related and control protein

distributions in neuronal sucrose gradient subfractions

In the gradients used here, monosomal fractions are expected to comprise those
containing 0% — 20% sucrose, polysomal fractions 20% — 40% sucrose, and dense RNA
granule containing fractions 40% — 50% sucrose. Based on previous experiments by
Krichevsky and Kosik (2001), it was expected that members of the elF4F translation
initiation complex would be present in monosomal and polysomal fractions, but largely
absent from denser fractions. Similarly, this group showed PABP in fractions associated
with single ribosomes and polysomes but not enriched within denser fractions,
consistent with its known involvement in translation initiation (Krichevsky and Kosik,
2001). L10 would be expected to be predominantly associated with monosomal and
polysomal fractions undergoing active translation. However, Krichevsky and Kosik
(2001) did identify RPS6, another ribosomal protein, within denser fractions, and

therefore we queried whether L10 might behave similarly.
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6.2.1 Sucrose gradient distributions of elF4A1, elF4A2, PABP, L10 and SOD2

elF4A1 and elF4A2 show similar distributions across the sucrose gradient, being
enriched in lighter fractions and less so in polysomal and more dense fractions (Figure
6.1A and 6.1B). This is consistent with the presence of elF4A1 and elF4A2 in fractions
which contain monosomes — where translation is initiated, as opposed to polysomal
fractions which are actively translating. Though present, neither of these proteins is
enriched within the denser fractions that contain microRNA-mRNA pairs. However,
elF4A1 shows a small peak between 30 — 50% sucrose, whereas elF4A2 is more
uniformly distributed in these denser fractions. Though elF4A1 shows a second peak in
denser fractions, where microRNA-mRNA pairs co-exist, its apparent relative protein
abundance is still lower. Consistent with the literature, my experiments indicate that
elF4A2 is more abundant than elF4A1 in cortical neurons (Figure 6.1A and 6.1B) (Galicia-
Vazquez et al., 2012).

PABP levels were low in 0% — 20% sucrose fractions, which is somewhat surprising given
its known role in translation initiation (Figure 6.1C) (Kahvejian et al., 2001). Its
localisation was consistently observed in 25 — 50% sucrose fractions, in agreement with
its localisation in both polysomal fractions and fractions containing RNA granules (Figure
6.1C). This is consistent with roles for PABP in maintaining mRNA stability throughout

the mRNA lifecycle, i.e. in mRNA transport as well as regulating mRNA translation.

L10 ribosomal protein showed a similar distribution to PABP — very low in monosomal
fractions of 0 — 15% sucrose, and higher at 20 — 50% sucrose (Figure 6.1D). Its presence
in polysomal fractions where active translation is ongoing is expected, whereas its
abundance within the densest sucrose fractions, where RNA granules reside, is more

surprising.

Finally, SOD2, a mitochondrial protein was used to further verify the expected
distribution of cellular components through the gradient. Consistent with the relative
density of mitochondria, this protein was detected in 0 — 20% sucrose fractions (Figure
6.1E). Furthermore, SOD2 was absent from polysomal and dense neuronal fractions,

consistent with previous findings of Krichevsky and Kosik (2001).
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Figure 6.1: Distribution profiles of elF4A1, elF4A2, PABP, L10, SOD2 and total protein to characterise
sucrose gradient mediated neuronal cell fractionation. Cortical neuronal cell cultures were
translationally arrested by 100 pg/ml cycloheximide at DIV28, then harvested. Neuronal lysate was
fractionated by sucrose density mediated fractionation, protein was extracted from each fraction and
subject to western blot (Materials and Methods). Total protein per fraction was quantified using
REVERT Total Protein stain after transfer. The blots were incubated with antibodies against A elF4A1,
B elF4A2, CPABP, D L10 or E SOD2. After incubation with the appropriate IRDye conjugated secondary
antibody the immunoblot was scanned at multiple intensities with the LI-COR Odyssey Infrared
Imager. The signal per band was analysed in Image Studio Lite and quantified as a ratio to REVERT
Total Protein Stain (F representative REVERT total protein stain). Plotted are the average relative

protein abundances from 4 protein gradients. Graphs show mean = SEM.
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Whilst assessing the overall protein abundance using REVERT staining of freshly
transferred membranes, it was evident that most proteins were present in the lower
sucrose density fractions (Figure 6.1F). Therefore, the enrichment of our proteins of

interest within denser fractions is clearly distinct and specific.

63 Are RBPs with known roles in neuronal RNA transport and/or
translational regulation within similar sucrose gradient fractions as miR135b

or miR137 and their mRNA targets?

6.3.1 IMP1

IMP1 localisation within the sucrose gradient has two peaks within dense and light

fractions. This localisation is consistent with its proposed dual functions in regulating
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Figure 6.2: IMP1 is localised throughout the gradient in translating and dense fractions after sucrose
density gradient mediated fractionation. Cortical neuronal cell cultures were translationally arrested by
100 pg/ml cycloheximide at DIV28, then harvested. Neuronal lysate was fractionated by sucrose density
mediated fractionation, protein was extracted from each fraction and subject to western blot. Total
protein per fraction was quantified using REVERT Total Protein stain after transfer. The blot was
incubated with anti-IMP1 (1:1000). After incubation with IRDye conjugated secondary antibody the
immunoblot was scanned at multiple intensities with the LI-COR Odyssey Infrared Imager. The signal per
band was analysed in Image Studio Lite and quantified as a ratio to REVERT Total Protein Stain. IMP1
localisation in the gradient shows two peaks in lighter and dense fractions consistent with its role in
translational repression and RNA transport. Data are pooled from 2 protein gradients. Graphs show

mean + SEM.
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RNA transport and mRNA translation, respectively (Figure 6.2) (Zhang et al., 2001,
Hittelmaier et al.,, 2005). Both miR135b and miR137 demonstrated increased
localisation to 40 — 45% sucrose fractions after overexpression; this
compartmentalisation overlaps with the second peak of IMP1 enrichment (Figure 4.2
and 4.4). Furthermore, these are the same fractions in which the majority of miR135b
and miR137 target mRNAs are distributed. These findings could be considered
preliminary evidence for the cooperation of these microRNAs with IMP1 in regulating

mRNA transport and signal-dependent translation.

6.3.2 FMRP

FMRP was detected in all cellular fractions. It is present in the densest sucrose fractions

which would be consistent with a role in RNA granules, but it is not enriched there. The
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Figure 6.3: FMRP is localised throughout the gradient in translating and dense fractions after
sucrose density gradient mediated fractionation. Cortical neuronal cell cultures were translationally
arrested by 100 pg/ml cycloheximide at DIV28, then harvested. Neuronal lysate was fractionated by
sucrose density mediated fractionation, protein was extracted from each fraction and subject to
western blot. Total protein per fraction was quantified using REVERT Total Protein stain after transfer.
The blot was incubated with anti-FMRP (1:25000). After incubation with IRDye conjugated secondary
antibody the immunoblot was scanned at multiple intensities with the LI-COR Odyssey Infrared
Imager. The signal per band was analysed in Image Studio Lite and quantified as a ratio to REVERT
Total Protein Stain. FMRP is localised throughout the gradient, predominantly in translating fractions
consistent with a role in translational repression. Data are pooled from 4 protein gradients. Graphs

show mean + SEM.
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highest levels of FMRP being observed in less dense fractions can be attributed to its
important role in translational repression by stalling elongation (Figure 6.3) (Darnell and
Klann, 2013). Interestingly, miR137 also shows an endogenous peak of distribution in
the 15% sucrose fraction, which overlaps with the peak of FMRP levels (Figure 4.4 and
6.3). It was somewhat surprising to note that IMP1 and FMRP had such distinct

biochemical distributions, given that their reported functions are similar.

6.3.3 SMN

SMN is known to bind to mRNAs both directly and indirectly to fulfil roles in regulating
RNA transport and translation (Ottesen et al., 2018). | observed SMN to be most highly
enriched within actively translating sucrose density fractions (20% and 25%) (Costa and
Willis, 2017, Khalil et al., 2018, Wang et al., 2018). SMN is not enriched in fractions where

miR135b and miR137 are most abundant, nor is SMN enriched in the densest cellular
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Figure 6.4: SMN protein is enriched within translating fractions and present in dense fractions
within the fractions after sucrose density gradient mediated fractionation. Cortical neuronal cell
cultures were translationally arrested by 100 pug/ml cycloheximide at DIV28, then harvested. Neuronal
lysate was fractionated by sucrose density mediated fractionation, protein was extracted from each
fraction and subject to western blot. Total protein per fraction was quantified using REVERT Total
Protein stain after transfer. The blot was incubated with anti-SMN (1:5000). After incubation with
IRDye conjugated secondary antibody the immunoblot was scanned at multiple intensities with the
LI-COR Odyssey Infrared Imager. The signal per band was analysed in Image Studio Lite and quantified
as a ratio to REVERT Total Protein Stain. SMN is predominantly localised in actively translating

fractions. Data are pooled from 2 protein gradients. Graphs show mean + SEM.
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fractions (Figure 6.4). However, despite a lack of enrichment in denser fractions, SMN is

present throughout the gradient.

6.3.4 MOV10

In my experiments, MOV10 was clearly enriched in the denser fractions of the gradient
(Figure 6.5); this was our expected result, given its previously characterised role as a
neurite enriched RBP thus a potential component of mMRNA- and microRNA-containing
granules regulating RNA transport and translation. The distribution of MOV10 overlaps
considerably with the distributions of miR135b and miR137 (Figure 4.2, 4.4 and 6.5).
This is a particularly exciting result, because it supports our hypothesis that MOV10 may
work in conjunction with miR135b and miR137 to regulate the expression of their target

mRNAs, both within RNA granules and at the synapse (Banerjee et al., 2009).
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Figure 6.5: MOV10 protein is enriched within dense fractions after sucrose density gradient mediated
fractionation. Cortical neuronal cell cultures were translationally arrested by 100 pug/ml cycloheximide
at DIV28, then harvested. Neuronal lysate was fractionated by sucrose density mediated fractionation,
protein was extracted from each fraction and subject to western blot. Total protein per fraction was
quantified using REVERT Total Protein stain after transfer. The blot was incubated with anti-MOV10
(1:800). After incubation with IRDye conjugated secondary antibody the immunoblot was scanned at
multiple intensities with the LI-COR Odyssey Infrared Imager. The signal per band was analysed in
Image Studio Lite and quantified as a ratio to REVERT Total Protein Stain. MOV10 is enriched within
denser fractions of the sucrose gradient overlapping with miR135b and miR137 localisation following

their overexpression. Data are pooled from 3 protein gradients. Graphs show mean + SEM.
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6.4 Discussion

6.4.1 Distribution of components of the basal translational machinery compared to

miR135b and miR137

Translation initiation factors elF4A1 and elF4A2 were mainly present within less dense
fractions of the sucrose gradient consistent with their localisation in monosomal
fractions where they would facilitate translation initiation (Figure 6.1A and 6.1B). Both
of these helicases are expressed in the brain, but elF4A2 is more abundant than elF4A1
in human brain tissues (Galicia-Vazquez et al., 2012). The RBP HuD is shown to increase
the levels of both elF4A1 and elF4A2 to promote protein synthesis to govern neuronal
cell fate and plasticity in motor neurons (Tebaldi et al., 2018). Therefore, the regulation

of these proteins has been previously connected to neuron-specific activities.

elF4Az2 is also known to have roles in microRNA mediated gene regulation. Meijer et al.,
(2013) established that RISC-associated elF4A2 was responsible for translational
silencing through its preferential association with the MIF4G domain of the CCR4-NOT
deadenylation complex. This study provides evidence for microRNA mediated
translation inhibition via inhibition of helicase activity during translation initiation. This
was a conceptual advance in understanding microRNA mediated mRNA regulation by
demonstrating that translational repression could be controlled independently of mRNA

degradation.

Given the previously described roles of elF4A2 protein in translational repression, we
had postulated that it might have a role in preventing ectopic protein expression during
microRNA-dependent mRNA transport. Moreover, this could have predicted it to differ
in its expression profile compared to elF4Al. The evidence that | obtained does not
definitively clarify this issue, however. Both proteins were present but not abundant in
denser fractions containing RNA granules in comparison to fractions undergoing
translation initiation (Figure 6.1A and 6.1B). Moreover, whilst we hypothesised that

elF4A2, which is neuron-enriched, might selectively fulfil this function, its abundance
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decreased in the denser fractions of the gradient (Figure 6.1B). In contrast, elF4A1 does
show a second, wider peak between 30 — 50% sucrose (Figure 6.1A). However, elF4A2
was more abundant than elF4A1 overall, and hence, whilst elF4A2 is not enriched in
denser fractions it appears to be more abundant in these fractions than elF4A1. These
results might suggest the elF4A2 preferentially co-distributes with the microRNAs of
interest and their targets localised between 40 — 45% sucrose, compared to elF4A1l
(Figure 6.1A and 6.1B). However, my experiments were conducted primarily to
qualitatively validate the localisation of proteins of interest within the sucrose gradient.
Further experiments will therefore be required to more specifically evaluate a

differential elF4A1 and elF4A2 function in this context.

PABP exhibited a pattern of localisation almost reciprocal to that of elF4A1 and elF4A2.
Whilst PABP was largely absent from lighter fractions, it was enriched within both
actively translating and dense fractions (Figure 6.1C). This was surprising to us, given its
well-established role in preparing mRNAs for translation initiation. PABP is present in
the gradient within fractions where miR135b, miR137 and their targets were also
present — this potential co-distribution is in line with a possible role for PABP in
facilitating interactions between a microRNA-loaded RISC complex and its target mRNAs
(Moretti et al., 2012). This would be consistent with previous data showing that the
extent of microRNA repression is proportional to poly(A) tail length (Moretti et al.,
2012). Therefore, we suggest a paradigm whereby PABP might recruit the microRNA-
loaded RISC complex and remain associated to the poly(A) tail to confer mRNA stability
during transport, protecting the target from deadenylation. Also, if microRNAs are
involved in neuronal mRNA transport, their mRNA targets would likely need to be

translated readily when they reach their destination, in which PABP would be required.

Likewise, L10 ribosomal protein was present within both translating and dense fractions
(Figure 6.1D). Its abundance within polysomal fractions is expected given its role in
active mRNA translation. The presence of L10 in dense fractions, however, was
unexpected (Figure 6.1D). We therefore considered previous literature to explain this
result. Krichevsky and Kosik (2001) also found that the ribosomal protein RPS6 was
present in denser sucrose gradient fractions. Moreover, they suggested that RNA

granules resembled ribosomal clusters (Krichevsky and Kosik, 2001). Furthermore, other
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groups characterising components of RNA transport granules have also shown them to
contain ribosomal proteins (Elvira et al., 2006). Taken together with these previous
studies and with my finding that PABP was also localised to dense fractions, the
enrichment of ribosomal components within denser fractions of the gradient is
consistent with support of local protein synthesis by translation of transported mRNAs

in neurites or synapses (Biever et al., 2020).

6.4.2 Distribution of specialised neuronal RBPs compared to miR135b and miR137

We investigated the localisation of specialised RBPs known to have an involvement in
regulating mRNA transport and translation in neurons. This was in order to gain insight
as to whether they might demonstrate a distribution consistent with cooperative roles
with miR135b or miR137. IMP1 demonstrated a clear localisation within fractions 40 —
45% of the sucrose gradient like miR137 and miR135b and their targets. In contrast,
FMRP was not enriched in the densest fractions of the gradient where the microRNA-
MRNA pairs were co-distributed. FMRP has been shown to act in conjunction with other
proteins investigated here, including IMP1, SMN and MOV10 (Rackham and Brown,
2004, Piazzon et al., 2008, Kenny et al., 2014). However, these proteins show differing
profiles of distribution within the gradients. FMRP showed a distribution most similar to

that of SMN.

SMN was observed to be most enriched within translating sucrose density fractions, but
less enriched in fractions associated with miR135b- and miR137- mRNA pairs and the
denser fractions associated with RNA granules (Krichevsky and Kosik, 2001). Given that
SMN is most associated with RNA transport (rather than the regulation of translation),
this result was somewhat surprising to us. Nonetheless, SMN was present in nearly all
cellular fractions, including dense fractions. Therefore, despite it demonstrating a
gualitatively different distribution profile, SMN is co-distributed in dense fractions
alongside miR135b and miR137 (Figure 4.2, 4.4 and 6.4). This was of interest to us, given
that many mRNA targets of microRNAs 135b and 137 are presynaptic, therefore are
interesting candidates for SMN-dependent axonal transport. A dysfunction in SMN as
seen in SMA has a detrimental effect on the localisation of axonal mRNAs; SMA leads to

alterations in synaptic proteins, including the developmental downregulation of the
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presynaptic miR137 target, Syt1, in the neuromuscular junctions of the most vulnerable
muscles (Tejero et al., 2016). SMN is also known to interact with both IMP1 and FMRP,
which might suggest the formation of a multi-protein complex to regulate mRNA

transport (Piazzon et al., 2008, Fallini et al., 2014).

