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ABSTRACT

Subcellular localization of messenger RNAs (mRNAs) is a conserved
mechanism that enables highly polarized cells such as adult mammalian neurons to
exert spatial and temporal control over protein synthesis. In neurons, hundreds, if not
thousands, of mRNAs are transported into distal axons and undergo local translation.
Intra-axonal protein synthesis has been implicated in axon growth and pathway
finding during development and rapid injury response and regeneration in adult
neurons. Although it is now clear that localized axonal protein synthesis plays an
important role in regenerating axons, there has been little understanding of how these
localized mRNA translation is temporally regulated.

MicroRNA (miRNA) is a major class of small non-coding RNAs that acts as a
regulator of gene expression at the post-transcriptional level. Over the past decade,
miRNA-mediated regulation of gene expression has been gaining functional
importance in neurons. Recent studies have shown that specific miRNAs are highly
enriched in distal axons. These axonally enriched miRNAs could serve as molecular
switches for temporal regulation of local protein synthesis. To understand how axon-
specific miRNAs respond to nerve injury, I conducted deep sequencing studies using
purified axoplasmic RNA from the proximal nerve stump of injured rat sciatic nerve.

My sequencing studies identified 141 different miRNAs in rat sciatic nerve axoplasm.

Xvil



Sixty-three of these miRNAs showed significant differential changes in their levels at
five time points following nerve injury compared to uninjured sham operated controls.
Bioinformatics analysis of predicted axonal mRNA targets of the differentially altered
miRNAs revealed that their potential targets were involved in numerous neurological
functions in ER response, cytoskeleton dynamics, vesicle formation, neuro-
degeneration and-regeneration. These results suggest a vital role of axoplasmic
miRNA in the regenerative response for the first time.

Although the role of miRNA-mediated regulation of intra-axonal protein
synthesis is beginning to emerge, the mechanism underlying the translocation of
specific miRNAs into distal axons remains unknown. Our lab and others showed that
both miRNA precursors (pre-miRNAs) and protein components of their processing
machinery such as Dicer and KH-type splicing regulatory protein (KSRP) were
localized to axons. Based on these findings, I hypothesized that a subset of pre-
miRNAs were selectively localized to distal axons, where they were subsequently
processed to give rise to biologically active mature miRNAs that function to regulate
specific intra-axonal mRNA translation. My results showed that the terminal loop
region of axonally localizing pre-miR-433 structure contained a cis-element(s) that
strongly governed the localization of RNA to distal axons. Using a
compartmentalized culture system, I further demonstrated that selective pre-miRNAs
(including pre-miR-433) were processed into the corresponding mature miRNAs in
the axonal compartment independent of the cell body. To determine the biological

function of mature miR-433-3p, I performed gain of function studies through transient
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transfection of miR-433-3 mimic in cultured DRG neurons. My results showed that
miR-433-3p negatively regulated the expression of Ran binding protein 1 in the
growth cone leading to a significant decrease in axonal length.

Altogether, the studies presented in this dissertation provide new insight into
the mechanism of differential expression of miRNAs via active transport of the pre-
miRNAs, which consequently are processed to corresponding miRNAs and their

neurological roles in axon regeneration following injury.
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Chapter 1

INTRODUCTION

Subcellular Localization of mRNAs

Subcellular localization of messenger RNAs (mRNAs) is a post-transcriptional
regulation mechanism that enables cells to exert spatial control of protein function by
determining the location and time where protein is produced. This mechanism is
evolutionarily conserved and is used by organisms from prokaryotes to eukaryotes to
compartmentalize different activities to specific domains. Although mRNA
localization is generally thought to occur exclusively in eukaryotes, recent studies
have shown that several mRNAs in bacteria are capable of migrating to specific
domains of the cell (Montero Llopis et al., 2010; Nevo-Dinur et al., 2011; Buskila et
al., 2014). For example, Escherichia coli (E. coli) bgl operon encodes three
functionally different proteins that are necessary for the metabolism of aryl-f-
glucosides. Monocistronic transcripts of these genes have been shown to localize to
the subsequent locations of its respective gene products where they carry out special
functions; BglFF mRNA encoding membrane bound sugar permease is directed to the
inner membrane, Bg/G mRNA encoding a transcription factor is directed to the
cytosol, and Bg/B mRNA encoding soluble phosphor-p-glucosidase is directed to the

pole (Nevo-Dinur et al, 2011). The existence of RNA localization mechanism in



prokaryotes highlights the importance and the fundamental requirement for organisms
to restrict specific activities to distinct subcellular sites through spatial and temporal
regulation of protein synthesis.

In eukaryotes, targeting mRNAs to specific subcellular sites becomes
extremely important in arrays of biological processes that occur in diverse organisms,
from single cells to vertebrates. In yeast, mRNA localization is required for the
determination of mating type (Paquin and Chartrand 2008). During the budding
process, asymmetric synthesis of HO (ASHI) mRNA is targeted to the bud tip during
late anaphase for exclusive expression of ASH1 protein in the nucleus of the daughter
cell, where it serves as a transcriptional repressor that inhibit mating type switching
(Long et al., 1997; Takizawa et al., 1997). It is through this mechanism that yeast
ensures mother and daughter cells have distinct mating type. In higher eukaryotes,
spatial restriction of protein synthesis through mRNA localization provides a means
for cells to respond to environmental cues. For example, migrating fibroblasts localize
p-actin mRNAs to the lamellipodia to establish and maintain polarized movement by
producing high concentration of f3-actin protein at the leading edge (Condeelis and
Singer, 2005). In Drosophila, regulation of spatially restricted gene expression
through mRNA localization is necessary for the establishment of molecular
asymmetries that coordinate early patterning and axis formation during development
(Holt and Bullock, 2009). For example, 71 % of more than 3,000 mRNAs analyzed in
Drosophila embryo using in situ hybridization localized to distinct subcellular

domains (Lecuyer et al., 2007; Rangan et al., 2009) and mislocalization of these



mRNAs resulted in detrimental defects. Studies by the Lehman group showed that
disruption of polar distribution of oskar mRNAs, whose proteins participate in the
formation of germ plasm during oogenesis, as well as nanos and bicoid mRNAs
whose proteins generate opposing gradient during embryonic development, led to the
formation of a second abdomen in place of head and thorax (Ephrussi et al., 1991;
Gavis et al., 1992). Taken together, mRNA localization enables compartmentalization

of protein synthesis that is essential in diverse biological processes.

MRNA Localization in Neuronal Processes

In a highly polarized cell like neurons, the physical distance separating the
distal processes including axons/dendrites from the cell body could be extreme,
reaching more than 1,000-fold the diameter of the neuronal cell body. Under this
extreme scenario where the length of some axons can exceed over one meter in human
peripheral nerves, regulation of gene expression through selective targeting of mRNAs
offers multiple advantages. First, localization of mRNAs coupled with regulated local
translation allows neurons to decentralize the control over gene expression to
individual subcellular compartments. This permits axons and dendrites to
autonomously regulate protein synthesis and rapidly respond to their
microenvironment and extracellular stimuli. Second, it is energetically more efficient
to transport mRNA templates where they can be translated multiple times to generate
many copies of proteins as needed than to transport individual proteins. Lastly, since

mRNAs are translationally repressed during transport, inappropriate protein activities



are suppressed until they reach their final destination. For example, myelin basic
protein (MBP) is a membrane fusion protein that is involved in the compaction such as
myelination around axons. The activity of MBP would adversely compromises cell
functions if it was expressed or accumulated at inappropriate subcellular locations.
Transport and localization of mRNAs into neuronal dendritic and axonal
compartments is precisely regulated. It appears that transcripts that are targeted into
dendrites and axons encode functionally specialized proteins rather than those of
housekeeping proteins. For example, mRNAs encoding proteins with specialized
synaptic function that are localized into dendrites such as calcium/calmodulin-
dependent kinase II alpha (CaMKIla), activity-regulated cytoskeleton-associated
protein (Arc), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMAPR), and N-methyl-D-aspartate receptor (NMDAR) play key roles in
modulating dendrite spine morphology and mediating synaptic plasticity (Steward et
al., 1998; Bramham and Wells, 2007; Andreassi and Ricco, 2009; Wang et al., 2010).
Likewise, transcripts of proteins that are highly abundant in the axonal compartment
such as Tau, B-actin, and Growth Associated Protein 43 (GAP43) play essential roles
in axon outgrowth, pathfinding, and structural maintenance (Leung et al., 2006; Yao et
al., 2006; Willis et al., 2007; Welshhans and Bassell, 2011). The precise targeting of
mRNAs to distinct subcellular locations within neurons suggests that neurons use
highly selective and regulated mechanisms to confer differential distribution of a

subset of transcripts.



Transport and localization of mRNAs to neuronal processes is a complex
process that requires both cis-elements that physically reside within the localizing
transcript and trans-acting RNA binding proteins (RBPs). Localization cis-elements
are molecular “zipcodes” mostly found in the 3’ untranslated regions (3’UTRs) of
mRNAs that direct specific transcripts to their final subcellular locations. For
example, the 3’UTR of CaMKIlo. mRNA contains multiple localization elements
needed for its transport into dendrites. Deletion of the localization cis-element within
the 3’UTR impaired selective localization of the CaMKIlo. mRNAs (Miller et al.,
2002), indicting that the cis-element present in the 3’UTR of localizing transcripts is
necessary for their subcellular localization. Additionally, recognition of localization
cis-element by trans-acting RBPs is necessary for the transport of mRNAs to neuronal
processes. For example, localization of S-actin mRNA into axonal growth cones
requires a 54 nucleotide (nt) zipcode or localization cis-element in the 3’UTR that is
targeted by a trans-acting RBP called zipcode binding protein 1 (ZBP1) (Bassell et al.,
1998; Kislauskis et al., 1993). Disruption of ZBP1 binding to the 54 nt localization
cis-element by antisense oligonucleotides has been shown to hinder the localization of
p-actin mRNAs into growth cones of developing axons (Zhang et al., 2001).
Furthermore, an in vivo study using adult dorsal root ganglia (DRG) neurons cultured
from haploinsufficient ZBPI™" mice showed a significant reduction in axonal S-actin

mRNAs compared to ZBP"" neurons (Donnelly et al., 2011). Together these studies



point to the necessity of both localization cis-element and trans-acting RBPs in

directing mRNA transport.

Significance of Local Protein Synthesis in Neurons

Local protein synthesis in dendrites

Neurons are morphologically subdivided into dendritic, somal (cell body), and
axonal compartments. Traditionally, the soma had been thought to be the source for
all protein synthesis until Steward and Levy visually confirmed the presence of
polyribosomes at the base of dendritic spines using electron microscopy in the early
1980s, hinting at the possibility that dendrites have the capacity for local protein
synthesis (Steward et al., 1982). Following this observation, subsequent work has
focused on the functional role of local protein synthesis in the post-synaptic
compartment. The Schuman lab was the first to show that local protein synthesis in
post-synaptic spines was required for neurotrophin-induced synaptic plasticity in rat
hippocampal neurons (Kang and Schuman, 1996). Since then, local protein synthesis
in neuronal dendrites has been implicated in structural and functional physiology of
the synapse (Frey et al., 1988; Jiang and Shuman, 2002; Sutton and Shuman, 2005).

A number of studies using physiological models of synaptic plasticity showed
that translation of dendritically localized mRNAs play a role in the regulation of
synaptic function. For example, mRNAs encoding activity-regulated cytoskeleton-

associated protein (Arc) have been shown to be selectively transported to active post-



synaptic compartments where it undergoes rapid translation in response to specific
patterns of synaptic activity (Lyford et al., 1995; Steward et al., 1998; Guzowski et al.,
1999). In addition, a series of in vitro and in vivo studies have demonstrated that
locally synthesized Arc protein is involved in the internalization of AMPA receptor in
active post-synaptic spines (Chowdhury et al., 2006; Rial Verde et al., 2006; Shepherd
et al., 2006) and, thereby, reduces the synaptic strength leading to long-term
depression (LTD). CaMKlla is a kinase that phosphorylates key proteins (AMPAR
subunit, GluR1, and AMPAR auxiliary proteins) that are important in enhancing
excitatory synaptic transmission (Hayashi et al., 2000). In vivo studies on dendritic
localization of mRNA encoding CaMKIla revealed that its local translation is
essential in mediating long-term potentiation (LTP) and memory consolidation
(Ouyang et al., 1999; Miller et al., 2002; Lisman et al., 2002). Taken together, these
studies emphasize the importance of dendritically synthesized proteins in synaptic

function.

Local protein synthesis in axons — developing axons

In contrast to the excitement in neurobiology generated by the possibility of
dendritic protein synthesis, local protein synthesis in pre-synaptic terminals was quite
controversial. This was primarily due to the lack of direct evidence demonstrating the
presence of translational machinery in mammalian axons (Lasek et al., 1973). As
image resolution and detection sensitivity greatly improved in electron microscopy

and immunochemistry techniques, numerous studies have since confirmed the



presence of ribosomal RNAs (rRNAs), mRNAs, and active translational machinery in
both developing and mature axons (Giuditta et al., 1991; Deitch and Banker, 1993;
Zheng et al., 2001; Merianda et al., 2009).

Functional studies in developing neurons have shown that local axonal protein
synthesis contributes to growth cone turning and axon pathfinding (Campbell and
Holt, 2001; 2003). During development, neurons must extend axons over long
distances to innervate specific targets. To find their targets, axons rely on a dynamic
structure at the axonal-tips called a growth cone. Growth cones are highly motile and
exhibit chemotropic responses to molecular cues that are expressed in the surrounding
environment. These chemotropic guidance cues provide navigational directions for
the growing axons by acting as attractants or repellants depending on receptors that are
present on the surface of the growth cone (Colamario and Tessier-Lavigne, 1995;
Kobayashi et al., 1997). Initial studies in rodent models showed that severed axons
from the cell bodies not only were able to consistently find their target but also
exhibited appropriate responses to chemotropic guidance cues, netrin-1 (attractive
response) and semaphorin3A (repulsive response) (Shaw and Bray, 1977; Campbell
and Holt, 2001). Interestingly, these responses were abolished in the presence of
translational inhibitors suggesting that local protein synthesis was required for
chemotropic-induced growth cone responses (Campbell and Holt 2001; Wu et al.,
2005). This observation led researchers to further identify newly synthesized axonal

proteins and their roles in regulating growth cone responses.



Subsequent studies revealed that directional growth cone steering is mediated
by chemotropic cues induced by local synthesis of cytoskeletal proteins and their
regulators (Leung et al., 2006; Yao et al., 2006). For example, gradients of netrin-1
have been shown to induce asymmetrical translation of f-actin mRNAs in the growth
cone. Locally synthesized B-actin contributes to asymmetrical formation of filopodial
and lamellopodial protrusion and eventually caused the axon to turn towards the
attractive gradient (Shestakova et al., 2001; Condeelis and Singer, 2005). This
attractive response of growth cone was blocked when axonal synthesis of B-actin
proteins was inhibited by antisense oligonucleotides to the zipcode sequences within
3’UTR (Leung et al., 2006) or antisense morpholino oligonucleotide against the AUG
start site of f-actin mRNA (Yao et al., 2006). Conversely, a gradient application of a
chemo-repellent, slit2, induced local synthesis of an actin depolymerizing protein
called cofilin-1 within the growth cone (Piper et al., 2006). This asymmetrical
increase of cofilin-1 induced by local protein synthesis led to growth cone collapse
and ultimately caused the growing axon to turn away from the repellent molecule.
Collectively, these studies show that local protein synthesis contributes to growth cone

remodeling.

Local protein synthesis in axons — Mature axons
The capacity for axons to synthesize proteins decreases dramatically as they
mature (Piper and Holt, 2004; Verma et al., 2005). This is correlated with a

significant reduction of axonal rRNA and mRNA observed in cultured hippocampal



and cortical neurons as they differentiate and form synapses (Bassel et al., 1994;
Kleiman et al., 1990). However, several reports indicated that rRNA and mRNA were
still present in the axonal compartment of a number of mature neurons including the
goldfish mauther neurons, mammalian hypothalamic neurons, olfactory neurons, and
dorsal root ganglion (DRG) neurons (Weiner et al., 1996; Trembleau et al., 1996;
Ressler et al., 1994; Vassar et al., 1994; Knoenig and Martin, 1996; Knoenig et al.,
2000). Even though mounting evidence showed that mature axons were capable of
local mRNA translation, it was not until recently that studies in regenerating
mammalian axons shed light on the biological relevance of intra-axonal protein
synthesis in adult neurons. Studies in the Twiss lab showed that axons of sensory
neurons preconditioned with nerve injury can robustly synthesize protein and regrow
to some extent in vitro even in the absence of the neuronal cell body (Zheng et al.,
2001). Furthermore, blocking protein synthesis in these regenerating axons led to
growth cone collapse and rapid axon retraction when the communication with the cell
bodies was compromised by axon transection or by inhibiting axonal transport (Zheng
et al., 2001). Altogether, these findings indicate that intra-axonal protein synthesis
plays a functional role in facilitating axon regeneration in adult sensory neurons

(Zheng et al., 2001; Verma et al., 2005).

Local protein synthesis in axons — Injured axons
Intra-axonal translation not only contributes to the structural integrity of the

regenerating distal axon but also provides a means for injured axons to communicate
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and coordinate gene expression between the cell body. Pioneering works in axon
regeneration suggest that macromolecule retrograde signals play a role in the
regenerating process. This was primarily based on observational changes in neuronal
morphology induced by the axoplasm of injured nerve (Hanz and Fainzilber, 2006).
In Aplysia, microinjection of the axoplasm isolated from injured nerves into the cell
body of naive (uninjured) neurons elicited both, growth and survival responses (Zhang
and Ambron, 2000). In rodents, DRG neurons preconditioned with sciatic nerve
lesion several days prior to culture displayed elongating axonal growth in contrast to
branching axonal morphology typically seen in naive DRG culture (Smith and Skene,
1997). The work in the Fainzilber lab demonstrated that injury to the peripheral nerve
triggered rapid intra-axonal mRNA translation of retrograde transporting protein
component, Importin-B1 (Hanz et al., 2003).

Importin-B1 is a member of importin/karyopherin family that acts as a carrier
to facilitate the transport of cargo proteins bearing nuclear localization signal (NLS)
from the cytoplasm into the nucleus (Perry and Fainzilber, 2009). Initially, importins
were thought to be restricted around the nuclear pore periphery. However, the work in
the Fainzilber lab showed that both importin-o and importin-f3 were present in axons
of cultured sensory neurons. Interestingly, even though importin-a proteins were
found to be present in the axoplasm of both naive and injured peripheral nerve,
importin-f proteins were undetectable in the axoplasm under normal condition until
axons are injured (Hanz et al., 2003). Upon nerve injury, local synthesis of importin-3

led to the formation of importin o/} complex containing injury signal protein cargos
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that retrogradely transported into the cell body by dynein motor and subsequently
activate gene transcriptions that are necessary for neuronal survival and axon
regeneration.

Studies in the Fainzilber lab also showed that regulation of importins mediated
retrograde transport relied on localized mRNA translation of a Ran GTPase effector,
Ran binding protein 1 (RanBP1) (Yudin et al., 2008). To prevent unintended injury
signaling, the formation of importin o/f complex is tightly regulated by axonal
RanGTPase system. Under normal axonal condition, the interaction between
importin-a and importin-f subunits and their binding to the protein cargo is prevented
by bound-RanGTP. Following nerve injury, intra-axonal synthesis of RanBP1
stimulates the dissociation of RanGTP from importins and allows the formation of
retrograde injury signaling complex. To prevent re-association of RanGTP and
importins, RanGTPase activating protein (RanGAP) is recruited to the injury site and
rapidly hydrolyses RanGTP to RanGDP (Yudin et al., 2008). Together, this
mechanism ensures that newly synthesized signaling proteins at the injury site are
efficiently incorporated into the retrograde transport complex.

Studies in multiple labs have since uncovered a variety of axonally synthesized
retrograde injury signaling proteins induced by nerve lesions. The involvement of
importins in retrograde transport suggests that cargo proteins of retrograde injury
signaling complex are likely to be transcription factors, since members of importin
superfamily are known to interact with proteins bearing nuclear localization signal

(NLS). Consistent with this speculation, Ben-Yaakvo et al. (2012) showed that
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mRNA encoding the transcription factor, signal transducer and activator of
transcription 3 (STAT3), is rapidly translated at the injury site in response to axon
injury in both in vitro and in vivo rodent models. Newly synthesized STAT3 is
activated by phosphorylation (pSTAT3) and subsequently undergoes importins
mediated retrograde transport via NLS domain to the nucleus. In the cell body,
pSTAT3 activates gene expression that promotes neuronal survival following
peripheral nerve injury.

Besides transcription factors, intra-axonal synthesis of a scaffolding protein
also contributed to retrograde injury signaling in injured axon. For example, Perlson
et al. (2005) has shown that a soluble fragment of intermediate filament, vimentin, is
generated in the axoplasm of injured nerves by local translation and subsequently
undergoes calpain mediated cleavage. Since vimentin can directly interact with both
activated (phosphorylated) Erk1/2 (Erk1/2 is phosphorylated at the site of axonal
injury) and importin f3, locally generated vimentin at the site of axon injury serves as a
scaffolding protein linking none-NLS bearing protein cargos to importins mediated
retrograde trafficking (Perlson et al., 2005).