MOV10 was primarily present in the denser fractions of the gradient at 40% — 45%
sucrose, co-distributing in the same fractions as to both miR135b and miR137. MOV10
has an established role in RISC complex assembly and reversible microRNA mediated
translational repression at synapses (Tomari et al., 2004, Meister et al., 2005, Banerjee
et al., 2009). This makes MOV10 an interesting candidate to explore in the context of
miR135b- and miR137-dependent functions (Zappulo et al., 2017).

Taken together, these results show the characterisation of the sucrose gradient
alongside the distribution of proteins with known and key involvements in RNA
transport. The RBPs described are differentially localised in fractions where our

microRNAs of interest and their targets are enriched.

6.4.2.1 Possible interpretations for differential protein distributions following sucrose

gradient fractionation

The heterogeneous localisations of RBPs within the sucrose gradient may be relevant to
their differential functions in regulating various functional aspects of mRNA transport

and translation outside the cell soma.

Firstly, the mRNA must be translationally repressed prior to its transport from the cell
body. mRNAs must be then be sorted into distinct populations of RNA granules to direct
their transport to the appropriate sub-cellular domains i.e. the postsynapse versus the
presynapse, with distinct sets of RBPs being expected to regulate this segregation
(Tubing et al., 2010). The RBPs investigated here, including FMRP and IMP1 are known
to interact with molecular motors which couple translational repression to RNA granule
transport (Davidovic et al., 2007, Doyle and Kiebler, 2011, Song et al., 2015). The mRNA
contained in granules must also be maintained in a translationally repressed state during
transport. Finally, the appropriate proteins must be present to reverse translational

repression and permit protein synthesis after the RNA granule arrives at its destination.
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Moreover, translational repression might be reversed constitutively or in a signal-

dependent manner.

The distributions of PABP and L10 in dense fractions may indicate their co-packaging
into RNA granules to participate in reversing microRNA mediated inhibition of
translation. Likewise, IMP1 and MOV10 show substantial localisation in fractions
consistent with RNA transport or sequestration granules. IMP1 also shows a substantial
localisation in lower density ribosome containing fractions; this could either represent
inhibition of translational initiation or potentially monosomal translation (Biever et al.,

2020).

Interestingly, a high enrichment is also seen for FMRP in less dense fractions, including
monosomal fractions, thereby overlapping in its expression with IMP1 and SMN (Figure
6.2, 6.3 and 6.4). FMRP dysfunction in FXS might lead to a dysregulation in the
repression and localisation of its mRNA targets, with downstream effects on neuronal

connectivity (Mazroui et al., 2002, Sudhakaran et al., 2014).

Interestingly, FMRP and MOV10 have a known cooperative relationship in microRNA
mediated translational repression; FMRP recruits MOV10 to mRNA targets, where
MOV10 then proceeds to unwind the mRNA’s secondary structure to expose microRNA
recognition elements to Ago2 binding (Kenny et al., 2014). However, FMRP binding to
an RNA close to the MOV10 binding site hinders the helicase activity of MOV10
therefore eliminating microRNA mediated translational repression (Kenny et al., 2014).
FMRP is usually regarded as a translational repressor of transcripts, but this model
proposes that under certain molecular conditions it may promote translation. Though
they are enriched in different fractions, there is overlap of these two RBPs throughout

the sucrose gradient (Figure 6.3 and 6.5).

Perhaps the most surprising compartmentalisation of all is the enrichment of SMN in
polysomal fractions. One possibility is that this localisation represents a qualitatively

different functional role to that of the other RBPs studied.
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6.4.3 Development of a working model for the activities of miR135b and miR137 based

on density gradient profile results

We propose that microRNAs 135b and 137 co-exist with and regulate the transport and
localised translation of their mRNA targets, in conjunction with specific RBPs (Figure
6.6). The coordinated localisation of mRNAs, based on their structures and sequence
characteristics, and RBPs, based on their own targeting sequences and macromolecular
interactions are presumed to be crucial to the proper targeting of microRNA-mRNA pairs
to RNA granules. Furthermore, this may couple together the necessary effectors to
regulate the transport of RNA granules to specific cellular sub-compartments and
eventually the reversal of microRNA mediated repression of mRNA targets to allow their
translation. RNA transport will allow the creation of a local transcriptome. We can
further assess the functional participation of specific RBPs in microRNA mediated target
regulation by miR135b and miR137 by utilising microscopic imaging and biochemical
techniques. It will be crucial to determine which microRNAs, target mRNAs and RBPs
interact with each other to elucidate the mechanisms underlying this complex neuronal

subcellular expression process.
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7 Chapter 7: Cytological and biochemical evidence for roles of
miR135b and miR137 in mRNA transport

7.1  Introduction

mRNA is transcribed from DNA by RNA polymerase Il; the resultant pre-mRNA is capped
at the 5’ end, the exons are spliced and the 3’ end is polyadenylated to form the mature
mRNA (Fong and Bentley, 2001). The mature mRNA is exported to the cytoplasm from
the nucleus, where it is either translated, degraded or translationally repressed to be

transported (Martin and Ephrussi, 2009, Doyle and Kiebler, 2011).

mRNA transport to sites distant from the cell body is crucial in neurons to maintain their
polarity and regulate synaptic plasticity. During transport, mRNAs are sequestered away
from translating ribosomes, sorted into RNA granules which associate with motor
proteins and are transported to their correct destinations (Krichevsky and Kosik, 2001,
Kanai et al., 2004, Elvira et al., 2006, Kiebler and Bassell, 2006). Once mRNAs reach their
destination, the translational repression can be reversed in a signal-dependent manner;

in neurons this can regulate synaptic plasticity and neuronal connectivity.

Given that microRNAs 135b and 137 participate in non-degrading microRNA-target
interactions and co-exist with their respective targets in neurons, we hypothesised that
these microRNAs might play a role in maintaining translational repression of mRNAs
during their transport. Moreover, mRNA targets of miR135b and miR137 have defined
synaptic roles, which suggests that they might be involved in both axonal and dendritic

transport.

In the previous chapter | demonstrated that specific RBPs, including SMN and MOV10,
were detected in dense cellular fractions of cortical neurons, consistent with their
localisation in RNA granules. Furthermore, this localisation within sucrose density
gradients overlapped with the microRNAs themselves. There are heterogeneous
populations of RNA transport granules; two of such subpopulations are distinguished as
Stau?2 positive or Btz positive (Fritzsche et al., 2013). MOV10, however, associates with
both types of granules, suggesting its function might be crucial in RNA transport granule

function in general (Fritzsche et al., 2013).
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MOV10 is a neurite-enriched RNA helicase that mediates translational repression and
can control the local translation of mRNAs in a microRNA-RISC associated manner
(Banerjee et al., 2009, Zappulo et al., 2017). It is highly expressed in the brain during
development (E18 to P14), but demonstrates a more restricted pattern of brain
expression in adulthood (Skariah et al., 2017). Sequencing of MOV10-associated mRNAs
showed functional clusters with terms including axonal guidance and neuronal
projections (Skariah et al., 2017). Moreover the Drosophila orthologue of MOV10,
Armitage, has been shown to regulate the translation of kinesin heavy chain and CAMKII

mRNAs, while also supporting transport of the latter (Ashraf et al., 2006).

SMN has a known role in both assembly and transport of axonal RNA granules, along
with regulating local translation in axonal terminals. SMN interacts with RNAs both
directly and indirectly via other RBPs (Li et al., 2014a, Ottesen et al., 2018). There are a
range of axonally localised RNAs which are proposed to interact directly with SMN within
transport granules (Rage et al., 2013). Reduced SMN due to mutations or deletions in
the SMN1 gene are seen in SMA, where SMN2, a truncated version of the protein,
cannot fully compensate for the loss. In this neurodegenerative condition, there are
defects at the neuromuscular junction which cause skeletal muscle denervation,

ostensibly due to defective RNA transport (Martinez-Hernandez et al., 2013).

Taken together, MOV10 is a key component of RNA granules which has the capacity to
regulate local translation in a microRNA-dependent manner, and SMN is a key protein
that may bring together the necessary components for axonal RNA transport.
Furthermore, these two proteins share binding interactions with the same proteins i.e.
FMRP, and thus both proteins might be operating together in the context of miR135b
and miR137 target mRNA regulation (Piazzon et al., 2008, Kute et al., 2019).

Double-label fluorescence in-situ hybridisation combined with immunocytochemistry
(FISH/ICC) was employed to assess the colocalisation of microRNA-mRNA pairs and
MOV10 or SMN. FISH has previously been employed by other groups to visualise RNA
localisation within RNA granules (Repici et al., 2019). In addition, immunoprecipitation
(IP) was employed to determine whether miR135b or miR137 and their mRNA targets
associated with either MOV10 or SMN biochemically.
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7.2 Visualisation of RNA binding proteins within cortical neurites

7.2.1 Validating conditions for low density neuronal cultures

Previous experiments had shown that the cellular immunolabeling profiles for RBPs
MOV10, SMN, IMP1 and FMRP overlapped with Tau, a marker of neuronal processes
(data not presented). However, the high density of neurons in these cultures (seeded on
coverslips at a density of 3x10° cells/ml) made it difficult to discern individual neurites.
| therefore sought to establish a protocol to create cultures with a lower neuronal

density.

Figure 7.1: Low-density neuronal cultures allow for better visualisation of neuronal processes.

Cortical neurons were cultured at a density of 1x10* cells/ml in supplemented Neurobasal Media with
additional 10% heat-inactivated horse serum for 7 days. At DIV14, neurons were fixed in 4% PFA/PBS
for 5 minutes at room temperature, then blocked and permeabilised in 4% Goat Serum and 0.3%
Triton X-100 in PBS for 60 minutes. Followed by overnight incubation at 4°C in blocking solution with
Mouse anti-Tau antibody (1:500) with constant rocking. Coverslips were washed 3 times with PBS then
incubated for 90 minutes at room temperature with appropriate secondary antibodies (Goat anti-
Mouse AlexaFluor 488, 1:1000), washed again and mounted on slides with Fluoromount-G + DAPI.
Neuronal processes are clearly discernible within low-density cultures. Images were taken at 20x on

Nikon EFD-3 with CoolLED pE-300 LED illumination. Scale bar 100 um.
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Low density neuronal cultures can be difficult to maintain due to lack of trophic support
(Lu et al., 2016). My aim was to reduce the cell density by 30-fold, to 1x10% cells/ml. To
promote the survival of neurons at a low-density, the cells were cultured with additional
serum supplementation to provide short-term trophic support, and to allow glial cells to
grow in parallel to provide further trophic support (Pyka et al., 2011). This method of
neuronal culture allowed for the survival of low-density cultures and a better

visualisation of individual neuronal processes (Figure 7.1).

MOV10 Merged

Figure 7.2: MOV10 and SMN are present in neuronal processes, shown by their overlap with Tau.

Fixed, blocked and permeabilised low-density neuronal cultures were incubated at 4°C in blocking
solution with 1:500 Rabbit anti-MOV10 and 1:500 Mouse anti-Tau or 1:250 Mouse anti-SMN and 1:500
Rabbit anti-Tau overnight. Coverslips were washed 3 times with PBS then incubated for 90 minutes at
room temperature with appropriate secondary antibodies (Goat anti-Mouse AlexaFluor 488, Goat
anti-Rabbit AlexaFluor 488, Goat anti-Mouse AlexaFluor 647 or Goat anti-Rabbit AlexaFluor 647) and
washed again. Coverslips were mounted with Fluoromount-G. Both MOV10 and SMN are present in

Tau positive neuronal processes. Images were taken at 100x on Nikon Eclipse Ti, scale bar = 10 um.
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| examined whether MOV10 and SMN were present in neuronal processes as defined by
colocalisation with Tau positivity, as would be expected if they were directing the
transport of mRNAs which encode for proteins that function remote from the cell body.
Figure 7.2 shows that both MOV10 and SMN immunostainings overlap with Tau within
neuronal cell bodies and neuronal processes in low-density cultures. Interestingly, there
are Tau positive processes in which MOV10 staining is absent. This would suggest that
MOV10 only regulates transport in certain cortical neuronal processes. Nevertheless,
the overlap between Tau and these proteins serves as a proxy to examine the potential
co-localisation of microRNAs 135b and 137 and their targets within RNA granules

regulating mRNA transport to sites remote from the neuronal cell body.

7.2.2  FISH/ICC method used for visualisation and analysis of microRNA-mRNA-protein
complexes
FISH/ICC was employed to identify and analyse the overlap between miR135b and
miR137 and their target mRNAs (Bsn/Vamp2 and Syt1, respectively) within neuronal
processes of low-density neuronal cultures immunolabeled with either MOV10 or SMN.
Any observed overlap between the microRNA, mRNA and protein might be indicative of
them creating a biochemical complex together. This technique of visualisation also
allows identification of where in the neurons these potential complexes are present e.g.

proximal to the cell bodies and/or in the distal processes.

Using the ViewRNA Cell Plus Assay, immunocytochemistry was combined with bDNA
signal amplification to simultaneously detect proteins and RNAs. bDNA signal
amplification has a high signal to noise ratio and facilitate imaging of low-abundance
molecules (Battich et al., 2013). The images obtained were analysed on a macro

designed on Imagel) (Materials and Methods and Appendix 1).

7.3  Are miR135b, Vamp2 mRNA and MOV10 colocalised within neuronal

processes?

The localisation of miR135b and its mRNA target Vamp2, encoding an important
presynaptic vesicle protein, was investigated in MOV10-immunopositive neurons.
Qualitatively, MOV10 (purple) was visualised within the neuronal cell body and neuronal

processes (Figure 7.3). Though MOV10 labelling is generally diffuse, the presence of
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some brighter spots/puncta suggests its visualisation in RNA granules. Vamp2 mRNA
(green) puncta are frequent within the cell body but can be traced all the way through
to distal neuronal processes, consistent with Vamp2 mRNA transport (Figure 7.3).
miR135b-labeled puncta (red) were less abundant than those labelled for Vamp2; they
show a distribution within and proximal to neuronal cell bodies and a less frequent
visualisation in neuronal processes. When qualitatively assessing the overlap of
miR135b and Vamp2 within MOV10 positive neurons, the signals do not colocalise
exclusively; this could suggest that they a) undergo some independent transport and

functions or b) the labelling process is inefficient (Figure 7.3).

Quantitative analysis was conducted on 40 images obtained from FISH/ICC experiments
using the macro designed in FlJI (Materials and Methods and Appendix 1). Images were
chosen based on the ability to identify neuronal structures i.e. cell bodies and extending
processes. When interpreting these data, the potential error introduced due to
inefficient labelling of microRNA and mRNA species during FISH had to be taken into
consideration. This would consequently lead to an underestimate in the number of
overlapping species as presented in Figure 7.4 and Tables 7.1 and 7.2. Therefore, though
my interpretations are valid according to visible, detectable puncta, the caveat remains
that the mRNA and microRNA species might not all be labelled. Taking this into
consideration, it was deemed inappropriate to draw statistical conclusions from the

guantitative data obtained.
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Figure 7.3: miR135b and Vamp2 localisation within MOV10 positive neuronal processes. A, B and C

Low-density neuronal cultures were subject to FISH/ICC using an antibody against MOV10 and
ViewRNA Cell Plus Assay probes against miR135b and Vamp2. Coverslips were mounted with
Fluoromount-G. Images were taken at 100x on Nikon Eclipse Ti, scale bar = 10 um. miR135b and
Vamp?2 are present in MOV10 positive neuronal subdomains. Co-labelled structures proximal to the

cell body and within neuronal processes are highlighted by white arrows.
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This analysis highlighted that miR135b puncta are less abundant than both Vamp2 and
MOV10, corroborating my qualitative observations (Figure 7.4A). MOV10 puncta were
the most abundant, with there being over twice as many as compared to Vamp2 puncta

(Figure 7.4B).

Quantification of overlapping puncta showed that there were similar numbers of both
miR135b + Vamp2 and miR135b + MOV10 overlapping pairs (Figure 7.4B). Vamp2 +
MOV10 are the most abundant overlapping pair (Figure 7.4B). The least abundant
overlap was between miR135b, Vamp2 and MOV10 together (Figure 7.4B). The
percentage of total puncta within all images overlapping with any other population of

puncta were analysed, further breaking down the results obtained in Figure 7.4B.
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Figure 7.4: Abundance of miR135b, Vamp2 and MOV10 puncta and the frequency of their overlap.
A MOV10 puncta are more abundant than both miR135b puncta and Vamp2 puncta. Vamp2 puncta
are however more abundant than miR135b puncta in MOV10 positive processes. B Vamp2 and
MOV10 overlapping pairs are more abundant than any other combination of overlap. miR135b puncta
overlaps to a similar extent with either Vamp2 or MOV10. The least abundant overlap is between all
three miR135b, Vamp2 and MOV10, suggesting that they are more likely to function independently

of at least one component in potentially different types of granules. N = 40, graphs show mean + SEM.
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The percentages of miR135b puncta overlapping with either Vamp2 or MOV10 puncta
were similar (Table 7.1), consistent with the overlapping puncta shown in Figure 7.4B.
Vamp2 puncta and MOV10 puncta preferentially overlap with each other compared to

miR135b (Table 7.1).