Collectively, the works discussed above indicate that selective localization and
subsequent local translation of axonal mRNAs play important functional roles in both
developing and mature axons as well as regenerating axons after injury. In many
cases, intra-axonal mRNA translation must be precisely activated at specific
subcellular locations at an appropriate moment of time. Although previous studies had

shed some light on spatial regulation of axonal mRNAs, the mechanism underlying the
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temporal control of mRNA translation in axon remained poorly understood. Recently,
a novel class of non-coding RNAs that play a role in regulating gene expression at the
post-transcriptional level called microRNAs (miRNAs) were found in the axonal
compartment of sensory neurons (Natera-Naranjo et al., 2010). These findings
suggest the involvement of miRNA in axonal function and hint at the possibility that
miRNA-mediated translational silencing pathway may play a role in spatiotemporal

regulation of intra-axonal protein synthesis.

MicroRNAs are Small Non-coding Regulatory RNAs

MicroRNAs are a class of 18 — 25 nucleotides single stranded small non-
coding RNAs that regulate gene expression at the post-transcriptional level by
binding, most often, to the 3’UTR of target mRNAs to induce translational repression
or transcript degradation (Bartel, 2004; Kim, 2005). These small regulatory RNAs are
ubiquitously encoded in the genomes of both plants and animals with notably high
sequence conservation across species. For example, a genome-wide computation
approach based on primary sequence and secondary structure alignment showed that
miR-854 family is expressed in plant, nematode, rodent, and human (Arteaga-Vazquez
et al., 20006). It is also noteworthy that even across diverse species, miR-854 regulates
common mRNA targets (Hill et al., 2014; Pogue et al., 2014). This evolutionarily
conserve mechanism indicates the importance of miRNA-mediated regulation of

eukaryotic transcriptome.
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MicroRNAs are encoded in various locations within the genome. Depending
on the genomic context of where miRNAs are found, they are either classified as
“intergenic” miRNAs or “intronic” miRNAs. MicroRNAs that reside in the intergenic
regions are transcribed as an independent entity, while miRNAs that are located in the
intron regions of protein-coding gene are co-transcribed and co-expressed with their
host gene (Lee et al., 2004).

In mammalian cells, most miRNA genes are transcribed by RNA polymerase
I, and in some cases RNA polymerase III, to generate a long primary miRNA (pri-
miRNA) (Cai et al., 2004; Lee et al., 2004). This pri-miRNA transcript can vary in
size ranging from hundreds to thousands of nucleotides in length and occasionally
contains sequences for multiple different miRNAs (Monteys et al., 2010; Lee et al.,
2002; Roush et al., 2008). Following transcription, miRNA maturation starts in the
nucleus with the cleavage of pri-miRNAs by a microprocessor complex containing an
RNase III enzyme, Drosha, and a double stranded RNA binding protein DiGeorge
syndrome critical region 8§ (DGCRS) into a 70 — 120 nt long hairpin structure known
as precursor miRNAs (pre-miRNAs) (Kim, 2005; Ha and Kim, 2014). Alternatively,
for intronic miRNAs, pre-miRNAs are generated as a product of premature mRNA
splicing event and are independent of Drosha/DGCRS processing (Sibley et al., 2012).
Once pre-miRNA is generated in the nucleus, it is exported into the cytoplasm by
exportin-5 and further processed by another endonuclease of RNase III family, Dicer
and its co-factor, TAR RNA binding protein (TRBP) to create a ~ 22 nt miRNA

duplex. The miRNA duplex consists of a guide strand/predominant strand (miR) and
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passenger strand/less abundant strand (miR*). Guide strand is typically
thermodynamically less stable at the 5° terminus and is selected to function as mature
miRNA, while the passenger strand is degraded (Khvorova et al., 2003; Schwarz et al.,
2003; Kim, 2005). However, occasionally both strands of the miRNA duplex can
function as mature miRNAs (Chiang et al., 2010; Saugstad et al., 2010). In the
cytoplasm, mature miRNA directly associates with Argonaute (AGO) protein within
the RNA induced silencing complex (RISC) and guide this complex to target mRNAs
to mediate translational regulation.

In animal cells, miRNAs identify their target transcripts based on the
complementarity of sequences that are typically located in the 3’UTR of the target
mRNAs. The ability of miRNAs to elicit translational repression depends on Watson-
Crick pairing of first 2 — 8 nt at the 5° proximal region of the miRNA called the “seed
region” to their target mRNAs (Filipowicz et al., 2008; Bartel et al., 2009). Consistent
with the requirement for the seed region in miRNA target recognition, the 5 proximal
region has been shown to be the most conserved portion of metazoan miRNAs (Lim et
al., 2005). Although pairing of the 3’ region of miRNA to the target mRNAs is not
required for translational regulation, 3 — 4 continuous perfect pairing centered on
nucleotides 13 — 17 of miRNA can stabilize miRNA:mRNA interaction and
compensate for a single nucleotide bulge or mismatch in the seed region (Yekta et al.,
2004; Grimson et al., 2007). Furthermore, the presence of multiple miRNA binding
sites in the target mRNA has been shown to significantly increase silencing efficiency

(Doench and Sharp, 2004; Bartel, 2004).
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Upon recognition of target mRNAs, miRNA exerts control over gene
expression by two post-transcriptional mechanisms, mRNA degradation and/or
translational repression. mRNA degradation pathway occurs when there is a high
degree of miIRNA:mRNA complementarity. In this case, perfect base pair
complementarity allows AGO-catalyzed cleavage of the target transcript and
facilitates mRNA decay through other degradation mechanisms such as deadenylation,
decapping, and exonucleolysis. MicoRNA can also silence gene expression through
translational repression. Although the mechanism of miRNA-mediated translational
repression is still unclear, recent studies showed that this process could take place
either during translation initiation phase or during post-translational initiation.
Generally, translation initiation requires the interaction of eI[F4E with the 5° cap of
mRNA. Several studies show that miRNA-RISC complex (miRISC) bound to the
3’UTR of mRNA competes with eIF4E for the binding of the 5° caps leading to
translational inhibition by preventing the recruitment of ribosomes (Chen and Gao,
2017). Even if translation has already taken place, miRISC can still repress translation
by blocking translational progression and causes ribosomes to drop off from the
mRNA.

Since only pairing of the seed region in miRNA:mRNA is required for
translational repression, a single miRNA could target hundreds of different mRNAs.
Conversely, individual mRNA may contain multiple binding sites for different
miRNAs (Bartel, 2004). This suggests that miRNAs are not only capable of

simultaneously regulating multiple gene expression but also cooperatively fine-tune
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the expression of a single mRNA. A recent study estimated that approximately 60%
of mammalian transcriptome are regulated by miRNAs (Friedman et al., 2009). Thus,

it is not surprising that miRNAs are involved in various cellular processes.

MicroRNA Localizes to Neuronal Dendrites and Axons

Recent studies show that miRNAs are differentially distributed in neuronal
processes. Using laser capture micro-dissection technique, Kye et al. (2007) profiled
miRNA population in isolated somatic and dendritic compartments. In situ
hybridization and Real Time quantitative PCR (RT-qPCR) analysis revealed that a
small population of miRNAs is in fact enriched in dendrites compared to the soma
(Kye et al., 2007). Since then, a number of miRNAs have been implicated in post-
synaptic functions and physiology. For example, brain specific miR-134 has been
shown to localize to the synpato-dendritic compartment where it negatively regulates
spine development by inhibiting the expression of LIM Kinase 1 (LIMKI). Since
LIMKI controls actin filament dynamics and promotes spine outgrowth, miR-134
restricts the growth of dendritic spine in the absence of synaptic activity by limiting
local synthesis of LIMK1 proteins (Schratt et al., 2006). In another example,
dendritically localized miR-132 has been shown to enhance dendritic morphogenesis
and regulate synaptic plasticity by repressing the expression of Rho GTPase activating
protein p250 (p250GAP), a protein that regulates spine formation by controlling the
activities of Racl and RhoA (Impey et al., 2010). Subsequent studies showed that

levels of dendritic miRNAs were altered following long-term potentiation and thus
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confirmed the involvement of miRNA pathway in synaptic function and plasticity (Ye
et al., 2016).

In contrast to dendritic miRNAs, very little is known about the functional role
of axonal miRNAs. It was only recently that critical components of miRNA-mediated
silencing machinery were shown to be localized to axon and growth cones of DRG
neurons and rodent sciatic nerve (Hengst et al., 2006; Murashov et al., 2007). These
axonal microRNA induced silencing complex (miRSIC) associated proteins were
shown to be functional and capable of silencing specific mRNA (Hengst et al., 2006;
Murasho et al., 2007). This provides a compelling evidence to suggest that axons are
capable of miRNA-mediated regulation of local protein synthesis.

Interestingly, studies on isolated axonal RNA from compartmentalized culture
system detected over a 100 different mature miRNAs in the axonal compartment of
sensory neurons (Netera-Naranjo et al., 2010; Sasaki et al., 2014). Microarray and
RT-qPCR analysis showed that some of these miRNAs were highly enriched in axons
compared to the soma. Among those axonally abundant miRNAs are miR-16 and
miR-338. Mir-16 has been shown to regulate axonal protein synthesis activity by
modulating local expression of eukaryotic translational initiation factor, e[F2B2 and
elF4G2, by binding to the 3’UTR of their mRNAs (Kar et al., 2013). On the other
hand, miR-338 has been shown to modulate axon metabolism and function by
negatively regulating the expression of mitochondria proteins, cytochrome c-oxidase
subunit IV (COX IV) and ATP synthase (ATP5G1) (Achrafi et al., 2008).

Furthermore, in vitro studies in sympathetic neurons showed that an increase in the
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axonal level of either miR-16 or miR-338 resulted in attenuation of axon outgrowth
(Aschrafi et al., 2008; Kar et al., 2013). It is important to note that both miR-16
mediated regulation of axonal protein synthesis activity and miR-338 mediated
regulation of axonal metabolism are the result of an additive effect of miR-16 on
elF2B2 and elF4G3 expressions, and miR-338 on COXIV and ATP5G1 expressions,
respectively. Taken together, axonally enriched miRNAs are likely to play a role as a
molecular switch that fine-tunes the expression of axonal proteins and modulates
axonal functions. Although miRNA localization in axons is notable and its role in
regulating intra-axonal protein synthesis is beginning to emerge, the mechanisms
underlying differential enrichment of these specific miRNAs within subcellular
regions of neurons remain unknown.

Several models have been proposed for the selective targeting and localization
of miRNAs into axons. These hypotheses include co-transport of miRNA with its
associated target mRNA in the transport granule and the delivery of pre-miRNAs
followed by subsequent local processing of the precursors into functional mature
miRNAs (Kosik, 2006). Studies in our laboratory and others have shown that distal
axons of rat sensory neurons contain components of miRNA biogenesis machineries
such as Dicer and KH-type splicing regulatory protein (KSRP) that bind and promote
the maturation of microRNA precursors (Kim et al., 2015, Henst et al., 2006;
Murashov et al., 2007; Wu et al., 2011; 2012). Using RT-qPCR analysis in
combination with fluorescence in situ hybridization (FISH), we further showed that a

subset of precursor miRNAs were selectively targeted into axons of adult DRG
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neurons (Kim et al., 2015). The levels of these axonal pre-miRNAs were shown to
dramatically alter in response to sciatic nerve crush injury, suggesting that nerve injury
could perhaps trigger changes in the population of axonal miRNAs. Collectively,
these findings provide compelling evidence to support the hypothesis that pre-
miRNAs are selectively targeted into axons, where they are locally processed to give
rise to functional mature miRNAs that would in turn regulate intra-axonal protein

synthesis.

Focus of Current Study

The studies in this dissertation primarily focus on understanding the
mechanism underlying axon localization of miRNAs and the role of miRNAs in
regenerating nerve. In the following chapter, I will address axon specific miRNA
profiles in regenerating nerves. In chapter 3, I will address miRNA transporting
mechanism and the functional role of axonally localized miRNA in axon regeneration

following injury.
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Chapter 2

DYNAMIC CHANGE OF AXON-SPECIFIC MICRORNAS IN
REGENERATING SCIATIC NERVE
The work in this chapter was published in the journal PLoS One.
Dynamic Change and Target Prediction of Axon-Specific MicroRNAs in
Regenerating Sciatic Nerve.
Phay M, Kim HH, and Yoo S.

PLoS One. 2015 Sep 2:10(9):e0137461. doi: 10.1371/journal.pone.0137461

Introduction

Neurons are the basic building unit of the nervous system. These cells are
highly specialized and are responsible for transmitting information over long distances
in both electrical and chemical forms. Unlike most other somatic cells, mature
neurons are post-mitotic, unable to divide past developmental time point (Frade and
Ovejero-Benito, 2015). Thus injuries to the nervous system that result in the
disconnection of axons to the neuronal cell bodies in adult animals often lead to
permanent impairment of neurological functions. Even though adult neurons are
replication incompetent, they have the ability to regenerate following injury.

Over the past century, numerous studies have been carried out to understand

the regenerative potential of the nervous system. The mammalian nervous system is
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divided into the central nervous system (CNS), which includes the brain and spinal
cord, and the peripheral nervous system (PNS), which consists of the nerves and
ganglia (cranial nerves and spinal nerves) that relay information between the CNS and
the rest of the body (periphery). Mature neurons of the CNS and PNS respond
differently to injury (He and Jin, 2016). Axons of adult CNS neurons do not
spontaneously regenerate after injury, while PNS neurons show robust axon
regeneration. Previous studies have identified and characterized extrinsic factors
(axon growth inhibitory and growth promoting factors that are secreted from
surrounding cells) and intrinsic growth capacity of injured neurons that determines the
extent of axon regeneration (Abe and Cavali, 2009; Ma and Willis, 2015;
McKerracher and Rosen, 2015).

In both CNS and PNS, axonal injury triggers Wallerian degeneration, a
process of axon degeneration and myelin sheath degradation/fragmentation distal to
the injury site (Stoll et al., 2002; Vargas and Barres, 2007). For adequate regenerative
responses to occur after axonal injury, clearance of myelin debris is particularly
important as it removes growth-inhibitory molecules associated with myelin. In the
CNS, a slow elimination of myelin fragments contributes to growth-inhibitory
environment that hinders axon regeneration (Vargas and Barres, 2007). For example,
glial cells that myelinate CNS axon called oligodendrocytes produce molecules that
inhibit regrowth of the severed axon. These growth-inhibitory molecules include
myelin-associated protein (MAG) (Mukhopadhyay et al., 1994; McKerracher et al.,

1994), Nogo (GrandPre et al., 2000; Prinjha et al., 2000) oligodendrocytes-myelin
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glycoprotein (OMgp) (Ji et al., 2008; Cafferty et al., 2010), and chondroitin sulfate
proteoglycans (Lemon et al., 1999; Moon et al., 2002). In addition to growth
inhibitory molecules, the glial scar formed from astrocytes (CNS neuron supporting
cells) after injury in the CNS physically obstructs axon regrow (Filbin, 2003). In
contrast to the CNS, the environment within the PNS permits axon regeneration.
Following peripheral nerve injury, an increase in the permeability of the blood-nerve
barrier recruits macrophages to the injury site to aid in myelin clearance (via
phagocytosis) (Stoll and Muller, 1999). In addition, injury-activated Schwann cells
(glia cells that meylinate PNS axon) stimulated by loss of axon contact also facilitate
the elimination of myelin debris. The rapid clearance of myelin debris in the PNS
contributes to growth permissive environment for axon regeneration (Jessen and
Mirsky, 2016). For example, within 12 — 48 hours of peripheral nerve injury, Schwann
cell significantly decreases the synthesis of myelin lipid and proteins (Ngeow, 2010),
and dedifferentiates from adult myelinating phenotype to non-myelinating growth
supporting phenotype to support axon regeneration by producing growth promoting
neurotrophic factors (Assouline et al., 1987; Jessen and Mirsky, 2016; Bhatheja and
Field et al., 2006). Further supporting the PNS permissive environment for axon
regeneration, several studies have shown that CNS axons provided with peripheral
nerve graft can regenerate their injured axons (David and Aguayo, 1981; Richardson
et al., 1980). Taken together, the PNS provides an overall permissive environment for

axon regeneration compared to that of the CNS.
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On the other hand, less knowledge is known about the intrinsic mechanisms
that activate regenerative growth in neurons following axonal injury. As a neuron
matures, the intrinsic neuronal growth activity is significantly decreased to allow for
proper establishment of synaptic connections (Abe and Cavali, 2008). Surprisingly,
adult PNS neurons, but not CNS neurons, have the ability to reactivate intrinsic
growth capacity after injury that enables them to robustly regenerate axons. Over the
past decades, numerous studies have linked the regenerative ability of injured PNS
neurons to the intrinsic growth capacity that allows intra-axonal protein synthesis.
Locally synthesized proteins at the injury site not only contribute to growth cone
formation but also provide a means for injured axons to communicate with the cell
bodies and initiate proper regenerative responses (Zheng et al., 2001; Hanz and
Fainzilber, 2006). Using rodent models in axon regeneration research (or, in mRNA
localization studies), sciatic nerve lesion has been shown to induce rapid translation of
a variety of axonal mRNAs including components of retrograde trafficking proteins
(importin-B1, RanBP1, and vimentin) and transcription factor STAT3 (Hanz et al.,
2003; Perlson et al., 2005; Yudin et al., 2008; Ben-Yaakov et al., 2012). At the injury
site, local production of importin-f1, RanBP1, and vimentin proteins aid in the
incorporation of locally generated injury signals including STAT3 into retrograde
complex formation. These complexes are then trafficked to the cell body where they
activate gene transcriptions that are necessary for neuronal survival and axon

regeneration. Although it is now clear that intra-axonal protein synthesis is required
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for successful axon regeneration, to date, it is unclear how injury induced intra-axonal
protein synthesis is regulated when it is no longer needed.

Recently, a subset of small non-coding regulatory RNAs, microRNAs
(miRNAs), have been gaining functional importance in neurobiology. These RNAs
are approximately 22 nucleotides in length and are mostly known to negatively
regulate gene expression at the post-transcriptional level by binding to the 3’UTR of
their target mRNAs to either induce translational repression or promote mRNA
degradation. Over the past years, several groups have demonstrated the ability of
sensory axons to confer miRNA-mediated translation repression (Hengst et al., 2006;
Murashov et al., 2007; Aschrafi et al., 2008). Microarray study by Natera-Naranjo et
al. (2010) has uncovered a surprising complexity of miRNA population in axons of
sympathetic neurons. Bioinformatics analysis revealed that putative mRNA targets of
these axonally enriched miRNAs encode a variety of proteins that play an essential
role in axonal functions. These findings suggest that axonal miRNAs could play a role
in regulating intra-axonal mRNA translation and modulate axonal functions.

Previous studies showed that injury significantly altered the composition of
axonal RNA constituents (Willis et al., 2007; 2010; Taylor et al., 2009). The shift in
mRNA profile enables axons to generate proteins where they are needed to support
different mode of axon activities such as growth and regeneration (Taylor et al., 2009).
Consistent with this observation, several laboratories have reported temporal changes
in miRNAs expression following spinal cord and sciatic nerve injury (Zhou et al.,

2011; Liu et al., 2009; Nakanishi et al., 2010; Yu et al., 2011). Although these studies
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linked the involvement of miRNAs to nervous system injury and repair, it failed to
address whether axon-specific miRNAs are directly involved in the regenerative
responses following axon injury.

This chapter focuses on temporal changes in the axoplasmic miRNAs of rat
sciatic nerve in response to crush injury. Since axon-specific miRNAs are the main
focus of this study, contamination from glial cells and surrounding tissues was a major
concern. To minimize contaminations, I used an optimized mechanical squeeze
method to isolate axoplasmic RNA from the proximal nerve stump and carried out
RNA purity analysis before subjecting the sample to small RNA (< 200 nt)
fractionation. Using deep sequencing, I established the axoplasmic miRNA profiles
for uninjured nerve (t=0), and injured sciatic nerve at days 1, 4, 7, and 14 following
crush injury. Here, I identified 141 different axoplasmic miRNAs and showed that the
levels of these miRNAs are significantly altered following sciatic nerve crush injury.
Using bioinformatics analysis, I further showed that the putative mRNA targets of
differentially regulated axoplasmic miRNAs encode proteins that play key roles in
numerous neurological functions involving ER stress response, cytoskeletal dynamics,

vesicle formations, neuro-degenerative and —regenerative processes.
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Materials and Methods
Survival surgery and tissue processing

All animal procedures were conducted under protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Alfred I. duPont Hospital
for Children. Sprague Dawley (SD) male rats weighing approximately 150-250g were
used in sciatic nerve crush injury. Before surgery, anesthesia was induced using
intraperitoneal injection of Ketamine and Xylazine cocktail. Loss of consciousness
was confirmed by cornea reflex and response to hind leg pinch. Surgical sites were
prepared by removing hair from both hindquarters followed by application of 70%
ethyl alcohol and Betadine disinfection solution. Right and left sciatic nerves were
exposed at mid-lateral thigh level by gluteal muscle-splitting incision. Crush injury
was induced to the left sciatic nerve twice for 15 seconds using fine forceps. For sham
operated (uninjured) control, contralateral sciatic nerve was exposed and left intact.
Incision sites were closed with 4-0 Ethion sutures followed by an application of 70%
ethyl alcohol. The animals were then placed on heating pad to recover until awake
and then returned to cages. On days 1, 4, 7, and 14 following crush injury, animals
were euthanized by asphyxiation with CO,, and sciatic nerves were collected and

processed for RNA extraction as described by Kim et al. (2016).

RNA extraction and small RNA enrichment
To minimize non-axonal contamination from surrounding tissues, total
axoplasmic RNAs were extracted from sciatic nerve using mechanical squeeze method

as previously described (Rishal et al., 2010; Kim et al., 2016). In brief, sciatic nerves
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were washed twice in cold phosphate buffer saline (PBS), cleared of connective
tissues, and cut into 0.5 cm fragments. Total RNAs were then extracted from these
fragments via manual mechanical squeezing method directly into Trizol (Invitrogen).
The Trizol containing axoplasmic RNA was processed for total RNA isolation
according to manufacture protocol. After RNA quantification was determined by
fluorometric Quant-IT RiboGreen RNA assay (Invitrogen), 100 ng of total RNA was
reversed transcribed to cDNA with iScript RT Kit (BioRad) followed by RNA purity
assessment using extended RT-PCR (40 cycles) amplification for the following
transcripts; axon enriched f-actin, cell body restricted [microtrubule-associated
protein 2 (MAP2) and H1 histone family member 0 (HIF0)], and non-neuronal cell
[glial fibrillary acidic protein (GFAP), and receptor tyrosine-protein kinase family 3
(ErbB3)]. After the assessment of axoplasmic RNA extraction, the remaining total
RNA was further fractionate to < 200 nucleotides in length by using RNeasy Mini spin

column followed by RNeasy MiniElute Cleanup Kit (Qiagen).

IHllunima sequencing of small RNA

A total of 15 samples containing three biological replicates of highly enriched
axoplasmic small RNAs (100 ng/each replicate) extracted from uninjured nerves and
injured nerves collected at different time points (1, 4, 7, and 14 days) following crush
injury were submitted to the University of Delaware DNA Sequencing and
Genotyping Center (UDSGC) for library construction (Illumina TruSeq Small RNA
library Prep Kit) and small-RNA sequencing (Illumina HiSeq 2500). In short,

adapters were ligated to the 5° and 3’ termini of small RNAs followed by reverse
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transcription to generate single stranded cDNAs. These cDNAs were subsequently
PCR amplified using common primers and illumina index primers for multiplexing in

a single flow cell on Illumina HiSeq 2500.

Small-RNA sequencing analysis

CLC Genomic Workbench (Qiagen) software package (7.0.3) was used for all
sequence analysis. Overall sequencing quality for each biological replicate was
assessed using a per-sequence, per-base, and over-representation analysis.
Subsequently, 3° and 5’ adapters (Illumina multiplex PCR primer 2.01) were trimmed
off using Next Gen Sequencing (NSG) trim, and sequencing reads were counted and
filtered by length distribution to partition miRNAs from other small non-coding
RNAs. Trimmed sequences ranging from 16 — 25 nts were annotated to rat miRBase
(Version 21) and sequences ranging from 23 — 36 nts were annotated to piRNA Bank
rat database (2014). Un-annotated sequences were saved and mapped to the genome
of Rattus Norvegicus. Only sequencing containing > 50 reads were used for further

differential expression analysis

NGS Trimming Parameter
1) Trim quality score limit = 0.05
2) Trim ambiguous nucleotides, maximum number of ambiguities = 2
3) Search adapter on both strand (Illumina multiplex PCR primer 2.01)

miRBase (Version 21) Annotation Parameter
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1) Specie miRNA data base used: Rat, Mouse, and Human
2) Mature length variant (isomiRs)
a. Additional upstream bases = 2
b. Additional downstream bases = 2
c. Missing upstream bases = 2
d. Missing down stream bases = 2
3) Alignment setting
a. Maximum mismatch = 2
PiRNABank Annotation (2014 version) Parameter
1) Specie rat piRNA database used: Rattus Norvegicus
2) Maximum mismatch =2
3) Performed strand specific alignment
Read mapping to Rattus Norvegicus Genome Parameter
1) Annotate to genes and intergenic regions
2) Read alignment
a. Mismatch =2
b. Insertion cost =3
c. Deletion cost =3
d. Length fraction = 0.95
e. Similarity fraction = 0.95
3) Strand specificity = Both Strands

4) Maximum hit for read = 10
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5) Expression values = Total counts
Statistical analysis

Normalization and differential expression of miRNAs were performed in
RStudio using edgeR package (default parameter). In edgeR, normalization of read
counts is implemented by trimmed means of M value (TMM) method. Since read
counts for moderately or lowly expressed genes can be strongly influenced by small
changes in the expression levels of highly expressed gene, TMM uses scaling factor to
adjust this for each library. In this method, scaling factors are calculated by removing
lowly and highly expressed genes and assumed that a majority of genes are not
differentially expressed between any two samples. To determine miRNAs that are
differentially altered across time points following crush injury, edgeR utilized an exact
test (et, command), a method similar to Fisher’s exact test to calculate for p-values and
false discovery rate (FDR) values. FRD values < 0.05 were considered statistically
significant.

Cluster analysis (Euclidean distances metric and average linkage method) was
used to assess the relationship between the levels of axoplasmic miRNAs that were
differentially altered in response to nerve injury. To establish axon-specific miRNA
profiles in regenerating sciatic nerve, datasets for each injury time point were first
directly compared with uninjured (sham) control to calculate for the mean fold change
values. These values were subsequently used for hierarchical clustering analysis that
group temporal changes of axoplasmic RNAs based on similarity in their responses to

nerve injury. To determine the relationship between miRNA profiles across
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regenerating time points [uninjured, 1-, 4-, 7-, 14-day post injury (DPI)], the average
read counts for each miRNA were mean centered in log,-space, and then two-ways
hierarchical clustering analysis was implemented on differentially regulated
axoplasmic miRNAs and time array. All the clustering analyses were visualized in

form of a heat map on log; scale.

RT-qPCR validation of differentially regulated miRNA

The results from Illumina sequencing of small RNAs were validated using real
time quantitative polymerase chain reaction (RT-qPCR). While traditional relative
RT-qPCR measures the abundance of transcripts of interest relative to a reference
gene, absolute RT-qPCR quantifies the total copy number of the transcript of interest
within a given sample using standard curve and mathematical extrapolation. Thus,
absolute quantitation method was used to directly compare RT-qPCR results to small-
RNA sequencing data. First, small RNA (<200 nt) fraction was converted to poly A
tailed cDNA using NCode™ VILO™ miRNA ¢cDNA Synthesis Kit (Invitrogen). The
resulting cDNA was then used as a template for absolute RT-qPCR analyses with
NCode™ EXPRESS SYBR GreenER™ miRNA qRT-PCR Kit (Invitrogen) on ABI
Prism 7900HT. To verify primer specificity, RT-qPCR products were subjected to
melting curve and 4% agarose gel analyses (NuSieve 3: 1; Lonza) to ensure that a
single PCR product is generate during the amplification process. Amplification
specificity is reflected as a single peak in melting curve analysis and a single band

with a molecular weight at approximately 80 base pair (bp) on 4% agarose gel.
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miRNA target prediction

The following strategy was used to identify potential miRNAs’ targets. First,
putative mRNA targets of differentially expressed miRNAs were predicted using two
web-based algorithms, TargetScan and miRanda. To further improve prediction
sensitivity, common mRNA targets were identified from the gene lists generated by
these algorithms. Since axoplasmic miRNAs were hypothesized to regulate axonally
localized mRNAs, I further narrowed down potential targets by overlapping
commonly predicted mRNA targets to the list of transcripts that had previously been

identified in axons of adult DRG neurons (Gumy et al., 2011).

Functional annotation of predicted miRNA targets

First, Gene Ontology (GO) enrichment analysis was used to determine the
biological functions of the predicted mRNA targets of axoplasmic miRNAs that were
significantly altered following nerve injury. Then Ingenuity Pathway Analysis (IPA)
(Qiagen) was used to identify cellular functions that are most relevant for the predicted
axonal mRNA targets. The significance of these cellular processes was measured by
the number of predicted molecules mapped to the pathways and a p value that
determines the probability of the association between the predicted molecules and the

pathways.
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Results
RNA extraction from sciatic nerves yields highly enriched axoplasmic RNAs

To understand the responses of axon-specific miRNAs to nerve injury,
axoplasmic RNA isolates extracted from sciatic nerves must be free of contaminations
from neuronal cell body and non-neuronal cells, as these contaminations could
significantly impact down-stream analyses. Due to the anatomical structure of the
sciatic nerve, Schwann cell contamination is a widespread problem in the axoplasmic
RNA preparation from sciatic nerve tissue samples. To address this issue, purity of
RNA samples was assessed by extended cycles of RT-PCR (40 cycles) using specific
primer sets for mRNAs that are present in the neuronal cell body (MAP2 & HI1F0) and
glial cell (GFAP & ErbB3). As a control, I first examined the purity of RNA sample
isolated from DRG tissues and whole sciatic nerve. As shown in Fig. 2.1, whole
sciatic nerve RNA preparation was positive for GFAP, ErbB3, and H1F( amplicons,
which indicated significant levels of glia/non-neuronal contamination. Since nerves
contain bundles of axons and their supporting cells but do not contain the neuronal cell
body, the absence of MAP2 amplicon was anticipated in RNA preparation from whole
sciatic nerve. Axoplasmic RNA preparations extracted from proximal nerve stumps
using mechanical squeeze method showed undetectable levels of MAP2, GFAP,
ErbB3, and H1F0 amplicons that suggest a significantly low level of non-neuronal
cellular contamination (Fig 2.1). Since f-actin mRNAs are present in the axonal

compartment, the positive amplification for f-actin in axoplasmic preparations and the
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absence of MAP2, GFAP, ErbB3, and H1F(0 amplicons suggest that RNA samples are

highly enriched with axoplasmic RNAs (Fig 2.1).
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Figure 2.1 Axoplasm samples extracted from sciatic nerves are free of neuronal
cell body and glial cell contamination. Axoplasmic RNA isolates extracted from rat
sciatic nerves at 1-, 4-, 7-, 14-days post injury (DPI) and shame operated uninjured
control nerves were tested for contamination from neuronal cell body and non-
neuronal cells including glial cells using extended RT-PCR (40 cycles). RNA isolated
from DRGs and whole sciatic nerve tissues were used as positive controls for
contaminations. A primers set for f-actin mRNA was used as positive control for PCR
amplification in axoplasm isolates. Primers specific for microtubule associated protein
2 (MAP2) mRNA were used to test for neuronal cell body contamination and primers
specific for Erb-B2 receptor tyrosine kinase 3 (ErbB3), glial fibrillary acidic protein
(GFAP), and H1 histone family member 0 (HI1F0) mRNAs were used to test for glial
cells and other non-neuronal cell contaminations. Analysis of RT-PCR products by
1% agarose gel eletrophoresis with ethidium bromide staining showed that axoplasmic
RNA isolates extracted from indicated sciatic nerve samples were free of
contaminations from the neuronal cell body and glial cells.
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Small-RNA sequencing revealed two populations of small non-coding RNAs

Prior to downstream analyses, raw sequence from each data set was subjected
to standard CLC Genomic Workbench assessment of sequencing quality. This
analysis was carried out to detect possible errors or issues during sequencing processes
that could impact further analyses. Based on quality analysis, reads of low quality
were discarded and the remaining sequences underwent adapter trimming and
subsequent read count. As results, a dataset of 10.9 & 1.5 (uninjured), 12.4 + 1.0 (1
DPI), 11 £ 0.8 (4 DPI), 11.4 £ 1.1 (7 DPI), and 10.1 + 1.5 (14 DPI) million reads,
ranging from 17 — 38 nt was obtained for each time point (Table 2.1).

Since miRNAs are approximately 18 - 22 nucleotides in length, I first looked
at sequence length distribution to determine the representation of read sequences that
falls within the mammalian miRNA population. Surprisingly, this analysis revealed
two distinct populations of small RNAs in our datasets (Fig 2.2A). The first small
RNA population ranged from 18 — 24 nts with an enrichment of read sequences
measured at 22 nts in length, suggesting that this group of reads belongs to
mammalian miRNAs. The second group of reads ranging from 28 — 36 nts in length
contained an enrichment of read sequences measured at 31 and 32 nts, which was
consistent with another class of 26 — 32 nts small non-coding RNAs, piwi-interacting
RNAs (piRNAs) (Zev et al., 2015).

Based on the analysis of sequence length distribution, trimmed reads ranging
from 16 — 25 nts were annotated to miRBase, 23 — 36 nts were annotated to rat piRNA

Bank database, and the remaining unannotated reads were mapped to the rat genome.
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Annotation of sequence reads revealed that 43.6% =+ 8.1 (uninjured), 46.7% +4.4 (1
DPI), 57.6% + 2.5 (4 DPI), 40.0% + 2.4 (7 DPI), and 32.1% + 2.1 (14 DPI) of
sequencing reads were mapped to a total of 141 different miRNAs (Fig 2.2C and
appendix). On the other hand, 26.6% + 2.7 (uninjured), 20.4% = 1.8 (1 DPI), 15.0%
+ 1.4 (4 DPI), 28.6% + 1.3 (7 DPI), and 33.4% + 2.1 (14 DPI) of reads were mapped

to a total of 31 different piRNAs (Fig 2.2C).

Name Number Average Number of. Perf:ent Average It?ngth
of reads length reads after trim trim after trim
Sham A 9,502,794 51.0 9,339,585 98.28% 28.5
Sham B 11,494,793 51.0 11,280,422 98.14% 27.5
Sham C 12,524,122 51.0 12,306,489 98.26% 26.7
1DPIA 13,986,573 51.0 13,713,636 98.05% 26.8
1DPIB 12,106,954 51.0 11,889,082 98.04% 28.0
1DPIC 12,174,654 51.0 11,853,502 97.36% 27.2
4 DPIA 10.,956,800 51.0 10,578,821 96.55% 25.4
4 DPIB 12,379,416 51.0 12,004,546 96.97% 26.0
4DPIC 10,794,098 51.0 10,485,392 97.14% 25.8
7 DPIA 12,411,611 51.0 12,070,784 97.25% 26.9
7DPIB 10,439,342 51.0 10,186,163 97.57% 27.7
7DPIC 12,486,189 51.0 12,118,024 97.05% 27.3
14 DPIA 10,340,851 51.0 10,141,280 98.07% 28.0
14 DPI B 12,017,300 51.0 11,725,708 97.57% 27.6
14 DPIC 8,744,503 51.0 8,527,906 97.52% 27.9

Table 2.1 Adapters are removed from a majority of Illumina sequencing reads.
Since adapter contamination could lead to errors in next generation sequencing (NGS)
alignment and mapping processes, it is necessary that both 3” and 5 adapters are
removed from raw sequences reads before moving onto downstream analysis. After
trimming, sequencing adapters are removed from over 95% of sequencing reads.
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Figure 2.2 Enriched axoplasmic RNA contains two distinct classes of small non-
coding RNAs, miRNAs and piRNAs. Size and frequency distribution (A) of
sequencing read from sham axoplasm showed that two population of small RNAs; 1)
20 — 24 nt, showing an enrichment of 22 nt in length that corresponds to the size of
miRNAs and 2) 29 — 34 nt, showing an enrichment of 31 nt in length, corresponding
to piRNAs. Sequence alignment (B) showed that 38% of sequencing reads from sham
axoplasm were mapped to miRBase, 33% were mapped to piRNA bank, and the
remaining sequences were mapped to other small RNAs and fragments of protein
coding region. Panel C showed percentage of sequences mapped to miRNA and
piRNA in axoplasmic RNA isolates extracted from injured sciatic nerve collected at 1-
, 4-, 7-, and 14-days post injury (DPI).
Regenerating sciatic nerve exhibits temporal changes in the levels of axoplasmic
miRNAs

To identify axoplasmic miRNAs that respond to nerve injury, I first directly
compared the levels of miRNAs in uninjured nerve to those of regenerating sciatic
nerve at each different time points (1-, 4-, 7-, and 14-days) following crush injury.
Pairwise comparison was conducted in edgeR and p-values < 0.05 and FDR < 0.05
were considered to be statistically significant. The analysis showed that 63 out of the
total 141 different miRNAs identified in the axoplasm responded differentially to
sciatic nerve injury across all time points. For instance, nerve injury caused changes
in the levels of 17 miRNAs (8 up-regulated & 9 down-regulated) at 1 DPI, 38
miRNAs (18 up-regulated & 20 down-regulated) at 4 DPI, 12 miRNAs (5 up-
regulated & 7 down-regulated) at 7 DPI, and 31 miRNAs (16 up-regulated & 15
down-regulated) at 14 DPI (Fig 2.3A). These results highlight differences in

axoplasmic miRNA repertoire that are deployed in response to different stages of

nerve regeneration. To group miRNAs that exhibit similar responses to nerve injury, I
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used a mean fold change (FC) value (the average level of a given miRNA at a specific
time point divided by the average level of the same miRNA in uninjured controls)
calculated in previous pairwise comparison analysis and conducted hierarchical
clustering. As shown in Fig 2.3, FC in the levels axoplasmic miRNAs is visualized in
form of a heat map with cluster dendrogram. This analysis grouped axoplasmic
miRNAs into three distinct clusters. miRNA cluster 1 at the top left of the heat map
showed a significant increase along the regenerating time series. In contrast, the
second cluster of miRNAs in the top middle of the heat map showed an initial increase
at 1 DPI and a subsequent decrease in later time point following injury. Lastly, the
third cluster at the top right contained a group of miRNAs that exhibit a gradual
decrease along the time series after nerve injury. These results suggest a complexity
in the regulatory role of axoplasmic miRNAs in response to different stages of nerve
regeneration.

To assess the relationship between the axoplasmic miRNA profiles of
uninjured nerve to those of regenerating sciatic nerve, I implemented a two-way
clustering analysis based on the average counts of individual miRNAs and the time
points following crush injury (Fig 2.4). The analysis showed that miRNA profile of
uninjured control is closely related to the profiles of injured nerve at 1 DPI and 7 DPI.
In contrast, miRNA profiles of injured nerve at 4 DPI and 14 DPI were classified as
individual clusters. These results indicate that changes in the levels of axoplasmic

miRNAs do not correlate with the time course of the regenerative response.
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Figure 2.3 Changes in axoplasmic miRNA profiles in response to nerve injury.
Levels of axoplasmic miRNAs extracted from injured nerve at 1-, 4-, 7-, and 14-days
after injury (DPI) were directly compared to that of uninjured, sham operated control
(N = 3/group). The heatmap showed log, transformed mean fold change values in
levels of 63 different miRNAs that were differentially altered in response to nerve
injury across all time points. Increased changes in miRNA level are represented in red
and decreased changes are represented in green. Cluster dendrogram grouped
axoplasmic miRNAs that responded similarly to injury. The insets on the top reflect
three distinct clusters of changes in miRNA profiles. The dashed lines indicate
miRNA levels in sham control.
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Figure 2.4 Changes in axoplasmic miRNA repertoires in response to nerve
injury. To assess the relationship between miRNA profiles across the injury time
points, two-way hierarchical clustering analysis was conducted on 63 miRNAs that
showed differential changes in their levels at different time points after injury [1-, 4-,
7-, and 14- days post injury (DPI)]. The heatmap showed mean centered average read
count for individual miRNAs in Logs-space. Red indicates increases in the level and
green indicates decreases in the level of miRNA. Clustering analysis was carried out
using Euclidean distance metric and average linkage method. Heatmap and cluster
dendrogram indicate similarity between uninjured sham control, 1 DPI, and 7 DPI
miRNA profiles. 4 DPI and 14 DPI miRNA profiles are considered as distinct
clusters.
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Absolute RT-qPCR analysis confirms accurate representation in the alteration of
axoplasmic miRNAs levels observed by small-RNA sequencing

Although deep sequencing is one of the best methods used to profile gene
expression at the transcriptional level, a potential bias associated with complex RNA-
sequencing workflow warrants for a different approach to verify the results observed
in sequencing datasets. Using miRNA-specific primer sets, I validated a subset of
axoplasmic miRNAs by absolute RT-qPCR analysis. Since day 7 post-injury is
considered as the peak period of axon regeneration response, differentially regulated
eight miRNAs at 7 DPI (four up-regulated miR-146b-5p, -34c-5p, -20a-5p, and -455-
5p and four down regulated miR-185-5p, -206-3p, -138-2-5p, and -148b-3p) were
selected for RT-qPCR validation. These results indicated a strong correlation between

datasets generated by small-RNA sequencing and RT-qPCR analysis (Fig. 2.5).