% Overlap
miR135b Vamp2 MOV10
miR135b 6.0+0.9 3.4+0.6
Vamp2 18.0+2.5 9.2+1.2
MOV10 16.9+2.5 15.8+2.4

Table 7.1: The percentages of miR135b, Vamp2 and MOV10 overlapping with any other species.
There is a small difference in the percentage of miR135b puncta overlapping with either Vamp2 or
MOV10. However, there is a higher percentage of Vamp2 puncta overlapping with MOV10 compared
to miR135b. Similarly, the percentage MOV10 puncta overlapping with Vamp2 is higher than the

percentage of puncta overlapping with miR135b. N = 40, data show mean + SEM.

Of all three molecules, MOV10 had the smallest percentage of puncta overlapping with
both other populations (Table 7.2). A larger percentage of the total, detectable miR135b
puncta contribute to the triple overlap compared to either Vamp2 or MOV10, which

could be attributed to their relative frequencies of detection.

% Overlap
miR135b Vamp2 MOV10
Vamp2 + MOV10 3.6+1.0
miR135b + MOV10 1.0+0.3
miR135b + Vamp2 0.7+0.2

Table 7.2: The percentages of miR135b, Vamp2 and MOV10 overlapping with any other pair of
puncta. Every population of puncta has the fewest proportion of puncta contributing to the overlap
with both other populations of puncta. However, a larger percentage of total miR135b puncta overlap
to the triple overlap compared to Vamp2 or MOV10. N = 40, data show mean = SEM.
The data presented in Tables 7.1 and 7.2 show that only a fraction of the total
population of puncta overlap with that of the other populations. However, this
observation could suggest that miR135b, Vamp2 and MOV10 may function
independently of each other. Since limitations in the sensitivity of detection by FISH/ICC
might result in an underrepresentation of any overlapping combination, however, we

refrained from making statistical conclusions. Nonetheless, these images provided
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qualitative evidence that MOV10, Vamp2 mRNA and miR135b could exist in the same

restricted cellular compartments.

7.4  Are miR135b, Vamp2 and SMN present together within neuronal

processes?

miR135b, Vamp2 and SMN FISH/ICC co-labelled puncta were analysed, representing a

potentially different population of RNA granules.

Qualitatively, SMN (purple) is diffusely expressed throughout the labelled neurons — it
is highly concentrated around the cell body, with some bright punctate staining within
neuronal processes (Figure 7.5). Within SMN-positive neurons, Vamp2 mRNA (green)
predominantly surrounds the cell body, but is also detected along neuronal processes,
perhaps indicative of its transport (Figure 7.5). miR135b puncta (red) are far less
abundant than Vamp2 and SMN. miR135b puncta are present mostly within the cell
body, and a few puncta can be detected within processes (Figure 7.5). miR135b and
Vamp2 sometimes overlap in their expression within SMN positive neuronal processes
(white arrows, Figure 7.5). This could indicate that there are miR135b-independent
transport mechanisms or that the labelling process is inefficient, and we are unable to

detect all overlapping species.

miR135b-, Vamp2- and SMN- positive structures, abundances and their overlap were
qualitatively and quantitatively analysed within 27 images obtained from FISH/ICC
experiments using the macro designed in FlJI (Materials and Methods and Appendix 1).
Images were chosen based on the ability to identify neuronal structures i.e. cell bodies
and extending processes. When interpreting these data, the potential error introduced
due to inefficient labelling of microRNA and mRNA species during FISH had to be taken
into consideration. This would consequently lead to an underestimation in the number
of overlapping species. Taking this into consideration, it was inappropriate to draw
statistical conclusions from the quantitative data obtained, instead | will comment on

observed trends regarding overlapping puncta.
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Figure 7.5: miR135b and Vamp2 localisation within SMIN positive neuronal processes. A, B and C
Low-density neuronal cultures on coverslips were subject to FISH/ICC using antibodies against SMIN
and ViewRNA Cell Plus Assay probes against miR135b and Vamp2. Images were taken at 100x on Nikon
Eclipse Ti, scale bar = 10 um. miR135b and Vamp2 are present in SMN positive neuronal subdomains.

Co-labelled structures are highlighted by white arrows.
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In line with the qualitative observations, SMN puncta were the most abundant, followed
by Vamp2 puncta and finally miR135b puncta (Figure 7.6A). A similar number of
miR135b puncta overlapped with either Vamp2 or SMN puncta (Figure 7.6B). Vamp2
and SMN overlapped with each other more often than any of the other combinations,
whilst the overlap between miR135b, Vamp2 and SMN all together was least observed
(Figure 7.6B). At face value, this might suggest that miR135b and SMN positive RNA
granules might not be the most common form of Vamp2 transport. However, the lack
of overlap could alternatively be attributed to a lack of efficient labelling of

microRNA/mRNA species through FISH.
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Figure 7.6: Abundance of miR135b, Vamp2 and SMN puncta and the frequency of their overlap. SMN
puncta the most abundant. Vamp2 puncta are more abundant than miR135b puncta in SMN positive
processes. B Vamp2 and SMN overlapping puncta are the most abundant. miR135b puncta overlap
with either Vamp2 or SMN in similar proportions. The least abundant overlap is between all three
miR135b, Vamp2 and SMN, suggesting that they are more likely to function independently of at least

one component in potentially different kinds of granules. N = 27, graphs show mean + SEM.

Next, the percentage of total puncta contributing to each potential overlapping
combination was analysed, to assess whether detectable miR135b, Vamp2 or SMN
puncta preferentially overlapped with each other. The percentage of miR135b puncta
overlapping with SMN was higher than the percentage overlapping with Vamp2 (Table

7.3). There is a higher percentage of Vamp2 and SMN puncta overlapping with each
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other compared to with miR135b (Table 7.3). This result is reciprocated by a larger
percentage of SMN puncta overlapping with Vamp2 compared to miR135b (Table 7.3).

However, these percentages need to also consider the relevant labelling events.

% Overlap
miR135b Vamp2 SMN
miR135b 3.7+0.6 3.3+0.6
Vamp2 8.6+1.2 156+1.7
SMN 12.0+1.9 22.8+2.0

Table 7.3: The percentages of miR135b, Vamp2 and SMN overlapping with any other species. A
similar percentage of miR135b puncta overlaps with either Vamp2 or SMN. A higher percentage of
Vamp2 puncta overlap with SMN compared to miR135b. Similarly, the percentage SMN puncta
overlapping with Vamp2 were higher than the percentage overlapping with miR135b. N = 27, data

show mean + SEM.
The percentage contribution from the total pool of puncta to a triple overlap was the
least abundant combination observed (Figure 7.6). A larger percentage of miR135b

contributed to the triple overlap compared to the percentages of Vamp2 or SMN (Table

7.4). This can be reconciled by the overall abundance of each type of puncta.

% Overlap
miR135b Vamp2 SMN
Vamp2 + SMN 19+0.6
miR135b + SMN 0.7+0.2
miR135b + Vamp2 0.6+0.1

Table 7.4: The percentages of miR135b, Vamp2 and SMN overlapping with any other pair of puncta.
Every population of puncta is least likely to overlap with both other populations of puncta (data in
Table 7.3). The data here show that a larger percentage of total miR135b puncta contribute to the

triple overlap compared to the percentage of Vamp2 or SMN puncta. N = 27, data show mean + SEM.

Furthermore, it is clear from the data provided in Tables 7.3 and 7.4 that only a fraction
of the total population of observable puncta overlap with the other populations.
Limitations in the sensitivity of detection by FISH/ICC might account for an
underrepresentation of any overlapping combination. However, this observation could
alternatively suggest that miR135b, Vamp2 and SMN may function independently of

each other. Nonetheless, the overall miR135b, Vamp2 and SMN colocalisation suggests
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a positive relationship. To obtain more definitive conclusions, however, a more efficient
method of microRNA/mRNA labelling must be employed to get a more sensitive

representation of overlapping puncta.

7.5 Are miR135b, Bsn and MOV10 present together within neuronal

processes?

To corroborate other results obtained within this thesis (Chapter 7.8.3), the potential
coexistence between miR135b and its presynaptic target Bsn in MOV10 positive neurons
was explored. Bsn is a presynaptic scaffolding protein, involved in organising the
presynaptic structure to regulate proper neurotransmitter release; Bsn itself is
speculated to have specific involvement in recruiting synaptic vesicles to release sites
(Hallermann et al., 2010, Gundelfinger et al., 2015). Colocalisation of all three species
could be indicative of them forming an RNA granule together, with miR135b and MOV10

perhaps regulating mRNA transport and signal-dependent translation.

FISH/ICC images were analysed to qualitatively identify the localisation of miR135b and
Bsn puncta within neurons, particularly within neuronal processes immunolabelled for
MOV10. Though MOV10 staining (purple) is diffuse throughout neuronal structures,
there are brighter spots of staining which could represent potential sequestration into
RNA granules (Figure 7.7). Bsn mRNA puncta (green) are present proximal to the cell
body, with few puncta present at sites distal from the cell body. miR135b puncta (red)
are also primarily closer to the cell body with only a few puncta within neuronal process-
like structures. Bsn and miR135b puncta seem to be present in similar numbers, in
contrast to miR135b target Vamp2, which was labelled much more frequently than
miR135b. This could be attributed to inefficient Bsn mRNA labelling, a lower overall

expression of Bsn mRNA or a lesser need for Bsn mRNA transport.
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Figure 7.7: miR135b and Bsn co-exist within MOV10 positive neurons, primarily proximal to the cell
body. A, B and C Low-density neuronal cultures on coverslips were subject to FISH/ICC using
antibodies against MOV10 and ViewRNA Cell Plus Assay probes against miR135b and Bsn. Coverslips
were mounted with Fluoromount-G. Images were taken at 100x on Nikon Eclipse Ti, scale bar = 10
pm. miR135b and Bsn are present in MOV10 positive neuronal subdomains. Co-labelled structures

proximal to the cell body are highlighted by white arrows.
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Compared to previous FISH/ICC experiments with miR135b, there are areas of blurred
microRNA and mRNA staining which could not be precisely focused. Despite this,
brighter and focused miR135b and Bsn puncta are observed to colocalise together
(white arrows) within and in proximity to MOV10-positive neuronal cell bodies (Figure
7.7). One possibility is that miR135b might not facilitate Bsn transport to sites distal from
the cell body, but instead act as a ‘loading-mechanism’ into potential granules. Similarly,
miR135b and Bsn signals are not observed to exclusively colocalise with each other in
MOV10 positive processes. This could be indicative of independent functions or may
alternatively be attributed to inefficient labelling via FISH/ICC and/or poor clarity of the

microscopic recording.

65 images were quantitatively analysed from FISH/ICC experiments in order to evaluate
the extent of overlap between miR135b and Bsn within MOV10 positive neurons using
the macro designed in FlJI (Materials and Methods and Appendix 1). Images were

chosen based on the ability to identify neuronal structures i.e. cell bodies and extending

processes.
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Figure 7.8: Abundance of miR135b, Bsn and MOV10 puncta and the frequency of their overlap.
miR135b puncta and Bsn puncta are both less abundant than MOV10 puncta. B miR135b + Bsn,
miR135b + MOV10 and Bsn + MOV10 overlapping pairs are the most frequently observed, compared
to an overlap between all three populations. This suggests that miR135b, Bsn and MOV10 are more
likely to function independently of at least one component in potentially different types of granules.

N = 65, graphs show mean + SEM.
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My interpretations are based on detectable puncta. Considering the possibility of
inefficient microRNA and mRNA labelling via FISH, no statistically based conclusions
were made from the quantitative data obtained. Instead, | will comment on observed

trends in species overlap.

MOV10 puncta are most abundant within the images analysed compared to miR135b
and Bsn (Figure 7.8A). Surprisingly, Bsn puncta are less abundant than miR135b.
Quantification of overlapping puncta identified that an overlap between miR135b, Bsn

and MOV10 together is the least observed (Figure 7.8B).

The percentage contribution of each population of puncta (miR135b, Bsn or MOV10) to
each overlapping combination was further analysed. There were only small differences
in the percentages of either miR135b, Bsn or MOV10 puncta overlapping with either of
the other labelled species (Table 7.5).

% Overlap
miR135b Bsn MOV10
miR135b 153123 29+0.3
Bsn 13.2+1.9 2.3+0.3
MOV10 156+1.6 173+23

Table 7.5: The percentages of miR135b, Bsn and MOV10 overlapping with any other species. Similar
percentages of each labelled population of puncta, miR135b, Bsn or MOV10, co-segregate with any

other labelled population in pairs N = 65, data show mean + SEM.

When analysing the triple overlap, where observed, there were only slight differences
between the percentage of miR135b or Bsn puncta overlapping with Bsn + MOV10 or
miR135b + MOV10 respectively (Table 7.6). MOV10 contributed the least percentage
from its total pool of puncta to an overlap with both miR135b and Bsn (Table 7.6). This
again, could be attributed to the relative abundances of each of these populations of
labelled puncta (Figure 7.8). Tables 7.5 and 7.6 that only a fraction of the total
population of observable puncta overlap with the other populations. Limitations in the
sensitivity of detection by FISH/ICC might account for an underrepresentation of any
overlapping combination of miR135b, Bsn and MOV10. To obtain more definitive
conclusions, however, a more efficient method of microRNA/mRNA labelling must be

employed to get a more sensitive representation of overlapping puncta.
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% Overlap
miR135b Bsn MOV10
Bsn + MOV10 20+04
miR135b + MOV10 32+1.1
miR135b + Bsn 0.3+0.07

Table 7.6: The percentages of miR135b, Bsn and MOV10 overlapping with any other pair of puncta.
The smallest percentages of total labelled puncta contribute to a triple overlap between miR135b, Bsn
and MOV10. A slightly higher proportion of Bsn puncta contribute to this overlapping condition
compared to miR135b. MOV10 puncta contribute the lowest percentage of total puncta to a triple

overlap. N = 65, data show mean = SEM.

7.6 Are miR137, Sytl and MOV10 present together within neuronal

processes?

In keeping with the theme of important presynaptic proteins, for miR137, its interaction
with and the localisation of its mRNA target Syt1 was examined, firstly within MOV10
positive neurons. Neurotransmitter release is dependent on presynaptic calcium binding
to the calcium-sensor, Syt1, therefore its transport to the pre-synapse and its translation
will be important for neuronal connectivity (Xu et al., 2009, Stidhof, 2013). In these
conditions, FISH/ICC was carried out with target probe-sets complementary to miR137

and Syt1, and an antibody against MOV10.

Qualitative observations of FISH/ICC images highlighted that MOV10 (purple) is present
heavily within the neuronal cell body and is additionally identified within neuronal
processes (Figure 7.9). Though this staining is quite diffuse, there are brighter
spots/punctate expression of MOV10 which suggest localisation in RNA granules. Syt1
mMRNA (green) signal is abundant within and surrounding the cell body, with only a few
puncta present in neuronal processes (Figure 7.9). This could suggest that this mRNA is
not constitutively transported along neuronal processes, where Syt1 protein transport
could be more predominant. miR137 staining (red) was less abundant than either

MOV10 or Syt1, mostly surrounding the cell body and a minority of puncta being
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Figure 7.9: miR137 and Syt1 localisation within MOV10 positive neuronal processes. A, B and C Low-

density neuronal cultures on coverslips were subject to FISH/ICC using an antibody against MOV10
and ViewRNA Cell Plus Assay probes against miR137 and Sytl. Coverslips were mounted with
Fluoromount-G. Images were taken at 100x on Nikon Eclipse Ti, scale bar = 10 um. miR137 and Syt1
are present in MOV10 positive neuronal subdomains. Co-labelled structures proximal to the cell body

and within neuronal processes are highlighted by white arrows.
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present in neuronal processes (Figure 7.9). miR137 and Syt1 do overlap in MOV10
positive neuronal processes (white arrows, Figure 7.9). This is perhaps indicative of co-
transport to sites remote from the cell body. When qualitatively assessing the overlap
of miR137 and Sytl within MOV10 positive neurons, the signals do not colocalise
exclusively; most overlapping instances are proximal to the cell body, where the
microRNA first targets the mRNA. This could suggest that either miR137 and Sytl
undergo some independent transport and functions or the labelling process is inefficient

and is insufficient in identifying all overlapping pairs.
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Figure 7.10: Abundance of miR137, Syt1 and MOV10 puncta and the frequency of their
overlap. A miR137 puncta are the least abundant. Syt1 puncta are more abundant than
miR137, but less so than MOV10 labelled puncta. B Syt1 and MOV10 puncta overlap more
with each other than they do with miR137. A similar number of miR137 puncta overlap with
either Syt1 or MOV10. The least abundant overlap is between all three miR137, Syt1 and
MOV10, suggesting that they are more likely to function independently of at least one

component in potentially different kinds of granules. N = 68, graphs show mean + SEM.

A total of 68 images obtained from FISH/ICC were quantitatively analysed to determine
the extent of overlap between miR137, MOV10 and Syt1 experiments using the macro
designed in FlJI (Materials and Methods and Appendix 1). Images were selected based
on the identification of neuronal structures, as stained by MOV10. When interpreting

these data, the potential error introduced due to inefficient labelling of microRNA and
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MRNA species during FISH had to be taken into consideration. Therefore, no statistically

based conclusions were drawn.

The numbers of puncta in each overlapping condition were analysed. MOV10 and Syt1
most abundantly overlapped with each other, whereas the least abundant overlap was
between all three miR137, Syt1 and MOV10 (Figure 7.10B). A similar number of miR137
puncta overlapped with either Syt1 or MOV10 (Figure 7.10B).

To further investigate the results in Figure 7.10B, the percentage contribution of each
population of puncta (miR137, Syt1 or MOV10) to each overlapping combination was
analysed. A similar percentage of total miR137 puncta co-segregate with either Syt1 or
MOV10 (Table 7.7). Whereas both Sytl and MOV10 overlap with each other
preferentially compared to their overlap with miR137 (Table 7.7). This could be related

to their relative abundances or due to inefficiencies in labelling (Figure 7.10).

% Overlap
miR137 Syt MOV10
miR137 41+0.6 2.1+0.3
Sytl 29.7+3.7 8.8+0.7
MOV10 26.7 £3.2 15.8+1.3

Table 7.7: The percentages of miR137, Syt1 and MOV 10 overlapping with any other species. A similar
percentage of miR137 puncta overlaps with either Syt1 or MOV10. A higher percentage of Syt1 puncta
overlap with MOV10 compared to miR137. A larger percentage of MOV10 puncta overlap with Syt1

compared to with miR137. N = 68, data show mean + SEM.

miR137, Sytl and MOV10 least abundantly co-exist altogether. When analysing the
percentage contributions from the total pool of miR137, Syt1 and MOV10 puncta it was
evident that a larger percentage of miR137 contributes to the triple overlap compared
to MOV10 (Table 7.8). This could suggest independent functions, representing granules
which are not reliant of MOV10- or miR137-mediated translational repression, or those
transporting other mRNA cargoes (Figure 7.10). However, this could be attributed to an

inefficient microRNA or mRNA labelling process via FISH.
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% Overlap
miR137 Syt1 MOV10
Syt1 + MOV10 3.8+0.9
miR137 + MOV10 0.71£0.2
miR137 + Syt1 0.2+0.1

Table 7.8: The percentage of miR137, Syt1 and MOV10 overlapping with any other pair of puncta.
Every population of puncta is least likely to overlap with both other populations of puncta (data in
Table 7.7). The data here show that miR137 puncta are more likely to contribute to a triple overlap
compared to Syt1 or MOV10 — this could be indicative of their relative abundances. N = 68, data show
mean + SEM.
The data in Tables 7.7 and 7.8 suggest that miR137, Syt1 and MOV10 may also interact
with other microRNAs, mRNAs or proteins which have not been considered here, in
differing populations of RNA granules. Alternatively, if all species haven’t been
efficiently labelled this might be an underrepresentation of a potential overlap of

miR137 and Syt1 pairs in MOV10 positive RNA granules.

7.7 Are miR137, Syt1 & SMN present together within neuronal

processes?

The population of miR137 and Syt1 puncta that might co-exist with the axonal transport
protein SMN were imaged and analysed using an SMN antibody in the FISH/ICC protocol.
An overlap between miR137 and Syt1 in SMN positive neurons could suggest SMN to act

in conjunction with miR137-Syt1 pairs to regulate their transport.

Qualitative analysis of the images obtained via FISH/ICC showed SMN staining (purple)
to be diffuse throughout the neuron, with some punctate expression which could be
representative of aggregation into structures characteristic of RNA granules (Figure
7.11). Syt1 mRNA signal (green) surrounds the cell body, with some localisation in the
proximal neuronal process and very few puncta at sites distal from the cell body (Figure
7.11). A similar pattern was observed for miR137 labelling, which was observed
predominantly closer to the cell body and rarely at sites remote from the cell body, with
the caveat that very few total puncta are observed (Figure 7.11). There are few instances
where miR137 and Syt1 overlap in their expression within SMN positive neurons (white

arrows) within cell body regions. This could suggest independent functions of miR137
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Figure 7.11: miR137 and Syt1 localisation within SMN positive neurons. A, B and C Low-density

neuronal cultures on coverslips were subject to FISH/ICC using an antibody against SMIN and ViewRNA
Cell Plus Assay probes against miR137 and Sytl. Coverslips were mounted with Fluoromount-G.
Images were taken at 100x on Nikon Eclipse Ti, scale bar = 10 um. miR137 and Syt1 are present in
SMN positive neuronal subdomains. Co-labelled structures proximal to the cell body and within

neuronal processes are highlighted by white arrows.
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and Syt1 or could indicate inefficient labelling via FISH of microRNA and mRNA species.
Alternatively, the colocalisation of the two species mostly in cell bodies could indicate

miR137 action at that site.
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Figure 7.12: Abundance of miR137, Syt1 and SMN puncta and the frequency of their overlap. miR137
puncta are the least abundant. Syt1 puncta are more abundant than quantified SMN puncta. B Syt1
and SMN puncta overlap more with each other than they do with miR137. A similar number of miR137
puncta overlap with either Syt1 or SMN. The least abundant overlap is between all three miR137, Syt1
and SMN, suggesting that they are more likely to function independently of at least one component

in potentially different kinds of granules. N = 21, graphs show mean + SEM.

21 images obtained from FISH/ICC experiments were used to analyse the potential
overlap of miR137, Syt1 and SMN puncta within neurons that are positive for SMN using
the macro designed in FlJI (Materials and Methods and Appendix 1). Images were
chosen based on the ability to identify neuronal structures. When interpreting these
data, the limitations in the sensitivity of detection by FISH/ICC had to be considered to
account for an underrepresentation of any overlapping combination. My interpretations
are based on the detected and quantified puncta, but | have not drawn statistically

based conclusions from the data obtained.

miR137 puncta are least abundant compared to Syt1 and SMN, of which similar numbers
were detected (Figure 7.12A). miR137 + Sytl, and miR137 + SMN were the least
abundant overlapping pairs, consistent with the limited miR137 signal (Figure 7.12B).

Syt1 + SMN were the most abundant overlapping pair (Figure 7.12B). The least extent
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of overlap was observed between all three, miR137, Syt1 and SMN puncta, suggesting
that this potential mechanism of microRNA-RBP mediated transport might only regulate
a specialised subset of Syt1 RNA transport in cortical neurons (Figure 7.12B). However,
as previously mentioned, the limitation of inefficient microRNA-mRNA labelling via FISH

may confound these observations.

The percentage contribution of each type of puncta (miR137, Syt1 and SMN) to each
overlapping combination was then analysed. This was to assess whether miR137, Syt1
or SMN co-exist with any of the other two types of puncta. miR137 strongly overlaps
with both Syt1 and SMN (Table 7.9). Syt1 and SMN have the largest percentages of their

puncta overlapping with each other (Table 7.9).

% Overlap
miR137 Syt1 SMN
miR137 5.6 +1.1 7.1+2.7
Sytl 27.6+3.5 16.4+2.0
SMN 27.7+5.6 23.1+5.3

Table 7.9: The percentage of miR137, Syt1 and SMN overlapping with any other species. There is an
almost equal percentage of miR137 puncta overlapping with either Syt1 or SMIN. A higher percentage
of Syt1 puncta overlap with SMN compared to miR137. A larger percentage of SMN puncta overlap

with Sytl compared to with miR137. N = 68, data show mean + SEM.

The least percentages of all three miR137, Sytl and SMN contributed to triple
overlapping signals (Table 7.10). This could suggest that these three species
preferentially exist in pairs. A larger percentage of miR137 puncta contributed the most
to this overlap compared to Syt1 or SMN, which could be attributed to their relative
frequencies of detection (Table 7.10). As observed in all other conditions, only a
proportion of total labelled miR137, Sytl and SMN puncta overlap in any condition
(Tables 7.9 and 7.10). This again suggests functions of all three populations independent
of each other, perhaps in differing populations of transport granules. Furthermore,

miR137 regulation of Syt1 transport in conjunction with SMN might not function as a
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preferred method of mMRNA transport. However, this observation may be a consequence

of inefficient microRNA or mRNA labelling, which cannot be ruled out.

% Overlap
miR137 Syt1 SMN
Sytl + SMN 48+23
miR137 + SMN 1.6+0.8
miR137 + Syt1 0.5%+0.2

Table 7.10: The percentages of miR137, Syt1 and SMN overlapping with any other pair of puncta.
Every population of puncta is least likely to overlap with both other populations of puncta (data in
Table 7.9). The data here show that there is a higher percentage of miR137 puncta contributing to the

triple overlap compared to Syt1 or SMN. N = 68, data show mean + SEM.

7.8 Are miR135b, miR137 and their targets co-immunoprecipitated with
RNA-binding proteins?

FISH/ICC allowed visualisation of microRNA-mRNA pairs within neurons positive for
either MOV10 or SMN by labelling microRNA and mRNA molecules using
complementary target probes coupled to bDNA amplification. However, due to
inefficiencies in FISH labelling we cannot be certain that the observed overlap was
representative of the entire population and, moreover it was inconclusive about
whether the microRNA, mRNA and protein are biochemically interacting with each

other.

In order to circumvent the limitations of FISH/ICC, in parallel, IP experiments were
conducted. IP permits the analysis of both protein and RNA binding partners of a protein
of interest. This could suggest a biochemical interaction which, in my experiments, could
be indicative of an RNA granule containing microRNA-mRNA pairs, alongside RBPs, to
regulate RNA transport and translation. To this end, both MOV10 and SMN were
immunoprecipitated from cortical neuronal lysates using specific antibodies (Materials
& Methods). Subsequently, their interactions with either miR135b or miR137 and their

respective mRNA targets were analysed.
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7.8.1 Confirmation of immunoprecipitation

Western blotting was used to confirm that IP experiments using specific antibodies
enriched for either MOV10 or SMN compared to an IgG control antibody (Figure 7.15).
Both MOV10 and SMN proteins were detected within input fractions (lysate prior to IP),
and immunoprecipitated fractions (Figure 7.13). Neither protein was detected after IP
with a control IgG antibody raised in the same species as the MOV10 or SMN antibodies.
This validated the specificity of MOV10 and SMN antibody binding, and the IP of their

respective antigens from cortical neuronal lysate.

7.8.2  Are microRNAs 135b or 137 co-immunoprecipitated with either MOV10 or SMN?

Input IgG Control
IgG Control IP
Input IP

o

Figure 7.13: Positive control to show that MOV10 and SMN proteins are enriched following their IP.
Cortical neuronal cells were harvested at DIV21, 3 plates were harvested per condition. Diluted lysate
was incubated overnight at 4°C with 4 pg of SMN or MOV10 antibody, or for control conditions with
4 pg of Normal IgG from mouse or rabbit serum. The following day, the antigen-antibody lysate was
incubated for 2 hours at 4°C with Dynabeads Protein G. The antigen was eluted from the resulting
Dynabeads-antigen-antibody complex for analysis via western blot. The blot was incubated with anti-
MOV10 (1:800) or anti-SMN (1:500). After incubation with appropriate IRDye conjugated secondary

antibodies the immunoblot was scanned at multiple intensities with the LI-COR Odyssey Infrared

Imager.

After validating that both MOV10 and SMN were successfully immunoprecipitated from
cortical neuronal lysates, their interactions with miR135b and miR137 were analysed
downstream. Based on the success of miR135b or miR137 co-IP with either MOV10 or

SMN proteins, their target mRNA association with these RBPs were also explored.
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Figure 7.14: miR135b and miR137 were co-immunoprecipitated with MOV10, but not with SMN.
Reverse transcription qPCR was employed from the immunoprecipitated product following MOV10 or
SMN IP from cortical neuronal cultures. This was in order to analyse whether miR135b or miR137 were
present in potential MOV10 or SMN positive RNA granules. MOV10 IP significantly enriches for A
miR135b (p < 0.05, one-tailed unpaired t-test, n = 5 biological replicates) and B miR137 (p < 0.01, one-
tailed unpaired t-test, n = 3 biological replicates). SMN IP does not significantly enrich for C miR135b
(one-tailed unpaired t-test, n = 4 biological replicates) or D miR137 (one-tailed unpaired t-test, n = 4
biological replicates). This suggests both microRNAs to be present in MOV10 positive RNA granules,
but absent or not directly interacting with SMN in another population of granules. Fold enrichment

was calculated relative to IgG. Data are displayed as mean + SEM.

SMN IP from cortical neuronal cultures did not enrich for either miR135b or miR137
(Figure 7.14C and D). This result indicates that SMN does not physically interact with
either miR135b or miR137. This could suggest that SMN does not regulate the axonal

localisation of miR135b-target or miR137-target pairs as is suggested with its regulation
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of other mRNAs in the literature (Fallini et al., 2016). Due to this result, the interactions

between SMN and microRNA target mRNAs were not further explored.

In contrast, MOV10 IP significantly enriched for both miR135b (Figure 7.14A) and
miR137 (Figure 7.14B). This suggests that these microRNAs and MOV10 physically
interact (directly or indirectly). Similar to its role in regulating Lyplal translation together
with miR138, MOV10 might impart signal-dependent regulation of translation on
miR135b and miR137 target mRNAs (Banerjee et al., 2009).

7.8.3 Are miR135b’s mRNA targets co-enriched with MOV10?
After validating that MOV10 IP enriches for miR135b, | chose to explore whether any of
its mRNA targets were additionally present within the RNA extracted from the

immunoprecipitated product.
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Figure 7.15: MOV10 IP significantly enriches for miR135b mRNA targets’, Atp1b1 and Bsn. Reverse
transcription qPCR was employed from the immunoprecipitated product following MOV10 IP from
cortical neuronal cultures. This was in order to analyse whether miR135b’s mRNA targets were present
in MOV10 positive RNA granules. MOV10 IP significantly enriched for both A Atp1b1 (p <0.05, n =5
biological replicates) and B Bsn (p < 0.01, n = 5 biological replicates). However, MOV10 IP did not
significantly enrich for C Nsg1 (n = 4 biological replicates), D Vamp2 (n = 4 biological replicates, in
technical triplicates) or E Ssr2 (n = 3 biological replicates) (p > 0.05 in all cases). Fold enrichment was

calculated relative to 1gG. Unpaired one-tailed t-test data are displayed as mean + SEM.

155



There was a significant enrichment of the miR135b target mRNA Atp1b1 in MOV10 IPs
(p < 0.05, Figure 7.15A). Atplb1 does not have a specific synaptic role but it functions
to create and maintain an electrochemical gradient across the plasma membrane of
excitable cells (Johar et al., 2012). MOV10 IP also enriched for Bsn mRNA, encoding a
presynaptic scaffolding protein which regulates neurotransmitter release (p < 0.01,
Figure 7.15B) (Gundelfinger et al., 2015). This result suggests that MOV10 and miR135b
might interact with and regulate the translation and transport of Atplbl and Bsn

mRNAs, including the expression of these proteins in a signal-dependent manner.

Nsg1, Ssr2 and Vamp2 were not significantly enriched in MOV10 IPs (p > 0.05) (Figure
7.15C, 7.15D and 7.15E); this result does not infer that these mRNAs do not localise into

RNA granules but instead suggests that they may not interact with MOV10.

7.8.4 Are miR137’s mRNA targets co-enriched with MOV10?

Following the observation that MOV10 IP enriched for miR137, it was assessed whether
any of its mRNA targets were associated with MOV10. MOV10 IP enriched for the
majority of miR137 targets, again suggesting a potential co-existence of miR137 and

these targets within MOV10 positive RNA granules.

Though their functions in the brain have not been entirely elucidated, Ankrd12 (p < 0.01)
and Fam126b (p < 0.01) were significantly enriched after MOV10 IP (Figure 7.16A and
7.16H). This could provide basis for further research into the functions of these mRNAs
and their transport. The other targets of miR137 which were significantly enriched by
MOV10 IP, included Sept3 (p < 0.0001), Syt (p < 0.01) and Slc6al (p < 0.01) (Figure
7.16B, 7.16D and 7.16F), all of which have known presynaptic roles; therefore, their

synaptic expression will be important to neuronal function.

Neither Lrrn3, Ptpn5 or Gabral were enriched upon MOV10 IP (p > 0.05) (Figure 7.16C,
7.16E and 7.16G). Again, this result does not necessarily infer that these mRNA targets
of miR137 do not localise into RNA granules but instead suggests that they may not
interact with MOV10. One caveat of these results is that limited replicates were

performed because the experiments were both time- and resource-intensive.
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Figure 7.16: MOV10 IP significantly enriches for multiple miR137 target mRNAs. Reverse
transcription qPCR was employed from the immunoprecipitated product following MOV10 IP from
cortical neuronal cultures. This was in order to analyse whether miR137’s mRNA targets were present
in MOV10 positive RNA granules. MOV10 IP significantly enriched for A Ankrd12 (p < 0.01, n = 3
biological replicates), B Sept3 (p < 0.0001, n = 2 biological replicates), C Syt1 (p < 0.01, n = 2 biological
replicates), F Slc6al (p < 0.01, n = 3 biological replicates) and H Fam126b (p < 0.01, n = 2 biological
replicates). However, MOV10 IP did not significantly enrich for C Lrrn3 (n = 3 biological replicates), E
Ptpn5 (n = 2 biological replicates) or G Gabral (n = 2 biological replicates) (p > 0.05 in all cases). Fold
enrichment was calculated relative to IgG. Unpaired one-tailed t-test data are displayed as mean *

SEM.