56



miR-146b-5p miR-206-3p

vo. NAseq  gPCR 0o RNA seq gPCR
04 r 1.8 4 ri4
) T | 1.6 4 L12
D 3.0 80 1.4
[ I R I L1.0
_(CU Lso0 1.2 4
G 204 B I 101+-ri-m™-1t- o8
© I I L 4.0 0.8 4 L06
© T 06 L 0.4
-l EH - 02 Lo2
0’0‘@6 Ta7 4 o 1474 0 00— . 0.0
RN = o O o
o P o DPI oS DPI o DPI
miR-20a-5p miR-148b-3p
RNA seq qPCR RNA seq qPCR
3.5- 8.0 18 2.0
3.04 1.6 1.8
S 25 60 4 i
S ] 12 i
2.0- JE 5 R
< 40 1.0 3 ot [
O 15 0.8 08
T Lol . 0.6 06
] 2.0 0.4 0.4
L 0.5 l]_:l - - 0.2 0.2
0.0 S 1.4 7 14 S 1.4 7 14 0.0 00 S 1.4 7 14 1.4 7 14 00
G G R e
WO " W -
o DPI (o DPI o DPI o™ DPI
miR-455-5p miR-138-2-5p
RNA seq qPCR RNA seq qPCR
2.5 3.0 2.0 16
g 20 25 14
- 15 1.2
% 20
I 15 - - —-—--110
o 15 104 -4 0.8
1.04 - - - 5
% " _1lio 0.6
0.5 0.4
£ 8 I :
0.0 S 14714 o 147 14 0.0 0.0 & 1A T T S 14T 14 0.0
\yi\“\° DPI \)c\““ DPI oS DPI (™ DPI
miR-34c-5 .
p miR-186-5p
RNA se PCR
20- 9 q s RNA seq qPCR
% 254 3.0
% 20 25
R 2.0
o 154 -
E 10 1.5
o U1° - -$10
L s Los
00 4 7 14 S 1 4 7 14 00 00 S 1 4 7 14 S 1.4 7 14
R o & W
\)‘“‘\\ DPI \“\\0\ DPI O DPI (o DPI

Figure 2.5 Validation of small miRNA sequencing data by absolute real time
qPCR analysis. Bar graph shows averages + standard deviation of changes in levels
of 8 different axoplasmic miRNAs at 1-, 4-, 7-, and 14-days post injury relative to that
of uninjured control. Significantly up-regulated miRNAs are shown in the left panels
and significantly down-regulated miRNAs are shown in the right panels.
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Putative mRNA targets of significantly altered axoplasmic miRNAs show a strong
association with multiple processes involved in neurological functions

To gain further insights into the biological functions of axoplasmic miRNAs
that showed significant changes in response to nerve injury, I evaluated potential
impacts of their mRNA targets in nerve regeneration. Since miRNA target prediction
algorithms generate hundreds of possible mRNA target candidates, the following
strategy was implemented to decrease false positives. In brief, TargetScan and
miRanda-mirSVR were used to predict mRNA targets, and intersected target mRNAs
were further overlapped with transcripts that are currently known to localize into
axons of adult DRG neurons (Gumy et al., 2011) (Fig 2.6). In this analysis, I focused
on the target transcripts for seven most up-regulated and eight most down-regulated
miRNAs (FDR < 0.05, with minimum read >100) along the time series compared to
uninjured control. My target prediction strategy yielded a total of 256 transcripts
including 83 and 173 targets for significantly up-regulated and down-regulated
miRNAs, respectively. Next, I sought to determine the function of these predicted
genes using Gene Ontology (GO) enrichment and Ingenuity Pathway Analysis (IPA).
GO term enrichment identified 240 GO functions (p < 0.01, # molecules > 5) that
showed a significant enrichment by the predicted mRNA targets. To further
understand the functional role of these genes in context of neuro-regeneration, IPA
analysis was carried out to identify neurological functions that are relevant to nervous
system injury. 92 out of 256 predicted mRNA targets showed a significant association

with 34 distinct neurological functions (p< 0.01) (Fig 2.7) that are important in the
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function and maintenance of neurons, nervous system development, and neurological
diseases. Most importantly these bioinformatics analyses indicated that axoplasmic
miRNAs that responded to nerve injury can affect numerous neuronal functions by
modulating a variety of cellular activities such as ER stress response, microtubule

dynamics, neurite outgrowth, and cell repairs (Fig 2.7).

TargetScan miRanda
targets targets

Transcripts known to
localize to axon
of DRG neuron

Common
predicted targets

Final target list

Figure 2.6 Strategy to identify axonally localized mRNA target(s) of
differentially regulated axoplasmic miRNAs. TargetScan and miRanda miRNA
target prediction algorithms were used to predict mRNA targets of 7 most up-
regulated and 8 most down-regulated axoplasmic miRNAs. Common mRNA targets
predicted by TargetScan and miRanda were then overlapped with transcripts that are
known to localize to axons of adult DRG neurons.
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Figure 2.7 Ingenuity pathway analysis of mRNA targets of 7 up-regulated and 8
down-regulated axoplasmic miRNAs. The listed annotated functions were from
nervous system and development function category. Only functions that associate
with at least 3 or greater molecules are shown.
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Discussion

Axon regeneration is one of the major factors that dictate the functional recovery
after damages to the nervous system. In contrast to the limited capacity for CNS
axons to regenerate, axons of PNS neurons can spontaneously regrow following injury
(Huebner et al., 2010). The regenerative ability observed in PNS axons is due to its
intrinsic capacity for local protein synthesis (Zheng et al., 2001). Studies have shown
that varieties of proteins are locally translated at the site of injury to facilitate growth
cone formation and signaling the cell body of axon damages. Axonally generated
injury signals activate gene transcriptions that are necessary for neuronal survival and
regenerative responses in the soma. While most studies have focused on
understanding of transcriptional changes induced by axon injury, the mechanism
underlying temporal regulation of injury induced intra-axonal protein synthesis
remained largely unknown. Recently, the discovery of miRNAs along with the
findings of key protein components of RISC complex in the axonal compartment have
sparked interests in miRNA-mediated regulation of intra-axonal mRNA translation.
Here, I used small-RNA sequencing to establish axoplasmic miRNA profiles in rat
sciatic nerves following crush injury.

In the past years, similar studies have been carried out to profile miRNAs
following nerve injury using RNA preparation from whole sciatic nerves. Due to
anatomical structures of the spinal nerve, RNA preparation from whole sciatic nerve
not only contains RNA from the axoplasm but also RNA from non-neuronal cells,

particularly Schwann cells. This could be problematic when it comes to determining

61



how axon-specific miRNAs contribute to the regenerating process of damage nerve.
In the present study, only RNA preparations free of non-neuronal and cell body
contamination were subjected to deep sequencing to reduce biases introduced by non-
neuronal RNA and increase the representation of axon-specific miRNAs. Using this
approach, I directly contrasted the profiles of axoplasmic miRNAs in injured sciatic
nerve at 1-, 4-, 7-, and 14-days post crush injury to that of uninjured nerves. Illumina
sequencing of small RNA identified 141 different miRNAs in the axoplasm of rat
sciatic nerves. 63 of these miRNAs exhibited significant changes in their levels
following nerve injury. When I compared my findings to previous studies, only 51 out
of 63 differentially altered miRNA in my data overlapped with 225 miRNA identified
by Yu et al. (2011) to be differentially altered following nerve injury. Since
axoplasmic RNA samples analyzed were free of contamination from non-neuronal
cells, my study has uncovered an additional 12 axon-specific miRNAs that were
missed by previous profiling studies.

To further understanding how injury affects global changes in the axoplasmic
miRNA transcriptome during regeneration, I conducted hierarchical clustering of
axoplasmic miRNA profiles at different time points following nerve injury. Based on
the clustering of the datasets, miRNA profiles of uninjured nerve, 1 and 7 DPI were
grouped into one cluster, while the profiles of 4 and 14 DPI were identified as separate
clusters. My result was inconsistent with previous study by Yu et al. (2011) who used
RNA isolated from whole sciatic nerve lysate and reported that miRNA profiles from

injured sciatic nerves at 4, 7, and 14 DPI were clustered together and separate from the
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cluster of the uninjured control and injured nerve at 1 DPI. Although the results from
Yu et al (2011) study support the idea that changes in sciatic nerve miRNAs seems to
correlate with the time course of nerve regeneration, my results indicated that temporal
changes in axoplasmic small RNAs of injured sciatic nerve do not simply reflect the
regenerative response but rather a complex and precisely control mechanism that are
deployed as part of axonal post-injury responses.

To gain an in-depth understanding of how axoplasmic miRNAs respond to injury,
I conducted another clustering analysis to group miRNAs that showed similar
responses. This analysis revealed 3 distinct clusters of axoplasmic miRNAs. Since a
miRNA can target hundreds of mRNAs and a single transcript can be targeted by
multiple different and/or identical miRNAs, similarities in miRNAs’ responses
observed in the clustering analysis could suggest cooperative regulatory activity of
axoplasmic miRNAs. Recent studies show that mRNAs that are targeted to the axon
often have significantly longer 3’UTRs compared to the counterparts present in the
cell body (Andreassi et al., 2017). Interestingly, multiples studies have indicated that
transcripts with longer 3’UTRs usually contain higher density of miRNA binding sites
(Osada and Takahashi, 2007; Sandberg et al., 2008; Chen et al., 2009). These findings
suggest the involvement of multiple axoplasmic miRNAs working together in sync to
regulate specific pathways during axon regeneration.

MicroRNA has been gaining intense research interests in neurobiology since it
has the potential to regulate multiple pathways. It is becoming clear that not all

miRNAs are of equal importance. Specific miRNAs such as miR-9 can regulate major
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pathways that are important for neuronal differentiation and functions (Rajman and
Schratt, 2017). This is reflected in a recent study showing that co-expression of miR-9
and miR-124 can induce conversion of human fibroblasts into functional neurons (Yoo
etal., 2011). Therefore, I decided to focus on understanding functional pathways that
are potentially regulated by axoplasmic miRNAs that exhibit at least a 2 fold change
after nerve injury. IPA analysis revealed that 92 out of 256 predicted mRNA targets
strongly associate with various neurological functions. These functions include ER
stress response, cell repairs, axogenesis, and notably functions that are associated with
neurodegenerative diseases such as amyotrophic lateral sclerosis, dementia, Alzheimer
and Hunting disease. These findings suggest that axon-specific miRNAs that
participate in nerve regeneration could play key roles in the etiology of neurological
diseases. Hence, future work on molecular mechanisms underlying miRNA-mediated
regulation of intra-axonal protein synthesis could be used to develop therapeutic
strategies to treat both nervous system injury and neurological diseases.

While analyzing small-RNA sequences, I was surprised to find the presence of a
different class of small regulatory non-coding RNAs called Piwi interacting RNA
(piRNA) in the axoplasm of the regenerating nerves (Fig. 2.2). The most widely
recognized function of piRNAs is silencing transposable genetic elements through the
interaction with P-element induced wimpy testis (Piwi) protein (a member of AGO
family). Interestingly, recent studies have uncovered other functions of piRNAs.
These functions include euchromatin remodeling, epigenetic programming,

modulating mRNA stability, and regulating translation (Akkouche et al., 2013; Ross et
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al., 2014; Grivna et al., 2006; Lee et al., 2011). Although piRNAs were originally
thought to be restricted in the germ cells where they play a role in preserving genomic
integrity by suppressing mobile genetic elements, studies over the past years have
uncovered the presence of piRNAs in various somatic cells (Yan et al., 2011; Peng
and Lin, 2013). Particularly, piRNAs are highly abundant in neurons (Rajasethupathy
etal., 2012; Lee et al., 2011; Zuo et al., 2016).

The present study is the first to report the presence of piRNA like molecules in
mammalian axons during nerve regeneration. Subsequent studies in our lab further
showed that small-RNA sequences that were annotated to piRNA bank displayed
characteristic features of mammalian piRNAs and immunoprecipitated with Miwi
(Phay et al., 2016). Bioinformatics analysis revealed that these axoplasmic piRNAs
also exhibited temporal changes in their levels in response to nerve injury.
Additionally, RNAi knockdown of Miwi (mouse homolog of Piwi) protein in cultured
sensory neurons preconditioned with nerve injury resulted in an increase of axon
growth. These findings suggest that piRNAs could play a role in regulating intra-
axonal protein synthesis in regenerating nerve. To date, mRNA targets of axoplasmic
piRNAs have yet to be identified. Interestingly, a recent study has demonstrated that
miRNAs and piRNAs can reciprocally regulate one another (Du et al., 2018). This
finding led me to further examine the relationship between sequence reads that were
annotated to miRNA and piRNA population in the sequencing dataset. Analysis of
small RNA classification showed that the percentage of reads that were mapped to

miRNA and piRNA at different injury time points is inversely proportional to each
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other (Fig. 2.2C). This observation suggests the possibility that piRNA could play a

role in regulating miRNA function during axon regeneration.
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Chapter 3

AXONAL LOCALIZATION AND LOCAL MATURATION OF SPECIFIC
SUBSETS OF PRECURSOR MICRORNAS AND THEIR BIOLOGICAL

ROLES IN RERENGERATING AXONS

Introduction
Local translation of specific mRNAs transported subcellularly is a conserved
mechanism that allows cells to spatially and temporally control protein expression.
This mechanism not only provides a basis for establishing molecular asymmetry that
is important for many biological processes but also enables rapid changes in local
cellular proteome without having to first signal the nucleus to induce transcription
followed by translation and subsequent transport of individual protein (Piper and Holt,
2004; Jung et al., 2012). Thus, molecular understanding of how localized mRNA
translation is precisely regulated is an important question in diverse biological context.
Given that a single transcript can produce multiple proteins, local translation of
localizing mRNAs is a very efficient way for cells to generate protein asymmetry.
The resultant asymmetrical distribution of proteins contributes to the development and

dynamics of polarity in many different cell types, including epithelia cells, migrating
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cells, and neural cells (neurons and glial cells). During the formation of basal-apical
cellular architecture, transcripts encoding polarity proteins such as Stardust and
Crumbs are localized apically in Drosophila follicle epithelial cells and embryonic
epithelial cells, where their local protein production is required to specify the apical
domain (Tepass et al., 1990; Bachmann et al., 2001; Barr et al., 2016). In a migrating
fibroblast, mRNA encoding B-actin (cytoskeletal protein) is localized to the leading
edge, where a high concentration of B-actin monomer is generated by local translation
to facilitate polarized cell movement (Kislauski et al., 1997). In neurons, differential
targeting of mRNAs encoding microtubule-associated protein 2 (MAP2) to dendrites
and Tau to axons contributes to directional localization of cytoskeletal proteins that
maintain neuronal transport systems (Garner et al., 1988; Litman et al., 1994;
Hirokawa et al., 1996).

Another advantage of local translation of mRNAs after their localization is to
prevent the activity of proteins with special local function in an inappropriate region of
the cell. For example, myelin basic protein (MBP) is a component of the myelin
sheath (extension of glial cell membrane that insulates neuronal axons) that binds non-
discriminately to membranes and causes them to collapse. To prevent other regions of
glial cell membrane from collapsing, MBP mRNA is localized to the plasma
membrane and undergoes local translation only at the axon-glia contact site (Muller et
al., 2013).

Neurons are extremely polarized cells with specialized dendritic and axonal

compartments that respond rapidly to local stimuli. Since the length of some dendrites
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and axons can exceed more than ten- to one thousand-fold the diameter of the
neuronal cell body, coupling of mRNA localization and local protein synthesis enables
dendrites and axons to autonomously respond to external stimuli (including injury).
Intra-dendritic protein synthesis of localized mRNAs has been implicated in the
formation of synapses and activity dependent synaptic plasticity (Holt and Shuman,
2013). For example, local translation of dendritic mRNA encoding brain derived
neurotrophic factor (BDNF) induces selective translation of activity-regulated
cytoskeletal protein (Arc) in the synapto-dendritic compartment (Kang and Schuman,
1996; Yin et al., 2012). These locally generated Arc proteins then modulate synaptic
efficacy by altering the spine size (Peebles et al., 2010) and regulate the endocytosis of
AMPA-type glutamate receptors (AMPARs) (Chowdhury et al., 2006; Rial Verde et
al., 2006). Synaptic stimulation has also been shown to induce local translation of
calcium-calmodulin-dependent protein kinase Il (CaMKII) mRNA, which increases
the size of post-synaptic (dendritic) spines to mediate long-term potentiation (LTP)
(Bagni et al., 2000; Lisman et al., 2012; Hell, 2014). Similarly in axons, locally
translated protein is crucial in providing navigational direction for the growth cone
during axon pathfinding (Spaulding and Burgess, 2017). f-actin mRNA is one of the
first transcripts to be identified in the growth cones of developing axons (Bassell et al.,
1998; Eng et al., 1999). In response to attractive chemotropic cues such as netrin-1,
intra-axonal f-actin mRNA is translated into proteins to facilitate attractive growth
cone turning (Leung et al., 2006), whereas repulsive chemotropic cues such as slit 2

triggers rapid local production of cofilin, a protein that destabilizes actin polymer and
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causes growth cone collapse, resulting in growth cone turning (Piper et al., 2006). In
addition, several recent studies showed that intra-axonal protein synthesis plays a
crucial role in degenerative and regenerative responses following injury. For example,
nerve injury triggers rapid mRNA translation of a variety of proteins including a
transcription factor STAT3 and transporting protein components such as ran binding
protein 1 (RanBP1) and importin-B1 that provide retrograde injury signals to the cell
body (Ben-Yaakov et al., 2012; Hanz et al., 2003; Yudin et al., 2008). Locally
synthesized proteins that retrogradely transport injury signals to the cell body
consequently trigger robust cell body responses that are necessary for successful
regeneration.

It is now known that intra-axonal protein synthesis is important for many
aspects of neurophysiological functions. However, little is known about the molecular
mechanisms underlying the regulation of intra-axonal translation. Spatial control over
intra-axonal protein expression can be achieved by regulating mRNA transport, since
axonal mRNA transport can dynamically contribute to the contents of an axonal
transcriptome and, subsequently, proteome by local translation. mRNA transport is
accomplished through the recognition of cis-acting localization elements (LEs)
typically located in the 3 untranslated region (UTR) of mRNAs by trans-acting
factors such as an RNA binding protein (RBP). For example, a 54 nts cis-acting LE in
the 3’UTR of f-actin mRNA, called “zipcode”, is required for the localization of this
transcript into cellular periphery of a migrating fibroblasts or into dendrites and axons

of neurons (Rodriguez et al., 2008; Zheng et al., 1999; Tiruchinapalli et al., 2003).
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The zipcode element is recognized by a RBP called zipcode binding protein 1 (ZBP1)
that regulates the transport of f-actin mRNA to its final destination. Since localizing
mRNAs need to be translationally silenced en route to the final destination, the
binding of ZBP1 stabilizes f-actin mRNA and inhibits premature translation. Upon
arrival to the final destination, specific signal(s) are necessary for de-repressing
translation to synthesize new proteins. For example, BDNF signals to phosphorylate
the ZBP1 by Src-family kinase, triggering conformational changes that releases the
bound S-actin mRNA for translational initiation machinery (Huttelmaier et al., 2005;
Sasaki et al., 2010). For example, application of netrin-1 to axonal growth cones
promotes both the translocation of ZBP1 bound to S-actin mRNA to the site of
stimulation and local protein expression partially facilitated by asymmetrical
activation of mammalian target of rapamycin (mTOR) pathway to mediate attractive
growth cone turning (Leung et al., 2006). Although mRNA localization and activity-
dependent translation provide spatial control over local protein expression in axons,
the mechanism underlying temporal control of intra-axonal mRNA translation is still
unclear. A recently discovered class of non-coding small RNAs called microRNAs
has been shown to negatively regulate gene expression at the post-transcriptional
level. These small regulatory RNAs could potentially serve as a temporal regulator
that repressrd specific de novo synthesis of axonal proteins that are no longer required
for particular neurological function.

MicroRNAs are single stranded non-coding RNAs of 18 — 24 nucleotides in

length that modulate gene expression at a post-transcriptional level by promoting
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transcript degradation and/or inducing translational repression (Bartel, 2004). In
animal cells, the generation of mature miRNA starts in the nucleus with the
transcription of a miRNA gene by RNA polymerase II into a long primary miRNA
(pri-miRNA) transcript. Once transcribed, pri-miRNA is processed by an RNase III
enzyme, Drosha, together with its cofactor DiGeorge Syndrome Critical Region 8
(DGCRSY) into a ~70 nts hairpin structure precursor miRNA (pre-miRNA). Pre-
miRNA is then exported into the cytosol, where another RNase III enzyme, dicer,
together with its cofactor the HIV-1 transactivating response RNA-binding protein
(TRBP), processes it into a ~22 nts duplex. The resultant miRNA:miRNA* duplex
(passenger strand is designated with asterisk) is loaded into Argonaute (AGO) protein
and the strand with the thermodynamically less stable 5’ end is selected to serve as a
guide (mature miRNA) for the miRNA-induced silencing complex (miRISC), while
the opposing strand (miRNA¥*) is degraded. Although the formation of the miRISC
recruits other effectors of translational repression and/or mRNA degradation that are
necessary for miRNA-mediated gene silencing, the core components of the miRISC
containing just small RNA bound to Argonaute protein is necessary and sufficient for
mRNA target recognition and gene silencing (Rivas et al., 2005).

Functionally active mature miRNA relies heavily on Watson-Crick base
pairing between the seed region (2-8 nt residues from the 5’ proximal end) of mature
miRNA and its cognate target mRNAs for target recognition. This recognition site is
typically located within the 3’UTR of target mRNAs. Upon recognition, miRNA

associated RNA-induced silencing complex (miRISC) represses translation in one of
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two ways, depending on the nature and the degree of miRNA:mRNA base pairing.
MicroRNA-directed mRNA cleavage (mRNA degradation) occurs when there is an
extensive miRNA:mRNA complementarity (100% complementarity or base-pairing
over the seed region plus 10-17 nts of mature miRNA). In contrast, imperfect base
pairing downstream of the seed region complementary to the target mRNA leads to
translational inhibition. In mammalian cells, most mature miRNAs form imperfect
base pairing downstream of the seed region with their mRNA targets and thus
decrease the amount of protein output without substantially affecting the mRNA level
(Bartel, 2004; Wightman et al., 1993).