7.9 Discussion

| aimed to cytologically and biochemically assess the interaction between miR135b or
miR137 and their mRNA targets and RBPs of interest. Many targets of miR135b and
miR137 have important synaptic roles, therefore their transport and regulated
translation within pre- and postsynaptic regions might be essential to proper neuronal

function.

Firstly, this was approached by FISH/ICC imaging and analysis, to observe the potential
co-localisation microRNAs and their target mRNAs, combined with labelling by
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antibodies labelling RBPs of interest. To this end, miR135b and its targets Vamp2 or Bsn,
and miR137 with its target Syt1 were investigated within neurons which were positive
for MOV10 or SMN. In FISH/ICC experiments, microRNA-mRNA pairs were
predominantly localised closer the cell body regions compared to distal neuronal
processes (Figure 7.3, 7.5, 7.7, 7.9 and 7.11). These observations could infer that
microRNA-loaded RISC complexes translationally repress targets within the cell body
and/or proximal neuronal process. The mRNA might be loaded into RNA granules, where
the microRNA dissociates, and translational repression might be maintained by a variety
of other trans-acting factors, such as RBPs. Experiments to elucidate the necessity of
microRNA mediated translational repression during mRNA transport and signal-

dependent translation will be helpful in resolving this question.

microRNA, mRNAs and RBPs were not exclusively observed to exist together, which
could suggest functions independent of each other (Figure 7.3, 7.5, 7.7, 7.9 and 7.11).
However, as mentioned throughout my considerations of these analyses, there are
limitations observed with the FISH/ICC labelling. It was not possible with the type of
microscopy utilised to identify if the microRNA, mRNA and RBPs were only colocalised
in space or if they were biochemically interacting. Confocal microscopy was not utilised

in my experiments, due to the difficulty in locating regions of interest.

Moreover, there are inefficiencies inherent to FISH labelling of RNA species, particularly
microRNAs. This could lead to an underrepresentation of labelled, thus detectable, RNA
puncta. Furthermore, microRNAs themselves are very small RNA molecules, therefore
the probability of them diffusing out of the cells prior to fixation is high and could lead
to an underrepresentation of the number of microRNA present within the neurons. A
further limitation to consider for these experiments is the binding specificity of
microRNA probe-sets, where they may also hybridise to the pre-microRNA. This could
suggest that this method labels both mature and precursor microRNAs. Furthermore,
the potential presence of microRNA-mRNA pairs in RNA transport complexes may hinder

the probe sets and amplifiers binding to complementary sequences.

Taken together, there were limitations in the FISH/ICC experiments to detect
colocalising microRNA-mRNA pairs in neurons positive for MOV10 and SMN. Alternative
approaches in the future could include microRNA overexpression to reconcile the low
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numbers of microRNAs detected in these experiments. microRNA overexpression by
lentiviral transduction might be necessary in order to detect any potential overlap
between microRNA-mRNA pairs. Moreover, more sensitive, super-resolution
microscopy techniques which are better at resolving the spatial dimension, such as
Stochastic Optical Reconstruction Microscopy (STORM) may allow better detection of
microRNA-mRNA pairs at a single-molecular level in neuronal processes (Bates et al.,

2013).

To reconcile these difficulties, IP experiments were conducted to investigate
biochemical interactions between the RBPs of interest, miR135b and miR137 and their
respective mRNA targets. Moreover, the microRNA TagMan assays are specific to the
detection and amplification of mature microRNAs. The results obtained suggest that
miR135b and miR137 do not biochemically interact directly or indirectly with SMN,
despite many of their target mRNAs having a presynaptic role within neurons (Figure

7.14).

In contrast, miR137 and miR135b both biochemically interact with MOV10, evidenced
by their enrichment in MOV10 IPs (Figure 7.14). MOV10 has a previously identified role
in microRNA mediated translational repression, and the reversal of this phenomenon.
MOV10 functions in unwinding RNA to facilitate microRNA-loaded RISC binding and to
regulate signal-dependent translation of a subset of dendritically localised mRNAs
(Meister et al., 2005, Banerjee et al., 2009, Kenny et al., 2019). This includes the reversal
of miR138 repression of Lyplal mRNA by NMDA receptor activation and the consequent
degradation of MOV10 by the proteasome (Banerjee et al., 2009). Furthermore, the
presence of MOV10 is shown to be necessary for microRNA mediated mRNA targeting
in both Drosophila and mammalian cells (Tomari et al., 2004, Meister et al., 2005).
Accordingly, the finding that both miR135b and miR137 are co-immunoprecipitated with

MOV10 suggests their specific biochemical interaction.

Furthermore, MOV10 IP enriched for miR135b’s targets Atp1b1 (p < 0.05) and Bsn (p <
0.01) (Figure 7.15). The potential regulation of Atp1b1 transport by both miR135b and
MOV10 within RNA granules could be important within neurons to maintain resting
membrane potential to eventually propagate action potentials at sites close to the
synapse (Johar et al., 2012). Bsn is localised to and delineates the active zones of central
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and peripheral synapses and is thus an obvious potential regulator of synaptic plasticity

(Gundelfinger et al., 2015).

The majority of miR137’s targets were enriched following MOV10 IP. Ankrd12 (p < 0.01)
and Fam126b (p < 0.01), whose functions aren’t entirely elucidated in the brain, were
enriched after MOV10 IP (Figure 7.16). Interestingly, Ankrd12 is elevated in the serum
of schizophrenia patients; a psychiatric disorder which is linked to dysregulated miR137
expression (Thomas et al., 2018, Smirnova et al., 2019). Sept3 (p < 0.0001), Syt1 (p <
0.01) and Slc6al (p < 0.01) mRNAs were all enriched after MOV10 IP (Figure 7.16).
Proper targeting of Sic6al is essential, and a dysfunction in this can lead to epilepsy and
intellectual disability, perhaps by initiating excitotoxicity (Cai et al., 2019). Furthermore,
single nucleotide polymorphisms in the Syt1 gene impairs synaptic vesicle fusion (Baker
et al., 2018). Sept3 knock-out impedes presynaptic neurotransmission by decreasing
synaptic proteins, including Syt1 (Tsang et al., 2008). Dysfunction of these genes leads
to disease phenotypes, potentially due to a dysregulation of miR137 itself (Tsang et al.,
2008, Baker et al., 2018, Cai et al., 2019).

These results suggest that MOV10 biochemically interacts with both miR135b and
miR137, and a subset of their targets, most of which are localised to the pre-synapse.
This suggests a role for MOV10 in assisting translational repression and regulating the
signal-dependent translation of neuritic mRNAs following transport (Banerjee et al.,
2009). This lends credibility to our hypothesis that microRNAs in conjunction with
specific RBPs could be involved in controlling the transport of synaptically localised
neuronal mRNAs, to spatiotemporally regulate their translation. Going forward, to
obtain more definitive conclusions, further IP experiments and a more efficient method
of microRNA/mRNA labelling must be employed to obtain a more sensitive method to

visualise overlapping puncta.

Heterogenous populations of RNA granules are known to exist, which suggest that
miR135b and miR137 could associate with several different RBPs. Therefore, the mRNAs
investigated here that were not enriched in MOV10 IP could segregate into a separate
population of granules not positive for MOV10. Further experiments would need to be
conducted to identify each population of RNA granule, perhaps through detecting
microRNAs and mRNAs associated with specific RBPs following IP.
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8 Chapter 8: Discussion

The Luthi-Carter group has previously shown that the expression levels of a number of
neuronal microRNAs, including miR135b and miR137, are positively correlated with their
target mRNAs in neuronal cells. These findings, together with further experimental
testing, indicated that these neuronal microRNAs do not behave in the canonical
manner of directing their targets’ degradation but might instead co-exist with their
target mRNAs (Jovici¢, 2011). Furthermore, Jovici¢ (2011) demonstrated that both
microRNAs decreased the fraction of their targets associated with translating
ribosomes. My thesis attempted to further validate the positively correlated
relationships between miR135b and miR137 and their mRNA targets, to elucidate the
potential function of their co-existence and explore the translational regulation of their

targets.

8.1 Target-directed dynamics of microRNA and mRNA target pairs

Target directed microRNA degradation (TDMD) is a phenomenon where extensive
complementary pairing between a microRNA and its mRNA target beyond the seed
sequence can trigger microRNA degradation. TDMD is predicted to occur between over
1000 microRNA-mRNA pairs, and is observed in the brain to restrict the expression of
certain microRNAs to particular regions, for example NREP restricts its targeting
microRNA, miR29b’s, expression to the cerebellum in mice (Bitetti et al., 2018).
Interestingly, this highlights a method by which a microRNA can be spatiotemporally
restricted, perhaps to regulate cellular function, mirroring the effect that microRNAs are

posed to have on their own targets (Jovici¢ et al., 2013).

It is reported that microRNA degradation in TDMD is preceded by modifications to the
microRNA’s 3’ end, altering its stability. These modifications include tailing and trimming
(Fuchs Wightman et al., 2018). Tailing is the addition of non-templated nucleotides,
commonly adenosine or uridine by Poly(A) Polymerases or Terminal Uridylyl
Transferases, respectively, to the 3’ end of the microRNA (Modepalli and Moran, 2017).
Tailing can occur whilst the microRNA is still attached to the RISC complex, and this may

lead to its dissociation (Fuchs Wightman et al., 2018). However, it has been argued that
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dissociation of the 3’ end of the microRNA from RISC might be necessary to allow access
to tailing enzymes (Modepalli and Moran, 2017). These modifications have been shown
to direct the degradation of metazoan pre- and mature microRNAs (Fuchs Wightman et
al., 2018). Furthermore, microRNAs undergoing TDMD are often subject to trimming
where nucleotides are removed from the 3’ end, again to alter microRNA stability
(Ameres et al., 2010). The investigation of TDMD in human cell lines has shown a
potential involvement of the Terminal Uridylyl Transferase TUT1 and a 3’ to 5’
exoribonuclease DIS3L2 (Haas et al., 2016). However, recent work from the Bartel group
highlights that tailing and trimming of a microRNA do not necessarily lead to its decay
and this pathway might be microRNA and/or cell type specific, rather than a global

microRNA decay mechanism (Kingston and Bartel, 2019).

With reference to previous literature, a mechanism of target-mediated microRNA
protection (TMMP) has been described previously in C. elegans. Chatterjee and
Grosshans (2009) described that only mature single stranded microRNAs were degraded
inthe 5’ to 3’ direction by the exoribonuclease, XRN2, however microRNA duplexes were
not. This provided evidence for mature microRNA degradation after strand seperation,
therefore the authors speculated whether microRNA-mRNA complementary binding
could serve to protect a mature microRNA from degradation (Chatterjee and Grosshans,
2009). To this end, a synthetic UTR containing binding sites to the C. elegans microRNA
Let-7 was introduced into larvae and shown to stabilise mature Let-7 microRNA, this was
also true for miR237 (Chatterjee and Grosshans, 2009). The authors suggested that
TMMP could regulate microRNA homeostasis; low target abundance would trigger
microRNA degradation by XRN2 to prevent a toxic accumulation, but the presence of a
target would protect and maintain microRNA abundance (Chatterjee and Grosshans,

2009).

This group went on to evidence that expression of a target mRNA or depletion of XRN2
or related XRN1 could promote the accumulation of microRNA passenger strands
(Chatterjee et al., 2011). Usually, the guide strand of the microRNA duplex is selected
and loaded onto RISC based on the relative thermodynamic stability of the 5’ end,
whereas the passenger strand is degraded (Meijer et al., 2014). However, miR241’s

passenger strand is less thermodynamically stable compared to the guide strand at the
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5’ end; introduction of complementary mRNAs within in vivo and in vitro models of C.
elegans protected both strands of miR241 (Chatterjee et al., 2011). Despite this, the
guide strand of miR241 was preferentially loaded into RISC, showing a mechanism of
RISC loading and strand selection beyond thermodynamic asymmetry (Chatterjee et al.,

2011).

Furthermore, Chatterjee et al., (2011) provided further evidence of TMMP by
demonstrating that overexpressing one of two microRNAs with overlapping target sets
(Let-7 and miR84) negatively affected the abundance of the other. This study also
showed that increasing the abundance of specific mRNA targets protects microRNAs
which would otherwise be degraded by either XRN1 or XRN2 in C. elegans (Chatterjee
et al., 2011). Recent work has evidenced TMMP in a human U20S cell line, where limited
mRNA target abundance caused microRNA instability and turnover, whereas microRNAs
with abundant seed matched targets were stably encorporated into the RISC complex
(Pitchiaya et al., 2017). This was extended to show that microinjection of an ‘anti-miR’,
a construct complementary to microRNAs to prevent their binding to targets, was also

protective (Pitchiaya et al., 2017).

TMMP provides a functional mechanism to add diversity to microRNA mediated gene
regulation by protecting and potentially upregulating the abundance of a microRNA
which is usually degraded, either due to strand selection or due to a lack of targets.
TMMP might provide a mechanism of microRNA ‘arm-switching’ from the guide to
passenger strand to regulate the translation of a different subset of genes (Chatterjee
et al., 2011). Furthermore, the degradation of microRNAs lacking targets could provide
cells with a ‘clear-out’ mechanism, to ensure only microRNAs with targets are

encorporated into RISC.

8.2 Previous evidence for facilitatory regulation of mRNA targets by

microRNAs

The previous work by Jovici¢ (2011), described a co-existence between multiple
microRNAs, including miR135b and miR137, with their respective mRNA targets. This
requires consideration of possible non-degrading microRNA-target interactions.

Moreover, the results that | have collected show that these microRNAs are facilitatory
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rather than inhibitory to their target mRNA and protein levels. These findings prompted
me to review the literature with a view toward uncovering other previous evidence for

positive, rather than negative, for microRNA mediated gene regulation.

Post-transcriptional stabilisation of mRNA targets by microRNAs has been described in
HEK293 cells (Vasudevan and Steitz, 2007). AU-rich elements (ARE) are cis-elements
within the 3’ UTR of an mRNA which allow regulatory control of mRNA decay, translation
and mRNA export; proteins which bind to AREs can affect mRNA stability (Vasudevan et
al., 2007). Inducing cellular quiescence increased 3’ UTR ARE dependent translational
activation of TNFa in conjunction with FXR1-iso-a and Ago2 (Vasudevan and Steitz,
2007). In addition, 5 microRNAs which target the ARE upregulated TNFa mRNA
translation by recruiting Ago2 and FXR1-iso-a during cell cycle arrest (Vasudevan and
Steitz, 2007, Vasudevan et al., 2007). These studies provide evidence for differential
microRNA activity depending on the cell cycle, with translational repression dominating
in proliferating cells and translational activation in nondividing cells (Vasudevan et al.,

2007, Vasudevan and Steitz, 2007).

This was extended to X. laevis oocytes, where the authors hoped to establish whether
microRNA mediated translational activation was important in maintaining the naturally
guiescent oocyte in an immature state (Mortensen et al., 2011). Genes selectively
expressed in the immature oocyte include Mytl Kinase; it was shown that miR16
upregulated this mRNA through non-seed matched base pairing, whereas depletion of
Myt1 or miR16 triggered the loss of oocyte immaturity (Mortensen et al., 2011). Within
immature oocytes, GW182, an important RISC associated scaffolding protein which
brings together factors regulating translational repression and mRNA degradation was
not associated to Ago proteins (Mortensen et al., 2011). This would suggest that
immature, cell-cycle arrested cells create a microRNA-loaded RISC devoid of GW182 to
promote translational activation, in conjunction with AGO2 and FXR1-iso-a (Vasudevan

and Steitz, 2007, Mortensen et al., 2011).

microRNA mediated target activation has been described in the brain; however, this was
again via non-canonical microRNA-target pairing. miR346 was shown to upregulate
RIP140 mRNA by binding to its 5’UTR in an Ago2-independent manner in the mouse
brain (Tsai et al., 2009). More recently, miR346 was shown in human primary neurons
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and Hela cells to target the 5" UTR of the Amyloid Precursor Protein (APP) mRNA to
upregulate its translation, and thereby amyloid-beta (AB) production, in an Ago2
dependent manner (Long et al., 2019). This target site overlapped with an iron-response
element and an interleukin-1 acute box element, which interact with IRP1 and various
cytokines, respectively (Long et al., 2019). These results provided possible new modes
of inhibiting the miR346 and APP interaction that could decrease AB production in

Alzheimer’s disease.

Recent evidence shows miR135b to upregulate the expression of its targets RASAL2 and
Atplb1 in pancreatic cancer, to act as a tumour suppressor, contrary to other literature
(Yin et al., 2019). However, this interaction invoked base pairing beyond the seed
sequence of the microRNA. Furthermore, a study which aimed to investigated gene
networks disturbed in Schizophrenia showed that up- or down-regulation of miR137
bidirectionally regulated 500 genes (Olde Loohuis et al., 2017). However, this study did
not control for indirect regulation of targets, and many identified genes did not contain
seed sites, suggesting non-canonical interactions with miR137 (Olde Loohuis et al.,

2017).

Though these studies show evidence for non-degrading microRNA-target interactions or
microRNA mediated translational activation, this is often due to microRNA-target
pairing within the 5’ UTR, in AREs or non-seed matched pairing. Though it can be argued
that mature neuronal cells are not proliferating and may resemble quiescent cells, in
contrast to the claims of Vasudevan and Steitz (2007), microRNA mediated translational
repression has been demonstrated more frequently than activation within the brain

(Kosik, 2006).