Since its initial discovery in 1993, hundreds of miRNAs have been identified
in variety of organisms. Studies over the past two decades revealed that miRNAs play
an important regulatory role in many biological processes including development
timing and tissue maintenance (Bartel, 2004; Ambros, 2011; Hwang and Mendell,
2006). Evolutionarily conserved miRNAs such /in-4/miR-125 and let-7 are essential
in orchestrating key developmental events (Ambros, 2011). Early studies in C.
elegans showed that /in-4 and let-7 control cell fate progression and differentiation
throughout development by gradually down-regulating the expression of key
transcription factors such as LIN-14 and LIN-41, respectively (Zhang and Fire, 2010;
Hammell et al., 2009; Slack et al., 2000). In adult animals, miRNAs have been shown
to precisely regulate cell proliferation and apoptosis. For example, in Drosophila,
Bantam miRNA stimulates cell proliferation and blocks apoptosis by silencing the

expression of pro-apoptotic gene, /id (Brennecke et al., 2003). On the other hand,
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miR-497 has been shown to suppress cell proliferation and induce apoptosis by
negatively regulating the expression of cell survival protein Bcl2 to promote the
activity of caspase-9/3 (Yanget al., 2016; Wu et al., 2016). Given the importance of
its regulatory roles in cellular functions, aberrant levels of miRNAs have been linked
to various diseases such as cancer and neurological diseases (Alzheimer, Parkinson,
Huntington, amyotrophic lateral sclerosis, schizophrenia, and autism) (Peng, 2016; Ma
etal., 2015).

Recently, miRNAs have emerged as a crucial regulator in the nervous system.
The role of miRNAs in the nervous system was first observed in early miRNA-
pathway knockout experiments (Giraldez et al. 2005; Kawase-koga et al., 2009; Davis
et al., 2008). For example, knockout of pre-miRNA processing enzyme dicer severely
affected brain development by impairing the formation of neurocoel and neural tube in
Zebrafish embryo (Giraldez et al., 2005). Since then, individual miRNAs such as
miR-134 and miR-184 have been implicated in neural progenitor maintenance and
proliferation. Contemporaneously, let-7 family (let-7a/let-7b) and several highly
abundant miRNAs in the brain such as miR-9 and miR-124 have been shown to
promote neuronal differentiation (Stappert et al., 2015; Bian et al., 2013).

In adult neurons, miRNAs are differentially distributed into dendrites and
axons where they play a role in regulating different neuronal functions. Dendritic
miRNAs have been shown to regulate morphology and functions of the synapse in an
activity dependent manner. For example, dendritically localized miR-134 regulates

spine development by negatively inhibiting local translation of mRNA encoding
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LIMKI1, a protein that promotes spine outgrowth by controlling actin filament
dynamics (Schratt et al., 2006). In axons, miRNAs have been shown to regulate
energy metabolism and activity of local protein synthesis. For example, miR-338
regulates axonal mitochondria function and ATP production by modulating the
expression of nuclear-encoded mitochondria proteins cytochrome c-oxidase (CoxIV)
and ATP synthase (ATP5G1) (Aschrafi et al., 2008). More recently, axonally
localized miR-16 has been demonstrated to regulate intra-axonal protein synthesis
activity by inhibiting local translation of mRNA encoding eukaryotic translation
initiation factors el[F2B2 and elF4G2 (Kar et al., 2013).

Although it is now clear that miRNAs play essential regulatory roles in
dendrites and axons, there is a lack of understanding of how small RNAs are
transported into the distal region of these neuronal compartments. Recent studies in
the Schratt laboratory have demonstrated that precursor miR-134 is targeted to
synapto-dendritic compartment by DEAH-box helicase (DHX36) (Bicker et al., 2013).
Direct association of DHX36 with the terminal loop region of pre-miR-134 is not only
important for the dendritic localization but also protects the precursor miRNA from
Dicer-mediated cleavage (Bicker et al., 2013). This finding suggests that dendritically
localized pre-miRNAs could provide local sources of mature miRNAs. Very recently,
study in the Schuman laboratory has demonstrated that dendritically localized pre-
miRNAs are locally processed by Dicer into their corresponding mature miRNAs in
an activity dependent manner (Sambandan et al., 2017). Yet, the molecular

mechanism underlying axonal targeting of miRNAs remains largely unknown.
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Previous work in our laboratory has shown that subsets of miRNA precursors are
selectively localized into distal axons of sensory neurons. We also showed that
components of miRNA biogenesis machinery such as dicer and KSRP (proteins that
promote maturation of a subset of pre-miRNAs) also localized to axons and growth
cones. Based on these findings, I hypothesized that particular groups of precursor
miRNAs are selectively localized to distal axons, where the corresponding mature
miRNAs are generated in an activity dependent manner via local processing to
regulate specific intra-axonal mRNA translation. Localization of pre-miRNAs
would not only provide axons with local sources of functionally active mature
miRNA, but also enable precise control over specific miRNA activity by regulating
local processing of the precursors. This is extremely important as abnormal activities
and levels of miRNAs have been shown to strongly associate with impairment in
numerous neurological functions (Wang et al., 2012; Ma et al., 2015).

Previous work in our laboratory showed that miR-433 precursor (pre-miR-433)
is present in axons of cultured DRG neurons and in rat sciatic nerve (Kim et al., 2015).
Interestingly, the levels of both axonal pre-miR-433 and mature miR-433-3p showed
significant increases on day 7 after nerve injury. Since 7 days following nerve injury
is considered as the apex of axonal regenerative response (Yi et al., 2015; Dun and
Parkinson, 2015), the regulatory role of functionally active miR-433-3p could provide
further insight into molecular pathways that facilitate axon regeneration. To further
dissect the mechanism underlying selective targeting of pre-miR-433 into axons, |

utilized an RNA reporter system and systematically identified the terminal loop region
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of pre-miR-433 structure as a cis-element that strongly governs the transport of
reporter mRNAs into distal axons. In addition, I showed that axonally localized pre-
miR-433 is locally processed into mature miR-433-3p in the absence of the neuronal
cell body. Using bioinformatics tools, functionally active mature miR-433-3p was
predicted to target axonally localized Ran binding protein 1 (RanBPI) mRNA, whose
intra-axonal translation at the injury site is essential for the retrograde injury signaling
in distal axons (Yudin et al., 2008). To test whether miR-433-3p recognizes target
sequences in the 3’UTR of RanBP1 mRNA, as predicted by bioinformatics tools, the
interaction of miR-433-3p and its targeting sequences was assessed using a dual
luciferase reporter assay and then confirmed in primary DRG neurons in culture.
Here, I showed that overexpression of miR-433-3p in cultured DRG neurons reduced
the level of RanBP1 in axons/growth cones and caused attenuation in axon growth.
Together, these findings provide a mechanism for axons to generate a local source of
biologically active mature miRNAs as well as providing evidence for the regulatory

role of miR-433-3p in axon regeneration.
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Material and Methods
Dissociated DRG culture and transfection

All animal procedures described in this chapter were conducted under
protocols approved by the Institutional Animal Care and Use Committee (IACUC) of
Alfred I. duPont Hospital for Children. Adult male Sprague Dawley rats (150 —250g)
were euthanized by asphyxiation under CO; gas, and dorsal root ganglion (DRG)
neurons from L2-L6 were collected in ice cold Hibernate A medium (Gibco).
Collected ganglia were sterilized by multiple washes in Hibernate A medium
containing penicillin and streptomycin, and dissociated for 40 minutes with
collagenase at 37 °C in DRG culture media containing DMEM/F12 media (Gibco),
5% horse serum (Hyclone), 5% fetal bovine serum (Sigma), 25 mM HEPES, 2 mM L-
Glutamine, 1X N1 supplement (Sigma), and 10 pM Cytosine Arabinoseide (Ara C),
followed by several rounds of trituration using fire polished glass pipettes. To aid in
the trituration steps, DNase I was added to the cell suspension. After dissociation, the
cells were washed three times with DRG culture media and plated at a low density on
to glass cover slips (FISH/IF experiments) or on glass bottom dishes (for FRAP
experiment) coated with poly-L-lysine (10 pg/cm?®, Sigma) and laminin (5 pg/mL,
Millipore). For the compartmentalization culture of DRG neurons, dissociated ganglia
were plated on porous (8 pm) polyethylene tetrathalate (PET) membrane inserts (BD
Falcone) coated with poly-L-lysine and laminin. Cytosine Arabinoside (Ara C, 10

uM) was added to the culture media daily to prevent glia cell proliferation.
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4D Nucleofector® device (Lonza) was used for transfections. Briefly,
dissociated DRGs were suspended in Amaxa'™ P3 4D Nucleofector® containing P3
supplement and subsequently transferred to the electroporation cuvette containing
either 2.5 - 5 pg of DNA plasmid or 10 nM — 200 nM of synthetic small RNA. The
cell suspension was then gently mixed with the DNA construct or the synthetic small
RNA, and electroporated using CA 138 parameters. After transfection, cells were
plated at a low density in the appropriate culture vessel and incubated at 37 °C with

5% COs.

Fluorescence in situ hybridization and Immunofluorescence

Pre-miRNA FISH

Digoxigenin (DIG) labeled locked nucleic acid (LNA) probe specific to the
terminal loop region of the pre-miR-433, pre-miR-138-1, and scrambled probe
(Exigon) were used for hybridization to detect precursor miRNAs in sensory neurons.
DRG neurons were cultured on glass coverslips and used for pre-miRNA FISH at 3
days in culture. In brief, coverslips were rinsed twice with phosphate buffer saline
(PBS), fixed in 2% paraformaldehyde (PFA) for 15 minutes, and permeabilized with
0.3% triton X-100 in (tris buffer with 50% saline) TBSs, for 8 minutes. The samples
were equilibrated in 1X (15 mM sodium citrate, 150 mM sodium chloride) sodium
saline citrate (SSC) followed by a 5 minutes wash with 50% deionize formamide and
then hybridized in 100 nM DIG-labeled miRCURY ™ LNA probes in hybridization

buffer (5X SSC, 20% Dextran sulphate, 50% formamide, 0.25 mg/mL ssDNA, 0.25
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mg/mL tRNA and 1X Denhardts) for 3 hours at 60°C in a humidified chamber. After
hybridization, coverslips were washed twice with 50% deionized formamide in 1X
SSC for 15 minutes followed by multiple rounds of washes with SSC in an increasing
stringency (twice in 2X SSC for 5 minutes, twice in 1X SSC for 5 minute, and twice
in 0.5X SSC for 5 minutes) and processed for immunodetection. Coverslips were
blocked with immunofluorescence (IF) buffer containing 3% heat shock bovine serum
albumin (BSA) (Roche), 3% FBS (Gibco), 0.3% triton X-100 in TBSs, for 1 hour at
room temperature, followed by overnight incubation with the primary antibody [1:200
sheep anti-DIG (Roche, 11333089001), 1:200 chicken anti-neurofilament heavy chain
(Millipore, AB5539), and 1:2000 anti-neurofilament light chain (Novus biological,
NBP1-05219)] diluted in IF buffer at 4°C. After primary antibody incubation,
coverslips were washed three times in TBSs, for 5 minutes followed by incubation
with Alexa 488-conjugated secondary anti-sheep and Alexa 555 conjugated secondary
anti-chicken for 1 hour at room temperature. After several rounds of washes with
TBSso, samples were stained with DAPI diluted in PBS and mounted using mounting
buffer containing n-propyl gallate to reduce fading of fluorescence signal. Fluorescent
signals were detected by epifluorescence microscope (Zeiss Axiolmager M2p
equipped with AxioCam camera) and all images from each experiment were matched

for exposure, gain, and offset to that of scrambled LNA probe control.
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eGFP mRNA FISH

DIG-labeled antisense Riboprobes for eGFP mRNA were used to detect the
reporter mRNA in DRG neurons transfected with eGFP™"-pre-miR433, eGFP™" -pre-
miR-138-1, eGFP™"-(S433 + L138-1), or eGFP™"-(S138-1 + L433) construct. These
Ribopobes were generated by in vitro transcription of linearized pcDNA2-EGFP with
DIG RNA labeling mix (Roche). After the elimination of linearized pcCDNA-EGFP
templates with DNase TURBO treatment, unincorporated nucleotides were removed
using Mini Quick Spin RNA column (Roche). DIG-labeled eGFP mRNA antisense
strands were alkaline hydrolyzed into ~100 — 150 fragments, ethanol precipitated,
resuspended in nuclease free water, and quantified using Quant-iT RiboGreen RNA
Assay Kit (Invitrogen). Transfected DRG neurons cultured on glass coverslips were
rinsed twice in PBS, fixed with 2% PFA for 15 minutes at 3 days in culture and
permeabilized with 0.3% triton X-100 in TBSs for 8 minutes. The samples were then
equilibrated in 1X SSC, followed by brief wash in 50% deionized formamide in 1X
SSC and then hybridized with Riboprobe (5 ng/pL) in hybridization buffer (5X SSC,
20% dextran sulfate, 50% formamide, 0.25 mg/mL ssDNA, 0.25 mg/mL tRNA and
1X Denhardts) in a humidified chamber for 3 hours at 50 °C. After hybridization, the
coverslips were washed with 50% formamide in 1X SSC, followed by washes in 1X
SSC (3 times for 5 minutes each), and processed for immunodetection. In brief,
samples were blocked in IF blocking buffer for 1 hour at room temperature, incubated
in primary sheep anti-DIG antibody diluted in blocking buffer over night at 4°C,

followed by three rounds of washes with TBSs, for 5 minutes each, and an incubation
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in Alexa 555-conjugated secondary anti-sheep (1:200) diluted in blocking buffer for 1
hour at room temperature. After washes with TBSs, and stained with DAPI, the
samples were mounted as previously described, and FISH signals were detected by
epifluorescence microscope (Zeiss Axiolmager M2p equipped with AxioCam
camera). All images from individual experiment were matched for exposure, gain,

and offset to that of sense control probe.

Animal surgery and procedures

150 - 200g of Sprague Dawley male rats were used for all survival studies.
Animals were anesthetized with intraperitoneal injection of ketamine and xylazine
cocktail. Loss of consciousness was verified by cornea reflex and response to hind leg
pinch. Surgical sites were prepared by removing hair from both hindquarters followed
by application of 70% ethanol and Betadine disinfection solution. Right and left
sciatic nerves were exposed at mid-thigh level by gluteal muscle-splitting incision.
Crush injury was induced to the left sciatic nerve with twice for 15 seconds using fine
forceps. Contralateral sciatic nerve (right) was left intact to serve as sham operated
uninjured control. Incision sites were closed with 4-0 Ethion sutures followed by
application of 70% ethanol. The animals were then placed on a heating pad to recover
until awake and returned to the cage. On day 1, 4, 7, and 14 following injury, animals
were euthanized by asphyxiation with CO; and sciatic nerves were carefully removed

and subsequently processed for RNA extraction.
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Axoplasmic RNA extraction from rat sciatic nerve

For in vivo studies examining the axonal levels of pre-miRNAs and mature
miRNAs, the axoplasm was extracted from rat sciatic nerve using a modified
mechanical squeeze method. In brief, sciatic nerves were carefully isolated and
dissected out without damaging surrounding blood vessels from 150 — 250g
euthanized Sprague Dawley rats and placed into microfuge tubes chilled on dry ice.
The nerve segments were then washed with RNase free phosphate buffered saline
(PBS) for several times and then transferred to a plastic dish containing at least 2 mL
of RNase free PBS. Residual connective tissues around the nerve were carefully
removed, and the nerve segment was further cut into 0.5 cm fragments and transferred
to a new dish containing at least 2 mL of RNase free PBS. Nerve fragments were then
transferred into al.5 mL RNase free microfuge tube containing 200 pL of Trizol
(Invitrogen) and gently squeezed with an RNase free plastic pestle to extract the
axoplasm. No more than seven nerve fragments were squeezed into 200 pL of Trizol.
Extracted axoplasm in Trizol was then processed for RNA purification according to
manufacturing protocol. RNA from the axoplasmic isolate was then quantified by
fluorimetry using Quant-iT RiboGreen RNA Assay Kit (Invitrogen). 50 ng of the total
axoplasmic RNA isolate was reverse transcribed to cDNA using iScript RT kit
(BioRad) and subsequently used to test for RNA contaminations from the neuronal
cell body and non-neuronal cells including glial cells by polymerase chain reaction
(PCR). Primers for f-actin mRNA were used as a positive control for RNA

amplification from the isolated axoplasm, primers for M4P2 mRNA were used to test
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for contamination from the neuronal cell body, and primers for ErBb3, GFAP, and
HIF0) mRNAs were used to test for contamination from glial cells and non-neuronal
cells. The resultant RT-PCR amplicons were subjected to 1% agarose gel
electrophoresis and analyzed by ethidium bromide staining. Only highly enriched
axoplasmic RNA free of contaminants were used in downstream analysis with

quantitative RT-PCR.

Axonal RNA isolation from compartmentalized primary DRG neuronal culture

L2-L6 DRGs from 150 — 250g male Sprague Dawley rats were dissociated as
previously described and plated onto PET membrane inserts (BD Falcon) etched with
8 um pores coated with poly-L-lysine and laminin. DRG neurons were cultured for 3
days and 10 uM of Ara C was added to the culture media daily to reduce proliferation
of glial cells. To isolate the axonal fraction, both the top and bottom surfaces of the
membrane were carefully rinsed in ice cold RNase free PBS three times before
repeatedly scrapping the center of the bottom membrane surface containing the axonal
compartment with a cell scrapper into Trizol (Invitrogen). After the axonal fraction
was isolated, the top surface of the membrane insert was scrapped with a new cell
scrapper to collect the cell body compartment into Trizol. The axonal fraction and cell
body fraction were then processed for RNA purification according to the
manufacturing protocol.

For the in vitro studies on intra-axonal processing of pre-miRNAs, DRG

neurons were cultured as described above and the experiments were carried out at 3

&9



days in culture. First, the top of the membrane containing the cell body compartment
was carefully rinsed twice with RNase free PBS. Then, the cell body compartment
was physically removed by using a cell scrapper to repeatedly scrap the top surface of
the membrane. Once the cell body fraction was removed and collected, the top of the
membrane was rinsed twice with RNase free PBS and the inserts containing severed
anucleate axons in the bottom of the membrane were placed back into culture media.
The culture vessels were then placed back into the incubator (37°C, 5% CO,) until
harvesting the axonal fraction. The axonal fraction was collected as followed. First,
both the top and bottom of the membrane inserts were rinsed 3 times with ice cold
RNase Free PBS. Then, a cell scrapper was used to repeatedly scrap the center of the
bottom membrane surface to collect the axonal fraction into Trizol.

Purified axonal RNA was quantified using Quant-iT RiboGreen RNA Assay
Kit (Invitrogen) and 50 ng of the RNA isolate was reverse transcribed into cDNA and
subjected to extended PCR analysis previously described to determine the purity of
axonal RNA isolate purity. Only highly enriched axonal RNA free of contamination

of the cell body and glial cells was used for downstream analysis.
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Quantification of RNA by quantitative real time polymerase chain reaction

(RT-qPCR)

Quantification of axonal pre-miR-433 and pre-miR-138-1

To compare levels of pre-miR-433 and pre-miR-138-1 in the axonal
compartment vs. cell body compartment, RNA samples were isolated from DRG tissue
and sciatic nerve axoplasm to examine the levels of these precursors in vivo. For the
in vitro study, RNA samples were purified from the axonal fraction and the cell body
fraction of DRG neurons that had been cultured in the Boyden chambers for 3 days.
After checking RNA purity with extended RT-PCR, RNA samples were converted
into cDNA using miR-X miRNA Frist Strand Synthesis Kit (Clontech). Subsequent
RT-qPCR reaction was carried out using SYBR Advantage® qPCR Premix (Clontech)
and primers specific to pre-miR-433 and pre-miR-138-1. U6 snRNA was used as an
internal control since our previous in vivo and in vitro studies showed consistent
expression of this RNA in both the cell body and axons. First, the level of pre-
miRNAs was normalized to that of U6 [AC; =C; (pre-miRNA) - C;(U6)]. Then,
relative levels of axoplasmic/axonal pre-miRNAs were compared to that of the
DRG/cell body fraction and expressed as the ratio of relative axonal pre-miRNA level

to the relative cell body pre-miRNA level using the following calculation;

2—AACt _ 2—[AC(axon) — AC(cell body)]
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Quantification of eGFP reporter mRNASs in the axon fraction of DRG neurons
transfected with the reporter construct

Using iScript RT kit (BioRad), cDNA templates were generated from RNA
samples isolated from the axonal fraction and cell body fraction of DRG neurons
transfected with one of the following constructs; eGFP-pre-miR-433, eGFP-pre-miR-
138-1, eGFP-(S433 + L138-1), and eGFP-(S138-1 + L433). Relative RT-qPCR
analysis was carried out using EXPRESS® SYBR GreenER™ and primers specific to
the coding region of eGFP reporter mRNA. GAPDH mRNA was used as a reference
control. First, relative level of eGFP mRNA to that of GAPDH mRNA (AC:) was
calculated as followed, AC; =C,; (eGFP) - C;(GAPDH).

Then, RT-qPCR results are expressed as the ratio of relative axonal eGFP mRNA

level to relative cell body eGFP mRNA level (2_AACt) by using the following method;

-AACt _ -[AC(axon) — AC(cell body)]

2 2

Quantification of pre-miR-433 and mature miR-433-3p in the axoplasm of
regenerating nerve

Highly enriched axoplasmic RNA samples isolated from sham operated
(uninjured control) nerves and injured sciatic nerves at 1-, 4-, 7-, and 14- days post
injury were reverse transcribed into cDNA using miR-X miRNA Frist Strand
Synthesis Kit (Clontech). The resulting cDNA was used as a template to determine

the copy number of pre-miR-433 and mature miR-433-3p in the axoplasmic RNA
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samples by absolute qPCR method. Quantitative PCR reactions were carried out using
SYBR Advantage® qPCR Premix (Clontech) and standard curve for absolute qPCR
analysis was generated using known concentrations of double stranded f-actin DNA
templates. The standard curve was determined by plotting the C; values against the

corresponding Log transformed copy number of B-actin templates [C; vs. Log(p-actin

(-1/slope) — 1)

copy number)]. Using the following equation, E = 10 , the efficiency of -

actin primers was determined to be 101% and thus confirming the doubling of B-actin
RT-qPCR product for every amplification cycle. The copy numbers of pre-miR-433

and mature miR-433-3p were extrapolated from the standard curve using the following

calculation; Copy number = 1()(0t - Y)/-SIOpe.

Quantification of pre-miRNAs and mature miRNAs in severed anucleate axons

RNA purified from the axonal fraction harvested at O hr, 2 hrs, and 6 hrs after
removing the cell body was spiked with 0.05 ng of in vitro transcribed eGFP mRNA.
eGFP mRNA was added to serve as a reference control since the level of U6 was
inconsistent between the axonal fraction collected at different time points after
anucleation. RNA samples were converted into cDNA using miR-X miRNA Frist
Strand Synthesis Kit (Clontech). Then, RT-qPCR reaction was carried out using
SYBR Advantage® qPCR Premix. Pre-miRNA was detected using either forward and
reserve primers specific to each precursor or forward primer specific to the terminal

loop region of the precursors and a universal reverse primer included in miR-X
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miRNA Frist Strand Synthesis Kit (Clontech). Mature miRNAs were detected using
forward primer specific to each mature miRNA of interest and universal reverse

primer. Levels of pre-miRNAs and mature miRNAs were first normalized to the level

of spiked eGFP mRNA (AC;) as followed, AC; = C¢ (pre-miRNA or mature miRNA) -
Ct (eGFP). Then relative levels of mature miRNAs to their corresponding pre-

miRNAs (2_AACt) were calculated as followed,

-AACt _ -[AC(mature miRNA) — AC(pre-miRNA)]

2 2 .

Quantification of mature miR-433-3p and RanBP1 mRNA in DRG neurons transfected
with synthetic small RNASs.

RNA sample isolated from DRG neurons (cultured for 2 days) transfected with
mimic control, miR-433-3p mimic, or antisense miR-433-3p mimic was reverse
transcribed into cDNA using miR-X miRNA Frist Strand Synthesis Kit (Clontech).
The resulting cDNA was then used as a template for RT-qPCR analysis using
Advantage® qPCR Premix. Primers specific to the coding region of RanBPI mRNA
was used to detect both the short and the extended form of RanBPI mRNA’s 3’UTR
variants. Primers specific to the extended 3°UTR of RanBPI mRNA was used to
exclusively detect RanBPI1 mRNA containing an extended 3’UTR. Forward primer
specific to miR-433-3p and universal reverse primer included in miR-X miRNA Frist

Strand Synthesis Kit (Clontech) was used to detect mature miR-433-3p. In the RT-
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qPCR analysis, U6 was used as a reference control for miR-433-3p and GAPDH

mRNA was used as a reference control for RanBP1 mRNAs. Relative levels of miR-
433-3p to that of U6 was calculated [AC; = C; (miR-433-3p) - C; (U6)] and

subsequently normalized to the relative level of miR-433-3p in mimic control

-AACt _ 2—[AC(indicated small synthetic RNAs ) — AC(mimic control)]

2 . Similarly, relative

level of RanBP1 mRNA to that of GAPDH mRNA was calculated [AC; = C;(RanBP1)

- C{(GAPDH)] and then normalized to the relative level of RanBP1 mRNA in mimic

-AACt _ -[AC(indicated small synthetic RNAs ) — AC(mimic control)]

control 2 2

Fluorescence recovery after photobleaching (FRAP)

myr

DRG neurons were transfected with indicated eGFP™" reporter constructs and
plated at low density onto a 35 mm glass-bottom dish coated with poly-L-lysine and
laminin as previously described. 48-72 hours after transfection, neurons expressing
GFP were selected for FRAP analysis. To minimize the diffusion of eGFP proteins, a
myristoylation tag (myr) was added to the N-terminus of eGFP protein to anchor

myr

newly synthesized eGFP™" to the adjacent plasma membrane. In addition, axonal
terminals measured at least 500 pm or greater from the cell body were carefully
selected to further minimize the diffusion. FRAP experiments were performed using a

Zeiss LSM 880 confocal microscope fitted with environment chamber (37 °C), 40X

oil immersion objective, and 488 nm laser line for eGFP excitation and
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photobleaching. Prior to photobleaching (prebleach), terminal axons were imaged for
every 15 seconds over 1 minute to establish baseline for fluorescence intensity. A
region of interest (ROI) containing 100 — 150 pm of the terminal axon was then
exposed to 488 nm laser line set to 100% power for 50 frames at 1-second intervals
(bleach). Recovery of eGFP™" fluorescence signals were monitored every 15 seconds
over 20 minutes using the same 488 nm laser line setting for prebleach image

" fluorescence recovery was due to

acquisition (postbleach). To ensure that eGFP
intra-axonal translation, the culture was pretreated with a protein synthesis inhibitor
Cycloheximide (100 pg/mL) or Anisomycin (10 mM) for at least 20 minutes before
imaging. The image processing tool in Zen Black was used to determine the
fluorescence intensity in the ROIs of raw confocal images. These values were then
normalized to prebleach baseline intensity to calculate for percent recovery. For
statistical analysis, two-way ANOVA with repeated measures was used to compare
fluorescence recovery in DMSO vs. protein synthesis inhibitor treated group. If the
DMSO treated group was statistically different from the protein synthesis inhibitor

group, one-way ANOVA followed by Bonferroni post hoc test was used to compare

fluorescence intensity of each postbleach time point with # = 0 minute.
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Plasmid constructs

eGFP reporter constructs

Diffusion limited GFP™" construct was used to test the ability of specific RNA
sequence/structure of interest to localize eGFP reporter mRNA to distal axons.
gBlocks Gene Fragments (Integrated DNA Technologies) containing pre-miR-433,
pre-miR-138-1, pre-(S433 + L138-1), or pre-(S138-1 + L433) sequence were clone
into pCR™ Blunt IT TOPO. These constructs were subsequently used as templates to
PCR amplified pre-miR-433, pre-miR-138-1, pre-(S433 + L138-1), or pre-(S138-1 +
L433) with terminal Notl and Xhol recognition sequences with the following primer
sets. All constructs were sequence validated prior to use.
Notl-pre-miR-433-Xhol
Sense: 5’-AAATATGCGGCCGCCCGGGGAGAAGTACGGTGAG-3’
Antisense: 5’- CCGCTCGAGCCTGGAGAACACCGAGGAGC-3’
Notl-pre-miR-138-1-Xhol
Sense: 5’-AAATATGCGGCCGCCTCTGGCATGGTGTTGTGGGA-3’
Antisense: 5’-CCGCTCGAGCCTGCAGTGCAGTGAGACC-3’
Notl-pre-(S433 + L138-1)-Xhol
Sense: 5> AAATATGCGGCCGCCCGGGGAGAAGTACGGTGAG-3’
Antisence: 5’-CCGCTCGAGCCTGGAGAACACCGAGGAGC-3’
Notl-pre-(S138-1 + L433)-Xhol

Sense: 5’-AAATATGCGGCCGCCTCTGGCATGGTGTTGTGGGA-3’
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Antisense: 5’-CCGCTCGAGCCTGCAGTGCAGTGAGACC-3’
PCR products were then cloned into Notl and Xhol site of GFP™" expression

myr

constructs located immediately downstream of eGFP™" coding sequence.
Dual luciferase reporter constructs

pGL4.18 Renilla construct was used to validate RanBP1 extended 3’UTR as a
target for miR-433-3p. Extended 3’UTR sequences of rat RanBP1 mRNA (GenBank:
EU146304.1) with terminal Notl and Xhol was PCR amplified and cloned into No#/
and Xhol site immediately downstream of Renilla luciferase open reading frame.

Construct was sequence validated prior to use.

Dual luciferase reporter assay

An in vitro assay for miR-433-3p target validation was carried out in the F11
cell line using reporter constructs and miRNA mimic. MiRNA mimics are chemically
modified RNA molecules that designed to mimic endogenous mature miRNAs when
transfected into cells. First, F11 cells were plated at low density (8000 cells/cm?) in
growth medium (DMEM/F11 medium containing 10% FBS, 2 mM glutamine, and 1X
penicillin and streptomycin) on 100 mm plastic dish coated with poly-L-lysine. 24
hours after plating, cells were co-transfected with Firefly construct (internal control)
and Renilla-RanBP1 extended 3’UTR construct using lipofectamine 2000 (Invitrogen)
according to manufacture protocol, and cultured in penicillin and streptomycin free

growth medium. 24 hours after initial transfection, F11 cells were replated at 8000
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cells/cm” in poly-L-lysine coated 6 well plate and cultured in antibiotic free growth
medium for 8 hours. The cell were then transfected again with miRNA mimic control,
anti-Firefly siRNA duplex, anti-Renilla duplex, miR-433-3p mimic, seed mismatched
miR-433-3p, or antisense miR-433-3p using Lipofectamine 2000 and cultured in
antibiotic free growth medium. The cells were harvested at 48 hours after the second
transfection and lysed with passive lysis buffer (Promega). The resulting lysate was
then used to measure Firefly and Renilla luciferase activities using Dual-Luciferase
Reporter 1000 Assay System (Promega). Luminescence signal of from Renilla
(reporter) was first, normalized to Firefly (internal control), and relative Renilla to

Firefly signal was then, normalized to that of control mimic.

Analysis of axonal growth

DRG neurons were co-transfected with a GFP construct (pMax GFP construct
supplied by Lonza) and miR-433-3p mimic, antisense miR-433-3p, or mimic control
and cultured on glass cover slips coated with poly-L-lysine and laminin. After 48
hours, cultures were fixed with 2% PFA, stained with DAPI, and the coverslips were
mounted on a slide. Lengths of the longest axonal projection of neurons expressing
GFP were imaged and measured. Only the longest axons whose length measured at

least three times the diameter of the cell body were considered for these experiments.
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Results
Pre-miR-433 is selectively localized to distal axons of DRG neurons.

Using RT-qPCR approach, pre-miR-433 was previously shown to be present in
distal axons of sensory neurons (Kim et al., 2015). To visualize endogenous pre-miR-
433 in distal axons, I performed fluorescence in situ hybridization (FISH) using locked
nucleic acid (LNA) probe specific for pre-miR-433. Since mature miR-433 sequences
overlapped extensively with the stem region of pre-miR-433, LNA FISH probe
specific for the terminal loop region of the precursor was used to distinguish the pre-
miRNA from its corresponding mature miRNA. In cultured DRG neurons, pre-miR-
433 FISH signal was detected in both the cell body (asterisk) and axons (arrows) (Fig.
3.1A). As anegative control, I also performed FISH using LNA probe specific for the
terminal loop region of pre-miR-138-1 since our previous PCR results showed the
absence of pre-miR-138-1 in axons of DRG neurons (Kim et al., 2015). In line with
our previous finding, other studies have reported localization of miR-138 to
somatodendrites (Siegel et al., 2009; Pichardo-Casas et al., 2012). As expected, FISH
signal for pre-miR-138-1 was detected in the cell body (asterisk) but not in axons (Fig.
3.1B). Consistent with these FISH results, RT-qPCR analysis of the axoplasmic RNA
extracted from sciatic nerves (in vivo) and axon fractions isolated from DRG neurons
cultured in the Boyden chambers (in vitro) showed comparable levels of pre-miR-433
in axons to those in DRG/cell body (level in axoplasm/DRG, 1.38; level in axon
preparation/cell body, 0.97; not statistically significant) (Fig. 3.1C-D). As anticipated,

levels of pre-miR-138-1 (cell body restricted pre-miRNA) detected in both the sciatic
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nerve axoplasm and the axonal fraction of cultured DRG neurons were significantly
lower compared to those in DRG/cell body (level in axoplasm/DRG, 0.23; level in
axon preparation/cell body, 0.17; p<0.001 and p<0.01, respectively) (Fig. 3.1C-D).
Residual levels of pre-miR-138-1 detected by RT-qPCR analysis of axoplasm/axon
fraction samples were likely linked to contamination from proximal axonal segment
adjacent to the cell body. Collectively, these results suggest that pre-miR-433 is

selectively targeted to distal axons of DRG neurons.
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Figure 3.1 Pre-miR-433 is selectively localized to distal axons of sensory neurons.
FISH was performed on cultured DRG neurons using LNA probe against the terminal
loop regions of (A) pre-miR-433 and (B) pre-miR-138-1. Immunofluorescence for
neurofilament (NF, blue) was performed to indicate neuronal cells. In the top panels,
the asterisks mark the cell body and the arrows indicate FISH signals (red) in axons of
DRG neurons. Exposure matched scrambled controls are shown in inset panels. The
bottom panels represent high magnification of distal axons showing pre-miRNA FISH
signals (arrows) and NF (blue). RT-qPCR analysis using primers specific to pre-miR-
433 and pre-miR-138-1 was performed on DRG tissues and axoplasm extracted from
sciatic nerves (C), and cell body fractions and axon fractions of DRG neurons cultured
in the Boyden chambers (D). Student’s T-test was used for RT-qPCR analysis of pre-
miRNAs (**, p<0.01; *** p<0.001).
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The terminal loop region of pre-miR-433 structure is sufficient to drive the
localization of eGFP reporter mRNA into axons of DRG neurons.

To identify cis-element(s) within the axonally localizing pre-miR-433 that
direct its transport into axons, I used an RNA reporter system in combination with
FISH, RT-qPCR, and fluorescence recovery after photobleaching (FRAP) methods to
probe different structural regions of pre-miR-433 and examined its ability to localize
eGFP reporter mRNA into distal axons of culture DRG neurons. First, I generated an
eGFP construct carrying full sequence of pre-miR-433 in the 3’UTR (eGFP™" -pre-
miR-433) and determined whether pre-miR-433 can drive the localization of eGFP
reporter mRNA into distal axons. As a negative control, an eGFP construct carrying
full sequence of cell body restricted pre-miR-138-1 in the 3’UTR (eGFP™"-pre-miR-

myr

138-1) was generated. DRG neurons were transfected with either eGFP™ -pre-miR-
433 or eGFP™"-pre-miR-138-1 construct and eGFP reporter mRNA was visualized by
FISH at 3 days in culture. In the transfected DRG neurons expressing eGFP™ -pre-
miR-433 mRNA, FISH signal was detected both in the cell body and in axons (arrows)
(Fig 3.2A). In contrast, FISH signal was detected only in the cell body of transfected
DRG neurons expressing eGFP™"-pre-miR-138-1 (Fig 3.2B). To confirm these
results, I quantified the levels of the reporter mRNA separately in the cell body and in
axon using RT-qPCR. DRG neurons transfected with either eGFP™"-pre-miR-433 or
eGFP™ -pre-miR-138-1 construct were cultured in the Boyden chambers. After 3

days in culture, the cell body compartment and axonal compartment were physically

separated by scraping and the resultant cell body fraction and axonal fraction were
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processed for RNA purification. Prior to RT-qPCR, RNA isolated from the axonal
fraction was subjected to RNA purity analysis by extended RT-PCR to detect the
presence of MAP2 (cell body restricted mRNA) and GFAP (mRNA expressed in glia
cells) mRNAs. This is to ensure that the resultant axonal fractions are relatively free
of cell body and glial cell contamination. RT-qPCR showed that the normalized level
of eGFP™" -pre-miR-433 mRNA to the endogenous GAPDH mRNA was ~1.4-fold
higher in the axonal fraction than in the cell body fraction (Student’s T-test, p<0.001).
In contrast, the normalized levels of eGFP reporter transcripts carrying its own 3’UTR
or cell body restricted pre-miR-138-1 in the 3°’'UTR were significantly lower in the
axonal fractions compared to those in the cell body fractions (Fig 3.2C, p<0.001).

To further support the results showing the ability of pre-miR-433 to drive the
localization of eGFP reporter mRNA, I utilized fluorescence recovery after
photobleaching (FRAP) approach. Since axonal mRNA must be first localized before
being translated, FRAP has been used to determine the localization of transcript of
interests as well as the translatability of the localized mRNAs. In brief, both
localization of the reporter mRNA and subsequent intra-axonal translation can be

" fluorescence signal after

assessed by observing the recovery of eGFP
photobleaching the terminal axons within the region of interest (ROIs). Typically, the
terminal axonal growth cone region measured at least > 500 pm from the cell body
was selected and utilized for FRAP experiments. In addition, protein synthesis

inhibitors such as cycloheximide and anisomycin were used to ensure that recovery of

eGFP™" signal is due to local translation since active transport and diffusion can also
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contribute to signal recovery. To limit diffusion of the fluorescent protein,
myristoylation tag (myr) was added to the N-terminus of eGFP protein to anchor

myr

newly synthesized myristoylated eGFP (eGFP™") to the adjacent plasma membrane

and prevent its diffusion.

myr

When terminal growth cones of DRG neurons transfected with eGFP™" -pre-
miR-433 construct were photobleached, eGFP™" fluorescence signal showed a
significant recovery over 20 minutes after having been bleached (Fig 3.3A-B). Upon
treatment of protein synthesis inhibitor (cycloheximide), photobleached growth cones
of these transfected neurons did not show significant recovery of eGFP™"
fluorescence signal. These results indicate that the recovery of eGFP™" fluorescence

myr

signal in photobleached growth cones of DRG neurons transfected with eGFP™" -pre-

miR-433 construct was primarily due to intra-axonal translation of the localized

myr

reporter mRNAs. In contrast, no significant eGFP™" signal was recovered in
photobleached growth cone of DRG neurons transfected with eGFP™"-pre-miR-138-1
(Fig. 3.4A-B). Taken together, these results indicate that full sequence of pre-miR-
433 was sufficient for the localization of eGFP reporter mRNA into axons of cultured
DRG neurons.

To further dissect the localization cis-element(s) within pre-miR-433, I
considered the hairpin loop secondary structure that occurs in pre-miR-433 and
divided it into two regions, the terminal loop region (L) and the stem region (S) (Fig.

3.5). The terminal loop region (L) of pre-miRNAs includes the terminal loop and

immediate adjacent structure that are cleaved off after Dicer processing. The

106



remaining structure containing the miRNA:miRNA* duplex and the precursor base
stem (base stem is also cleaved off after Dicer processing) are considered as the stem
region (S). Since the stem region is formed by base-pairing between two sections of
the same RNA strand (RNA folding) that also generated a loop structure, it was
practically impossible to incorporate only the stem region into the reporter construct.
Therefore, I decided to generate reporter constructs carrying chimeric pre-miRNAs
that contain either the terminal loop region of cell body restricted pre-miR-138-1
(L138-1) in the backbone (stem region of pre-miR-433) of axonally localizing pre-
miR-433 (S433) or the terminal loop region of axonally localizing pre-miR-433
(L433) in the backbone (stem region of pre-miR-138-1) of cell body restricted pre-
miR-138-1 (S138-1) (Fig. 3.5). Using thermodynamic prediction of RNA structure, I
further showed that the resultant chimeric pre-miRNAs maintained the secondary
structure of the terminal loop regions and the stem regions of both pre-miR-433 and
pre-miR-138-1 (Fig. 3.5).