8.3 miR135b and miR137 protect, rather than oppose, the expression of

their mRNA targets

This thesis provides further evidence for miR135b and miR137’s co-existence with
and/or positive regulation of the abundances of their mRNA targets via canonical 3’UTR
seed-matched base pairing within neurons. | attempted to further validate the
relationship between miR135b and miR137 and their respective mRNA targets, to

elucidate the potential function of their co-existence and explore the translational
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regulation of their targets. | propose this relationship may be based on the formation of
RNA granules, which may serve to regulate RNA transport within neurons. Since neurons
are highly polarised cells whose function is dependent on the segregation of proteins
and mRNA to different cellular sub-compartments, this regime would serve an obvious
purpose. Moreover, strengthening and weakening of connections between neurons
through signal-dependent mRNA translation is known to modulate the connectivity and
plasticity of any synapse in the brain. Given that many of the mRNA targets of microRNAs
135b and 137 have important roles at synapses (as outlined in Table 8.1), their
spatiotemporally restricted microRNA mediated regulation of translation might also be

key in regulating neuronal connectivity.

Corroborating the results of Jovici¢ (2011), overexpression of either miR135b or miR137
did not decrease the levels of their target mRNAs or proteins. Instead, overexpression
of both of these microRNAs either maintained or positively modulated the abundances
of their target mRNAs (Figure 3.4 and 3.5). This suggests the existence of a mechanism
for microRNA mediated mRNA protection. This interpretation was further corroborated

in my subsequent experiments.

An increase in mRNA upon microRNA overexpression suggests an increased pool
available for protein translation. Subsequent experiments showed that the dynamics
between mRNA and protein levels varied by microRNA and target. No increases were
observed in miR135b target protein Bsn or in miR137 target proteins Ptpn5 and Gabral
(Figure 3.7B, 3.8A and 3.8B). In contrast, miR137 overexpression caused its target Sytl
to be significantly increased at both the mRNA and protein levels in cortical neurons
under our experimental conditions (Figure 3.8). These findings do not definitively prove
that neuronal microRNAs facilitate their target mRNAs’ translation but nonetheless
support this possibility. Furthermore, as evidenced by other groups, the formation of a
non-canonical microRNA-RISC complex (for example one devoid of GW182) may result
in the translational activation over repression (Vasudevan et al., 2007, Mortensen et al.,
2011). It could therefore be suggested that miR137 and Syt1 interact via a translationally

activating RISC under the conditions of my experiments.
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Proteolysed by tetanus toxin

disorders: ID, axial hypotonia, autistic features, epilepsy
and visual impairment

Target Function Disease Implications Key References
B1 subunit of neuronal Na*/K* ATPase which restores the
resting membrane potential after action potential . L . .
. o Decreased in depression in humans and animal models (Silva et al., 2011, Johar et al., 2012,
induced depolarisation . .
Atpibl L Decreased in stress Johar et al., 2014, de Lores Arnaiz and
Atplb1 expression is directly correlated to neuronal . . o . .
- _— Decreased in traumatic brain injury induced seizures Ordieres, 2014)
activity and controlled by transcription factors NRF-1
and Sp4
Presynaptic scaffolding protein which delineates .
. . . L o . . . (Hallermann et al., 2010, Gundelfinger
synaptic active zones to regulate neurotransmitter Mutation in Bsn implicated in hereditary and sporadic
Bsn . et al.,, 2015, Yabe et al., 2018)
release progressive supranuclear palsy
N Might be involved in synaptic vesicle recruitment
"
-
&«
Nsal Regulates trafficking and recycling of dendritic neuronal Interacts with APP with potential involvement in (Steiner et al., 2002, Norstrom et al.,
9 receptors (including transferrin and GIuR2 receptors) Alzheimer’s disease progression 2010, Yap et al., 2017)
Signal sequence receptor, which regulates protein .
& q‘ P g . P Highly expressed in subset of human melanomas (Chinen et al., 1995, van Battum et al.,
Ssr2 translocation across the endoplasmic reticulum . .
promoting cancer progression 2018, Garg et al., 2016, Ho et al., 2016)
membrane.
Vamp2 mRNA and protein significantly increased after .
. . . . . (Schiavo et al., 1992, Yamada et al.,
Controls synaptic vesicle fusion to neuronal presynaptic long-term antidepressant treatment .
o 2002, Honardoost et al., 2016, Salpietro
Vamp2 membrane Mutated with implications in neurodevelopmental

et al,, 2019)
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miR137

Ankyrin repeat domain-containing protein

Elevated in schizophrenia and bipolar disorder patient

Ankrd12 Unclear functions, but may repress nuclear cera (Zhang et al., 2004, Smirnova et al., 2019)
receptors by recruiting HDACs
Presynaptic GTPase, selectively expressed in
neurons Polymorphisms in Sept3 are associated with Alzheimer’s .
Sept3 . . ) . ) (Takehashi et al., 2004, Tsang et al., 2008)
Involved in neurite outgrowth and synaptic vesicle Diseases
trafficking
Brain enriched leucine rich repeat protein
Role in developing and maintaining the nervous . . . . .
Lrn3 X Polymorphisms associated with ASD (Ishii et al., 1996, Sousa et al., 2010, Jiang
rrn system
Y . . . Downregulated in blood in Parkinson’s Disease et al., 2019, Sakharkar et al., 2019)
Expressed in developing ganglia and motor
neurons
Presynaptic calcium sensor that coordinates Potential involvement in schizophrenia (Xu et al., 2009, Stidhof, 2013, Siegert et
Sytl neurotransmitter release Downregulated in nerve terminals at the neuromuscular | al., 2015, Tejero et al., 2016, He et al.,
junction in SMA 2018a)
Increased expression in Alzheimer’s Disease related AB
. accumulation and increased NMDAR endocytosis leading | (Lombroso et al., 1991, Boulanger et al.,
Regulates AMPA and NMDA receptor endocytosis N .
Ptpn5 . . ) to cognitive defecit 1995, Yang et al., 2012a, Karasawa and
Abundant in striatal and cortical neurons . . . .
Elevated levels in postmortem Schizophrenic brains Lombroso, 2014)
Decreased in Huntington’s disease striatum
Loss of function causes epilepsy with mild to moderate .
Voltage dependent GABA Transporter 1, . (Carvill et al., 2015, Johannesen et al.,
Slc6a1 . . ID —these phenotypes can present independently .
responsible for presynaptic GABA re-uptake 2018, Cai et al., 2019)
Alpha-1 subunit of the GABA-A receptor which
Gabral receives GABA neurotransmitter at the Mutated in patients with epilepsy (Hernandez et al., 2019)
postsynaptic membrane
Member of leukodystrophy protein family Fam126 Mutations could lead to a defective myelin sheath as .
Fam126b (Gazzerro et al., 2012, Baskin et al., 2016)

Subunit of phosphotidyl inositol-4-kinase

with Fam126a
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Table 8.1: miR135b and miR137 mRNA targets, functions, and implications in neurological and or
psychiatric disorders. Many mRNA targets of both miR135b and miR137 have roles at the synapse in
regulating neurotransmitter receptors and neurotransmission. Furthermore, the dysregulation of these
mRNAs has implications in neurological and psychiatric disease phenotypes, often related to disorders
arising with microRNA dysfunction i.e. miR135b in depression and Alzheimer’s Disease and miR137 in
Schizophrenia, ASD and ID. Further investigation would give rise to whether mRNA related disorders

are as a result of ineffective microRNA targeting.

In contrast to my results, two papers describe miR137 to negatively regulate its targets
in the hippocampus, including Sytl, with consequences in synapse formation and
impaired synaptic transmission (Siegert et al., 2015, He et al., 2018a). When exploring
the effect of miR137 overexpression in cultured hippocampal neurons, | observed no
difference in Gabral or Syt1 protein levels (consistent with (He et al., 2018a) (Figure 3.8
and 3.9). In contrast to results in cortical neurons, Ptpn5 protein was significantly
increased in cultured hippocampal neurons after miR137 overexpression, perhaps to
modulate hippocampal synaptic plasticity by neurotransmitter receptor endocytosis at
the postsynaptic membrane (Table 8.1) (Yang et al., 2006). Though, in my experimental
systems, miR137 did not degrade its targets in either brain region explored, these results

may point towards a potential target and context dependent role of this microRNA.

Going forward, further exploring the effect of microRNA overexpression on targets at
both the mRNA and protein level under different experimental conditions and
understanding the cue-dependent switching of microRNA regulation regimes might
shed light into their contextual regulation of gene expression in the brain. This might be
key in neuronal function and dysfunction in pathological conditions. Furthermore,
investigating the RISC components which co-segregate with different microRNA-target
regulatory regimes could aid in identifying the other components necessary to direct

translational repression over activation or degradation.

8.4 miR135b and miR137 appear to co-exist with their mRNA targets in

RNA granules

| have demonstrated that miR135b and miR137 co-exist with and/or positively regulate

their target mRNAs and proteins within the same cell type. | next explored the

169



hypothesis that microRNAs and their targets exist in the same sub-cellular
compartments. This phenomenon was analysed biochemically with sucrose gradient

fractionation and immunoprecipitation and in-situ via FISH/ICC.

8.4.1 Distribution of microRNAs in subcellular fractions

My biochemical analysis was based on that of Krichevsky and Kosik (2001), who had
previously identified RNA granules resembling tightly packed ribosomes that
sedimented to denser fractions than polysomes in sucrose gradient fractionations. The
packed granular structures they isolated broke down after KCl-mediated neuronal
depolarisation and was coupled with a shift in their resident mRNAs moving into
translating ribosomal fractions; this suggested that these granules were dynamic
compartments responsible for regulating mRNA translation. Therefore, we postulated
that such RNA granules could contain factors responsible for regulating the transport of
translationally repressed RNAs to neuronal sub-compartments remote from the cell
body. miR135b and miR137 demonstrate characteristics consistent with participating in

this neuronal function.

miR135b and its mRNA targets’ abundances were increased in denser sucrose fractions
upon microRNA overexpression, perhaps highlighting a sequestration into RNA granules
(Figure 4.2 and 4.3). miR135b target mRNAs are expressed both within translating and
denser sucrose gradient fractions, suggesting their constitutive translation coupled with
their association into fractions containing RNA granules. Importantly, miR135b was

enriched within similar fractions to its mRNA targets, further implying their co-existence.

Endogenous miR137 was mainly present in lighter fractions but was significantly
enriched in dense fractions after its overexpression (Figure 4.4). It is generally held that
microRNAs first encounter and exert their repression on their targets during translation
initiation; thus the presence of miR137 in monosomal fractions could be indicative of
this (Chendrimada et al., 2007, Kiriakidou et al., 2007, Meijer et al., 2013). miR137
targets were localised in dense fractions, highlighting potential sequestration into RNA
granules under both control and microRNA overexpression conditions (Figure 4.5).
Moreover, miR137 and its targets showed increased overlap within the gradient upon

microRNA overexpression, which suggests their co-existence (Figure 4.5). Moreover,
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microRNA overexpression shifted mRNA expression towards polysomal fractions, which
is consistent with the increases in Sytl and Ptpn5 target proteins as observed in Figures

3.7 and 3.8.

8.4.2 Examination of protein components of neuronal RNA granules

Interestingly, proteins with a known involvement in RNA translational regulation and
transport were shown to be present in similar fractions after sucrose gradient
fractionation compared to both microRNAs and their targets. Of these, SMN (Figure 6.4)
and MOV10 (Figure 6.5) were chosen to investigate further due to their roles in axonal
mRNA transport and the reversal of microRNA mediated translational repression,

respectively (Banerjee et al., 2009, Ottesen et al., 2018).

8.4.3 SMN

SMN protein regulates the transport of axonal mRNAs, and as such has been shown to
travel rapidly and bidirectionally along axons within neuronal cultures (Zhang et al.,
2003). In line with this, SMIN interacts with RNAs through a non-canonical RNA binding
motif and also binds multiple RBPs, including FMRP and IMP1 (as investigated in Figure
6.2 and 6.3). It has therefore been purported to assemble the necessary set of RNA
transport granule components (Fallini et al., 2012, Ottesen et al., 2018) . Furthermore,
the RBP FMRP interacts with both SMN and translationally repressed mRNAs in a
microRNA dependent manner, which might provide a link between SMN and microRNA
mediated transport (Hock et al., 2007, Piazzon et al., 2008, Cheever and Ceman, 2009,
Wan et al., 2017). Some mRNA targets of both miR135b and miR137 investigated here
(Table 8.1) have presynaptic roles, therefore investigating their relationships to this

protein and thus axonal transport was an interesting pursuit.

Somewhat surprisingly, SMN was primarily enriched within polysomal fractions but
nonetheless was present in denser fractions (Figure 6.4), consistent with its interaction
with FMRP and its presence in RNA transport granules. Importantly, this also highlighted
a pattern overlapping with microRNAs and their targets. Immunocytochemistry
highlighted that SMN was present throughout our primary neurons, and overlapped
with Tau staining, consistent with the literature (Figure 7.2) (Piazzon et al., 2008). In

FISH/ICC experiments, neuronal processes stained for SMN were positive for both
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miR135b and miR137, and microRNA labelling in neurites did occasionally overlap with
bright SMN puncta (Figure 7.7 and 7.13). miR135b target Vamp2 was also visualised
throughout neuronal processes positive for SMN (Figure 7.7). In contrast, the overlap
between SMN and the miR137 target mRNA Syt1 was much less frequent (Figure 7.13).
These experiments were therefore relatively inconclusive regarding a role for SMN in

miR135b’s and miR137’s activities

To compensate for limitations in the FISH/ICC experiments and to validate that the
overlap observed in-situ was due to a physical interaction between SMN, microRNAs
and mRNAs, SMN immunoprecipitation experiments were carried out from cortical
neuronal lysates. Here, it was evident that SMN did not biochemically interact with
either miR135b or miR137 (Figure 7.18). It is nonetheless possible that SMN might
transport other neuronal microRNAs and their targets that behave similarly to miR135b

and miR137.

8.4.4 MOV10

MOV10 is a neurite enriched, RISC complex-associated helicase with known involvement
in the signal-dependent reversal of microRNA mediated translational repression
(Meister et al., 2005, Ashraf et al., 2006, Banerjee et al., 2009, Zappulo et al., 2017).
MOV10 associated mRNAs, consistent with those investigated here, predominantly
cluster with terms including axonal guidance and neuronal projections (Skariah et al.,
2017). Furthermore, MOV10 was shown to associate with two distinct populations of
RNA granules, suggesting its crucial role in RNA granule regulation (Fritzsche et al.,
2013). Ashraf and colleagues showed that the Drosophila homologue of MOV10
controlled the synaptic transport and translation of CaMKIl (Ashraf et al., 2006).
Therefore, it was postulated that this protein might function in conjunction with the
microRNA-mRNA pairs investigated here to regulate the transport and spatiotemporal

translation of synaptic components.

MOV10 was primarily expressed within denser fractions of the sucrose gradient,
consistent with its compartmentalisation in RNA granules (Figure 6.5). Furthermore,
MOV10 immunostaining overlapped in its expression with Tau in both the cell body and

neuronal processes (Figure 7.2), highlighting its neurite enrichment and potential role
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in RNA transport. Both miR135b and miR137 and their respective targets were found to
be present in MOV10 positive neuronal processes in FISH/ICC mainly within and
proximal to the cell body with some expression in the distal neuronal process (Figure

7.5,7.9,7.11).

The observed overlap between miR135b/miR137, their targets and MOV10 within
neurons required validation due to limitations in the FISH/ICC labelling rendering these
experiments inconclusive. This was achieved by MOV10 immunoprecipitation from
cortical neuronal lysates. Both miR135b and miR137 showed a significant enrichment
within the immunoprecipitated product compared to an IgG control IP (Figure 7.18).
Interestingly, two miR135b targets (Atplb1 and Bsn, Figure 7.19) and five miR137
targets (Ankrd12, Sept3, Syt1, Slc6al and Fam126b, Figure 7.20) were also significantly
enriched by MOV10 IP. The results therefore indicate that these microRNAs interact in
complex with MOV10 to potentially regulate the transport and the reversal of their
targets’ translational repression in a signal-dependent manner at synapses (Ashraf et al.,

2006, Banerjee et al., 2009) (Table 8.1).

8.4.5 Possible non-canonical effects of miR135b and miR137 overexpression

Whilst miR135b and miR137 were shown to maintain or upregulate the levels of their
own targets. miR137 was shown the decrease the abundances and the translational
profile of two mRNA’s which it should not canonically target via its seed sequence.
miR137 overexpression led to a significant decrease in Egr1 and Nr4al mRNA compared
to untransduced control cells, this was coupled with a decrease of these mRNAs within

denser sucrose fractions following sucrose gradient fractionation (Figure 5.2 and 5.4).

On analysis of the mRNA sequences, Egrl was found to contain two 5-base sequences
complementary to the miR137 seed sequence (Table 5.1), however it is shown that
pairing between nucleotides 2 — 8 flanked by an adenosine at position 1 is often
necessary for a microRNA-target effect (Lewis et al., 2005). Non-canonical microRNA-
mRNA pairing has often been linked to microRNA sequestration, so did not explain the
effect of miR137 on Egrl and Nr4al (Wang, 2014). Though this does not rule out that
miR137 may be employing a different indirect, non-canonical, mRNA targeting

mechanism.
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However, it was shown that miR137 targeted mRNAs which acted upstream of Egr1 and
Nr4al. TargetScan and ENCORI showed miR137 to target NAB2 which endogenously
represses Egrl, and MEF2A which usually induces Nr4al expression (Kumbrink et al.,
2005, Shalizi et al., 2006, Bhattacharyya et al., 2013, Chen et al., 2014b). However, this
shows that miR137 would need to differentially regulate NAB2 and MEF2A in order to
achieve the degradation of Egrl and Nr4al, respectively, as highlighted in my results.
The possibility that the changes in Egr1 and Nr4al gene expression observed on miR137
overexpression may be due to the indirect effects of prolonged microRNA

overexpression, for example by regulating neuronal cell activity, cannot be disregarded.

Interestingly, taken together, the results here show that miR137 does not direct the
degradation of its own targets which were investigated in this project, but provides
evidence for miR137 overexpression to direct the degradation of other mRNAs through

either non-canonical or indirect mechanisms.

8.5 Further consideration of potential cooperative roles for neuronal

microRNAs, mRNAs and MOV10 in RNA granules

My results provide evidence for non-degrading microRNA-target relationships between
miR135b and miR137 and their respective mRNA targets. The microRNA-mRNA pairs are
colocalised in overlapping fractions after sucrose gradient fractionation together with
MOV10. Immunoprecipitation experiments provide evidence for miR135b and miR137’s
biochemical association with MOV10 together with a subset of each of their respective
targets. These experiments provide evidence for miR135b or miR137 and their targets

to be sequestered into RNA granules containing MOV10 protein.

| propose that there are two possible consequences for this localisation of microRNA-
target pairs into RNA granules: firstly, to direct the transport of microRNA-mRNA pairs
away from the neuronal cell body, and secondly, to aid in the formation of a
translationally repressed reservoir of mRNAs close to synaptic sites to facilitate signal-

dependent spatiotemporal protein synthesis (Table 8.1).
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8.5.1 RNA transport

RNA transport is observed in a variety of different organisms in order to maintain
discrete cellular subdomains, whether in the budding yeast or patterning the axis of
Drosophila during development (Bertrand et al., 1998, Kiebler and Bassell, 2006). mRNA
transport occurs in neuronal cell processes (axons and dendrites) to localise synaptic
MRNAs to their necessary locations (Doyle and Kiebler, 2011). The transport of the
mRNAs investigated here to synaptic sites will be crucial to their functions. To ensure
their correct transport, these mRNAs will contain cis-element ‘zip-codes’ within their
UTRs (Martin and Ephrussi, 2009, Doyle and Kiebler, 2011). For example, the binding of
IMP1 (a trans-factor) to the cis-element in the 3’UTR of 8-actin mRNA is a major
facilitatory event in its transport (Huttelmaier et al., 2005). An mRNA to be transported
may contain multiple cis-elements and therefore might be bound to by a variety of trans-

acting factors, comprising both microRNAs and RBPs.

MOV10 and FMRP are enriched within populations of Stau2 positive or Btz positive RNA
granules, shown to link translational repression and transport (Fritzsche et al., 2013).
Importantly, these RNA granules are very heterogenous, which highlights the
importance of both MOV10 and FMRP within the granules in providing a core function.
Furthermore, MOV10 is shown to interact with FMRP to regulate microRNA binding; the
proximity of MOV10 and FMRP binding sites on a target 3’UTR can facilitate or inhibit
microRNA mediated translational repression (Kenny et al., 2014). Importantly, FMRP
and MOV10 may work in conjunction with microRNAs to control mRNA translation,
which will be particularly important during transport. More recently, a link has been
established between MOV10, FMRP and Ago2 in controlling NMDA triggered signal-
dependent translation. The authors show FMRP to be crucial for MOV10 mediated
translational regulation; furthermore, they demonstrated that NMDA receptor
activation leads to the phosphorylation and dissociation of FMRP and AGO2 from the
targeted mRNA, whilst MOV10 and the targeted mRNA become associated with
polysomes (Kute et al., 2019). Importantly, this provides evidence that MOV10 might be

acting to both inhibit and promote the translation of its target mRNAs, contextually.
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RBPs binding the 3’UTRs of transcripts to be localised also provide affinity to molecular
motors; for example FMRP is shown to directly couple itself and its target mRNAs to the
molecular motor kinesin (Dictenberg et al., 2008). Furthermore, neuronal RNA transport
granules were shown to bind directly to KIF5 and dynein to regulate their transport
(Kanai et al., 2004, Elvira et al., 2006). In Drosophila, the MOV10 homologue Armitage
was shown to regulate the translation of kinesin heavy chain protein, which the authors
speculated might be the mechanism by which Armitage is able to regulate transport;

this has not been explored further in vertebrate systems, however (Ashraf et al., 2006).

During transport, the mRNA must be maintained translationally repressed by RBPs and
microRNAs to avoid aberrant protein expression. Once having reached their destination

the mRNAs must be released for translation in a regulated manner.

8.5.2 Signal-dependent translation

Blocking protein synthesis perturbs long-term memory formation (Flexner et al., 1963).
Protein synthesis at the synapse appears to be an important feature in the stabilising of
memory by modulating synaptic connection structures and signal strength in a short
timescale. This provides the framework for synaptic plasticity, the process by which
synaptic strength can be strengthened (LTP) or weakened (LTD) over time (Malenka and
Bear, 2004). Human diseases arise from the disruption of translation in neurons,

including Alzheimer’s Disease, ASD and FXS (Buffington et al., 2014).

Local translation at the synapse modulates individual neuronal connections. Synapses
can be tagged to promote their acquisition of mRNAs which can be locally translated
(Frey and Morris, 1997). During LTP, synapses become tagged to receive proteins/to
attract local translation to modulate synaptic plasticity, however In the absence of de
novo protein synthesis, the later phase of LTP was abolished (Frey and Morris, 1997).
The process of RNA transport in the brain could however be more dynamic, as explained
by the ‘sushi-belt’ model. Here, it is suggested that mRNAs are constantly trafficked
bidirectionally within transport granules, where synapses which require a particular
mMRNA can recruit the granule and facilitate the translation of its cargo mRNA (Doyle and

Kiebler, 2011).
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Monosomes (single ribosomes) and translation factors are known to be localised at sites
close to axonal and dendritic synapses (Biever et al., 2020). Monosomal translation
provides a ‘space-saving’ mechanism of protein production (Biever et al., 2020). Specific
transcripts appear to have a propensity for monosomal translation, polysomal
translation or both (Biever et al., 2020). Interestingly, Bsn is an mRNA that is

preferentially associated with monosomes.

Many studies have highlighted RBPs which control both transport to and translation at
the synapse, including IMP1 and FMRP (Fernandez-Moya et al., 2014). For example,
translational repression imparted on B-actin by IMP1 can be reversed upon Src-kinase
phosphorylation of IMP1 (Huttelmaier et al., 2005). Whilst metabotropic glutamate
receptor activation regulates the reversible translational inhibition of the postsynaptic
protein, PSD95, in a miR125a, phosphorylated FMRP and Ago2 dependent manner
(Muddashetty et al., 2011, Fernandez-Moya et al., 2014).

miR125a is one of a number of microRNAs known to exist alongside synapse-enriched
proteins and mRNAs in synapses, to modulate the local transcriptome thus synaptic
structure and connectivity. For example, Schratt et al., (2006) showed that miR134
regulates dendritic spine volume by translationally repressing Limk1, an interaction
which is reversed upon BDNF signalling. Moreover, miR138 represses the translation of
Lyplal mRNA, which can reversed in a MOV10 dependent manner by NMDA signalling
(Banerjee et al., 2009).

Interestingly, pre-microRNAs can also be localised to and processed locally in dendrites
(Schratt et al., 2006, Bicker et al., 2013). It was shown that the loop structure within pre-
miR134 served as a platform for the binding of DHX36 to prevent its synaptic processing
by Dicer, thereby regulating its conversion into mature miR134. Moreover, this
processing was regulated in an NMDA-dependent manner in dendrites (Lugli et al., 2005,
Bicker et al., 2013, Hu and Li, 2017). These findings indicate that translational control by
microRNAs can be positively or negatively regulated at the synapse in a signal-

dependent manner.
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8.5.3 Roles for miR135b-MOV10 and miR137-MOV10 RNA granules

The binding of multiple RBPs and microRNAs to an RNA molecule provides complex
mechanisms for regulating its translational repression and intercellular transport.
MOV10 might facilitate the unwinding of mRNAs to be targeted to expose the
complementary seed sequence to allow miR135b or miR137 binding. In conjunction with
other RBPs and motor proteins this will lead to the microRNA-target pair to be localised
to RNA granules to be transported. This can be seen as analogous to MOV10’s
orthologue in Drosophila, which regulates CAMKII mRNA transport and translation.
MOV10'’s interaction with FMRP also provides a potential key link to its transport and
translational regulation of microRNA-bound mRNAs (Ashraf et al., 2006, Dictenberg et
al., 2008, Kute et al., 2019).

| consider here that upon transport of an RNA granule there are two eventualities.
Depending on the need of the neuron, the translational repression of the mRNA target
during its transport can be reversed promptly upon reaching its destination to modulate
synaptic connectivity in line with a steady state of the neuron’s activity. Here, the
translational repression imparted on the target will be transient, whereby no change in
global mMRNA abundances may be observed. Alternatively, an RNA granule may reside in
the synapse maintaining the translational repression of the cargo mRNA in a microRNA-
RBP dependent manner; this would create an mRNA reservoir to facilitate signal-
dependent translation i.e. stimulated by NMDA receptor activation. In this situation
there may be an accumulation of mMRNA with increasing microRNA abundance, with little
change in protein abundance or possibly an increase in protein abundance dependent

on reaching the threshold required to reverse translational repression.

Since many targets of miR135b and miR137 have important roles in modulating
neuronal connectivity and were colocalised with MOV10, this seems to be an obvious
candidate translational co-regulator. However, there were a subset of synaptic targets
for each microRNA which did not co-immunoprecipitate with MOV10, which suggests
that these may be transported in some other, MOV10-independent manner (Fritzsche

et al,, 2013).
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8.5.3.1 miR135b

In the brain, miR135b has known and suspected links to neuropsychiatric and
neurodegenerative disorders including depression, PTSD, Parkinson’s Disease,
Alzheimer’s Disease and Schizophrenia (Issler et al., 2014, Rossi et al., 2014, Fernandez-
Santiago et al., 2015, Zhang et al., 2016, Sillivan et al., 2019). Its pri-microRNA is
transcribed from a region which is a susceptibility locus for bipolar disorder (Issler et al.,
2014). Outside the brain miR135b has been implicated in oncogenesis. miR135b
contributes to cancers throughout the body, with its overexpression directly correlated
to the ability of cancerous cells to form tumours (Khatri and Subramanian, 2013). It is
unknown whether this relates to an abnormal expression of miR135b or an extension of

its normal function in these tissues.

Consistent with a pro-survival activity, gene regulation by miR135b in the brain seems
to be largely neuroprotective. miR135b positively increases the capacity for axon growth
and regeneration through its inhibition of an inhibitory factor, KLF4 (van Battum et al.,
2018). miR135b also increases serotonin levels in monoaminergic neurons (Issler et al.,
2014). Furthermore, miR135b negatively regulates DISCI mRNA, a gene which is a risk
factor for schizophrenia and mood disorders (Rossi et al., 2014). In Alzheimer’s Disease,
miR135b negatively regulates BACE1 which decreases the accumulation of B-amyloid —
a loss of miR135b could exacerbate the progression of this neurodegenerative disorder

(zhang et al., 2016).

Though miR135b is clearly important for brain health, it has thus far been reported that
it acts through negatively regulating its mRNA targets via a canonical mechanism
(Eichhorn et al., 2014). My research clearly demonstrates that this is not the case for any
of the targets investigated here, at least under these experimental conditions in cortical
neurons. Instead, miR135b overexpression was shown to either maintain or significantly
increase the abundance of its mRNA targets. The mode by which miR135b regulates its
targets might be dependent on cellular context or mRNA-directed features. Specifically,
in the case of Bsn, miR135b overexpression increased the pool of Bsn mRNA, which was
one of two mRNA targets biochemically associated to MOV10. This suggests that Bsn

mRNA transport is coupled to the creation of a reserve pool of Bsn mRNA. The reversal
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of miR135b mediated translational repression could lead to a large upregulation in Bsn
protein, perhaps to regulate the delineation of presynaptic active zones. It was not
possible in my experiments to discriminate whether a subset of synapses might have

been facilitated in this manner.

8.5.3.2 miR137

miR137 also appears to have roles in regulating the stability and transport of its mRNA
targets in cortical and hippocampal neurons. Interestingly, it was also present in
translating ribosomal fractions and increased the levels of some of its target proteins.
With such an apparently complex role of this microRNA in regulating its target mRNA
and protein expression, it is not surprising that its dyshomeostasis could be detrimental
to proper neuronal function (Willemsen et al., 2011). SNPs in the MIR137HG are known
to be associated with Schizophrenia, with the major risk allele rs1625579 producing
reduced miR137 (Ripke et al., 2011). Furthermore, microdeletions within the host gene
are linked to vulnerability to ASD and ID, again associated with a decrease in miR137
and its precursors (Willemsen et al., 2011). Corroborating this finding in an experimental
system, a conditional knock-out of miR137 in mice led to the presentation of behaviours
mimicking ASD (Cheng et al., 2018). Schizophrenia, ASD and ID are all
neurodevelopmental conditions, further highlighting the importance of miR137 during

brain development.

Furthermore, alongside targets investigated here, many other schizophrenia associated
genes are potential miR137 targets whose dysregulation might negatively impact LTP
and axonal guidance during neurodevelopment (Wright et al., 2013). Proteins within the
PI3K-Akt-mTOR pathway are putative miR137 targets. miR137 targets the ErbB receptor,
when bound by Nrgl triggers this pathway which is crucial in regulating synaptic
plasticity, neurite outgrowth, learning and memory (Thomas et al., 2017). This group
showed that the inhibition of endogenous miR137 negatively affected BDNF and Nrgl
stimulated activation of the PI3K-Akt-mTOR pathway with consequent effects on mRNA
translation, glutamate receptor expression and neurite outgrowth (Thomas et al., 2017).
Dysregulation of this pathway and reduced neuronal connectivity is evident in

schizophrenic patients, suggesting that miR137 might be crucial in regulating cellular
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pathways necessary for neuronal health, alongside facilitating the transport and

translation of mRNAs involved in synaptic connectivity.

Though it might seem logical that increasing miR137 in the brain could have positive
effects, this is not the case. Evidence in the literature shows that miR137 overexpression
in the hippocampus caused reduced synaptic spine density and synaptic vesicle numbers
together with decreased LTP and learning behaviour (Siegert et al., 2015, He et al.,
2018a). Moreover, transgenic mice overexpressing miR137 in neurons driven by the Thy-
1 promoter displayed phenotypes consistent with Schizophrenia, including social and
cognitive deficits and altered brain architecture within the prefrontal cortex (Arakawa
et al., 2019). However, in all of these studies, the effects of miR137 overexpression were
reported to occur through target mRNA degradation (Siegert et al., 2015, He et al,,
2018a).

In contrast, | have shown consistently that miR137 coexists with its targets in cultured
cortical neurons, either maintaining or increasing their mRNA and protein abundances.
However, taking together my results and the available literature suggests that miR137
might potentially regulate its targets differently depending on the context (e.g. between
brain regions, at different developmental stages, etc.). | hypothesised that this may be
due to the real-time thresholds of signals necessary for the reversal of translational
repression, or the presence of a non-canonical RISC which may activate translation
rather than degradation. Previous groups have shown that this may be mediated
through the absence of GW182 interactions, therefore the abolition of the coupling
between repression, deadenylation, decapping and degradation (Mortensen et al.,

2011).

Evidence in the literature suggests that upregulation or downregulation of miR137 can
have adverse consequences on brain function (Thomas et al., 2018). This suggests that
the levels of miR137 must be tightly controlled. As for miR135b, the association between
the neurite enriched MOV10 and miR137 could provide a missing link contributing to

the transport and signal-dependent translation and transport of its mRNA targets.
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8.6  Future Directions

8.6.1 Age and context dependent roles of miR135b and miR137

My work has shown non-degrading relationships between miR135b and miR137 and
their targets when investigated in E16 cortical neuronal cultures. However, | have
speculated that differences in microRNA mediated translational regulation observed by
myself and other groups could be due to developmental age, model system and brain
region. Therefore, investigating the effects of microRNA overexpression on their targets
in animals of varying developmental and postnatal stages could provide more of an
insight as to how these microRNAs regulate gene expression over time. Furthermore,
this could be extended to assessing microRNA-mRNA relationship profiles in various
brain regions. Another interesting route would be to investigate the consequences of
non-degrading microRNA-target relationships on the protein expression of a wider

range of mRNA targets.