First, to determine whether the stem region of pre-miR-433 structure (S433)
contained cis-acting axon localization element(s), eGFP reporter construct carrying a
chimeric pre-miRNA structure that contains the stem region of pre-miR-433 and the
terminal loop region of pre-miR-138-1 [eGFP™"-(S433 + L138-1)] was examined
using FISH and RT-qPCR approaches. In DRG neurons transfected with eGFP™"-
(S433 + L138-1), FISH signals for eGFP reporter mRNA was detected in the cell
body but not in distal axons (Fig 3.6A). In addition, RT-qPCR showed that axonal

fraction contained significantly lower level of the reporter transcript (only ~35%
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compared to that in the cell body fraction, one-way ANOVA, p<0.01) (Fig. 3.6C).
Consistent with these results, FRAP experimental data showed that photobleached
growth cones of DRG neurons transfected with eGFP™"-(S433 + L138-1)] construct
did not show significant recovery of eGFP™" fluorescence signal over 20 minutes after
bleached (Fig. 3.7A-B). Taken together, these results indicate that the stem region of
pre-miR-433 (S433) was not sufficient as a cis-acting element for axonal localization.
Next, I asked whether axon localization cis-element(s) are located within the
terminal loop structure of pre-miR-433 (L433). To address this question, I transfected
DRG neurons with an eGFP reporter construct carrying a chimeric pre-miRNA
structure that contain the stem region of pre-miR-138-1 and the terminal loop region
of pre-miR-433 [eGFP™"-(S138-1 + L433)] and assessed the localization of the
reporter mRNA using FISH, RT-qPCR, and FRAP approaches. Cultured DRG
neurons transfected with eGFP™"-(S138-1 + L.433) construct showed detectable FISH
signal for eGFP reporter mRNA both in the cell body and in axons (arrows) (Fig.
3.6B). In addition, RT-qPCR analysis showed that the axonal level of eGFP™"-(S138-
1 + L433) transcript was comparable to that in the cell body (Fig. 3.6C). Given
previous RT-qPCR results of the axonal level of the control eGFP™" transcript lacking

myr -

pre-miRNA sequences (eGFP™" in Fig. 3.2C), this cell body comparable level of
eGFP™"-(S138-1 + L433) mRNA in the axonal fraction indicates selective axon
localization, rather than homogenous distribution presumably due to concentration

gradient-dependent diffusion. It is also noteworthy that the axonal level of eGFP™"-

(S138-1 + L433) mRNA was significantly higher than that of axonal eGFP™"-(S433 +
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L138-1) (Fig. 3.6C; one-way ANONA, p<0.01). In line with these results, FRAP
analysis of growth cones of DRG neurons transfected with eGFP™"-(S138-1 + L433)

myr

construct showed a significant eGFP™" fluorescence recovery after photobleaching

(Fig. 3.8). Further, addition of cycloheximide (protein synthesis inhibitor) was shown
to inhibit this fluorescence recovery (Fig. 3.8A-B). Altogether, these findings indicate
that the terminal loop region of pre-miR-433 structure (L433) contained cis-element(s)

that strongly govern the localization of the reporter mRNA into distal axons of DRG

neurons.
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Figure 3.2 Pre-miR-433 can drive the localization of eGFP reporter mRNA into
distal axon of DRG neurons.

FISH for eGFP mRNA was performed in DRG neurons transfected with either (A)
eGFP™ -pre-miR-433 or (B) eGFP™" -pre-miR-138-1 construct (expression of GFP
fluorescence signals is shown in blue). The arrows indicate FISH signals (red) in
axons and exposure matched sense controls are shown in the inset panels. The bottom
panels represent high magnification of distal axon showing eGFP mRNA FISH
signals (arrows). Quantification of normalized level of eGFP reporter mRNA to
endogenous GAPDH mRNA in the axonal fraction relative to that in the cell body was
measured using RT-qPCR method (C). For statistical comparison analysis, one-way
ANOVA followed by Benferroni post-hoc test was used (***, p<0.001, compared to
cell body; ##, p<0.01, compared between indicated groups).
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Figure 3.3 eGFP™ " -pre-miR-433 mRNA is localized to distal axons and intra-
axonally translatable.

Panel A is a representative time-lapse image sequences of FRAP showing the recovery
of eGFP™" fluorescence signals in growth cones of DRG neurons transfected with
eGFP™" -pre-miR-433 construct. Bleached axonal region of interest (ROI) is indicated
in white boxes. Panel B shows quantitative analysis of FRAP data. Protein synthesis
inhibitor Cycloheximide was used to ensure that fluorescence recovery was due to
local translation of localized mRNAs. Normalized fluorescence intensity to time t=0
after photobleaching is represented as average = SEM (N > 5) for each condition; **,
p<0.01 and ***, p<0.001 indicate time points vs. t = 0 min by one-way ANOVA
analysis followed by analysis of variance with Bonferroni post-hoc test.
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Figure 3.4 eGFP™ " -pre-miR-138-1 mRNA does not localize to axons of DRG
neurons.

Panel A is a representative time-lapse image sequences of FRAP showing no recovery
of eGFP™" signals in the photobleached growth cones of DRG neurons transfected
with eGFP™ -pre-miR-138-1 construct. Bleached axonal region of interest (ROI) is
indicated in white boxes. Panel B shows the quantitative analysis of FRAP data.
Cycloheximide was used to inhibit local translation. Normalized fluorescence intensity
to t=0 after photobleaching is represented as average + SEM (N > 5) for each
condition.
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Figure 3.5 Prediction of precursor miRNA structure based on thermodynamic.
The secondary structure of indicated pre-miRNAs was predicted based on minimum
free energy (M-fold). Structures within precursor miRNAs are grouped into two
regions, the terminal loop region (L) and the stem region (S). The terminal loop
region contains both the terminal loop and adjacent structure that are cleaved off after
Dicer processing. The stem region refers to the rest of the precursor structures that
contains the miRNA:miRNA* duplex and precursor base stem (the base stem structure
is also cleaved off after Dicer processing). Thermodynamic structure prediction
showed a conservation of both the secondary structures of the terminal loop region (L)
of pre-miR-433 and pre-miR-138-1 in the chimeric pre-miRNAs.
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Figure 3.6 The terminal loop region of pre-miR-433 structure strongly governs
the localization of eGFP reporter mRNA into axons.

eGFP mRNA FISH was perform in DRG neurons transfected with either an eGFP
construct carrying a chimeric pre-miRNA containing the stem region of pre-miR-433
(S433) and the terminal loop region of pre-miR-138-1 (L138-1) [eGFP™"-(S433 +
L138-1)] (A) or a construct carrying chimeric pre-miRNA containing the stem region
of pre-miR-138-1 (S138-1) and the terminal loop region of pre-miR-433 (L433)
[eGFP™"-(S138-1 + L433)] (B) (mRNA FISH signals in red; GFP™" fluorescence
signal in blue). The arrows indicate FISH signals in axons and exposure matched
sense control are shown in the inset panels. The bottom panels show high
magnification of eGFP mRNA FISH images in the distal axon. RT-qPCR data (C)
show relative levels of the eGFP reporter mRNAs in axonal fraction of DRG neurons
transfected with indicated constructs compared to those measured in the cell body
fraction. One-way ANOVA followed by Bonferroni post-hoc test was used for all
statistical analysis (**, p<0.01).
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Figure 3.7 Stem region of pre-miR-433 structure alone is not sufficient to localize
eGFP reporter mRNA into axons.

Panel A is a representative time-lapse image sequences of FRAP showing no recovery
of eGFP™" fluorescence signals in growth cones of DRG neurons transfected with a
construct carrying a chimeric pre-miRNA containing the stem region of pre-miR-433
(S433) and terminal stem loop region of pre-miR-138-1 (L138-1) in the 3’UTR
[eGFP™"-(S433 + L138-1)]. Bleached axonal region of interest (ROI) is indicated in
white boxes. Panel B shows quantitative data analysis of FRAP experiments. Protein
synthesis inhibitor Cycloheximide was used to ensure that fluorescence recovery was
due to local translation. Normalized fluorescence is represented as average + SEM (N
> 5) for each condition.
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Figure 3.8 Reporter eGFP mRNA is driven into distal axons by the terminal loop
region of pre-miR-433 structure and is locally translated.

Panel A is a representative time-lapse image sequences of FRAP showing the recovery
of eGFP™" fluorescence signals in growth cones of DRG neuron transfected with a
construct carrying a chimeric pre-miRNA containing the stem region of pre-miR-138-
1 (S138-1) and terminal stem loop region of pre-miR-433 (L433) in the 3’UTR
[eGFP™"-(S138-1 + TSL433)]. Bleached axonal region of interest (ROI) is indicated
in white boxes. Panel B shows quantitative data analysis of FRAP experiments.
Protein synthesis inhibitor Cycloheximide was used to ensure that fluorescence
recovery was due to local translation. Normalized fluorescence is represented as
average = SEM (N > 5) for each condition; **, p<0.01 and ***, p<0.001 indicate time
points vs. t = 0 min by one-way ANOVA analysis followed by analysis of variance
with Bonferroni post-hoc test.
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Specific endogenous miRNA precursors localized in distal axons are processed to

give rise to corresponding mature miRNAs.

To determine whether pre-miR-433 is locally processed into mature miR-433-
3p in vivo in response to axon injury, I first measured levels of axoplasmic pre-miR-
433 and mature miR-433-3p at 1-, 4-, 7-, and 14-days after sciatic nerve crush injury
using RT-qPCR. Inconsistent with my previous small-RNA sequencing data, the
statistical analysis of RT-qPCR data showed a significant up-regulation in the levels of
both pre-miR-433 and mature miR-433-3p at 4- and 7-days post injury (DPI)
compared to sham operated (uninjured) control with a positive correlation between the
two - the precursor and the mature miRNAs (Fig. 3.9A-B). The increase in the levels
of axoplasmic pre-miR-433 and mature miR-433-3p at 4 DPI and 7 DPI could be
explained by an increase in the anterograde transport of the RNAs from the cell body
after injury. In addition to the increased anterograde transport after injury, I
hypothesized that the axoplasmic level of mature miR-433-3p could be increased by
local maturation of the localized pre-miR-433. To test this possibility, I utilized the
Boyden chamber approach to eliminate anterograde transport from the soma to the
axon.

To observe exclusive temporal dynamics of pre-miRNA processing in axons,
DRG neurons were cultured in the Boyden chamber and the levels of subsets of pre-
miRNAs and their corresponding mature miRNAs were quantified in the axonal

fraction by RT-qPCR as a function of time (at t= 0, 2, and 6 hours) after the removal
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of the cell bodies (ARC). By removing the cell bodies, I eliminated a possible somatic
contribution of the precursors and the mature miRNAs through anterograde active
transport. Since axon can survive for 6 hours in the absence of the cell body before
rapid axonal degeneration (Zheng et al., 2001; Barrientos et al., 2011), this gave me a
time window to assess whether endogenous axonal pre-miRNAs are locally processed
into their corresponding mature miRNAs independently from the neuronal cell body.
In addition to pre-miR-433, other axoplasmic precursors such as pre-miR-27a, pre-
miR-146b, pre-miR-21, let-7b, and pre-miR-20a were selected for these experiments
based on my previous sequencing data showing differential changes in the levels of
mature miRNAs in response to nerve injury. RT-qPCR analysis of the axonal fraction
at 2 hrs ARC and 6 hrs ARC revealed a significant increase in the levels of mature
miR-433-3p (2 hrs ARC: 2 fold, 6 hrs ARC: 3 fold) and mature miR-27a-3p (2 hrs
ARC: 1.4 fold, 6 hrs ARC: 2 fold) compared to those at 0 hr (Fig. 3.10). In contrast,
the levels of miR-146b-3p and miR-21a-5p showed statistically no significant changes
in the axonal fraction after anucleation (Fig. 3.10). The levels of mature let-7b-5p and
miR-20a-5p showed no significant changes at 2 hrs ARC, but by 6 hrs ARC they were
significantly reduced by ~17% (let-7b-5p) and ~ 20% (miR-20a-5p), respectively,
when compared to those at 0 hr (Fig. 3.10). Taken together, these results suggest that
axons are capable of locally processing specific miRNA precursors independently
from the neuronal cell body. It is noteworthy that not all axonally localized precursors

are locally processed after the cell body is removed.
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Figure 3.9 Axoplasmic levels of pre-miR-433 and mature miR-433-3p in vivo are
increased after nerve injury.

Highly enriched axoplasmic RNA extracted from rat sciatic nerves at different times
following crush injury was subjected to RT-qPCR experiments to quantify levels of
pre-miR-433 (A) and its corresponding mature miR-433-3p (B). Standard curves were
generated and used to calculate average copy number + SEM in the axoplasm from 3
different animals (N=3). A statistical analysis was carried out using one-way
ANOVA followed by Bonferroni post hoc test (*, p<0.05; **, p<0.01).
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Figure 3.10 Specific axonal miRNA precursors are processed into their
corresponding mature miRNAs independently from the neuronal cell body.

Axon fractions of DRG neurons cultured in Boyden chambers for 3 days were
harvested at 0 hr, 2 hrs, and 6 hrs after removing the cell body fraction by cell
scrapper. RNA isolated from these axon fractions was spiked with in vitro transcribed
eGFP mRNA that subsequently used for normalization between axonal fraction
samples and for calculation of AC values, 27 At mature mRNA - ACtprecurson) y4¢ yised in the
determination of the average relative level of mature miRNA to pre-miRNA + SEM.
One-way ANOVA was used for all statistical analysis followed by analysis of
variance with Bonferroni post-hoc test (*, p<0.05; **, p<0.01; *** p<0.001).
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Overexpression of miR-433-3p attenuates axon growth in vitro.

To determine the biological function of mature miR-433-3p, I transfected miR-
433-3p mimic and antisense miR-433-3p in DRG neurons and examined the
morphological outcomes. Transfection of miR-433-3p mimic decreased axon length
by ~22% compared to mimic control (Fig. 3.11A-B). These results indicate that
biologically functional mature miR-433-3p plays a regulatory role in axon growth in

vitro.
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Figure 3.11 Transient transfection of miR-433-3p mimic attenuates axon growth
in DRG neurons.

DRG neurons were co-transfected with GFP construct and indicated small synthetic
RNAs. Representative images showing the effect of the indicated small synthetic
RNAs in DRG neurons were taken 2 days after transfection (A). The effect of miR-
433-3p on axon length was quantified as average axon length + SEM (N > 60) (B).
Overexpression of miR-433-3p reduced axon length by ~22%. A statistical analysis
was carried out using Student’s T-test (**,p<0.01; *** p<0.001).
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Mature miR-433-3p regulates the translation of RanBP1 mRNA containing an
extended 3°’UTR.

Using several miRNA prediction algorithms such as TargetScan and PITA,
axonally localized RanBPI mRNA carrying an extended 3’UTR was predicted to
contain a total of 6 binding sites (5 of which are exclusively located on the extended
3’UTR) for miR-433-3p (Fig. 3.12A-B). Three (positions at 244, 309, and 216) out of
the five predicted miR-433-3p binding sites showed favorable ddG scores, which
measure the accessibility of miRNA to the mRNA binding site [ddG measures the
difference in hybridization energy of the miRNA to the binding site (dGduplex) and
the energy required to open the local RNA secondary structure surrounding the
binding site (dGopen)] (Fig. 3.12A-B). First, I checked to see whether RanBP1
mRNA containing an extended 3’UTR is targeted by miR-433-3p utilizing dual
luciferase reporter assay system. In brief, the extended 3’UTR of RanBPI mRNA was
cloned into the 3’UTR of a pGL4 construct encoding Renilla luciferase (Renilla-
RanBP1 extended 3’UTR). The construct encoding firefly luciferase was co-
transfected and used as an internal control. As shown in figure 3.12C, transfection of
miR-433-3p mimic significantly reduced Renilla activity by ~33% compared to the
mimic scrambled control. When base mismatched within the seed region of miR-433-
3p was introduced, this reduction in Renilla activity was abolished, further confirming
the binding specificity of miR-433-3p to RanBP1’s extended 3°UTR. Similar to the
miR-433-3p mismatched, antisense miR-433-3p also showed no significant effects on

Renilla activity when compared to control mimic (Fig. 3.12C).
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To determine whether miR-433-3p negatively regulates axonal RanBP1
expression in neurons, I co-transfected miR-433-3p mimic with a construct expressing
GFP in DRG neurons and quantified the level of RanBP1 protein in GFP positive
axonal growth cones by immunofluorescence. Since adult DRG neurons are quite
difficult to transfect, GFP serves as an indicator for positive transfection of miR-433-
3p mimic. Immunofluorescence analysis showed that miR-433-3p mimic caused 37%
reduction in the level of RanBP1 protein expression in the growth cone compared to
mimic control (Fig. 3.13). In contrast, antisense miR-433-3p showed no effect on the
growth cone level of RanBP1 protein (Fig. 3.13). These results indicate that
overexpression of miR-433-3p represses the expression of RanBP1 protein in axons.

To determine whether miR-433-3p mediated repression of RanBP1 protein
expression was exerted at the level of mRNA degradation, I transfected DRG neurons
with control mimic, miR-433-3p mimic, or antisense miR-433-3p and quantified the
levels of RanBP1 mRNA carrying the extended 3’UTR by RT-qPCR. First, I
confirmed that addition of miR-433-3p mimic resulted in an increase in the cellular
level of mature miR-433-3p. RT-qPCR analysis for mature miR-433-3p showed that
miR-433-3p was increased in DRG neurons transfected with miR-433-3p mimic (Fig.
3.14A). In contrast, the level of mature miR-433-3p was significantly reduced after
transfection with antisense miR-433-3p (Fig. 3.14A). As shown in figure 3.14B,
~70% of axoplasmic RanBP] transcript were the extended 3’UTR variant of RanBP]
mRNA, suggesting this is the predominant form in neurons. A primer set specific to

the coding region of RanBPI mRNA was used to quantify overall RanBP1 transcripts
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representing both the short and the extended 3’UTR variants, whereas a primer set
specific to the extended 3’UTR was used to exclusively quantify the level of RanBP1
mRNA with an extended 3’UTR. RT-qPCR analysis revealed that overexpression of
miR-433-3p resulted in 32% reduction in RanBP1 transcript containing the extended
3’UTR (Fig. 3.14C). Taken all together, these results showed that miR-433-3p
silenced the expression of RanBP1 protein by binding the extended 3’UTR of RanBP1

mRNA and caused transcript degradation.
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Figure 3.12 miR-433-3p targets an mRNA encoding Ran binding protein 1.

Ran binding protein 1 (RanBPI) mRNA has two different 3’UTR variants (a short or
an extended 3’UTR) (A). RanBPI mRNA carrying a short 3’UTR is predicted to
contain only one binding site for miR-433-3p, whereas RanBPI mRNA carrying the
extended 3’UTR is predicted to contain 6 miR-433-p binding sites (B). The binding
sites for miR-433-3p was predicted by PITA miRNA target prediction algorithm that
also accounts the accessibility of miRNA to the binding site on the target mRNA in
addition to seed match score in the scoring parameters. PITA indicates the interaction
of mature miRNA to the see matched region on the mRNA as X:Y:Z, in which X
represents the seed size, Y represents the number of mismatched, and Z represents the
number of G:U wobble pairs. The accessibility of mature miRNA to the binding site
on the mRNA is determined by ddG (ddG = dGduplex — dGopen, in which dGduplex
is defined as free energy gain from the formation of miRNA:target duplex and dGopen
is defined as the energy cost required to open local RNA secondary structure around
the binding site). Predicted RanBPI mRNA target was validated using dual luciferase
assay system using miR-433-3p mimic in F11 cell line (C). Overexpression of miR-
433-3p significantly reduced Renilla luciferase activity (~ 33% reduction) compared
to mimic control. Student’s T-test was used for all statistical analysis. * represents
statistically significant p-values comparing relative Renilla activity to mimic control
(**, p<0.01; *** p<0.001) and # represents statistically significant p-values
comparing relative Renilla activity between samples (##, p<0.01; ###, p<0.001).
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Figure 3.13 miR-433-3p negatively regulates RanBP1 expression in distal axons.
DRG neurons were co-transfected a GFP construct and indicated synthetic small
RNAs. Immunofluorescence for RanBP1 (red) and Neurofilament (NF, blue) in
growth cones and distal axon shafts of transfected DRG neurons confirmed the effect
of miR-433-3p on RanBP1 expression (A). Relative RanBP1 intensity (RanBP1
relative to neurofilament) in the growth cones (N>20 neurons/condition) showed that
miR-433-3p significantly reduced the expression of RanBP1 protein (~37% reduction)
(B). Statistical analysis was carried out using one-way ANOVA followed by
Bonferroni post-hoc test. A statistically significant p-values are represented by * (*,
p<0.05; *** p<0.001).
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Figure 3.14 miR-433-3p mediates silencing of RanBP1 expression by inducing
transcript degradation.

(A) RT-qPCR indicates the level of miR-433-3p in DRG neurons transfected with
indicated synthetic RNAs. DRG neurons transfected with miR-433-3p mimic showed
a significant increase in the level of mature miR-433-3p. (B) Agarose gel
eletrophoresis analysis of PCR amplicons of RanBPI mRNA in DRG tissues and
sciatic nerve axoplasm using primers specific for the coding region and primers
specific for the extended 3’UTR region revealed that ~ 70% of RanBP1 transcripts
carry an extended 3’UTR. (C) RT-qPCR analysis of RanBPI mRNA in transfected
DRG neurons showed that miR-433-3p significantly decreased the level of RanBP1
transcript containing the extended 3’UTR (~32% reduction). A statistically analysis
was carried out using Student’s T-test and statistically significant p-values are
represented by * (*, p<0.05; p<0.01; *** p<0.0001).
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Discussion

A number of studies have demonstrated that miRNAs are differentially
distributed to axons, where they could play a role in regulating various axonal
functions (Natera-Naranjo et al., 2010; Sasaki et al., 2014). However, it is unclear
how these small regulatory RNAs are localized to distal axons. Multiple hypothetical
models have been proposed for the selective transport of miRNAs to neuronal
processes; 1) transport of biologically active mature miRNAs, 2) co-transport of
miRNA bound to its target mRNAs via RNA transport granules (“hitch-hiking model),
and 3) transport of miRNA precursors followed by local processing of pre-miRNAs
into functionally active mature miRNAs (Kosik, 2006; Kaplan et al., 2013).
Supporting the third hypothesis, previous studies in our laboratory and others showed
that both miRNA precursors and components of their processing machinery such as
Dicer and KSRP are localized to distal axons of sensory neurons (Kim et al., 2015,
Vargas et al., 2016, Hengst et al., 2006, Murashov et al., 2007). These findings raise
an important cellular/molecular question as to how pre-miRNAs are selectively
transported into axons. In addition to this unresolved question, it is unknown whether
axonally localized endogenous pre-miRNAs are processed into their corresponding
functional mature miRNAs. In the present study, I identified a structural region within
axonally localizing pre-miRNA-433 that strongly governs the localization of the

precursor miRNA into distal axons of DRG neurons. Further, I demonstrated that
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axonal pre-miRNAs are selectively processed into the corresponding mature miRNAs
where they play a role in regulating axon growth.