8.6.2 RISC complex components to direct translational repression versus translational

activation

Evidence has emerged for decreased GW182 association with AGO proteins in the RISC
complex to direct microRNA mediated translational activation over degradation in
quiescent cells (Mortensen et al., 2011). Though neurons might be characterised as
quiescent, microRNA mediated translational repression coupled to degradation has
been widely described (Kosik, 2006). However, my work shows evidence for microRNA
mediated mRNA upregulation, which is coupled to translational activation for Sytl and

Ptpn5 in cortical and hippocampal neurons, respectively.

Future experiments to elucidate which members of the RISC complex associate with
miR135b and miR137 in immunoprecipitation experiments could provide evidence for
specific factors directing alternate microRNA regimes. For example, complexes directing
degradation may differ from those directing translational repression, compared to those
directing translational upregulation. This would provide scope for elucidating the full

repetoire of microRNA mechanisms.
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8.6.3 Investigation of factors regulating RNA granule transport

As noted above, mRNA must be transported in a translationally repressed granule in
order to reach a strictly compartmentalised localisation within a neuron. This is key in
regulating neuronal polarity. My experiments have provided evidence for a biochemical
association between the RBP MOV10, known to regulate translation, to both miR135b
and miR137 and a subset of their respective targets (Banerjee et al., 2009). Though this
protein is neurite enriched, its direct links to transport as part of an RNA granule are
limited. | have speculated that its links to FMRP based on previous literature might fulfil
a key association in the transport continuum (Ashraf et al., 2006, Zappulo et al., 2017,
Kute et al., 2019). Therefore, it would be interesting to assess whether FMRP associates
with the potential microRNA-mRNA-MOV10 granules identified in my work. This could
be via immunoprecipitation or immunocytological experiments, both to provide a
biochemical and visual basis for this functional RNA granule localisation within this

experimental system.

8.6.4 miR135b and miR137 overexpression effects on neuronal connectivity

This thesis has highlighted a positive regulation of miR135b and miR137 on their targets.
However, there were time and resource limitations on my ability to perform studies to

explore the functional aspects of this relationship.

To this end, multi-electrode arrays could be used to assess the effect of microRNA
overexpression on neuronal network connectivity. These provide platforms for
extracellular recordings of cultured neurons to allow the measurement of extracellular
field potentials elicited by a neuronal network. The changes in extracellular field
potentials by miR135b and miR137 overexpression could be measured, to provide a
direct indication on any potential consequences in neuronal connectivity.
Overexpression of miR137 is reported to inflict synaptic defects when carrying out whole
cell recordings from the hippocampus (either cultured neurons or from slices) (Siegert
et al., 2015, He et al., 2018a). The effect of miR135b or miR137 modulation has not been
assessed using MEAs and might provide useful insight as to how these microRNAs

regulate synaptic plasticity.
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8.6.5 Do miR135b and miR137 regulate the signal-dependent translation of their target
mMRNAs?

Some conditions under which microRNA mediated translational repression can be
reversed in a signal-dependent manner are known to be directly regulated by MOV10
(Banerjee et al., 2009). Photoconvertible florescent reporters could be utilised to
investigate the necessity of miR135b and miR137 in regulating the signal-dependent
translation of their mRNA targets. This was attempted during the final year of my
experiments, however the cloning of the photoconvertible reporters was not achieved
in time. The envisaged experiments were for the coding sequence for the
photoconvertible fluorescent protein, Dendra2, to be ligated to 3’ UTRs of miR135b and
miR137 mRNA targets. In addition, Dendra2 would also be ligated to 3" UTRs which have
had their microRNA seed sequence (the 7-mer sequence to which the microRNA binds)
mutated as a negative control. This would allow determination of whether RNA
transport and signal-dependent translation is dependent on the microRNA binding to its

mRNA target and the reversal thereof.

Dendra2 fluoresces green (excitation/emission: 490/507), and upon UV irradiation or
photoconversion by the 488nm laser, is converted irreversibly to fluoresce red
(excitation/emission: 553/573) (Chudakov et al., 2007). Dendra2 has been altered from
the original protein, Dendra, by an A224V mutation which causes it to fluoresce brighter
at both green and red wavelengths (Chudakov et al., 2007). This protein has successfully
been employed by other groups to investigate mRNA transport and protein translation

in both mice and zebrafish (Pilaz et al., 2016, Torvund-Jensen et al., 2018).

Upon transfection of the Dendra2-3’UTR constructs into neuronal cells, the transport of
reporter-UTRs and local protein translation could have been monitored in real-time.
Prior to the application of a signal to reverse translational repression, all translated
Dendra2 constructs would be photoconverted to red. The resultant translation of
protein (green fluorescence) upon application of a signal, i.e. NMDA, could then be
monitored in real time. Using this methodology, a variety of different factors could be

analysed, including the signals necessary to reverse microRNA mediated translational
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repression, the dosage of identified signals, and the localisation of translated protein in-

vitro.

Alongside the signal-dependent translation of mRNA targets, microRNA levels
themselves are altered during LTP and LTD. The differential modulation of microRNAs
during these plasticity behaviours could be another way in which long-lasting changes
at the synapse are implemented. Many microRNAs have been shown to be upregulated
at specific timepoints after chemical LTP or metabotropic glutamate receptor
dependent LTD in the hippocampus (Park and Tang, 2009). The authors suggest that
microRNA upregulation during synaptic plasticity behaviours are to reduce protein

synthesis (Park and Tang, 2009).

miR135b has been identified in dendritic spines, and was additionally shown to be
upregulated at the pri- and mature level in hippocampal neurons after LTD (Hu et al.,
2014). Inhibiting miR135b prevents shrinkage in dendritic spines upon NMDA-induced
LTD, miR135b imparts this by negatively regulating complexin-1 and -2 which usually
regulate AMPA receptor exocytosis (Hu et al., 2014). Furthermore, pre-microRNAs are
shown to localise to dendrites and be processed by Dicer into mature microRNAs in a
signal-dependent manner to modulate the local transcriptome (Lugli et al., 2005, Bicker
et al., 2013). Going forward, the axonal and dendritic localisation of both pre-miR135b
and pre-miR137, and their signal-dependent maturation could be analysed in a similar
way as performed by Bicker et al., (2013) to identify whether the pre-microRNAs
themselves might be poised locally in neuronal terminals to modulate the effects of their

targets.

Synaptic plasticity at the dendritic postsynaptic terminal has been heavily studied, but
axonal plasticity less so. Bicker et al., (2013) noted that pre-miR137 was not localised to
the dendritic compartment, but this does not rule out pre- or mature miR137 being
localised to the presynaptic compartment where it could in turn regulate many of its

presynaptic targets. This possibility merits further investigation.

8.6.6 Investigating off-target effects of microRNA overexpression

My experiments provided evidence for significant apparent off-target effects of miR137

in its regulation of miR124 targets Egrl and Nr4al. These results could be explained by
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miR137’s targeting of NAB2, which negatively regulates Egrl expression and MEF2A,
which positively regulates Nr4al expression. However, experimental evidence to
corroborate that miR137 positively regulates NAB2 and negatively regulates MEF2A
mRNAs will be necessary to elucidate if this was indeed the pathway which led to the
degradation of Egr1 and Nr4al mRNAs following miR137 overexpression. This could be
investigated via qPCR and western blot analysis of NAB2 and MEF2A abundances
following miR137 overexpression compared to untransduced cells. These experiments
could provide evidence for miR137’s participating in canonical and non-degrading

microRNA regimes within cortical neurons.

However, should miR137 overexpression not have the predicted effects on either NAB2
or MEF2A mRNAs, some other non-canonical miR137 targeting of Egrl and Nr4al
mRNAs would need to be investigated further. This could be achieved by exploring the
effect of microRNA overexpression on overall neuronal activity, and its consequent

modaulation on gene expression.

8.7 Concluding Remarks

This thesis has highlighted novel roles for neuron-enriched microRNAs miR135b and
miR137 on the regulation of their mRNA targets. In contrast to the previous literature, |
have described a novel mechanism for microRNA mediated target protection which is
mediated by 3’ UTR microRNA-target interactions. | have shown that miR135b and
miR137 co-exist with and/or positively modulate the expression of their target mRNAs,

with either no effect or a positive modulation on their consequent translation.

Here, | propose a model (Figure 8.1) whereby miR135b and miR137 are packaged into
RNA granules positive for the protein MOV10. MOV10 and its associated RBPs may
facilitate the sorting of translationally repressed microRNA-mRNA pairs into distinct
populations of RNA granules, which are transported to sites remote from the cell body,
for example the pre- and postsynaptic terminals (consistent with the roles of many
miR135b- and miR137- mRNA targets). This translational repression can be reversed in
a signal-dependent manner in order to modulate synaptic and neuronal connectivity.

Furthermore, RNA granule transport may also serve to form a reservoir of mRNAs poised
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at the synapse to modulate synaptic connectivity following a signal-dependent reversal

of translational repression.

| also postulate that the modulation of microRNA-mRNA binding might be threshold-
and context-dependent. This would explain the effect of microRNA overexpression on
Sytl protein translation and Ptpn5 protein translation in the cortex and hippocampus,
respectively. The microRNA mediated increase in translation of these mRNAs potentially
occurs at a basal state in different brain regions. Therefore, | suggest that the character
of the signal received by a synapse may have differential effects on whether
translational repression is reversed, or possibly even to facilitate microRNA mediated
mRNA degradation instead. The signals and thresholds to facilitate or reverse
translational repression or to direct mRNA degradation may vary by cell type, brain
region or developmental stage. Moreover, these consequences will have varying effects
on synaptic plasticity throughout the brain, i.e. the regulation of LTP and LTD dependent

on a microRNA and its subset of localised targets. This heterogeneity of potential
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Figure 8.1: Model of neuronal RNA transport. mRNA and protein localisation are ways in which neurons maintain their polarity. Due to the specialised structure of the
cell, asymmetric localisation of protein and mRNA are necessary to maintain the identity of neuronal cellular sub-compartments. To facilitate mRNA transport, mRNA
must be rendered translationally silent by RBPs and other translational regulators (e.g. microRNAs). Together, they are sorted into specialised granules to be transported
via molecular motors to sites remote from the cell body. Upon reaching the destination the translationally repressed mRNA will be anchored to the local cytoskeleton,
likely forming a pool of mRNA to be translated. Upon the receival of a signal to the axonal/dendritic compartment, the RBP/microRNA mediated translational repression
will be alleviated. Protein synthesis can occur in a discrete location in a to modulate neuronal connectivity, hence synaptic plasticity (Wilhelm and Vale, 1993, Kosik and

Krichevsky, 2002, Kiebler and Bassell, 2006, Bramham and Wells, 2007).
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microRNA activities provides scope for a flexible and dynamic gene regulatory role for

neuronal microRNAs and their targets in influencing neuronal connectivity.

The proper functions of miR135b and miR137 are important in brain health. Should
these microRNAs be crucial in regulating RNA transport, any dysfunction could result in
ectopic protein expression within the brain. If proteins cannot be translated where and
when required during neurodevelopment this will lead to issues in synaptic connectivity
and eventual pathological phenotypes as observed with miR137 dysfunction in
schizophrenia, ASD and ID (Thomas et al., 2018). Furthermore, alongside the positive
modulation of mRNAs investigated here, these microRNAs might be involved in
inhibiting the expression of genes which exacerbate disease phenotypes as observed
with miR135b in its regulation of DISC1 and BACE1 (Rossi et al., 2014, Zhang et al., 2016).
The variance in the interactions of one microRNA on its many targets is an important
way in which the brain can control post-transcriptional gene expression, which will be

essential in maintaining neuronal health and neuronal circuitry.

It is plausible that the mechanism of microRNA-mRNA interaction may change
throughout development to accommodate the differing needs of a mature brain.
However, if neuronal connectivity is dysfunctional as a result of microRNA abnormalities

during development, the needs of the mature brain will consequently be altered.

Future experiments exploring the functional consequences of miR135b and miR137
overexpression on neuronal network connectivity, and their role in modulating signal-
dependent translation will be crucial in exploring the roles fulfilled by microRNA-mRNA
coexistence. Furthermore, investigating the regulation of mRNA targets by miR135b and
miR137 at different developmental stages will be key in elucidating the dynamic role of

these microRNAs in the brain throughout life.
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9 Appendix 1

9.1 Imagel) macro for FISH/ICC puncta quantification

9.1.1  ‘Puncta Analysis’ macro

* Macro code to select stained puncta on images with up to 4 colour channels
* Selects puncta and does some simple analysis (count, average size)
* Also identifies and counts areas of overlap between channels

* Requires installation of Biovoxxel update site for convoluted background subtraction

*/

// Global Variables

minDia=0.2;
maxDia=3;
bins=100;
threshold=0.1;
filterRadius=9;
chan=newArray(5);
chan[1]=true;
chan[2]=true;
chan[3]=false;

chan[4]=true;

// Main
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curlmage=getTitle();

Dialog.create("Image Processing Parameters");
Dialog.setlnsets(0, 0, 0);
Dialog.addMessage("Puncta Parameters");
Dialog.addMessage("Puncta diameter");
Dialog.addNumber("Minimum (um)",minDia);
Dialog.addNumber("Maximum (um)",maxDia);
Dialog.addNumber("Filter radius (um)",filterRadius);
Dialog.addMessage("Threshold Parameters");
Dialog.addNumber("Bins",bins);
Dialog.addToSameRow();

Dialog.addNumber("Max % change",threshold);

Dialog.setlnsets(0, 0, 0);

Dialog.addMessage("Tick box to include channel");
Dialog.addCheckbox("Channel 1",chan[1]);
Dialog.addCheckbox("Channel 2",chan[2]);
Dialog.addCheckbox("Channel 3",chan[3]);

Dialog.addCheckbox("Channel 4",chan[4]);

Dialog.show();
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minDia=Dialog.getNumber();

maxDia=Dialog.getNumber();

filterRadius=Dialog.getNumber();

bins=Dialog.getNumber();

threshold=Dialog.getNumber();

ch1=Dialog.getCheckbox();

ch2=Dialog.getCheckbox();

ch3=Dialog.getCheckbox();

ch4=Dialog.getCheckbox();

nm,

mergeString="";

for (i=1;i<=4;i++){
if (chan[i]==true){
detectPuncta(curlmage,i,minDia,maxDia,bins,threshold);

mergeString=mergeString + "c"+i+"=[Mask of wChan"+i+"] ";

run("Merge Channels...", mergeString+ "create");
rename(curlmage+"_Puncta");

punctalmage=getTitle();
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reportPunctaOverlap(chan,punctalmage);

//End Main Code

//Functions

function reportPunctaOverlap(checkCh,image){
n=1;
if (isOpen("Coloc")!=true){
getDimensions(width, height, channels, slices, frames);
getPixelSize(unit, pixelWidth, pixelHeight);
newlmage("Coloc", "8-bit black", width, height, 1);

setVoxelSize(pixelWidth, pixelHeight, 1, "um");

for(i=1;i<=4;i++ )
if (checkChli]==true){
selectWindow(image);
run("Duplicate...", "duplicate channels="+n);
rename("Channel"+i);
changeValues(1,255,pow(2,i-1));
imageCalculator("Add", "Coloc","Channel"+i);

close("Channel"+i);

193



n=n+1;

for(i=1;i<16;i++){
setThreshold(i,i);
run("Analyze Particles...", "size=0-infinity display clear summarize");
chComb=toBinary(i);
while (lengthOf(chComb)<4){
chComb="0"+chComb;
L

Table.set("Slice",Table.size-1,chComb);

function detectPuncta(image,chan,lowLimit,highLimit,maxBins,th){
print("Channel: "+chan);
selectWindow(image);
Stack.setChannel(chan);
run("Select None");
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run("Duplicate...", "title=wChan"+chan);

run("Convoluted Background Subtraction”, "convolution=Gaussian

radius="+filterRadius);

getMinAndMax(min, max);

nBins=(max-min)/maxBins;

getHistogram(values, counts, nBins,min,max);

getDimensions(width, height, channels, slices, frames);

i=0;

total=0;

while ((counts[i]-counts[i+1])>(width*height*(th/100))){
print(i,counts[i],counts[i+1],(counts][i]-counts[i+1])/(width*height));
i=i+1;

2

getPixelSize(unit, pixelWidth, pixelHeight);

run("Median...", "radius="+lowLimit/pixelWidth);

setThreshold(i*100, max);

setOption("BlackBackground", true);

run("Convert to Mask");

run("Watershed");

print(pow(lowLimit/2,2)*Pl);

print(pow(highLimit/2,2)*Pl);

run("Analyze Particles...", "size="+pow(lowLimit/2,2)*PI+"-

"+pow(highLimit/2,2)*PI+" show=Masks display clear include summarize");
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close("wChan"+chan);

9.1.2 ‘Puncta Analysis’ macro automation

dirl = getDirectory("Source Directory");

list = getFileList(dirl);

dir2 = getDirectory("Destination Directory");

for (i=0; ilist.length; i++) {
path = dirl + list[i];
open(path);
titlel = getTitle();
title2 = File.nameWithoutExtension;
runMacro("PunctaAnalysis_v1");
selectWindow(title2+".tif_Puncta");
saveAs("Tiff", dir2+title2+"_Puncta.tif");
selectWindow("Summary");
saveAs("Results", dir2+title2+" _summary.csv");
selectWindow(title2+" summary.csv");
run("Close");

run("Close All");

run("Close All")
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