Using an RNA reporter system in combination with FISH, RT-qPCR, and
FRAP methods, I first demonstrated that pre-miR-433 contains cis-element(s) that
drive the localization of eGFP reporter mRNA into distal axons of DRG neurons.
Next, I examined whether axon localization element(s) exist within either the stem
region or the terminal loop region of the pre-miR-433 structure by generating reporter
constructs that carry a chimeric pre-miRNA that contains either the terminal loop
region of axonally localizing pre-miR-433 structure in the backbone of cell body
restricted pre-miR-138-1 [eGFP™"-(L433 + S138-1)] or the terminal loop region of
pre-miR-138-1 in the backbone of pre-miR-433 [eGFP™"-(L138-1 + S433)]. As
predicted, eGFP™"-(L433 + S138-1) mRNA is selectively localized into distal axons
of DRG neurons. In contrast, eGFP™"-(L138-1 + S433) mRNA was not localized,
indicating a lack of cis localization element(s) needed for its transport into distal
axons. Together these results indicate that the terminal loop region within axonally
localizing pre-miR-433 structure (L433) is an important determinant for the
localization of the reporter mRNA into axons of DRG neurons. Similar to my
findings, recent study reported by Bicker et al. (2013) has also implicated the
importance of the terminal loop region within dendritically localizing pre-miR-134 in
directing the localization of pre-miRNAs into dendrites. It is not surprising that the
terminal loop regions of pre-miRNAs play an important role in determining the

localization of pre-miRNAs in neurons since the geometrical structure of pre-miRNAs
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makes this region easily accessible to an RNA binding proteins (RBPs). Many RBPs
including dicer, KSRP, DHX36, and MCPIP1 have been demonstrated to bind the
terminal loop regions of pre-miRNAs and regulate the processing and turn over of
miRNA precursors (Zhang and Zeng, 2010; Trabucchi et al., 2009; Viswanathan et al.,
2008; Bicker et al., 2010; Bajan and Hutvagener, 2011). Even though I showed that
the terminal loop region of pre-miR-433 structure is important for axon localization,
further studies are needed to determine exact primary sequences and/or structure(s)
(e.g., terminal loop, stem, internal loop, and bulge) within the terminal loop region of
pre-miR-433 that are essential for axon localization. Given the important roles of
RBPs in axon localization of mRNAs, future studies will also be needed to address the
identity of trans-acting RBPs that mediate the transport of pre-miRNAs into axons.
Despite many recent studies showing localization of pre-miRNAs and
components of their processing machinery in axons, no studies have investigated
whether axonally localized endogenous precursor miRNAs are autonomously
processed into functionally active corresponding mature miRNAs. Using the Boyden
chamber compartmentalized culture system, I was able to physically separate neuronal
cell bodies from axons and showed that specific pre-miRNAs are processed to give
rise to the corresponding mature miRNAs within the severed anucleate axons using
RT-qPCR method. Removal of neuronal cell bodies from the compartmentalized cell
culture system serves two purposes; 1) disruption of connectivity between axons and
neuronal cell bodies blocks active anterograde transport and eliminates somatic

contribution of RNAs to axons and 2) severance of axons from the cell bodies mimics
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injury induced axonal stimulation. My results showed a statistically significant
increase in the levels of mature miR-433-3p and miR-27a-3p in severed axons at 6
hours after anucleation, but no changes in the axonal levels of miR-146-3p and miR-
21-5p. The fact that there were no changes in the levels of miR-146-3p and miR-21-
5p in severed axons suggests that the significant increased in the levels of miR-433-3p
and miR-27a-3p resulted from local processing of highly selective precursors in
response to axon injury, rather than a general degradation of miRNA precursors. It is
noteworthy that since severing the axon from the cell body compromises axonal
membrane integrity, local processing of pre-miR-433 and pre-miR-27a in severed
anucleate axons could be triggered by rapid influx of calcium and other ions. In
agreement with my data showing that axonal stimulus induced processing of specific
pre-miRNAs into corresponding mature miRNAs, a recent study reported by
Sambandan et al. (2017) revealed that processing of dendritically localized pre-miR-
181a is triggered by a low frequency synaptic stimulation. Taken together, my results
suggest that intra-axonal miRNA maturation pathway may be regulated in a signal-
specific manner.

Due to regulatory functions in specific target mRNA metabolism of miRNAs, I
further investigated functional roles of mature miR-433-3p in DRG neurons. Using
miRNA target prediction algorithms and dual luciferase reporter assay, I identified and
validated Ran binding protein 1 (RanBPI) mRNA carrying an extended 3’UTR
variant as a target of miR-433-3p. RanBP1 is a ran GTPase effector protein that

regulates the interaction of cargo protein with importin o/f heterodimer, a complex
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that shuttles the cargo protein into the nucleus. The transports of cargo between the
cytosol and the nucleus relies on gradients of a small GTPase Ran that cycles between
GTP bound form in the nucleus (Ran-GTP) and GDP bound form (Ran-GDP) in the
cytosol. Since Ran-GDP does not bind to importins, high level of Ran-GDP in the
cytosol allows importins a/p complex to interact with cargo protein and imports it into
the nucleus. Due to high concentration of Ran-GTP in the nucleus, an interaction of
Ran-GTP with the importins causes the release of the cargo protein from the complex.
Importins bound to Ran-GTP is subsequently exported back into the cytosol, where a
competitive binding of RanBP1 stimulates the release of Ran-GTP from importins and
enables importin subunits to once again interact with cargo protein. Interestingly,
previous studies showed that RanBP1 mRNA carrying the extended 3’UTR variant is
locally translated at the site of axonal injury, where it facilitates the formation of
importins-injury signal cargo complex that retrogradely transports the signal to the cell
body of damaged axons (Yudin et al., 2008). Herein, I showed that overexpression of
miR-433-3p in cultured DRG neurons not only significantly reduced the level of
RanBP1 protein expression in growth cone of cultured DRG neurons, but also
decreased the level of RanBPI-extended 3 ’UTR transcript. This suggests that miR-
433-3p negatively regulates RanBP1 expression by binding to the extended 3’UTR of
RanBPI mRNA and causes transcript degradation. Most importantly, transient
transfection of miR-433-3p mimic in cultured DRG neurons significantly reduced
axon growth. The attenuation in axon growth is consistent with a previous report by

Yudin et al. (2008) demonstrating that DRG neurons of RanBP1 knock out mice
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cultured after conditioning lesion exhibit decreased neurite outgrowth and reduced
axon length. Collectively, these results suggest that pre-miR-433 is locally processed
to give rise to mature miR-433-3p at the site of axon injury, where it negatively
regulates intra-axonal translation of RanBP1-extended 3’'UTR mRNA when it is no

longer required.
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Chapter 4

CONCLUSION AND PERSPECTIVE

Up until about twenty years ago, it was thought that all axonal proteins are
delivered from the neuronal cell body after being produced. With major advances in
molecular biology and microscopy techniques, numerous studies have unequivocally
demonstrated that invertebrate and vertebrate axons are capable of synthesizing
proteins locally (Jung and Holt, 2012). Intra-axonal translations of localized mRNAs
have been implicated in a variety of axonal functions including axon growth,
pathfinding, rapid injury response, and regeneration (Yoo et al., 2010). Despite the
emerging functional importance of axonally synthesized proteins, many questions
regarding the control over intra-axonal protein synthesis remain unanswered. A class
of small non-coding RNAs, microRNAs (miRNAs), has recently been recognized as a
prominent player in post-transcriptional regulation of gene expression. These small
regulatory RNAs could play a role in spatiotemporal regulation of intra-axonal protein
synthesis and the identification and validation of their axonal mRNA targets are being
extensively investigated. Although subsets of miRNAs are known to be enriched in
distal axons, the mechanism underlying the transport of specific miRNAs into distal

axon remains largely unknown. In the conclusion chapter of my dissertation, I will
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discuss the contribution of my studies toward the understanding of how miRNAs are

selectively localized into distal axons and the role of miRNAs in axon regeneration.

Establishing axon-specific miRNA profiles in regenerating nerves

Studies in the field of neural repair over the past century have consistently
showed that axons of mature mammalian CNS neurons do not spontaneously
regenerate after injury, whereas adult PNS neurons can readily regenerate their
damaged axons (Huebner and Strittmatter, 2009). Intra-axonal protein synthesis has
been directly linked to the robust regenerative response in PNS neurons. Upon
peripheral nerve lesions, a variety of proteins including importin-f, vimentin, RanBP1,
and STATS3 are locally synthesized at the axonal injury site (Yoo et al., 2010). These
locally synthesized proteins provide retrograde injury signals to the neuronal cell body
and activate gene transcriptions that are necessary for the regenerative response. Intra-
axonal mRNA translation not only provides a means to communicate essential
information concerning the axonal injury to the cell body, but also provides local
sources of proteins that are required for the reformation of the axonal growth cone,
which is a crucial prerequisite for successful axon regeneration (Zheng et al., 2001;
Verma et al., 2005). Translation is an energetically costly process and therefore intra-
axonal protein synthesis induced by axon injury must be silenced when it is no longer
required. To date, mechanisms underlying this post-transcriptional silencing in axons

are largely unknown.
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MicroRNAs are a class of small non-coding regulatory RNAs that have been
gaining functional importance in the nervous system. These regulatory RNAs are
known to negatively regulate gene expression at the post-transcriptional level by
binding to specific sequences in the 3’UTRs of their target mRNAs and repress
translation. Several studies have recently reported temporal changes in miRNA
expression following spinal cord injury as well as in sciatic nerve following axotomy
(Zhou et al., 2011; Yu et al., 2011). These studies suggest direct roles of miRNAs in
neural repair through translational regulation of protein expression. Recent miRNA
profile analysis in injured sciatic nerves reported by Yu et al. (2011) utilized RNA
samples isolated from whole sciatic nerve lysate. Although their analysis provides
insight into overall changes in miRNA expression that occur in the sciatic nerve
during regeneration, examining changes in axon-specific miRNAs becomes
problematic since RNA samples isolated from whole sciatic nerve lysate also contain
RNA contribution from Schwann cells and other cells in the nerve tissue.

To examine changes in axon-specific miRNAs in response to peripheral nerve
injury, I induced crush injury in rat sciatic nerve and carried out deep sequencing
studies on the axoplasmic RNA extracted from the proximal nerve stump at five
different time points following injury [Uninjured sham, 1-, 4-, 7-, an 14-days post
injury (DPI)]. I found that 63 of 141 annotated miRNAs exhibit differential alterations
in their levels across all time points after injury, compared to sham operated uninjured
control. Further assessments of the relationship between the axoplasmic levels of those

63 miRNAs in uninjured nerves and in those of regenerating sciatic nerves revealed a
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similarity between the miRNA profiles of uninjured nerve, 1 and 7 DPI, while 4 and
14 DPI miRNA profiles were separated into distinct clusters. These results indicates
that temporal changes in axoplasmic miRNA levels following sciatic nerve injury do
not correlate with the regenerative response that occurs in PNS axon regeneration. To
gain a deeper understanding of how axoplasmic miRNAs respond to peripheral nerve
injury, I grouped miRNAs that showed similar responses using clustering analysis.
My analysis revealed three distinct clusters of axoplasmic miRNAs. Since miRNAs
have the potential of regulating hundreds of mRNA targets and a single transcript can
contain multiple binding sites for different miRNAs, a similarity in the responses of
these axoplasmic miRNAs to nerve injury could suggest cooperative regulatory
mechanism of miRNAs in precisely regulating intra-axonal protein expression during
nerve regeneration. Together, my findings suggest that regulatory response of axon
specific miRNAs following nerve injury is more complex than it was originally
thought.

To my surprise, my small-RNA sequencing study revealed another distinct
class of small noncoding regulatory RNAs, piRNA, in the axoplasm of regenerating
nerves. Initially, piRNA expression was though to be restricted in the germ cells,
where it plays a role in preserving genomic integrity by silencing mobile genetic
elements (transposon) via interaction with P-element induced wimpy testis (Piwi)
protein. With advances in high throughput sequencing technology, studies over the
past years have uncovered the presence of piRNAs in various somatic cells. In

particular, piRNAs were found to be highly abundant in neurons. Previous studies
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have implicated the role of piRNAs in long-term memory formation and dendritic
spine morphogenesis (Rajasethupathy et al., 2012; Lee et al., 2011). However, the
study presented here is the first to report the presence of piRNA in regenerating
mammalian axons. Subsequent studies in our lab demonstrated that sequences
annotated to piRNA bank from small-RNA sequencing indeed showed characteristic
features of mammalian piRNAs and immunoprecipitated with Miwi, a mouse
homologue protein of Piwi (Phay et al., 2016). I further performed bioinformatics
analysis and found that levels of axoplasmic piRNAs also exhibited temporal changes
in response to nerve injury. To examine the effect of loss of function of the piRNA
pathways in neurons, RNAi knockdown of Miwi was carried out in cultured sensory
neurons preconditioned with nerve injury. Interestingly, knockdown of Miwi resulted
in an increase in axon growth (Phay et al., 2016). This result is consistent with a recent
study reported by Kim et al. (2018) using the C. elegans model. Altogether my
dissertation work presented in chapter 2 provides new insight into the regulatory role
of small noncoding RNAs in nerve repair. Future studies will not only need to address
the mRNA targets of differentially regulated miRNAs in response to axon injury but

also the regulatory targets of differentially regulated piRNAs.

Selective transport of specific miRNAs into distal axons of sensory neurons
While we now know that specific miRNAs are enriched in distal processes of
PNS neurons, little is known about how these miRNAs are selectively transported to

axons. Currently, there are three working hypotheses for the selective localization of
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miRNAs to neuronal processes; 1) transport of individual mature miRNA, 2) co-
transport of miRNA bound to its mRNA target, and 3) transport of precursor miRNA
(pre-miRNA) followed by subsequent processing of pre-miRNA into the
corresponding mature miRNA (Kosik et al., 2006). Previous studies in our lab and
others showed that both pre-mRNAs and protein components of their processing
machinery are localized to distal axons of sensory neurons (Kim et al., 2015). These
findings provide evidence to support the third hypothesis. In chapter 3, I have shown
that pre-miR-433 is selectively localized to axons and identified the terminal loop
region of pre-miR-433 structure as a cis-element that strongly governs the localization
of RNA into distal axons. Although miRNA precursors and the core protein
component of pre-miRNA processing complex, Dicer, are known to be localized in
distal axons, no studies have demonstrated that axonally localized endogenous pre-
miRNAs are processed into their corresponding mature miRNAs. Taking advantage
of a compartmentalized culture system and the fact that axons can be metabolically
sustained up to 6 hours after being severed from their neuronal cell bodies before
undergoing degeneration, I demonstrated that pre-miR-433 is locally processed into
mature miR-433-3p in severed axons. Altogether, my findings further support the
hypothesis that some of selectively enriched miRNAs in distal axons are derived from
local processing of their corresponding miRNA precursors.

Although my research identified the terminal loop structure of pre-miR-433 as
a cis-element that determines the localization of RNA into axon, the identity of the

trans acting RNA binding protein(s) that mediate the localization of pre-miRNA into
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distal axons has yet to be identified. Future study will need to identify not only RNA
binding protein that localizes pre-miRNAs into axon but also signals that trigger local
axonal maturation of miRNA precursors as well as the protein components that

regulate their processing.

Biological function of mature miR-433-3p in regenerating axons.

Peripheral nerve injury has been shown to induce rapid intra-axonal translation
of mRNA encoding RanBP1, a GTPase effector protein that plays an essential role in
facilitating the incorporation of injury signal cargo into the retrograde trafficking
complex (Yudin et al., 2008). Although we now know that intra-axonal translation of
RanBPI mRNA is triggered by influx of calcium ions caused by axonal damage, the
mechanism that silences axonal expression of RanBP1 protein when it is no longer
needed is unknown. In chapter 3, I showed that mature miR-433-3p binds to the
extended 3’UTR of RanBPI mRNA and negatively regulated the expression of
RanBP1 protein in distal axons of culture DRG neurons, leading to attenuation in axon
growth. The decreased in axon growth caused by the reduction of RanBP1 expression
is consistent with previous reports by the Fanzilber lab indicating that DRG neurons of
RanBP1 knockout mice cultured after conditional lesion exhibit a decrease in neurite
outgrowth and a reduction in axonal length. Interestingly, I have shown that removal
of the cell body fraction from cultured DRG neurons, which emulates axonal injury,
triggers processing of localized pre-miR-433 into mature miR-433-3p in severed

anucleate axons by 2 hours after removing the neuronal cell body. These findings
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suggest that intra-axonal processing of pre-miR-433 induced by nerve injury could
provide local source of mature miR-433-3p that function to silence intra-axonal
translation of RanBPI mRNA when it is no longer needed.

Although my study provide an example of the functional role of axonally
processed mature miRNA in response to axon injury, it will be interesting to see the
functional role of other axonal miRNAs that are derived from miRNA precursors.
Since we now know that axonal miRNA activity can be regulated by controlling the
processing of its precursor, this pathway can be manipulated to introduce and regulate
the activity of small RNAs in axons to enhance the regeneration as well as a

therapeutic approach to treat neurodegenerative diseases.
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Appendix A
IACUC APPROVAL

Institutional Animal Care and Use Committee
e I |O| 11 S 1600 Rockland Road
® Wilmington, DE 1980

3
A p (302) 651-6826 f (302)-651-6881
- IACUC@nemours.org

MEMORANDUM

DATE: February 16, 2017

TO: Soonmoon Yoo, Ph.D.

FROM: Paul T. Fawcett, PhD

SUBJECT: Axonal non-coding regulatory small miRNA’s in regenerating nerve.

The Institutional Animal Care and Use Committee (IACUC) have reviewed the full protocol submission
on the above referenced project and the following decision has been made:

Action: Approved
Date of Action:  February 16, 2017

Approval Period: February 16, 2017 through February 15, 2018 for annual renewal. February 16,
2017 through February 15, 2020 for three year renewal.

Protocol Approval Number: NBR-2014-001

Approved Number of Animals: Yearly Number | Project Total
135 Adult Rat, 120

Sprague-

Dawley

Please submit your Biosafety Classification form electronically to the Alfred |. duPont Hospital for
Children Institutional Biosafety Committee via the link:

http://lwww.nemours.org/research/committee/ibc.html

Please note that the study cannot begin until the Office of Regulatory Compliance in Research
Administration has received all approvals.

Please maintain this approval with your project records. A tally of the number of animals approved and
the number ordered for the project will be maintained in the Life Science Center. If changes occur in
your protocol or if you require more animals than approved, an amendment to your protocol will need to
be submitted for consideration
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Institutional Animal Care and Use Committee
e I |O| 11 S 1600 Rockland Road
® Wilmington, DE 19803
A p (302) 651-6826 f (302)-651-6881
> IACUC@nemours.org

MEMORANDUM

DATE: March 22, 2017

TO: Soonmoon Yoo, Ph.D.
FROM: Paul T. Fawcett, PhD

SUBJECT: NBR-2017-001 MiRNA-controlled Na+ channel level in nociceptors to SCl-induced
neuropathy.

The Institutional Animal Care and Use Committee (IACUC) have reviewed the submitted annual review
on the above referenced project and the following decision has been made:

Action: Approved
Date of Action: March 22, 2017

Approval Period: March 22, 2017 through March 21, 2018 for annual renewal.
March 22, 2017 through March 21, 2020 for three year renewal.

Approved Number of Animals: 180 yearly of Sprague-Dawley rats.

Please submit your Biosafety Classification form electronically to the Alfred I. duPont Hospital for
Children Institutional Biosafety Committee via the link:

http://www.nemours.org/pediatric-research/approval/biosafety-committee.html

Please note that the study cannot begin until the Office of Regulatory Compliance in Research
Administration has received all approvals.

Please maintain this approval with your project records. A tally of the number of animals approved and
the number ordered for the project will be maintained in the Life Science Center. If changes occur in
your protocol or if you require more animals than approved, and amendment to your protocol will need
to be submitted for consideration

If you have any questions regarding this memorandum, please contact Paul T. Fawcett, Ph.D. at x
6776 or email: pfawcett@nemours.org.
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Appendix B
PERMISSION LETTER

@° PLOS ’ ONE

Thank you for your message. PLOS ONE publishes all of the content in the articles under an open access
license called "CC-BY." This license allows you to download, reuse, reprint, modify, distribute, and/or copy
articles or images in PLOS journals, so long as the original creators are credited (e.g., including the article's
citation and/or the image credit). Additional permissions are not required. You can read about our open access
license here: hitp://journals.plos.org/plosone/s/licenses-and-copyright

There are many ways to access our content, including HTML, XML, and PDF versions of each article. Higher
resolution versions of figures can be downloaded directly from the article.

Thank you for your interest in PLOS ONE and for your continued support of the Open Access model. Please do
not hesitate to be in touch with any additional questions.

Kind regards,
Emma Darkin
Staff EO
PLOS ONE

Case Number: 05859362
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